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Abstract: Resonance absorption mechanism-based metasurface absorbers can realize perfect optical
absorption. Further, all-dielectric metasurface absorbers have more extensive applicability than
metasurface absorbers that contain metal components. However, the absorption peaks of the
all-dielectric metasurface absorbers reported to date are very sharp. In this work, we propose
a broadband optical absorption all-dielectric metasurface, where a unit cell of this metasurface is
composed of two coupled subwavelength semiconductor resonators arrayed in the direction of the
wave vector and embedded in a low-index material. The results indicate that the peak absorption
for more than 99% is achieved across a 60 nm bandwidth in the short-wavelength infrared region.
This absorption bandwidth is three times that of a metasurface based on the conventional design
scheme that consists of only a single layer of semiconductor resonators. Additionally, the coupled
semiconductor resonator-based all-dielectric metasurface shows robust perfect absorption properties
when the geometrical and material parameters—including the diameter, height, permittivity, and loss
tangent of the resonator and the vertical and horizontal distances between the two centers of
the coupled resonators—are varied over a wide range. With the convenience of use of existing
semiconductor technologies in micro/nano-processing of the surface, this proposed broadband
absorption all-dielectric metasurface offers a path toward realizing potential applications in numerous
optical devices.

Keywords: perfect absorption; optical broadband; semiconductor metasurface; coupled resonators;
optical device

1. Introduction

Optical absorption is a typical problem in light-matter interactions. Strengthening and controlling
optical absorption has long been a significant research topic in the fields of optics and optoelectronics.
Perfect light absorption, which implies zero reflection, zero transmission, and maximum absorption,
has many potential applications in devices such as absorbers [1-4], sensors [5-7], photodetectors [8,9],
thermal emitters [10,11], and energy harvesting devices [12-15]. Therefore, the exploration of the
many different types of perfect absorbing mechanism is extraordinarily important. An electromagnetic
metasurface, which is composed of a flat plate array of subwavelength resonators [16-18], has a very
flexible construction approach and can thus realize many unconventional electromagnetic parameters
when interacting with external electromagnetic waves. By adjusting both the equivalent relative
permittivity and permeability of the metasurface to have identical values within a certain frequency
band, the characteristic impedance of the metasurface will then be well matched with that of a vacuum,
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and thus a plate with zero reflection is formed [19]. Additionally, by selecting appropriate values for
the electromagnetic loss parameters of the materials used in the metasurface, the incident wave energy
may be dissipated completely and thus a plate with zero transmission can also be obtained [20]. When
zero reflection and zero transmission characteristics are presented simultaneously in the same plate,
perfect absorption is realized. At present, perfect absorption metasurfaces are mainly embodied using
two types of construction schemes: one uses metal-dielectric mixed structures [1-15] and the other
uses all-dielectric structures [21-23]. Because of the high ohmic losses, low melting points, and high
thermal conductivities of the metals [21], the applicability of metal-dielectric metasurface-based
perfect absorption is decidedly limited in some cases. All-dielectric metasurfaces can make up for the
shortcomings of the metal-dielectric metasurfaces and have much wider application prospects. In recent
years, perfect absorption in all-dielectric metasurfaces operating in the terahertz regime has been
demonstrated theoretically using crystalline quartz resonators [22] and has also been demonstrated
experimentally using silicon resonators [21]. This is a critical step toward unlocking the potential
applications of these metasurfaces in devices such as terahertz absorbers and detectors. Furthermore,
the absorption frequency can be tuned by varying the geometrical parameters of the resonators [23].
Therefore, it appears that all-dielectric metasurface-based perfect absorption at different frequencies can
be resolved. However, the perfect absorption bandwidths of the reported all-dielectric metasurfaces
are all extremely narrow [21-23]. Therefore, exploration of broad absorption band all-dielectric
metasurfaces is of major importance.

