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Introduction

In recent years,

metamaterial absorbers have attracted

Quad-band terahertz metamaterial absorber
enabled by an asymmetric I-type resonator
formed from three metallic strips for sensing
application

Ben-Xin Wang, @ *@ Yangkuan Wu,? Wei Xu,® Zhuchuang Yang,®
Liming Lu® and Fuwei Pi*?

A quad-band metamaterial absorber operating in the terahertz region is demonstrated in this paper. The
basic cell of the device consists of three metallic strips (forming an asymmetric |-type resonator) placed on
both layers of an insulating medium slab and a metallic ground plane. The asymmetric |-type resonator
can interact strongly with the incident beam, resulting in four distinct absorption peaks with nearly 100%
absorbance. The underlying mechanism of the quad-band absorption is investigated with the aid of their
near-field distributions resulting from the calculation results of the numerical simulation. Results further
prove that the four distinct absorption peaks exhibit large dependence on the dimension changes of the
asymmetric |-type resonator (or three metallic strips). Based on this, we design a kind of terahertz
metamaterial absorber which can effectively control the number of absorption peaks by replacing one of
the metallic strips with photosensitive silicon. It is revealed that the number of absorption peaks can be
adjusted from the dual-band to the quad-band when an external stimulus changes the conductivity of the
photosensitive silicon. These absorption properties should have great application prospects in terms of
thermal imaging, Raman enhancement, sensing and detection, etc.

To broaden the application prospects and potential of the
absorption devices, metamaterial absorbers having multiple
absorption peaks (or multi-band absorption devices) are

increasing attention because of their excellent resonance
characteristics, including ultra-thin dielectric thickness, light
weight, easily controlled absorption performance, which are
difficult to achieve in traditional bulk absorption devices.'™
In view of these outstanding properties, metamaterial
absorbers possess large potential for applications in terms of
solar-energy harvesting, selective thermal emitters, bio-
sensing, detection, imaging, etc."™ Since the concept and
verification of metamaterial absorbers was first put forward
in 2008, a series of metamaterial structures have been proved
to be able to achieve perfect absorption in the
electromagnetic spectrum.*”® However, due to the strong
interaction between the metamaterial structures and the
incident beam, these absorption devices typically encounter
the shortcomings of narrow-band or single-band absorption,
which are unfavorable in many occasions and aspects.'
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expected and required. According to the number of
absorption peaks,'** multi-band metamaterial absorbers
are categorized into dual-band absorption, triple-band
absorption, quad-band absorption, etc. Researchers are free
to design different types of multi-band absorption devices to
meet (or according to) different application requirements.
However, with the increase of the number of absorption
peaks, researchers usually have a consensus that the higher
the number of absorption peaks, the more complex the
metamaterial ~ structure  designs.'?”  For  example,
metamaterial structures formed from two different-sized
resonators, such as artificial dielectric molecules and
patterned graphene arrays, were suggested to achieve dual-
band absorption.'®™® Three sub-resonators having different
dimensions or shapes are the necessary conditions to achieve
triple-band absorption.'®" Quad-band perfect absorption
devices can be achieved by employing more, more complex
elements.”*™’

This seems to fall into a vicious circle. To obtain multiple
absorption peaks, especially more absorption peaks, we need
to combine or design more sub-resonators in the basic cell of
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the absorption devices. However, the design strategy for this
kind of vicious circle will cause or bring many issues. Firstly,
the existence of multiple sub-resonators in the basic cell
inevitably leads to strong interaction between them, resulting
in a decrease of the absorbance of the absorption devices.
Secondly, the existence of multiple sub-resonators in the
basic cell will also bring serious challenges to the overall size
and manufacturing complexity of the absorption devices.
Thirdly, limited by the number of sub-resonators blended
together in the basic cell, the absorption peaks cannot be
increased significantly. Considering these issues, a better way
to obtain multi-band absorption devices is to reduce the
number of resonators as much as possible. The fewer
resonators there are, the better the matter will be solved.

