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Polarization-independent high-Q monolayer Ge-assisted near-perfect absorber
through quasibound states in the continuum
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Narrow-band metasurface perfect absorbers with a high-quality (Q) factor play a vital role in governing
the performance of optoelectronic devices. However, it is quite challenging to realize polarization-independent
high-Q perfect absorption at a near-infrared wavelength by only a single-layered structure without using the
back reflectors. Here, we theoretically propose a monolayer high-Q near-perfect metasurface absorber with
unit cells comprised of four germanium (Ge) split rings. Based on quasibound states in the continuum, the
Mie modes with low radiative decay rates are induced by the orientation of each split ring to match the low
nonradiative decay rates and achieve high-Q absorption performance. The high reflection background mode
excited by four split rings can transform the symmetrically coupled Mie modes into asymmetrically coupled
ones and decrease the radiative decay rate of transmission, enabling the monolayer structure to break through
the absorption limit of 50% to near 100%. We have theoretically demonstrated that the maximum absorption of
the presented structure is as high as 93% at 1530 nm of the Q factor up to 470. The structure is polarization
independent due to its C4 symmetry. Our proposed monolayer all-dielectric metasurface without any back
reflectors achieves near-perfect absorption at a very narrow bandwidth. This work may provide a paradigm
for designing polarization-independent high-Q monolayer perfect absorbers, which is potentially applicable in

ultrafast optoelectronic devices and integrated photon systems.
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I. INTRODUCTION

Metasurface perfect absorbers (MPAs), which are em-
ployed to efficiently absorb light waves in a specific spectral
range, have drawn a great deal of attention due to their
promising potential in photovoltaic devices and optoelec-
tronic systems [1-3]. According to the absorption spectral
bandwidth, MPAs can be classified as narrow-band and broad-
band absorbers [3,4]. Narrow-band MPAs with a high-Q
factor play essential roles in sensing [3] and light emission
fields [5]. With the help of plasmon resonances, plasmonic
MPAs could be impedance matched to the surrounding en-
vironment to achieve high-Q near-perfect absorption [3,6,7].
However, metallic units of the plasmonic MPAs generate con-
siderable heat instead of photocarriers due to a significant
portion of absorption taking place in metallic units and the
large intrinsic loss of metals in the visible and near-infrared
wavelength ranges [8]. This drawback might degrade the ab-
sorption performance of the developed optoelectronic devices.
The all-dielectric MPAs with low intrinsic loss have been pro-
posed as alternatives to plasmonic ones [8—10]. Multiordered
Mie resonance modes are supported by the all-dielectric
MPAs for enhancing absorption [4,10]. The absorption could
be realized when the radiative decay rate of Mie resonances
and the nonradiative decay rate of dielectrics are matched,
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which is referred to as a critical coupling condition [11]. The
absorption bandwidth is determined by the sum of radiative
and nonradiative decay rates. However, these designs need to
increase the nonradiative decay rate to match the significant
radiative decay rate of Mie resonances, which enhances the
absorption but simultaneously decreases the Q factor [8,10].
The Q factors of these absorbers are as low as 10. There-
fore, the critical point to achieving high-Q absorption in
all-dielectric absorbers is to reduce both radiative and non-
radiative decay rates [11].