In this work, we first constructet an all-dielectric metasurface absorber based on the conventional
absorption mechanism. The unit cell structure was simply a subwavelength silicon nanodisk resonator
surrounded by a low-index silicon dioxide bulk. By tuning the silicon disk geometry and overlapping
the electric and magnetic dipole resonances at the same frequency, perfect narrowband optical
absorption was achieved. Because this narrowband characteristic was caused by the sharp transmission
valley, we placed another silicon nanodisk into the unit cell and built a coupling system composed of
two silicon resonators in the direction of wave propagation. By adjusting the coupling distance between
these two resonators and selecting an optimal distance value, a broad transmission valley was realized
and a broad absorption band with a center wavelength of 1.3 um and a 60 nm near-perfect absorption
bandwidth was obtained. In contrast, a near-perfect absorption bandwidth of only 20 nm was achieved
in the single silicon resonator-built metasurface. More importantly, when parameters such as the
height, diameter, permittivity, and loss tangent of the two coupled resonators and the vertical and
horizontal distances between them are varied over a wide range, the unit cell still demonstrates robust
and perfect wideband absorption features. Therefore, the proposed metal-free metasurface based on
coupled semiconductor resonators will pave the way toward applicable optical devices.

2. Theory, Models, and Results

2.1. Narrowband Perfect Optical Absorption All-Dielectric Metasurface

In recent years, numerous experiments have demonstrated that the subwavelength high-index
particles that are used as unit cells can also be used to construct all-dielectric metasurfaces that
operate not only in the microwave [24,25] and THz [26,27] bands but in the infrared [28,29] and
visible [30,31] bands. This is possible because of the strong resonant response that occurs when external
electromagnetic waves interact with the subwavelength particles, which are called resonators. While
multiple resonant responses are induced in these dielectric particles, only the electric and magnetic
dipole resonances are currently widely adopted in metasurfaces because electricity and magnetism
represent the basic properties of these materials. The resonant frequencies of the magnetic and electric
dipoles are related to the geometrical and material parameters of the particles. Generally, when an
electric resonance or magnetic resonance occurs in the dielectric particles, almost all the incident
waves are reflected, and the transmitted waves are close to zero. However, when the electric and
magnetic dipole resonances emerge simultaneously at the same frequency, the equivalent permittivity
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and permeability of the dielectric particles are then equal, and thus the characteristic impedance of the
particle unit cell is matched with that of the vacuum. In such a case, zero reflectance for all incident
waves is achieved. To realize perfect absorption by these particles, one needs to reduce the transmitted
wave to zero. It is known that most of the incident electromagnetic waves are concentrated in the
particles in the resonant state [32], which means that a moderate dielectric loss can completely dissipate
the strongly localized electromagnetic energy in the particles and thus zero transmittance can also
be achieved. In semiconductor materials, the dielectric loss can easily be adjusted by doping the
semiconductor with boron or aluminum [33,34]. In addition, most semiconductor materials, such as
silicon and silicon carbide, have relatively high permittivities in the optical band. Therefore, the use of
semiconductor particles to build an all-dielectric metasurface with perfect optical absorption is a viable
alternative solution.

The disk height and diameter can be adjusted independently. The disk-shaped subwavelength
nanoparticle is the preferred unit cell for metasurface design. The height and diameter of the disk for
the disk unit cell of the all-dielectric metasurface can be determined from the permittivity of the disk
and the resonant operating wavelength, as shown in the following formulae [21]:
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where h and d are the height and the diameter of the disk, respectively; Ay is the operating wavelength
of the light in a vacuum; and ¢ is the permittivity of the semiconductor material used to form the
disk. Therefore, when the operating wavelength Ay and the permittivity ¢, are determined, the height
and diameter of the disk can then be calculated roughly using Equations (1) and (2). It should be
noted here that Equations (1) and (2) are both based on the condition that the disk is surrounded by
a vacuum. During fabrication of the metasurfaces, a substrate and an embedding medium must be
added; therefore, they should be considered first in the design process. In addition, many simulation
software packages, such as CST 2011, provide powerful tools for metasurface design. Therefore,
an all-dielectric metasurface can be realized precisely in advance using a combination of theoretical
calculations and electromagnetic simulations.