In this paper, a single metallic resonator is provided
and presented to achieve the quad-band perfect absorption
in the terahertz domain. The single metallic resonator is an
asymmetric I-type resonator consisting of a vertical metallic
strip connecting two horizontal metallic strips having the
same dimensions, which can interact strongly with the
incident terahertz beam, thus obtaining four discrete
absorption peaks at once. The underlying physical
mechanism of the quad-band absorption is investigated by
means of the near-field distributions under each absorption
peak. Results further reveal that the structure dimensions
of the asymmetric I-type resonator, especially the
dimensions of the metallic strip in the vertical direction,
have an important role in controlling the resonance
performance of the quad-band absorption device. Given
this, a type of terahertz metamaterial absorber with an
adjustable number of absorption peaks is then
demonstrated by applying a photosensitive silicon material
instead of the vertical metallic strip. When an external
stimulus induces the change of the conductivity of the
photosensitive silicon from dielectric to metallic, the
number of absorption peaks can be flexibly adjusted from
the dual-band to the quad-band, that is, the regulation of
the number of absorption peaks. The multi-band
absorption device presented here could find great
application potential in terahertz technology-related fields
because of its excellent resonance features over those of
previous studies, including no interaction between sub-
resonators, simple  structure design, flexible and
controllable absorption performance, etc.

Structure design and model

Fig. 1(a) and (b) provide the side-view and top-view of the
basic cell of the quad-band terahertz metamaterial
absorber, respectively. As revealed in Fig. 1(a), the
realization of the quad-band absorption device requires
three functional layers (or a sandwich metamaterial
structure), which are respectively the top patterned
metallic layer, the bottom metallic board layer, and the
separating insulating medium layer in the middle. The
top patterned metallic layer of the quad-band absorption
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Fig. 1 (a) Side view of the basic cell of the quad-band metamaterial
absorber; (b) top view of the basic cell of the quad-band metamaterial
absorber.

device is an asymmetric I-type resonator composed of
three metallic strips, where the horizontal metallic strips
A and B have the same dimensions, which are connected
by a vertical metallic strip C. The horizontal metallic
strips have a length of /[ = 75 um and a width of w; = 4
pm. The vertical metallic strip C has a length of w, = 15
pm and a width (or height) of 7 = 56 um. The vertical
metallic strip C is not connected with the two horizontal
metallic strips symmetrically along the center of the basic
cell, but has a certain deviation, and the deviation value
is 0 = 15 pm, thus forming an asymmetric I-type
resonator. The asymmetric I-type resonator is respectively
placed on the periods of @ = 100 um and » = 70 um
along the X and Y axes.

The bottom metallic board layer of the quad-band
absorption device has a thickness larger than the skin-depth
of the incident terahertz beam, resulting in the transmission
of the sandwich metamaterial structure being close to zero.
The impedance of the sandwich metamaterial structure can
be controlled by choosing different thicknesses of the
separating insulating medium layer."” When the sandwich
metamaterial structure impedance is equal to that of air, the
reflection of the sandwich metamaterial structure should be
equal to zero. Simultaneously suppressed transmission and
reflection provide the possibility of near-perfect absorption
(or near-unity absorption). The top patterned metallic layer
and bottom metallic board layer are both made of gold,
which have a (frequency independent) conductivity of 4.09 x
10’ Sm™.

Here the optimized thickness of the separating insulating
medium layer is ¢ = 14 pm. Polyimide having a dielectric
constant of 3(1 + 70.06) can be selected as the separating
insulating medium layer. In order to obtain the ideal
absorption effect, the numerical simulation software
Lumerical FDTD Solutions (version 8.6) employing the finite-
difference time-domain algorithm is utilized. A plane
terahertz electromagnetic wave having a polarized direction
along the X axis radiates to the sandwich metamaterial
structure, and perfectly matching layers and periodic
boundary conditions are respectively applied in the
propagation direction of light and perpendicular to the
propagation direction of light.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Absorption response of the quad-band absorption device;

(b) comparison of the absorption responses of the reduced absorber
having no vertical metallic strip C and the metamaterial absorber
having the vertical metallic strip C.

