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Introduction

Photonic spin-selective perfect absorptance on
planar metasurfaces driven by chiral quasi-bound
states in the continuum

@ Hongmiao Zhou,? Gangao Wei,® Hangsheng Xu,® Meng Qin,*®
C

Hongju Li,
Jiangiang Liu® and Feng Wu

Optical metasurfaces with high-quality-factor resonances and selective chirality simultaneously are
desired for nanophotonics. Here, an all-dielectric planar chiral metasurface is theoretically proposed and
numerically proved to support the astonishing symmetry-protected bound state in the continuum (BIC),
due to the preserved = rotational symmetry around the z axis and up-down mirror symmetry simul-
taneously. Importantly, such BIC is a vortex polarization singularity enclosed by elliptical eigenstate polar-
izations with non-vanishing helicity, owing to the broken in-plane mirror symmetry. Under the oblique
incidence, companied by the BIC transforming into a quasi-BIC (Q-BIC), the strong extrinsic chirality
manifests. Assisted by the single-port critical coupling, the planar metasurface can selectively and near-
perfectly absorb one circularly polarized light but non-resonantly reflect its counterparts. The circular
dichroism (CD) approaching 0.812 is achieved. Intriguingly, the sign of CD (namely, the handedness of the
chiral metasurface) can be flexibly manipulated only via varying the azimuthal angle of incident light, due
to the periodic helicity sign flip in eigen polarizations around the BIC. Numerical results are consistent
with the coupled-mode theory and multipole decomposition method. The spin-selective metasurface
absorber empowered by the physics of chiral Q-BICs undoubtedly may promise various applications such
as optical filters, polarization detectors, and chiral imaging.

circularly polarized light illuminate individually.® As a conse-
quence, the new physical terms including optical activity,” cir-

Symmetry is ubiquitous in the natural world. The symmetry in
physics always describes the invariance of laws or geometries
through a particular transformation pathway. Despite the
beauty of symmetry, the study of symmetry breaking’ has been
important both scientifically and technologically in various
areas. One such example is the chirality induced by complete
breaking of mirror symmetry.” Chirality refers to an intrinsic
property of a given object that cannot be brought to coincide
with its mirror image by translation or rotation operator,**
and is particularly important in pharmaceutics, biomedicine,
and spectroscopy. The chiral phenomenon in optics is known
as chiroptics,” which is originated from the interaction
between circularly polarized light with different helicities and
chiral objects. Chiroptics is manifested by a difference in
amplitude, phase, and field distribution, when left- and right-
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cular birefringence,® and circular dichroism (CD),’ have been
proposed to characterize the distinguishable chiroptical
responses. Chiral optical absorption, as an enduring branch of
chiral light-matter interaction,'®™* has found significant
applications in polarization imaging, photodetection, filtering,
and many other fields. Chiral absorption in natural materials
is extremely weak, due to the small size of molecular structure
relative to the wavelength of incident light."*'* The structures
with geometric chiral properties on length scales comparable
with the wavelength of incident light are desired to realize
strong chiroptical absorption.'® Artificial metamaterials'®"”
with unit cells on sub-wavelength scale that is typically much
larger than the size of molecular naturally have received bur-
geoning amount of interest recently. Benefiting from the flex-
ible structure design and strong near-field enhancement,
various metal-based chiral metamaterial absorbers have been
successively proposed by breaking the mirror symmetry in the
propagation direction.'® Examples include the double-layered
L-shaped copper antennas,’® bi-layered fourfold twisted
T-shaped structure,*® four rotated twisted closed ring resona-
tors,”> and so on. Beyond the three-dimensional
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metamaterials,”>** the two-dimensional counterparts (which
are also referred as metasurfaces®?’) with broken in-plane
mirror symmetry are capturing interest, because they do not
require very demanding nanofabrication techniques. Examples
include the double-rectangle gold bars,*®*° n-shaped silver
resonators,”® Z-shaped silver antennas,®* and other planar
chiral structures.’” Although the metal-based chiral metama-
terials can near-perfectly absorb one circularly polarized light
but non-resonantly reflect its counterparts, the quality factor
(Q-factor) of absorption peaks and the extremum of CD are
limited by the inevitable Ohmic loss and heating problem in
metals.*® Importantly, once the metamaterial with a specific
shape is fabricated, its handedness and the sign of CD are irre-
vocable.® Hence, the realization of chiral metasurface absor-
bers with high Q-factor and tunable spin selectivity simul-
taneously is urgent.