Recently, the bound states in the continuum (BICs) have
attracted significant attention in the all-dielectric metasurfaces
as they open more degrees of freedom to tune the radiative
decay rate to achieve high-Q absorption [12-15]. Ideal BICs,
which cannot be directly excited, are completely confined
states without any radiation characterized by an infinite Q
factor and vanishing linewidth [16,17]. By tailoring the in-
plane symmetry within each unit cell of the all-dielectric
metasurfaces, ideal BICs can be transformed into QBICs,
which can radiate to the external continuum [17]. As well, for
a monolayer structure with mirror symmetry, the high-Q Mie
resonances with low radiative decay rates could be excited
by breaking structural symmetries such as translating and/or
orientating the nanoparticles of the unit cell to achieve high-Q
absorption [13-16]. However, the maximum absorption Ap,x
is only 50% at the critical coupling point in this kind of
structure due to the excitation of only one resonance mode. To
break through the absorption limit of 50% in monolayer struc-
tures, a way to excite two high-Q Mie modes with degenerate
frequency but opposite symmetry has been proposed [11,18].
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By introducing a superstrate with a refractive index close to
the substrate at a monolayer structure and adjusting the period,
the magnetic dipole (MD) and electric dipole (ED) OBIC res-
onances, which meet critical coupling at respective resonant
wavelengths, could be spectrally overlapped to overcome the
absorption limit of 50% [18]. However, the absorption perfor-
mance of these absorbers is highly sensitive to the geometric
parameters of the structures. The high-Q ED and MD modes
may be excited at different wavelengths due to slight fabri-
cation errors, which may significantly reduce the absorption
performance of the structures. Another issue is that the maxi-
mum absorption of these absorbers would be limited (about
80%). This limitation is because it is difficult to meet the
critical coupling of both ED and MD modes at the same wave-
length simultaneously. Adding a metallic mirror at the bottom
of the monolayer structures can also break through the ab-
sorption limit of 50%. The metallic mirror turns the structures
from two-port systems into one-port systems, hence the trans-
mission being eliminated [19-21]. The low-index lossless
dielectric spacer separates the resonators and metallic mirrors.
The reflection of the front of the resonators can be canceled
by the excited wave in the cavity formed by the resonators,
spacer, and metallic mirror [20]. In this way, the metallic layer
absorbs a portion of light waves and introduces non-negligible
heat, which may degrade their absorption performance at high
pumping intensity. As alternatives to metallic mirrors, dielec-
tric mirrors with low thermal conductivity and ohmic loss
could be added at the bottom of the monolayer structures and
can also achieve high-Q near-perfect absorption [15]. How-
ever, the absorbers mentioned above need at least two layers
for high-Q perfect absorption due to they need a back reflec-
tor to suppress the transmission. Moreover, based on OBIC,
high-Q absorption performance is achieved by introducing
a perturbation in the structural symmetry of the absorbers.
Nevertheless, they are sensitive to the polarization of incident
light, so their practical applicability may be limited [20,22].
Thus, there is still a challenge for the development of
monolayer MPAs (MMPAs) that can achieve polarization-
independent high-Q near-perfect absorption without the back
reflectors.

In this work, we propose a polarization-independent high-
Q near-perfect absorber based on an all-dielectric monolayer
metasurface with unit cells comprised of four Ge split rings.
Based on OBIC, the Mie modes with low radiative decay rates
are induced by the orientation of each split ring to match the
low nonradiative decay rates and achieve high-Q absorption
at the critical coupling point. The four split rings with the
same geometric parameters can excite a high reflection back-
ground mode over a broad spectral range near the resonance
wavelength of the Mie modes. The high reflection background
mode transforms the Mie modes into asymmetrically cou-
pled Mie modes and decreases the radiative decay rate of
the transmission, enabling the monolayer structure to break
through the absorption limit of 50%. We have theoretically
and numerically demonstrated the maximum absorption of
the presented monolayer structure is as high as 93% at 1530
nm, and the value of the Q factor is as high as 470. The C,
symmetry of the structure enables polarization independence
under normal incidence. Our proposed monolayer structure
without any back reflectors could achieve near-perfect absorp-

tion at a very narrow bandwidth. This work might provide
an alternative strategy for designing polarization-independent
high-Q monolayer perfect absorbers, which may have ex-
cellent potential in sensing [5], photoelectric detecting [23],
optical filtering [24], and lasering [25].

II. DESIGNS OF MMPA TO BREAK
THE ABSORPTION LIMIT

We start from a lossy dielectric (n = n; + iny) resonator
coupled to two ports with the temporal coupled-mode theory
(TCMT) to explore the conditions of perfect absorption in
monolayer structure [10,26]. In the case that only a single
resonance is excited in the resonator, based on the TCMT,
the total absorption A at the angular frequency w of a single
incident wave can be expressed as [10]
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where wy is the resonant angular frequency, y; and y, are
radiative decay rates into two different ports at the resonance
(corresponding to reflection and transmission), and y,, is the
nonradiative decay rate, respectively. The total radiative de-
cay rate (denoted as y, = y; + y;) describes the leakage at
the interface between the dielectric resonator and free space.
The nonradiative decay rate originates from the intrinsic dis-
sipation of lossy dielectric. Both radiative and nonradiative
decay rates can be obtained from the electromagnetic fields
of the structures either numerically or experimentally. Here,
we numerically calculated fields and further get transmission
and absorption spectra using the finite-difference time-domain
(FDTD) method [27,28]. The total Q factor (denoted as Q)
of the lossy structure can be extracted from the numerically
calculated absorption spectra. Then the sum of the radiative
and nonradiative decay rates (y, + y,) can be calculated by
v, + v, = wo/20. It is worth noting that y, is independent
of the loss of material. As a result, y, can be extracted from
the transmission spectra of the lossless structure, meaning the
imaginary part of the refractive index of dielectric is neglected
(n, = 0). According to Eq. (1), the maximum light absorption
of a resonator supporting a mirror-symmetric resonance (y; =
y,) will reach only 50% under critical coupling condition
¥» = ¥, [shown in Fig. 1(b)]. To overcome the limit of 50%,
simultaneously exciting two degenerate critically coupled res-
onances with opposite symmetry has been proposed [11,18].
High absorption could be achieved when MD and ED reso-
nances with the same radiative and nonradiative decay rates
overlap (known as the degenerate critical coupling condition).
Adding a back reflector, such as a metallic or dielectric mirror
separated by a lossless dielectric spacer at the bottom of the
resonator array, can also break through the absorption limit
of 50% [15,19-21]. The back reflectors turn the structure
from a two-port system into a one-port system (y, = 0), and
the transmission could be eliminated [18-20]. The reflection
of the front of resonators can be suppressed at the critical
coupling point.