Results and discussion

The absorption response of the sandwich metamaterial
structure is shown in Fig. 2(a). As observed, four discrete
absorption peaks labeled peaks 1, 2, 3, and 4 are obtained, in
which peak 1 has a resonance frequency of 1.02 THz and an
absorbance of 97.57%, the resonance frequency and
absorbance of peak 2 are 2.02 THz and 98.53%, respectively,
peak 3 with 97.58% absorbance is localized at 2.35 THz, and
the last absorption peak 4 resonates at 2.58 THz having
98.84% absorbance. According to the absorbance of each
absorption peak, the average absorption intensity of the four
modes can be calculated to be 98.13%, which reveals that the
designed sandwich metamaterial structure can have nearly
perfect absorption at four resonance frequencies.
Considering that the surface (or top) structure of the
sandwich metamaterial is only a metallic resonator (i.e., the
asymmetric I-type resonator), this is a rather simple design
method to achieve quad-band absorption compared with
previous studies.'®* Therefore, it can provide considerable
possibilities in simplifying the fabrication processes of
absorption devices, reducing the lattice size of the sandwich
metamaterial structure, eliminating the interaction between
sub-resonators, and enhancing the overall absorption
capacity of the devices. In addition, the quad-band
absorption performance could not be maintained when the
polarization direction of the incident light wave is
perpendicular to the current polarized direction (or x-axis)
because of the asymmetric structure design of the top
patterned metallic layer.

In order to preliminarily analyze and evaluate the
underlying physical origin of the quad-band absorption
response, a reduced absorber formed from two horizontal
metallic strips A and B lying on both layers of the insulating
medium layer and metallic board is provided. That is to say,
there are only two horizontal metallic strips A and B on the
top layer of the reduced absorber, and there is no vertical
metallic strip C. Compared with the absorber structure in
Fig. 1, the reduced absorber is mainly reflected in its surface
(or top) structure, and the other structure parameters (or
layers) remain unchanged. The absorption response of the
reduced absorber is shown as the black curve in Fig. 2(b). As

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

observed, two resonance peaks labeled peaks 5 and 6 are
realized. Peak 5 of the reduced absorber has a resonance
frequency of 1.10 THz, which is close to the frequency of
peak 1 in the red curve of the quad-band absorber. The
resonance frequency of the second absorption peak (or peak
6) of the reduced absorber is 2.56 THz, which is
approximately equal to the frequency (2.58 THz) of peak 4 in
the red curve of the quad-band absorber. The comparison of
the two absorption curves in Fig. 2(b) shows that the
introduction of the vertical metallic strip C is a very
important link in the realization of the quad-band
absorption. Its introduction can induce two new absorption
peaks between peaks 1 and 4, and the combination of the
two induced absorption peaks and the resonance modes
generated by the two horizontal metallic strips results in the
quad-band absorption.

Considering the importance of vertical metallic strip C in
the asymmetric I-type resonator and its important role in
forming the quad-band absorption, the influence of the
structure dimensions of vertical metallic strip C on the
absorption performance is investigated. The structure
dimension changes of the vertical metallic strip C are mainly
reflected in its length w, and width (or height) &, and the
deviation value ¢ from the center in the basic cell. As revealed
in Fig. 3(a)-(c), the resonance performance of the second and
third absorption peaks (2 and 3) shows large dependence on
the structure dimension variations of the vertical metallic
strip C in the asymmetric I-type resonator, while the changes
of the vertical metallic strip C exhibit a slight or negligible
effect on the resonance performance of the first and fourth
absorption peaks (1 and 4). These results are consistent with
the discussion of the above paragraph that the introduction
of vertical metallic strip C mainly induces two new
absorption peaks 2 and 3, and the dimension changes of the

Absorption

0.5+

0.0 . -

0.8 1.6 2.4 0.8 1.6 24
Frequency (THz) Frequency (THz)

Absorption

Fig. 3 Dependence of the absorption responses on the dimension
changes of the vertical metallic strip deviation value § (a), vertical
metallic strip length w5 (b), vertical metallic strip width (or height) h (c),
and horizontal metallic strip length [ (d).
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vertical metallic strip itself will inevitably affect the two
absorption peaks.