Figure 1 shows a schematic representation of the simulated all-dielectric metasurface structure and
its spectral properties. The periodic array and the unit cell of the structure can be seen in Figure 1a,b,
respectively. The unit cell consists of a silicon disk that is embedded in the center of the silicon dioxide
medium. The relative permittivities of silicon and silicon dioxide are 12.25 and 2.25, respectively.
We want to design a perfect absorption all-dielectric metasurface for operation in the near infrared band;
the height of the disk is thus set at i = 220 nm based on the reported experimental results [19], and the
height of the silicon dioxide layer is L= 1440 nm. The disk diameter is set as a variable and the lattice
constant P is varied accordingly, together with the diameter d, where P = d + 200 nm. The disk diameter
is optimized at d = 470 nm to ensure that the electric and magnetic dipole resonances within the silicon
disk overlap; this occurs when the unit cell is assumed to be lossless and the scattering parameters
|Sz1] and [S11| approach unity and zero at the operating wavelength, respectively. All simulations in
this work were performed using CST 2011 with periodic boundary conditions enabled in the x- and
y-directions and open (add space) boundary conditions enabled in the z-direction. The optical signal
was simulated using a default plane wave at normal incidence on the structure in the frequency domain
solver. An adaptively refined tetrahedral mesh was then applied to the simulated structure with an
average size of 20,000 cells. The absorbance A(Ay) is strongly dependent on the transmittance T(A)
and the reflectance R(Ag), and the relationship between these parameters is A(Ag) =1 — T(Ap)—R(Ay),
where T(Ag) = |S211%, and R(Ap) = |S11/%. The scattering parameters |Sp1| and |S11| can be obtained
directly from the simulation results. Therefore, the absorbance A(A), the transmittance T(Ag), and the
reflectance R(Ag) can easily be worked out. Figure 1c shows the calculated spectral dependences of
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R(Ag), T(Ag), and A(Ag) over the wavelength range from 1.1 um to 1.6 pm. We can clearly see that R(Ag)
is less than 0.1 over a wide wavelength range from 1.1 um to 1.55 um and zero reflection occurs at
a wavelength of 1.3 um. However, unlike R(Ag), T(Ag) shows only a very sharp zero transmission
valley at 1.3 pm and its value increases rapidly as the operating wavelength gradually moves away
from 1.3 um. Therefore, an all-dielectric metasurface based on a single-layer of subwavelength silicon
resonators with a near-perfect absorption (A(Ag) > 0.99) band across the wavelength range from 1.29 um
to 1.31 um is obtained.
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Figure 1. Schematic representation of narrowband all-dielectric metasurface composed of only a single
layer of subwavelength semiconductor resonators and its spectral properties. (a) Periodic array structure
composed of silicon nanodisks embedded into silicon dioxide. (b) Unit cell structure with its geometric
parameters indicated, where /1 = 220 nm, d = 470 nm, L = 1440 nm, and P = 670 nm. (c) Numerically
calculated reflectance (black line), transmittance (red line), and absorbance (blue line) spectra.