For the resonator supporting asymmetrically coupled res-
onance (y; # y,), the perfect absorption could be achieved
in a monolayer structure when y; < y; and y, ~ y; even for
only a single resonance. The ratio between y; and y;| can be
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FIG. 1. (a), (b) Mechanism of the proposed high-Q near-perfect
absorption. The lossless structure (n, = 0) composed of two and
four split rings without a perturbation in the structural symmetry can
provide a low and high reflection background over a broad spectral
range, respectively. Based on OBIC, the monolayer lossy structure
can excite the Mie modes with low radiative decay rates at wy by
the orientation of each split ring and achieve high-Q absorption. For
the structure composed of two split rings, the maximum absorption
cannot break through the absorption limit of 50% due to no exci-
tation of the high reflection background mode. The high reflection
background mode excited by the structure composed of four split
rings transforms the symmetrically coupled Mie modes (y; = y;)
into asymmetrical ones (y; # y;) and decreases y,. This enables the
monolayer structures to break the absorption limit of 50% at the
critical coupling point. The gray shadows denote the bandwidths of
the spectra. (c) Schematic of the monolayer Ge-assisted MPA. (d)
Top view (X—¥ plane) of the unit cell.

depicted by [10,26]
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where real numbers r and ¢ correspond to the amplitude of
reflection and transmission coefficients of the background
Fabry-Perot mode or low-Q Mie mode, respectively. The re-
lationship between r and ¢ satisfies 7> + > = 1 in the lossless
structures (n, = 0). The phase difference of the reflected elec-
tric field between background mode and resonance mode is
defined as ¢ = ¢ —2¢,, where ¢; and ¢, are the phases of
the complex reflection coefficients of background mode and
resonance mode, respectively. In this work, all parameters in
Eq. (2) are obtained in the lossless structures due to y; and
y, being independent of the loss of material. The parameters
on the right-hand side of Eq. (2) can be calculated using the
FDTD method. In Eq. (2), if » = 0, we can see that a sym-
metrically coupled resonator and the maximum absorption is
50%. It can be derived from Eq. (2) that the ratio between
y{ and y; reaches a minimum while the cos (¢) approaches
—1(¢ =~ 180°) to achieve perfect absorption. By substituting
Eq. (2) into Eq. (1), the maximum absorption at resonance
frequency can be obtained as Ap,x = (1 4 r)/2. Thus, a nec-
essary condition for achieving perfect absorption is the high

reflection coefficient r of the background. The mechanism
of near-perfect absorption achieved in monolayer structures
is shown in Figs. 1(a) and 1(b). As shown in Fig. 1(a), the
monolayer lossless structure composed of two split rings with-
out a perturbation in the structural symmetry provides a low
reflection background over a broad spectral range. By adding
two split rings in a larger unit cell, the lossless monolayer
structures composed of four split rings can support low-Q
Mie modes to provide a high reflection background. This high
reflection background mode shows the same performance as
the back reflectors in multilayer structures, rendering vastly
different reflection and transmission. As shown in Fig. 1(b),
based on OUBIC, the Mie modes are excited at w for the lossy
structures composed of two and four split rings by the orien-
tation of each split ring. For the structure composed of two
split rings, the maximum absorption cannot break through the
absorption limit of 50% due to no excitation of the high reflec-
tion background mode near the absorption peak wavelength
(r = 0). The structure composed of four split rings supports
high reflection coefficients r over a broad spectral range and
transforms the symmetrically coupled Mie modes (y; = y|)
into asymmetrically coupled Mie modes y; # y{. This en-
ables the monolayer structures to break the absorption limit
of 50%. The absorption will be enhanced when the cos (¢)
approaches —1, and perfect absorption can be achieved at the
critical coupling point.