However, the influence of the dimension changes of the
vertical metallic strip C on the regulation of the specific
absorption peaks is different. Through comparison of
Fig. 3(a)-(c), it is found that the effect of the deviation value
0 on the second and third absorption peaks (2 and 3) is the
most obvious and strongest, while the width (or height) % of
the vertical metallic strip C exhibits the weakest and slightest
influence on the two modes. This is mainly due to the strong
effect of the electric field on the asymmetric I-type resonator
along the X axis. For a detailed explanation, please refer to
the following section for the underlying physical origin of the
four absorption peaks (or the description of the
corresponding field distributions in Fig. 5).

Although the dimension changes of the vertical metallic
strip C mainly affect the resonance performance of the
second and third absorption peaks (2 and 3), the length (/)
change of the horizontal metallic strips A and B has a strong
influence on all absorption peaks. As observed in Fig. 3(d),
all absorption peaks of the quad-band absorption device
present similar change trends that gradually decrease with
the increase of length /. This kind of absorption feature is
due to the fact that the resonance frequency of the
metamaterial absorber is inversely proportional to the
dimension of the resonator along the electric field polarized
direction."™ In addition, we further observed that the
properties of the quad-band absorption device also show
dependence on the lattice periodic change. Results in
Fig. 4(a) and (b) reveal that the last three absorption peaks
exhibit different frequency-shift trends with the slight
variations of the lattice period, while the first absorption
peak 1 is nearly unchanged no matter how the lattice period
changes.

To gain insight into the underlying physical mechanism
of the quad-band absorption response, the near-field
distributions of the four resonance frequencies at their
respective absorption maximum are provided, as shown in
Fig. 5, in which (a), (b), (c) and (d) in the first row are the
electric field (|E|) distributions of the four resonance
frequencies at the center plane of the top metallic array,
respectively. The electric field (E,) distributions of the four
resonance frequencies at the center plane of the top metallic
array are presented in the second row. The third row of Fig. 5
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Fig. 4 Dependence of the absorption responses on the lattice period
changes of a in the X direction (a) and b in the Y direction (b).
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Fig. 5 Near-field distributions of the perfect absorption peaks at 1.02
THz, 2.02 THz, 2.35 THz, and 2.58 THz, in which the first column is the
field distributions of peak 1, and the second, third and fourth columns
are respectively the field distributions of peaks 2, 3, and 4. (a)-(d) are
electric field distributions of peaks 1, 2, 3, and 4 at the center plane of

the top metallic array, respectively. (e)-(h) are electric field (E,)
distributions of peaks 1, 2, 3, and 4 at the center plane of the top
metallic array, respectively. (i) and (n) are magnetic field (|H,|)
distributions of peak 1 at the insulating medium layer under the top
metallic array along the upper and middle solid lines, respectively. (j)
and (m) are magnetic field (|H,|) distributions of the peak 2 at the
insulating medium layer under the top metallic array along the upper
and middle solid lines, respectively. (k) and (o) are magnetic field (|H,|)
distributions of the peak 3 at the insulating medium layer under the
top metallic array along the upper and middle solid lines, respectively.
() and (p) are magnetic field (|H,|) distributions of the peak 4 at the
insulating medium layer under the top metallic array along the upper
and middle solid lines, respectively.

gives the magnetic field (|H,|) distributions of the insulating
medium layer under the top metallic array along the dotted
line in the first row. The fourth row in Fig. 5 gives the
magnetic field (|H,|) distributions of the insulating medium
layer under the top metallic array along the solid line in the
first row. As observed in Fig. 5, the near-field distributions of
the four absorption peaks are different.