The symmetry-protected bound states in the continuum
(BICs)**7® on all-dielectric planar metasurfaces, to the best of
our knowledge, may provide a feasible way to achieve such
desired chiral absorbers. On the one hand, the BICs are identi-
fied as non-radiating eigenvalues of electromagnetic wave
equation above the light cone.’® The nearly real eigenfre-
quency mode,*® characterized by an unbounded Q-factor and
vanishing linewidth, indicates that the ideal BICs will be invis-
ible in absorptance spectra and cannot be externally
accessed.”’ Fortunately, the small perturbation from breaking
in the mirror symmetry of metasurfaces not only enables the
symmetry-protected BICs to be transformed into externally
accessible quasi-BICs (Q-BICs)**™*” with ultrahigh Q-factors
but also may give rise to the chiral response.*®*> On the other
hand, the BICs have been proved to be vortex centers in the
polarization directions of far-field radiation.>® The winding
structure of polarization states in the momentum space offers
a new avenue to modulating polarization. Especially, due to
the appearance of circularly polarized states induced by in-
plane symmetry breaking, modulating the handedness of a
chiral metasurface supporting the original symmetry-protected
BICs is possible.>*® Therefore, the planar metasurface sup-
porting a symmetry-protected BIC enclosed by elliptical eigen-
state polarizations with non-vanishing helicity in momentum
space is an ideal candidate to obtain chiral absorbers with
ultrahigh Q-factors and actively tunable spin selectivity
simultaneously.

Here, two pairs of parallel and staggered silicon bars are
orthogonally placed to form a planar metasurface. The pre-
served = rotational symmetry around the z axis (C,°) and simul-
taneously the up-down mirror symmetry along the z direction
(0,) ensure the metasurface to support the fantastic symmetry-
protected BIC. The additional breaking in the in-plane mirror
symmetry leads to that the vortex polarization singularity at
the BIC is enclosed by elliptical eigenstate polarizations with
non-vanishing helicity. Under the oblique incidence, not only
is the symmetry-protected BIC transformed into a Q-BIC with
high Q-factor but also the strong extrinsic chirality emerges.
Assisted by the single-port critical coupling, this planar meta-
surface thus can near-perfectly absorb one circularly polarized
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light but non-resonantly reflect its counterparts. Accompanied
by the realization of chiral absorption, the CD approaching
0.812 is observed. Intriguingly, the sign of CD (namely, the
handedness of the chiral metasurface) can be actively manipu-
lated only via varying the azimuthal angle of incident light,
due to the periodic helicity sign flip in eigen polarizations
around the I' point at the first Brillouin zone. Numerical
results are in excellent agreement with the coupled-mode
theory (CMT) and multipole decomposition method. The spin-
selective metasurface perfect absorber empowered by the
physics of BICs undoubtedly may find utility in optical filters,
polarization detectors, and imaging display.

Structure and principle

Fig. 1 shows the schematic illustration of the designed chiral
metasurface on a metallic substrate. The unit cell comprises
two pairs of parallel and staggered rectangular silicon bars,
which are orthogonally placed and intersect at the origin, as
displayed in Fig. 1(b). The schematic drawing of unit cell with
detailed geometry definitions is shown in Fig. 1(a). The width
and length of two identical rectangular silicon bars along x
axis are denoted by W; and L,, respectively. Similarly, the
width and length of the silicon bars along y axis are marked by
W, and L,, respectively. The thickness of all silicon bars is H.
The period of the fabricated silicon metasurface arranging in a
square lattice is a, and the thickness of metallic substrates is
D. To simplify the absorption mechanism, the metallic sub-
strate with thickness of D = 400 nm is considered. This thick-
ness is much larger than the penetration depth of electromag-
netic waves so that the investigated structure is degraded into
a single-port system without the transmission channel.
Certainly, in addition to the ultra-thickness metallic substrate,
an all-dielectric Bragg mirror can enable this structure to work
as a single-port system in principle. Such simple single-port

Silicon Silver 5

Fig. 1 Schematic illustration of the designed chiral metasurface on a
silver substrate. (a) Geometry of the unit cell. (b) The top view of the unit
cell. (c) Illustration of the periodic planar metasurface illuminated by cir-
cularly polarized light with the incident angle 6 relative to z axis and the
azimuthal angle @ relative to x axis.
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system permits the use of critical coupling to obtain the poten-
tial perfect absorption.””>°