The total Q factor of the metasurface at resonance can be
expressed as

0 ( Lyl >_] @
o O/

where Q, = wy/2y, and Q, = wy/2y, are the radiative and
nonradiative Q factor, respectively. Thus, high-Q performance
requires simultaneous low nonradiative and radiative de-
cay rates. Based on OBIC, an all-dielectric metasurface can
achieve high-Q absorption at resonant wavelength by tailor-
ing the in-plane symmetry, as shown in Fig. 1(b). From the
above discussion, we conclude that the high-Q perfect ab-
sorption could be achieved in MMPAs if satisfying the three
conditions: (1) the background mode has a high reflection
coefficient r for high An.x; (2) the cosine of the phase differ-
ence of the reflected electric field between background mode
and resonance mode approaches —1; (3) the structure has
small but nonzero nonradiative and radiative decay rates at
the critical coupling point.

III. PERFORMANCES OF THE MMPA

The details of our proposed MMPA are sketched in
Figs. 1(c) and 1(d). Each unit cell consists of four Ge split
rings with the same size but different orientations placed on
the CaF, (ny = 1.426) substrate with a thickness of 1 um.
The period of this subwavelength structure is p, = p, = p =
1060 nm. These four split rings are with outer radius r; =
213 nm, inner radius r, = 66 nm, height & = 239 nm, and
opening angle o = 96°, respectively. Figure 1(d) shows the
top view of the unit cell on the plane. The four split rings
are arranged at (—p/4, p/4), (p/4, p/4), (p/4, —p/4), and
(—p/4, —p/4), respectively, being marked as SR1, SR2, SR3,
and SR4, respectively. The unit cell shows mirror symmetry
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in the X—¥ plane. The orientation of each split ring is charac-
terized by an orientation angle 6, which is a critical parameter
to switch the modes of metasurface between BICs and OBICs.
While 6 = 45°, the C4 symmetry will be also introduced to
the whole structure. Such a unit cell containing these four
split rings can support the low-Q Mie mode as a background
mode, resulting in a high reflection coefficient over a broad
spectral range [shown in Fig. 1(a)]. According to the grating
law, this subwavelength structure has only the Oth-order re-
flection or transmission propagating modes, while the other
higher diffraction orders are suppressed [29,30]. The complex
refractive index of Ge (nge = ny + iny) is obtained from the
Palik data [31], showing that Ge is a high refractive index
medium with a small but nonzero absorption at a near-infrared
wavelength. The resonator with a high refractive index (n)
can support multiordered Mie resonances for enhancing ab-
sorption. A small but nonzero absorption coefficient (1) plays
a crucial role in generating high-Q absorption with a low
nonradiative decay rate. We use the FDTD method to get the
results of the performance of the proposed MMPA and further
explore the absorption mechanism. Plane waves are normally
incident onto the monolayer structures. The polarization angle
¢ is defined as the angle between the electric field vector and
k x ¥, where k is the wave vector of the incident light. We first
simulate the case that the electric field of the incident light is
along the X direction [the ¢ = 0° case illustrated in Fig. 1(c)].
The spectral range in the simulation ranges 1480-1580 nm.
The periodic boundary conditions are applied to the X and §
directions, and the perfectly matched layers are used as the
absorption conditions in the Z direction.

The blue solid line of Fig. 2(a) shows the FDTD simulated
absorption spectrum of this MMPA. The spectral absorption
is defined as A = 1—R — T, where R and T depict the re-
flection and transmission, respectively. We can see that the
near-perfect absorption occurs at 1530 nm. The Q factor here
is defined as fy/Af, where Af is the full width at half max-
imum of the resonance. The result shows that the Q factor
reaches a high value of 470. A weak low-Q absorption peak at
1509 nm also contributes to a high reflection background over
a broad spectral range, transforming the resonances at 1530
nm into asymmetrically coupled resonances, and decreasing
y, when the cos(¢) approaches —1 [shown in Fig. 2(c)]. This
low-Q background mode shows the same performance as the
back reflectors in multilayer structures, renders vastly differ-
ent reflection and transmission, and enhances the absorption
at the resonance wavelength of 1530 nm. The maximum ab-
sorption reaches 93%, indicating that this monolayer structure
can break through the absorption limit of 50%. As depicted
by the red dotted line in Fig. 2(a), the absorption spectrum
of the structure consisting of SR1 and SR2 (p, = 530 nm)
demonstrates that the maximum absorption (Ap.,x = 40%)
cannot break through the absorption limit of 50% due to no
excitation of low-Q but high reflection background mode near
the absorption peak wavelength (corresponding to the case of
symmetrically coupled resonances). Figure 2(b) displays the
absorption spectra of the proposed structure by changing the
polarization angle ¢ from 0° to 90°. We found that the optical
response of MMPA remains unchanged while polarization is
varying. The polarization-independent optical response comes
from the C; symmetry of the unit cells of MMPA. This feature