In particular terms, for absorption peak 1 at 1.02 THz, we
observed that its electric fields (|E| and E,) in Fig. 5(a) and (e)
are both chiefly focused on both sides of the horizontal
metallic strips, while negligible field distributions are found
at the edges of the vertical metallic strip. The near-field
distributions of absorption peak 1 in Fig. 5(i) and (n) further
reveal that most of its magnetic fields having only one
aggregation area are localized at the insulating medium layer
under the horizontal metallic strip. The near-field
distribution characteristics of absorption peak 1 in
Fig. 5(a), (i) and (n) indicate that this absorption mode is
mostly related to the fundamental mode (or the first-order)
localized resonance response of the two horizontal metallic
strips and has nothing to do with the vertical metallic strip.
This is why absorption peak 1 has a slight (or negligible)
effect regardless of the changes of the vertical metallic strip
and lattice period.

For absorption peak 4 at 2.58 THz, similar near-field
distribution  features are obtained as shown in
Fig. 5(d) and (h) where its electric fields (|E| and E,) are
obviously enhanced (or have a large proportion) at both sides

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the horizontal metallic strips, while a rather small
proportion of the electric fields is concentrated on the edges
of the vertical metallic strip. Furthermore, unlike the
magnetic field (|H,|) distributions of absorption peak 1 in
Fig. 5(i) and (n), the magnetic field (|H,|) distributions of
absorption peak 4 in Fig. 5(1) and (p) have three strong (or
obvious) enhancement areas, which reveal that absorption
peak 4 should be derived from the third-order mode in the
higher-order resonance effect of the horizontal metallic
strips. It should be noted that the resonance frequencies of
absorption peaks 1 and 4 also imply the formation
mechanisms of the two absorption modes. Absorption peak 4
has a frequency of 2.58 THz, which is 2.53 times and nearly 3
times that of absorption peak 1. The frequency of the third-
order resonance response of an ideal metallic resonator is
three times that of the first-order resonance effect. However,
it is usually less than three times under normal cases, which
is mainly caused by the influence and disturbance of other
resonators, such as the vertical metallic strip C here.

For absorption peaks 2 and 3, it is found that their electric
fields have similar enhancement features that are majorly
focused on the horizontal metallic strips. However, unlike
the electric field distribution characteristics of absorption
peaks 1 and 4, their electric fields are not concentrated on
the edges of the entire horizontal metallic strips, but
distributed at the edges of a specific part of the horizontal
metallic strips. For example, for absorption peak 2 at 2.02
THz, its electric fields in Fig. 5(b) have a strong enhancement
effect at the left edges of the horizontal metallic strips.
Meanwhile, a strong near-field enhancement effect can be
observed at the left edges of the horizontal metallic strips
and the right side of the vertical metallic strip, see Fig. 5(f).
The magnetic field distribution of absorption peak 1 having
only one aggregation area is observed in the left part of the
insulating medium layer under the left part of the horizontal
metallic strip along the dotted line. It is demonstrated that
absorption peak 2 is mainly caused by the fundamental mode
resonance response of the left part of the horizontal metallic
strips. Combining the electric and magnetic field
distributions of absorption peak 3 in Fig. 5(c), (), (k) and (o),
it can be inferred that this absorption mode mainly results
from the fundamental mode resonance response of the right
part of the horizontal metallic strips. In other words, the
introduction of the vertical metallic strip in the asymmetric
I-type resonator can divide the horizontal metallic strips into
two different parts, with each part corresponding to a specific
absorption peak. Combining the fundamental mode and the
third-order resonance response of the horizontal metallic
strips and the two induced absorption peaks generated by
the introduction of the vertical metallic strip provides the
ability to achieve the perfect absorption in the four frequency
bands. This in turn can explain why the dimension changes
of the vertical metallic strip have a strong influence on the
second and third absorption peaks, and have a slight (or
negligible) influence on the other two absorption peaks, see
Fig. 3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Top view of the multi-band metamaterial absorber having

adjustable absorption peaks; (b) dependence of the absorption

responses on the conductivity changes of the photosensitive silicon.

