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Multiband-switchability and high-absorptivity of

a metamaterial perfect absorber based on

a plasmonic resonant structure in the near-infrared
region

Jian Liang, Yan Chen, @ * Zhangkun Zhou and Shanjun Chen*

Metamaterials are widely studied in bio-photonics because of their flexible and tunable resonance
wavelengths in the near-infrared region and their particular relevance to biological tissues. In this paper,
we propose for the first time a perfect absorber that is switchable between triple-band and dual-band
absorption. The narrowband metamaterial perfect absorber has a conventional metal—-dielectric-metal
structure, which consists of an array of silver disks, a silica dielectric layer and a gold substrate. Its
working performance is mainly determined by the height, radius and period of the top silver disks. By
adjusting these parameters, the perfect absorber can be switched between triple-band and dual-band
absorption with the peaks showing close to 100% absorbance. This makes it possible to use it as
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1. Introduction

Metamaterials are artificial materials with properties that are
dependent on their subwavelength structure, rather than on
their chemical composition, and they have some unique prop-
erties not found in naturally occurring materials.® Increasing
attention has been paid to perfect absorbers (PA) that are based
on metamaterials. The study of metamaterial absorbers shows
that the surface plasmons (SPs) in metal micro/nano-structures
play an important role in the metamaterial perfect absorber
(MPA) due to their strong field confinement and enhancement.*
SPs can be classified as propagating surface plasmons (PSPs)
and local surface plasmons (LSPs).>® PSPs are mainly associated
with periodic structures, while LSPs are mainly associated with
metal particles whose structural dimensions are much smaller
than the wavelength of incident waves.

Metamaterial absorbers (MAs) typically consist of three
layers in a metal-dielectric-metal (MDM) structure, ie., the
patterned metal antenna and the thick metal mirror layers are
separated by a thin dielectric spacer.”" The MDM structure is
ideal for designing an MPA, for this kind of structure of MPA
can store the internal electromagnetic energy and then dissi-
pate it gradually. The unitary structure of the MDM absorber,
also known as a meta-atom, primarily has a regular and simple
geometry, including squares,’® rectangles,"” crosses' and
circles.” So far, the studies on these absorbers have extended to
various wavelength bands, such as microwave,**** terahertz,>*>*
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a multifunctional absorber in various applications, such as filters and sensors.

long-wave infrared,”® mid-wave infrared” and visible-near-
infrared bands.?® It is worth mentioning that Karmakar et al.>®
designed a metamaterial refractive index sensor by making use
of the tuning effect of Fano resonance in the THz band in
a geometrically symmetric stacked metamaterial. Its features,
such as being multifunctional, highly compact, miniaturized
and well-integrated make it promising for commercial use in
the future. MPAs are also widely studied for their wide range of
potential applications, such as energy harvesting,* thermal
emitters,* detectors,* and sensors.**** Singh et al.** designed
and constructed a novel spanner resonator for the detection of
refractive index changes in biological samples. It could also be
used to detect other components, such as human blood type,
and ethanol and hemoglobin concentrations. In recent years,
various structures, including composites consisting of different
simple superatomic and multilayer structures, have been
proposed to achieve multiband absorption. Hong et al.** ach-
ieved narrow-band absorption using only a silver substrate and
silicon particles. However, due to the simple structure and the
few adjustable parameters, the performance of the absorber was
not very satisfactory. A multifunctional absorber has been
designed by Zhang et al.** The absorber can achieve broadband
and narrowband absorption from positive and negative angles
of incidence, respectively. However, the design mentioned
above will complicate the fabrication and limit the size of the
device and its efficiency. This makes industrial manufacturing
much more costly and is not conducive to the same level of
mass manufacturing. Moreover, most narrowband MPAs have
only a single function and are not adjustable for the number of
absorption peaks, which greatly limits the use of absorbers.
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Therefore, a perfect absorber with a simple and versatile
structure needs to be invented.

In this paper, we propose a simple MDM structure that can
achieve high absorption. In addition, we analyze three different
modes by combining electric field intensity images with
absorption spectra recorded when varying the structural
parameters. To our knowledge, we obtain, for the first time,
a switch between triple-band and dual-band absorption peaks
in the near-infrared region by adjusting the structural param-
eters, and a near 100% absorbance for the two peaks as well.
This provides a new route to infrared biomolecular detection.