(= FDTD-Four rings
«ax FDTD-Two rings
TCMT-Four rings

100%
75%
50%
25%

1480 1505 1530 1555 1580 %
Wavelength (nm)

0
1480 1505 1530 1555 15
Wavelength (nm)

cos(¢) =-1
\ m—p

20 bl

0
1480 1505 1530 1555 1580
Wavelength (nm)

0 360
1480 1505 1530 1555 1580
Wavelength (nm)

FIG. 2. (a) Simulated absorption spectra for the unit cell consist-
ing of four (blue solid line) and two (red dotted line) split rings. The
maximum absorption of MMPA is up to 93% at 1530 nm, and the
Q factor is up to 470. The yellow dashed line denotes the absorption
spectrum of the MMPA calculated using Eq. (1), derived based on
TCMT. (b) Absorption spectra of the structure for varying polariza-
tion angle from 0° to 90°. This structure is polarization independent
due to its C4, symmetry. (c) The amplitude (blue solid line) and phase
(red dashed line) of reflection coefficient of the lossless structure.
(d) Calculated SCSs of one unit cell in a metasurface. MD and EQ
modes are simultaneously excited at 1530 nm, whereas the ED, TD,
and MQ modes turn out to be weak. The inset shows the calculated
SCSs at the wavelength range 1515-1555 nm. TD mode dominates
at 1509 nm and provides a high reflection coefficient over a broad
spectral range.

is particularly significant for designing optical devices and
systems requiring stable functionality in different polarization
states.

We use TCMT to provide an insightful analysis of the
effect of high reflectance coefficient background mode on
high-Q near-perfect absorption in this monolayer structure.
Figure 2(c) shows the amplitude (blue solid line) and phase
(red dashed line) of the reflection coefficient of the lossless
structure (n, = 0). It can be seen that the lossless monolayer
structure provides a high reflection coefficient and a low
resonance phase ¢, near the wavelength at 1534 nm, which
can decrease y, and enable the monolayer lossy structure to
break through the absorption limit of 50%. The resonance
wavelength of the lossless structure is slightly shifted from
the lossy structure. The radiative and nonradiative decay rates
are extracted from the numerically calculated transmission
and absorption spectra of the structure. The total radiative
decay rates (y; + | in 1534 nm and y, + y; in 1509 nm)
are extracted from the transmission spectrum of the lossless
structure due to these parameters being independent of the loss
of material. To get the radiative decay rates y, and y;, the r,
t, and ¢, have been obtained by fitting the real and imaginary
parts of the reflection coefficient of the lossless structure. The
value of ¢, can be extracted from Fig. 2(c), which shows a low
phase change in the reflected electric field at the resonance
of 1534 nm. The radio between y, and y| can be calculated
by Eq. (2). We then introduce material loss and obtain the
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sum of the radiative and nonradiative decay rates (y,; + ¥,
and y,, + v,,) in the lossy structure. The above calculated
parameters are ¥, = 5.39 x 10" Hz, y/ = 8.69 x 10'° Hz,
Y,y =626 x 10" Hz, y,, = 6.85 x 10" Hz, 0; = 1.23 x
10" Hz, r = 76%, t = 65%, ¢ = 203°, ¢, = 8°, ¢ = 187°,
2=y =412 x 10” Hz, y,, = 1.2 x 10" Hz, and w, =
1.245 x 10" Hz, respectively. The ratio between y, and y;
is 6.2, indicating high asymmetry in the coupling of the Mie
modes with the two ports. The high reflection background
mode transforms the Mie modes at 1530 nm into asymmetri-
cally coupled Mie modes and decreases y; due to the cos (¢)
approaching —1. This key point enables the monolayer struc-
ture to break through the absorption limit of 50%. The yellow
dashed line of Fig. 2(a) shows the absorption spectrum calcu-
lated using Eq. (1), derived based on TCMT. The result agrees
well with the absorption spectrum simulated by the FDTD
method. When the wavelength is smaller than 1500 nm, the
absorption calculated by TCMT is significantly smaller than
the FDTD method. This is because TCMT only includes the
nonradiative decay rates at the resonance wavelengths, while
the nonradiative decay rates are higher due to Ge having
higher absorption coefficients at the short wavelength.