Potential applications

Because the vertical metallic strip C in the asymmetric I-type
resonator plays an important role in the generation of the
second and third absorption peaks as well as in the
realization of the quad-band absorption, its existence or not
can directly determine the number of absorption peaks in
the designed sandwich metamaterial structure. It can be
predicted that the absorption performance of the
metamaterial absorber, especially the number of absorption
peaks, could be adjustable when the vertical metallic strip C
is replaced with a material having the features of changing
from conductivity to high conductivity. The
photosensitive silicon material is a kind of suitable material
that can realize the transition from low conductivity to high
conductivity through external stimulation such as pump light
intensity.”>>” With the increase of external stimulation
intensity, the conductivity of photosensitive silicon can
gradually increase, thus realizing the transformation from
dielectric to metallic.*>>” We here give an adjustable
metamaterial absorber using photosensitive silicon instead of
the vertical metallic strip in the original asymmetric I-type
resonator. The top view of the adjustable metamaterial
absorber is given in Fig. 6(a), in which the photosensitive
silicon is shown in the red area. What needs to be clear is
that only the vertical metallic strip is replaced with the
photosensitive silicon, while the other structure parameters,
material properties, model code and its boundary conditions
are all unchanged.

Fig. 6(b) provides the absorption response of the
adjustable metamaterial absorber. It can be seen from the
black and red curves that the adjustable absorption device
has only two absorption peaks when the photosensitive
silicon is not used or has low conductivity for presenting the
dielectric property. With the increase of the conductivity of
the photosensitive silicon, two new resonance bands
gradually appear between the two perfect absorption peaks.
The two new resonance bands can reach near-perfect
absorbance when the photosensitive silicon shows the
metallic property, see the purple curve of Fig. 6(b). The quad-
band absorption can be achieved by combining the two new
absorption peaks with the original two nearly invariable

low
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absorption peaks. This shows that the number of absorption
peaks can be flexibly adjusted from the initial dual-band to
the quad-band by gradually changing the properties of
photosensitive silicon for realizing the transformation from
low conductivity to high conductivity. This type of resonance
device with an adjustable number of absorption peaks could
provide a wide range of application prospects in many
technology-related areas.

In fact, when the patterned metallic structure on the top
layer of the metamaterial absorber is covered with a layer of
covering (or analyte), the sensing and detection performance
of the designed metamaterial absorber can be further
explored, and the influence of sensing spectral performance
on the changes of the refractive index and thickness of the
analyte could also be explored.*®*** Moreover, considering
the strong electric field distribution (or the so-called “hot
spot” effect) near the metallic pattern structure, it is possible
for the designed resonance device to be used in SERS
detection, sample composition identification or trace
qualitative analysis of hazardous substances.***°

Conclusions

In conclusion, a multi-band metamaterial absorber operating
in the terahertz frequency domain using the structure design of
an asymmetric I-type resonator (formed from two horizontal
metallic strips and a vertical metallic strip) and an insulating
dielectric layer lying on a metallic board is suggested in this
paper. Near-perfect absorption at four discrete resonance
frequencies is achieved. The combination effect of the four
resonance modes originating from different localized
responses of the asymmetric I-type resonator results in the
quad-band absorption. Results further demonstrate that
changing the dimensions of the asymmetric I-type resonator,
especially the dimensions of the vertical metallic strip, has
great ability to control the resonance performance of the four
absorption peaks, including the resonance frequencies,
absorbance and the number of absorption peaks. Compared
with previous methods for achieving multi-band absorption,
the multi-band device designed here has the advantages of
simple structure design, small lattice dimension, easy
construction, convenient regulation, etc. Considering the
obvious influence of the structure dimensions on the
absorption performance, a new type of metamaterial absorber
with adjustable absorption peaks is designed by introducing
photosensitive silicon to replace the vertical metallic strip in
the original asymmetric I-type resonator. The material
properties of the photosensitive silicon can be changed from
low conductivity to high conductivity through external
stimulation, thus the metamaterial absorber has the ability to
adjust the number of absorption peaks from the dual-band to
the quad-band. The multi-band terahertz metamaterial
absorber proposed here could have great application potential
in many fields, such as thermal imaging, Raman enhancement,
sensing and detection, etc.
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