2. Modes and methods

The MDM structural unit of the metamaterial is shown in
Fig. 1(a). The finite-difference time-domain (FDTD) method is
used to simulate the absorber we designed. The metamaterial
absorber structure consists of three layers, as shown in
Fig. 1(b). In the proposed MDM structure, the dielectric layer
SiO, is sandwiched in between the top silver array and the
bottom gold film. The use of SiO, will reduce the propagation
loss significantly, thereby increasing the propagation length of
the surface plasmons. In the visible to near-infrared (NIR)
region, silver is placed on the top layer of the structure as an
active layer due to its low inherent loss characteristics. The
bottom gold film serves as the substrate mainly to prevent the
transmission of incident light. The light is incident perpen-
dicularly along the negative direction of the z-axis. The thick-
ness of the Au is larger than the depth of the penetration of
electromagnetic waves in the infrared region to ensure the
near-zero transmission of incident light. A thin silica dielectric
layer separates the two metal layers as an isolator. The radius
and the height of the nanodisks are expressed as r and #,
respectively, and the period of the array is designated as p. The
thickness of the dielectric layer is denoted by d. The permit-
tivity of the Ag, SiO, and Au layers is as described by Palik.*®
Periodic boundary conditions are used in the x- and y-direc-
tions, while, in the z-direction, a perfectly matched layers
(PML) boundary condition is adopted. The plane wave is
incident vertically from the top. In the experiment, the fabri-
cation process is shown in Fig. 2 and the process is as follows:
the SiO, is deposited onto a gold substrate using the conven-
tional electron beam evaporation method.*” A mask (shown in

(a) >

Fig. 1
material absorber (MA).
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Fig. 2 Schematic illustration of the fabrication process for the
absorber.

Fig. 2) is placed close to the dielectric layer to form the top Ag
disk by using e-beam deposition. Since the structure we
designed is simple, we only need to design masks of different
structure sizes to realize the adjustment of the parameters of
the structure. This scheme can be used in the dual-band and
triple-band switching mentioned later.

3. Results and analysis

The absorption can be calculated from A =1 — R — T, where R
and T are the reflection and transmission, respectively. When
the thickness of the metal plane is larger than the depth of its
skin in the near-infrared (NIR) range, the transmission of the
proposed structure is almost zero and the absorption is only
related to the reflection (R) *®. Therefore, A=1—-R—-T=1—R.
The absorption spectrum of the proposed MDM structure is
shown in Fig. 3. We denote the three absorption peaks in order
of increasing wavelength as mode 1, mode 2 and mode 3,
respectively. At A1 = 783 nm, the absorbance is 99.5%. The full
width at half maximum (FWHM) is about 12 nm. Two other
absorption bands appear at A2 = 977 nm and A3 = 1166 nm
with absorbance values as high as 88.9% and 99.4%, respec-
tively. The results of our parameter optimization are shown in
Fig. 4.

In the case of a plane wave incident perpendicularly, the
position of the PSP mode in the periodic structure can be ob-
tained using the following formula:***

0 Ag
[ sio,
N Au

(a) Three-dimensional schematic diagram of the MDM periodic perfect absorber (16 units). (b) Schematic of a single unit of the meta-
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Fig. 3 Absorption spectra of triple-band absorption. The radius and
height of the silver particles are r = 345 nm and h = 80 nm, respec-
tively. The height of the intermediate medium is d = 85 nm.
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where p is the period of the array structure, (7, f) is the resonance
order, and ¢; and ¢, are the dielectric constants of the envi-
ronment and the metal, respectively. According to the above
expression, for an array structure with a period p = 750 nm, the
resonance wavelength of its PSP mode is approximately 780 nm.
A gap resonance mode caused by the SPs will appear here,
because, if the metal particles are close to each other or to the
metal substrate, the free electrons and the electromagnetic field
on both sides of the gap will produce a resonance effect. Thus,
the gap mode is formed. The simplest way for gap resonance
mode formation to occur is to place a cylindrical nanowire** or
nanosphere particles® directly on the substrate. Strong elec-
tromagnetic coupling occurs between the metal and the
substrate. In our proposed structure, both the gap between
adjacent Ag particles, and the gap between the Ag particles and
the bottom Au layer can be used as conditions for the formation
of the gap resonance mode. From Fig. 4, and referring to eqn
(1), we can see that mode 1 is the result of the coupling of the
PSPs with the gap mode. And the gap pattern is mainly due to
the interaction of adjacent particles. When # and d happen to
change, mode 1 remains essentially unchanged, as demon-
strated from Fig. 4(a and b). We can also see from Fig. 4(c) that
an increase in the top layer radius r will lead to the absorption
peak of mode 1 to be red-shifted, and, at the same time, the
absorption will increase at first and then decrease. As seen from
the periodic scan results shown in Fig. 4(d), when p changes
from p = 700 nm to p = 725 nm, there is a sudden change in
both mode 1 and mode 3. It can be seen that the absorption
peak of mode 1 is first blue-shifted and then red-shifted. When
the particle gap is small, the gap mode plays a dominant role.
When an increase in particle spacing occurs gradually, PSPs
have a greater impact on the blue-shifting of the absorption