Firstly, the eigenmodes of an isolated periodic metasurface
made from lossless silicon with a refractive index of n = 3.478
are numerically analyzed by using the finite element method.
The optimized geometric parameters are H = 360 nm, W; =
260 nm, W, = 148 nm, L, = L, = 330 nm, and a = 800 nm. The
W, # W, # L, indicates that the metasurface maintains the C,*
symmetry and ¢, symmetry simultaneously, but suffers from
the loss of in-plane mirror symmetry. In theory, the combi-
nation of C,° symmetry and the o, symmetry is the sufficient
condition for a stable symmetry-protected BIC.* In the
implementation, the eigenfrequency solver in COMSOL
Multiphysics software is utilized to calculate the eigenmodes.
The Floquet periodic boundary conditions are applied in the x
and y directions to determine the in-plane wavevectors (k,, k),
and the perfectly matched layers are used in the z direction to
absorb the radiation wave. Here, we restrict the discussion to
transverse-magnetic-like eigenmodes as they have much
higher Q-factors than transverse-electric-like modes in the
wavelength range of interest. To select the transverse magnetic
(TM) eigenstates, a perfect electric conductor as boundary con-
dition is set at the middle of the metasurface. Two TM band
structures with real parts of eigenfrequencies in the first
Brillouin zone are shown in Fig. 2(a). The first Brillouin zone
of a square lattice is schematically shown in the left inset of
Fig. 2(b). Comparison of two TM band structures exhibits that
the TM; mode with a relatively flat band at the I point has
smaller imaginary parts of complex -eigenfrequencies
expressed by f = fy + ju, in which the real part f, is the reso-
nance frequency and the imaginary part 5 represents the
leakage rate. In other words, the TM, eigenmode possesses

higher Q-factor, which is defined as Q = 1 Re(f) = &. The cal-
2Im(f) 27

culated Q-factors for the TM; band at the first Brillouin zone
are shown in Fig. 2(b). It is interesting to note that the radia-
tive Q-factor diverges at the I" point, indicating the occurrence
of a symmetry-protected BIC (also referred as the I'-state
BIC).*®

Another hard evidence for a symmetry-protected BIC is that
the vortex polarization singularity occurs at the I" point in the

eigen polarization map of the TM; band, as indicated by the
black dot in Fig. 2(c). The magnetic field profiles of the BIC at
different slices are shown in the Fig. 2(d) and the right inset of
Fig. 2(b), respectively. Combination of mode profiles indicates
that the BIC can be treated as a pair of anti-parallel magnetic
dipoles along the x axis. Assisted by the C, group symmetry
analysis,’®®" we can further understand the perfectly confined
BIC. As shown in Fig. 2(d), the magnetic field of the BIC at the
I' point is even under the = rotation around the incident direc-
tion (the z axis). However, for I" point of the reciprocal space,
the one and only radiation channel for the sub diffractive
regime is the plane wave propagating along the z axis, and its
electromagnetic fields, meanwhile, should be odd under the
same C,° operator. Due to the symmetry mismatch between
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Fig. 2 The eigenmode analysis of the isolated periodic chiral metasur-
face. (a) The simulated transverse magnetic (TM) band structures. (b) The
calculated Q-factors of the TM; band. The radiative Q-factor diverges at
the I" point, indicating the occurrence of a symmetry-protected BIC.
The left inset denotes the schematic of first Brillouin zone of a square
lattice. The right inset shows the magnetic field (H,) distributions on the
x = 0 nm slice for the symmetry-protected BIC. The arrows indicate the
electric field vector. (c) The eigen polarization map at the first Brillouin
zone for the TM; band. The polarization states are represented by
ellipses. The red and blue colors correspond to the left-handed and
right-handed states, respectively. The black dot denotes a vortex polar-
ization singularity, known as the unique BIC. (d) The magnetic field dis-
tributions at the plane of z = 0 nm for the symmetry-protected BIC.
Overlaid on the colour map is the plot of the electric field vector
denoted by the light blue arrows.

the mode profile inside the metasurface and that of the exter-
nal propagating wave, the TM; eigenmode cannot be excited
by any linearly polarized plane waves under normal incidence,
and thus behaves as a typical symmetry-protected BIC that
cannot be accessed externally.