To get deep insight into the physical mechanism of the
high reflection background mode at 1509 nm and resonance
absorption at 1530 nm in this MMPA, multipole decomposi-
tions of the scattering cross sections (SCSs) of one unit cell
in the metasurface are calculated. The modes of ED, toroidal
dipole (TD), MD, electric quadrupole (EQ), and magnetic
quadrupole (MQ) are calculated by the multipole decompo-
sition method in a Cartesian coordinate system [32-34]. The
details of the multipole decomposition method are described
in Ref. [32] and the Appendix. The multipole components
are calculated by extracting the induced current densities and
substituting them into Eqs. (A7)—(Al1). Figure 2(d) clearly
shows that the contribution of the MD mode is dominated
at the resonance wavelength of 1530 nm, indicating that the
resonance absorption is mainly induced by the MD mode.
Simultaneously, the EQ mode also provides a noticeable con-
tribution to enhancing absorption, while the ED and MQ
modes turn out to be weak. As shown in the inset of Fig. 2(d),
the TD mode is excited at 1509 nm, providing a low-Q but
high reflection background over a broad spectral range and
enhancing the absorption in a lossy structure. The excitation
of the TD mode also transforms the MD and EQ modes
into asymmetrically coupled Mie modes, resulting in differ-
ent radiative decay rates for reflection and transmission, and
decreases y, due to the cos (¢) approaching —1. This enables
the monolayer structure to break through the absorption limit
of 50%. To further demonstrate that the TD mode induces
the high reflection background, while the MD and EQ modes
induce the absorption peak at 1530 nm, we plot the elec-
tromagnetic field distributions of the MMPA at resonance
absorption peak wavelengths in Fig. 3. The white dashed
lines sketch the geometry of the unit cell, and the arrows
represent the field vectors that can confirm the existence of
different Mie modes at resonance wavelengths. Figure 3(a)
depicts the electric field distribution of the MMPA at 1509
nm in the X—¥ plane. It can be observed that the electric field
is mainly localized in the splits. The orientations of electric
field vectors in the § direction of neighboring split rings are

(@) |

530 ..y

(b)

HF @ 1509 nm
H @

FIG. 3. Electromagnetic field distributions of the MMPA at reso-
nance wavelength. Panels (a) and (b) show electric field distribution
in the X—¥ plane and magnetic field distribution in the §—Z plane
at 1509 nm, respectively. Panels (c) and (d) show the electric field
distribution and magnetic field distribution of the absorber in the X—§
plane at 1530 nm, respectively. The arrows represent the field vectors,
and the white dashed lines sketch the geometry of the unit cell.

opposite, but the ones in the X direction are the same. This
indicates that opposite phase magnetic dipoles along the Z
direction were induced in the ¥ direction neighboring split
rings. Figure 3(b) shows the magnetic field distribution of
MMPA at 1509 nm in the §—Z plane. It can be observed
that the magnetic field is mainly localized in split rings. A
head-to-tail magnetic moment is formed within the unit cell,
indicating that the TD mode is excited along the ¥ direction
[white arrows in Fig. 3(b)]. Figures 3(c) and 3(d) show the
electric and magnetic field distributions at 1530 nm in the
X—¥ plane, respectively. From Fig. 3(c), the electric field is
partially localized in four split rings and mainly localized
in the gap between neighboring split rings along the X di-
rection, forming an electric quadrupole in the unit cell. The
field vectors between neighboring split rings are with opposite
signs, meaning that the EQ mode is excited at 1530 nm. The
strong electric field, which is attributed to the near-field cou-
pling of Mie modes of neighboring split rings, also enhances
the absorption in the monolayer structure [35]. Figure 3(c)
demonstrates that the magnetic field is localized in four split
rings, with the field vectors circulating in a counterclockwise
direction in SR1 and SR4, and in a clockwise direction in SR2
and SR3, indicating that the opposite phase electric dipoles
along the Z direction are induced in the X direction neighbor-
ing split rings and the MD mode is excited at 1530 nm. In
all, the TD mode is excited at 1509 nm providing a low-Q
but high reflection background over a broad spectral range,
transforming the MD and EQ modes excited at 1530 nm into
asymmetrically coupled Mie modes, and decreasing y;| due to
the cos (¢) approaching —1. The near-perfect absorption is
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FIG. 4. Numerical results of (a) reflection spectra of the lossless structure and (b) absorption spectra of the lossy structure with different
orientation angles 6, respectively. (c) Theoretical results of Q factor Q, (blue solid line) and nonradiative Q factor Q, (red dashed line) of the

absorber with different orientation angles 6.

achieved in this monolayer structure due to critical coupling
being satisfied at the resonance wavelength of 1530 nm.