APSP =

© 2022 The Author(s). Published by the Royal Society of Chemistry
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peak than the gap mode does.** When p = 825 nm, the role of
the propagating surface plasmons is weakened, and the
absorption peak almost disappears.

The formation of mode 2 is the result of coupling between
the PSPs and LSPs, but is mainly due to the LSPs. A more
pronounced blue-shift with an increase in d is illustrated in
Fig. 4(a), but the absorption rate does not change any more.
This is because the change in dielectric layer thickness can only
change the phase of light in the dielectric layer,** so the effect
on the absorption rate is not significant. Fig. 4(c) shows that
when the radius of the top layer increases, the absorption peak
is red-shifted and the absorbance increases. When the period
increases, the absorption peak is red-shifted and the absor-
bance decreases. This is mainly due to the fact that this mode is
formed by the coupling of the PSPs and LSPs. Increasing the top
radius and decreasing the period will cause an increase in the
particle spacing and an increase in propagating surface plas-
mons. As a result, it will lead to an increase in the absorption
rate.

For mode 3, the gap mode plays a major role. Unlike mode 1,
the gap mode here is mainly the result of the interaction
between the particles and the gold film. As we can see from
Fig. 4(a and b), changing d has a notable effect on the phase of
the absorption peak. The change in d also causes a blue-shift of
the absorption peak, but has little effect on the absorption rate.
On the other hand, however, changing & has little effect on
either. We can see from Fig. 4(c) that the absorption peak of
mode 3 is red-shifted, and the absorption increases first and
then decreases. This is consistent with the results of varying p
shown in Fig. 4(d). Increasing p leads to a blue-shift of the
absorption peak, and then causes the absorption rate to
decrease when p reaches 750 nm, indicating that the interpar-
ticle interaction becomes weak and leads to the gradual weak-
ening of the gap mode.*” Both larger r and smaller p will
decrease the amount of light entering the gap. Therefore, too
large a radius or too small a period will cause the gap pattern to
disappear.

In order to validate the previous analysis of the three modes
further, we present Fig. 5 in which the electric and magnetic
field intensities are normalized. In the previous section, we
determined that mode 1 is the result of the coupling of the PSPs
with the gap mode. So, it can be seen that the electric field is
distributed in the particle gap, as shown in Fig. 5(a and d). In
terms of magnetic field distribution, the gap mode is mainly
generated by the gap between silver particles, which confirms
the previous statement. It can also be seen in Fig. 5(b and e) that
the electric and magnetic fields are localized in the dielectric
layer between the silver particles and the gold substrate. This
suggests that the main cause of the generation of mode 2 is due
to LSPs. Fig. 5(c and f) show that the electric field is distributed
in the silver particle gap, while the magnetic field is distributed
in the gap that is formed between adjacent silver particles and
the gold film. This indicates that the gap pattern of mode 3 is
generated by the silver particles and the gold film. The results of
the three modes are consistent with those of the previous
analysis.

RSC Adv, 2022, 12, 30871-30878 | 30873
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Fig. 4 The relationship between dielectric thickness d (a), the thickness h and the radius r of the silver particles (b) and (c), the period p of the
silver array (d) and the absorption rate. Parameters: (a) r = 345 nm, p = 750 nm, h = 85 nm. (b) d =80 nm, r =345 nm, p = 750 nm. (c) h = 85 nm,
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Fig.5 Normalized electric field (a)—(c) and magnetic field (d)-(f) intensity distributions of the mode 1, mode 2, and mode 3 light absorption bands
at the x0z-plane, respectively.