Another striking feature in Fig. 2(d) is that the field profile
has a spatial inversion symmetry, which will allow the local
response to be birefringent.*® In combination with the lack of
any in-plane mirror symmetry, the metasurface will manifest
the inherent planar chirality,®>** and the intrinsic BIC thus is
enclosed by vortex elliptical eigen polarizations with non-van-
ishing helicity, as already shown in Fig. 2(c). The helicity sign
periodically flips around the I" point. The opposite helicity of
eigen polarizations along the x and y directions is observed.
Under the oblique incidence of circularly polarized light, the
symmetry-protected BIC will be transformed into a chiral
Q-BIC with high Q-factor. The planar metasurface thus mani-
fests the strong extrinsic chirality. More importantly, the peri-
odic helicity sign flip of the Q-BIC around the I' point in the
momentum space will promise a feasible way of only by chan-
ging the azimuthal angle of circularly polarized light under
oblique incidence to actively modulate the handedness of the
chiral metasurface, as indicated in Fig. 1(c).

This journal is © The Royal Society of Chemistry 2023
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Simulation and discussion

To verify the potential spin-dependent optical response of the
chiral metasurface driven by the physics of BIC, the chiral
absorber enabled by the single-port system is comprehensively
investigated. The metallic substrate is assumed to be silver
whose relative permittivity is characterized by the typical
Drude model ey(w) = e, — @ /(@* + joy).*>* Here, we con-
sider the e, = 3.7, w, = 9.1 eV, and y = 0.018 eV at the near-
infrared region. Other parameters are same as those used for
Fig. 2. Without the transmission, the Jones matrix of reflection
coefficient (r) under circular polarization basis is enough for
illustrating the chiral absorption response.®®

R Ty Ty
sar= (). 1)

Here, the subscripts r and [ represent the right-handed
polarization (RCP) and left-handed polarization (LCP), respect-
ively. The r;; (i =r, l and j = r, [) stands for the reflection coeffi-
cient of output polarization i from input polarization j. The
absorptance of the incident LCP and RCP lights can be
respectively expressed as

Arcp =1 — |y —|ra>=1— Ry — Ru,

ARCP =1- ‘rrr|2_|rlr|2: 1- Rrr - er‘

(2)

The Ry = |ry|* is the reflection of the system. Additionally,
to highlight the chirality of the metasurface, the CD is defined
as the reflection difference and is described as*

(Rrr + er) - (Rll + er)

CD = .
(Rrr + er) + (Rll + er)

(3)

The evolution of simulated reflection spectra of all Jones
matrix elements by continuously varying incident angle 6
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Fig. 3 The evolution of reflection spectra of all Jones matrix elements
on the incident angle ¢ that varies along the x axis (i.e., the azimuthal
angle is @ = 0°). (a)-(d) correspond to the Jones matrix elements of Ry,
Ru. Ry and Ry, respectively.
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along the x direction (@ = 0°) is shown in Fig. 3. We note that
all incident lights are totally reflected at the normal incidence
(0 = 0°), indicating that there is no resonant mode excited on
the metasurface in this case. Under the oblique incidence,
however, an obvious dip appears at the co-polarized reflection
spectra (R; and R,;), as shown in Fig. 3(a) and (c), respectively.
Meanwhile, as the |6| increases, the reflection dip gradually
drops with expanded linewidth and its resonant wavelength
experiences a redshift. Such observation is the direct evidence
for the transformation of an unobservable BIC to the accessi-
ble Q-BIC. Notably, in addition to the nearly same reflection
spectra for the co-polarized R; and R,,, the striking difference
in the cross-polarized reflection spectra (R, and Rj) is
observed in Fig. 3(b) and (d). Based on the eqn (2), the chiral
absorption will be achieved on the metasurface under the
oblique incidence. The calculated absorptance spectra as a
function of 6 are shown in Fig. 4. Comparison of Fig. 4(a) and
(b) suggests that companied by the appearance of chiral Q-BIC
resonance under the oblique incidence, the metasurface
indeed can strongly absorb left-circularly polarized (LCP) light,
whereas non-resonantly reflect the right-circularly polarized
(RCP) light. As excepted, with the |6| increasing, the absorp-
tance peak of LCP light gradually arises with expanded line-
width and its spectral position tends to exhibit a redshift sim-
ultaneously. The calculated CD spectra are shown Fig. 4(c).
The CD as high as 0.812 is observed. Therefore, the strong
external chirality empowered by the Q-BIC resonance on the
planar metasurface is achieved.

Fig. 4(d) and (e) demonstrate the absorptance spectra as a
function of incident angle 6 varying along the y direction (@ =
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Fig. 4 Absorptance and CD spectra of the chiral metasurface.