2.2. Broadband Perfect Optical Absorption All-Dielectric Metasurface

Figure 1 illustrates the structure and the mechanism of the perfect optical absorption all-dielectric
metasurface, but the perfect absorption band is very narrow. Figure 1c clearly shows that the
narrow absorption band is mainly induced by the sharp transmittance valley because the reflection is
maintained at nearly zero over a wide wavelength range. Therefore, to realize a broadband absorption
metasurface, one important problem that must be solved is the broadening of this transmission valley.
Generally speaking, coupling two resonators in the direction of wave propagation can efficiently
broaden the transmission bandwidth. For example, dual-band-enhanced transmission using coupled
metamaterial resonators [35], total broadband transmission by localized E-field coupling of split-ring
resonators [36], and Mie-resonance-coupled total broadband transmission [37] have all been reported
in our previous work. In this work, we intend to realize a broadband perfect absorption all-dielectric
metasurface using two coupled resonators. However, before the second silicon disk is added to the
unit cell of the metasurface, the effect of the silicon disk position in the z-direction in the unit cell on
the reflectance and transmittance characteristics should be considered. Figure 2 shows the simulated
reflectance of R(Ag) and transmittance T(A() characteristics when the silicon disk is shifted from the
center of the unit cell (z = 0) to a position of z = 500 nm. We see from Figure 2b that R(1() does indeed
change with the position of the silicon disk, but its amplitude is relatively small. For example, when
the silicon disk moves by a distance of 400 nm, the changes in R(A() can be regarded as negligible.
In the other movement distance cases, R(A¢) is always maintained at values of less than 0.2. With
regard to the effect of the movement distance of the silicon disk on T(Ag), Figure 2c clearly shows that
the position of the silicon disk has no obvious influence on the transmitted waves, particularly in the
region near the sharp transmission valley. If we select an optimized moving distance, e.g., z = 400 nm,
a perfect absorption metasurface with an asymmetric unit cell structure in the z-direction is realized.
It should be noted that this asymmetric structure changes the ratios of the electric and magnetic
resonances within the silicon disk and introduces a slight bianisotropy. Therefore, perfect absorption is
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only achieved for light waves that are incidental from one specific side, although the transmission is
zero in both directions because of reciprocity.
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Figure 2. Silicon disk position and its z-direction-dependent reflectance and transmittance characteristics.
(a) Schematic representation of the silicon disk at the center of the unit cell and the direction of silicon
movement. (b) Reflectance and (c) transmittance characteristics of the unit cell when the silicon disk
position varies from z = 0 to z = 500 nm in steps of 100 nm.

Because the optimized silicon disk position does not affect the perfect absorption property of the
structure, we can introduce another silicon disk into the unit cell and place it symmetrically in the
opposite z-direction. The above analyses indicate that this two-coupled-resonators unit cell-based
all-dielectric metasurface can not only realize a symmetrical absorption structure but also provides
a broadband absorption structure. Figure 3a shows a schematic representation of the proposed
metasurface structure, which consists of two layers of coupled resonators; the distance between these
layers is 800 nm. The geometrical parameters of the unit cell shown in Figure 3b are the same as the
parameters that were depicted in Figure 1b. The numerically calculated absorbance characteristics
of the two-coupled-resonators-based all-dielectric metasurface are shown in Figure 3c. For contrast,
the absorbance of the metasurface composed of only a single silicon resonator layer is also shown in
Figure 3c. The figure clearly shows that a near-perfect absorption (A(1g) > 0.99) band is formed across
the wavelength range from 1.27 um to 1.33 um, which represents a 60 nm bandwidth and is three times
the size of the corresponding band for the metasurface composed of unit cells containing only single
silicon resonators. In addition to the absorption band at A(Ag) > 0.99, the absorption band at any other
absorbance value of the metasurface composed of two coupled resonators is approximately twice as
broad as that for the metasurface composed of single resonator unit cells. Therefore, using these two
coupled resonators, in which the electric and magnetic dipole resonances form simultaneously at the
same wavelength, a broadband optical absorption all-dielectric metasurface can be realized.
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Figure 3. Schematic representation of the proposed broadband all-dielectric metasurface structure and
its absorbance spectrum. (a) Periodic array and (b) unit cell structure of the metasurface, where the unit
cell is composed of two coupled silicon disks embedded in silicon dioxide. (¢) Numerically calculated
absorbance spectra of the double resonator unit cell (black line) and the single resonator unit cell (red
line), where the latter is provided for comparison.