From Fig. 4(d), when p changes from p = 700 nm to p = absorption peak. From Fig. 4(d), when p = 725 nm, the PSP
725 nm, there is a sudden change in both mode 1 and mode 3. mode plays a major role, and then the absorption peak starts to
To understand the exact cause of this pattern, a finer parametric  red-shift as the period increases. This result is consistent with
scan is performed in the range of p between p =700 nm and p = the previous analysis. For mode 3, the gap pattern is generated
725 nm in Fig. 6(a). For mode 1, p = 700 nm to 725 nm, the gap  with a large variation in absorption rate. The blue-shift of the
mode plays a major role. This results in a blue-shift of the absorption peak with increasing period is consistent with
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The relationship between the period (from 690 nm to 698 nm) and the absorption peaks.

previous findings. When p = 700 nm, only two absorption peaks
are left. Adjusting to 2 = 40 nm and d = 60 nm can achieve
a dual-band perfect absorber. The absorbance of the two peaks
reaches 99.6% and 98.4% for modes 1 and 2, respectively, as
shown in Fig. 6(b). In Fig. 3 and 6(b), under specific structural
parameters, the best absorption performance is achieved for the
triple-band and dual-band absorption, respectively. We can
switch between dual-band and triple-band filters simply by
adjusting the structural parameters. Fig. 6(c) then shows the
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© 2022 The Author(s). Published by the Royal Society of Chemistry

effect of reducing the structural period p. As p changes from
696 nm to 694 nm, the absorbance of absorption peak 1 drops
sharply, and splitting of absorption peak 2 occurs. This is
because of near-field interactions that disrupt the resonance
mode and affect the absorption performance of the absorber
when the silver particles are too close to each other.*

Next, we evaluate two important metrics in sensor appli-
cations, namely refractive index sensitivity (S) and figure of
merit (FOM) values. S is defined as the ratio of the shift of the
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(a) The relationship between the refractive index and the absorption peaks. (b) The relationship between the wavelength of the absorption
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Fig. 8 The simulation results for the metamaterial of permittivity (a), permeability (b), impedance (c) and refractive index (d).

resonance peak (AA) to the change in refractive index (An), i.e.,
S = AA/An. The FOM is expressed as the ratio of S to the full
width at half maximum (FWHM) of the resonant mode, i.e.,
FOM = S/FWHM. Fig. 7(a) demonstrates the effect of changing
the refractive index from 1 to 1.05 on the absorption spectrum.
It is shown that the results of mode 1 with low variations in
absorbance and minimal FWHM values are relatively better
than the results for the other two modes. Fig. 7(b) shows the
mode 1 absorption peak wavelength versus refractive index,
where a good linear approximation exists. By calculating the
slope of the fitted straight line, a sensitivity of 551 nm per
refractive index unit (RIU) is determined. The value of the
FWHM is 12 nm, and the calculated value of the FOM is 46. It
is important that a versatile perfect absorber can switch
between different numbers of absorption peaks to have a good
sensing performance.

Finally, in order to understand the inner physical mecha-
nism of the perfect absorption, we give the simulation results of
the equivalent electromagnetic parameters for the meta-
material, as shown in Fig. 8. Fig. 8(a—d) show the permittivity,
permeability, impedance and refractive index, respectively, as
functions of the wavelength. From the impedance matching
theory, surface plasmons are generated when the absorber
matches the impedance of free space (Z = Z,).*” That is to say, as
the impedance of the real part is close to 1 and the imaginary
part is close to 0, the higher the absorption of the structure will
be. The results of Fig. 8(c) are basically the same as the
absorption curve. Therefore, this explains the physical mecha-
nism of perfect absorption theoretically.

4. Conclusions

In this study, we have proposed a metamaterial perfect absorber
with a simple structure and a high absorption rate, which allows
for dual- and triple-band switching. The absorber is composed
of three layers of metal-dielectric-metal. The simple structure
makes it conducive to industrial manufacturing. By combining
electric field images with absorption spectra recorded when
varying the structural parameters, we have analyzed the
patterns of the three absorption peaks. By adjusting the

30876 | RSC Adv, 2022, 12, 30871-30878

parameters, dual-band and triple-band switching can be real-
ized, and the absorbance of two peaks can approach 100%. We
have proposed a new direction and an idea for a multifunctional
perfect absorber. The multifunctional absorber can be used for
filters, biosensing or other photonic devices.
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