To confirm the existence of a OBIC, which can tune the ra-
diative decay rate of Mie modes to match the low nonradiative
decay rate in MMPA, we perform numerical analysis of the
transmission and absorption spectra at the wavelength range
1515-1555 nm in lossless and lossy structures, respectively.
Figure 4(a) shows the transmission spectra with different ori-
entation angles 6 in a lossless structure. When 6 = 0°, the
spectral linewidth of the resonance is vanished due to there be-
ing no perturbation in the structural symmetry, which cannot
couple to the free space and correspond to BIC resonance with
an infinity Q factor. By increasing 6, the MD mode couples
more into free space, hence broadening the spectral linewidth
and blueshifting the position of resonance wavelength. The
blue solid line in Fig. 4(c) shows the radiative Q factor (Q,) of
lossless structure as a function of 6 extracted from Fig. 4(a).
The relationship between the asymmetric parameter 6 and Q,
obeys the inverse square law, indicating that the radiative de-
cay rate of Mie modes can be tuned to a large extent to match
the low nonradiative decay rate. Figure 4(b) shows the absorp-
tion spectra with different orientation angles 6 in the lossy
structure. At 6 = 0°, the absorption bandwidth is vanishing,
corresponding to the BIC resonance. While increasing 6, both
the total Q factor and the resonant wavelength decrease. The
maximum absorption is achieved when the § = 45°. The red
dashed line in Fig. 4(c) shows the nonradiative Q factor (Q,)
of the lossy structure. We can see that the orientation angle 6
has only a small impact on Q, (y,) because Q, (y,,) is mainly
determined by the absorption coefficient (1) and geometric
parameters of MMPA. Thus, the radiative decay rate of Mie
modes can be adjusted by tuning orientation angle 6 to match
the low nonradiative decay rate to achieve high-Q near-perfect
absorption at the critical coupling point.

IV. INFLUENCES OF GEOMETRIC PARAMETERS
ON THE ABSORPTION

We then study the influences of geometric parameters
on the performance of our proposed MMPA. The geometric
parameters determine the Mie modes, which provide the op-
portunity to meet critical coupling condition at the resonance
wavelength. Five important parameters, including the period

in the § direction (p,), outer radius (r1), inner radius (r;),
height (%), and opening angle (&), are set as variables and
their effects on the high-Q near-perfect absorption are dis-
cussed in Fig. 5. The white-dashed lines show the optimal
parameters to achieve high-Q near-perfect absorption. Fig-
ure 5(a) displays the absorption spectrum of the MMPA by
changing p, from 900 to 1200 nm. By increasing the p,, the
TD background mode has a redshift, while the absorption
peak has a blueshift due to the blueshift of MD and EQ
modes. The bandwidth and maximum absorption increase first
and then decrease with the increasing p,. When p, is near
1060 nm, the maximum absorption of the proposed MMPA
can break through the absorption limit of 50%. These results
are due to the TD background mode being excited near the
resonance wavelength of the MD mode and decreasing y;.
The high-Q near-perfect absorption can be achieved when
Dy equals 1060 nm. The absorption spectrum for the MMPA
by tuning the outer radius (r;) is shown in Fig. 5(b). The
outer radius varies from 200 to 230 nm, while other geo-
metric parameters of the unit cell are unchanged. The results
show that the absorption peak has a redshift with increasing
r; due to the MD mode having redshifts. The bandwidth
of the absorption spectrum increases due to the increases in
the nonradiative decay rate as r; increases. The maximum
absorption over the entire spectrum increases first and then
decreases because increasing r; causes MMPA to change from
overcoupling (y,; > yy,1) to critical coupling (y,; = y,,1) and
then to undercoupling (y,1 < y,1). There is a tradeoff between
bandwidth and maximum absorption. The high-Q near-perfect
absorption is achieved in MMPA when r; equals 213 nm.
Figure 5(c) presents the absorption spectrum of the MMPA
by increasing the inner radius (r;) of split rings from 30
to 90 nm. A blueshift of absorption peak is found due to
the MD mode being blueshifted. The bandwidth decreases
slightly with the increasing r, due to the slightly decreasing
radiative and nonradiative decay rate. The maximum high-Q
absorption is achieved when r, is 66 nm. Figure 5(d) shows
the absorption spectrum for the absorber by tuning the height
(h) of the split rings from 235 to 245 nm. It can be seen that
the position of the absorption peak has a redshift because of
the redshift of the MD mode. As the height increases, both
the bandwidth and maximum absorption decrease slightly due
to the MD mode redshift and moving away from the TD

085412-6



POLARIZATION-INDEPENDENT HIGH-Q MONOLAYER ...