To demonstrate the robust perfect absorption properties of the proposed broadband all-dielectric
metasurface made from coupled semiconductor resonator pairs, Figure 4a—f show color maps of
the spectral absorbance as a function of the operating wavelength from 1.1 um to 1.6 um and the
dependence on the geometrical and material parameters of the silicon disks. Figure 4a shows the
calculated results for the absorption spectrum when the diameter of the silicon disks varies from 400 nm
to 550 nm, while all other parameters remain fixed. We observe that while the absorption peak shifts
toward longer wavelengths as the diameter increases, the absorbance and bandwidth show almost no
change. Figure 4b illustrates the absorption spectrum as the height of the silicon disks varies from
100 nm to 340 nm. Similarly, we see that the absorbance and the bandwidth also maintain steady values
over a wider height range from 200 nm to 260 nm. Figure 4c shows the absorption spectrum when the
vertical distance between the centers of the two silicon disks varies from 500 nm to 1200 nm. We see
that the bandwidth decreases gradually as the vertical distance exceeds 1000 nm and the absorption
band splitting and damping arises when the vertical distance is less than 650 nm. The absorbance and
bandwidth remain stable when the vertical distance varies from 650 nm to 1000 nm. These phenomena
are caused by the coupling state (under-coupling, critical coupling, and over-coupling) of the two
resonators, which is determined by the coupling distance [38].

Figure 4d illustrates the absorption spectrum as the horizontal distance between the centers of the
two silicon disks varies from 0 to 100 nm. We do not see any change except that a very narrow parasitic
band with low absorbance (A(Ag) < 0.8) appears in the perfect absorption band when the horizontal
distance is larger than 50 nm. In addition to the geometrical parameters, we also studied the spectral
absorption as a function of the material parameters, including the real part of the permittivity and the
loss tangent of the disks; these final calculated absorbance spectra are shown in Figure 4e,f, respectively.
These figures clearly show that the absorbance and bandwidth remain stable when the real part of
the permittivity is no more than 11 or the loss tangent of the disks is no more than 0.03. Furthermore,
as the real part of the permittivity and the loss tangent of the silicon disks increase, the metasurface
presents increasingly excellent absorption performances.
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Figure 4. Robust perfect absorption properties of the proposed broadband all-dielectric metasurface.
The dependence of the absorbance on the operating wavelength are on: (a) the diameter; (b) the height
of the silicon disks; (c) the vertical and (d) the horizontal distances between the centers of the two
silicon disks; (e) the real part of the permittivity; and (f) the loss tangent of the silicon disks.

Overall, the proposed broadband absorption all-dielectric metasurface has a very simple structure
and is quite robust against fabrication inaccuracies in terms of its geometrical and material parameters.
Finally, we calculated the effects of the increasing number of coupled silicon disk on the absorption
properties. Figure 5 shows the absorbance of the unit cell composed of two, three, and four silicon disks.
We can clearly see that the perfect absorption bandwidth is significantly broadened as the number of
silicon disk increases from two to four. Because the absorption bandwidth is mainly determined by the
transmission valley, increasing the number of coupled resonators in the direction of wave propagation
can effectively broaden the absorption bandwidth.
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Figure 5. Numerically calculated absorbance spectra of the two (black line), three (red line), and four
(blue line) coupled resonators in the unit cell of the proposed all-dielectric metasurface.

It should be noted that although only simulated models of the broadband absorption are presented,
the actual absorbers can be accurately processed using boron doped silicon on insulator substrate.
Moreover, the measured absorption spectra showed a good agreement with the simulated ones [21].
Therefore, the design method and simulated models in this work is feasible. More information about
sample processing and experimental measurement can be found in references [19-21].

3. Conclusions

In summary, we have designed a broadband optical perfect absorption all-dielectric metasurface.
The unit cell of this metasurface is composed of two coupled semiconductor silicon resonators that
are embedded in a low dielectric constant silicon dioxide material. The simulation results show that
the proposed metasurface has near perfect absorption (A(4g) > 0.99)) within a 60 nm bandwidth,
which is three times the size of the corresponding bandwidth for the metasurface composed of only
a single layer of silicon resonators. Furthermore, when the semiconductor resonator parameters
and the distance between two coupled resonators are varied over a wide range, the metasurface
maintains its excellent absorption properties in terms of both efficiency and bandwidth. Because the
semiconductor technology used in micro/nano-processing is very mature, the proposed metasurface
provides a feasible solution for the fabrication and application of high-performance all-dielectric optical
absorbers and sensors.
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