PHYSICAL REVIEW B 108, 085412 (2023)

(b)

100% 230
75% o~
50%

25%

0% 200

900
1480 1505 1530 1555 1580
Wavelength (nm)

100%

75%

50%

25%

235 0%
1480 1505 1530 1555 1580
Wavelength (nm)

1480 1505 1530 1555 1580
Wavelength (nm)

0,

100% 100%
75% 75%
50% 50%
25% 25%
0%

1480 1505 1530 1555 1580
Wavelength (nm)

100%
75%

50%

0 %
1480 1505 1530 1555 15800/
Wavelength (nm)

FIG. 5. Absorption spectra of the structure for varying (a) period in the § direction from 900 to 1200 nm, (b) outer radius from 200 to
230 nm, (c) inner radius from 30 to 90 nm, (d) height from 235 to 245 nm, and (e) opening angle from 0° to 100°, respectively. The white
dashed lines in (a)—(e) show the optimal parameters to achieve high-Q near-perfect absorption.

background mode. The high-Q near-perfect absorption can be
achieved when the height equals 239 nm. Figure 5(e) shows
the absorption spectra by turning the opening angle («) from
0° to 100°. While increasing «, the absorption peak has a
blueshift due to the blueshift of TD and MD modes. The
bandwidth increases because the radiative decay rate of TD
and MD modes increases. The maximum absorption can break
through the limit of 50% when « is greater than 80° due to
the MD mode being excited near the resonance wavelength of
the TD background mode. The high-Q near-perfect absorption
can be achieved when the opening angle is 96°. Therefore, by
adjusting the geometric parameters of the MMPA, radiative
and nonradiative decay rates can be adjusted to achieve a
better high-Q absorption performance.

V. CONCLUSIONS

In conclusion, we have proposed a high-Q near-perfect
absorber based on a monolayer all-dielectric metasurface
without the back reflectors, in which the maximum absorption
is as high as 93%, and the value of the Q factor is up to
470. This structure is polarization independent due to its C4
symmetry. By tuning the orientation angle of each split ring,
the Mie modes with low radiative decay rates are induced
to match the low nonradiative decay and achieve high-Q ab-
sorption performance. Based on the TCMT, we demonstrate
that the high reflection background mode excited by four split
rings in one unit cell can transform the symmetrically coupled
Mie modes into asymmetrically coupled ones and decrease
the radiative decay rate of transmission, enabling the mono-

layer structure to break through the absorption limit of 50%.
Furthermore, the effects of geometric parameters of the meta-
surface on absorption characteristics are also explored. Our
proposed monolayer all-dielectric structure has great poten-
tial in ultrafast optoelectronic devices and integrated photon
systems.
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APPENDIX: MULTIPOLE DECOMPOSITION METHOD

Multipole decomposition was employed to analyze the dif-
ferent Mie modes excited inside the resonators. When incident
light irradiates the resonator or resonators array, the induced
current density distributions J can be obtained from the elec-
tric field distributions E(r) by

J(r) = —iwey(n* — DE(r), (A1)
where ¢ is the permittivity of free space, w is the angular

frequency, and n is the refractive profile of the resonators.
The possible presence of a substrate is fully considered by
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this approach. The moments of ED (p), TD (T), MD (m), EQ
(Q%), and MQ (Q™) can be derived as

1 3
Pa = _._/Jad r, (AZ)
iw
= / (- Dre =27 )d’r, (A3)
10c

A 1
wp = E{ _/ [3(rgJe + redp) — 2(r - D)dupld’r

k2
+17 [dryrg(r - J) — 5r2(redp + rpda)
+2r2(r - J)saﬁ]d%}, (AS)
oy = f {ra(r x Dg + rp(r x Dy }dr, (A6)

respectively, where r is the radius vector of a volume element
inside the resonator, c is the speed of light in vacuum, o, 8 =
X, ¥, z, and k is the wave number, respectively. The SCSs of
multipoles can be expressed as

k4
Cop = ———— 2, A7
il > (e (A7)
k4
Crp= ——— Y JikT]%, A8
™ = e B > ik (A8)
k* m |2
Cvp = ———— ‘— , A9
MD 677 2| Einc | Z c (A9)
Kt no 2
Cro= —— %), A10
K= ST ] >aQ) (A10)
~ 2
Cmo = K Q™ (A1)
MO 7207 62 B c ’

where E;,. denotes the incident electric field.
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