Absorptance spectra with respect to the incident angle 6 for (a) LCP and
(b) RCP illuminations with a fixed azimuthal angle of & = 0°. (c) CD
spectra with respect to the 6 varying along the x direction (& = 0°).
Absorptance spectra as a function of 6 for (d) LCP and (e) RCP illumina-
tions with a fixed azimuthal angle of @ = 90°. (f) CD spectra with
respect to the 6 varying along the y direction (@ = 90°). Absorptance
spectra as a function of the azimuthal angle & for (g) LCP and (h) RCP
illuminations with a fixed incident angle of & = 10°. (i) CD spectra as a
function of the azimuthal angle @ with a fixed incident angle of 6 = 10°.
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90°). In stark contrast to the results in Fig. 4(a) and (b), the
metasurface strongly absorbs RCP light and non-resonantly
reflects the LCP light, when the incident angle varies along the
y direction (@ = 90°). Compared to the Fig. 4(c), as a result, the
sign flip of CD is observed in the Fig. 4(f). The combination of
Fig. 4(c) and (f) suggests that the planar metasurface driven by
the chiral Q-BIC resonance can exhibit opposite handedness
only by varying the incident angle along x and y directions,
respectively. Such superior spin selectivity can be attributed to
the opposite helicity of eigen polarizations along the k. and &,
directions, as shown in Fig. 2(c). Therefore, we can selectively
modulate the handedness of the chiral metasurface by changing
the azimuthal angle of the incident light, according to the heli-
city of eigen polarizations around the I' point at the first
Brillouin zone. The absorptance and CD spectra as a function of
the azimuthal angle & are presented in Fig. 4(g)-(i). The incident
angle is fixed at 6 = 10° to observably excite the Q-BIC resonance.
As expected, the azimuthal angle of incident light indeed
behaves as a key factor to switch the handedness of the chiral
metasurface. As the @ evolves from 0 to 360°, the opposite
varying trend is observed at the absorptance spectra of LCP and
RCP light, as shown in Fig. 4(g) and (h), respectively. The peri-
odic sign flip of CD thus is achieved with the increase of @, as
shown in Fig. 4(i). The observation in Fig. 4(i) matches well with
the helicity sign flip of the eigen polarizations around the T
point in Fig. 2(c). Empowered by the abundant physics of BIC on
the planar metasurface, hence, we not only realize a chiral absor-
ber but also can actively manipulate its handedness only through
handily varying the azimuthal angle of the incident light, unlike
the conventional ways where fabricating a new structure would
be essential for switching the handedness.

We also confirm the chiral Q-BIC on the metasurface by the
multipole decomposition method.®*”* The five leading multi-

pole moments including electric dipole (ED) moment (?3),
magnetic dipole (MD) moment (1\71), toroidal dipole (TD)
moment <¥>, electric quadrupole (EQ) moment (Q(e)>, and

ap
magnetic quadrupole (MQ) moment (QS,’,”) are calculated by

using the expressions.®

B:ijfd%, (4)
M=o | (7FxT)er, )
P L [[(F7)7 2T ©)

Q((;} :%J |:ra]ﬂ+r/i/a_§<?"7>:|d3r
) 1 L R a,f=xY,2.
Qup ZQJ {(r X])ar’H_ (r x])ﬂra}cﬁr

(7)

Here, c is the speed of light in vacuum and o is its angular
frequency. The 7 is the distance vector from the origin to
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point (x, y, z) in the Cartesian coordinate. The f is the displa-
cement current density within a unit cell of the chiral silicon
metasurface. The far-field scattered energy from multipole
excitation is respectively calculated by”>

2 2% 2
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Without loss of generality, the oblique incidence with 6 =
10° and @ = 0° as an example is considered. As already shown
in Fig. 4(a), under the illumination of LCP light, the Q-BIC
resonance is excited at # = 10° and the nearly perfect absorp-
tance peak is observed at the wavelength of 1581 nm. On the
contrary, without the excitation of the Q-BIC resonance on the
metasurface, the incident RCP light is almost completely
reflected, as shown Fig. 4(b). Scattered powers of five leading
multipoles on the chiral metasurface under LCP and RCP illu-
mination are demonstrated in Fig. 5(a) and (b), respectively.
For the illumination of LCP light with 6 = 10° and @ = 0°, the
excited Q-BIC resonance primarily dominated by the MD is
observed in Fig. 5(a), which is consistent with the result from
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Fig. 5 Scattered energy of five leading multipoles of the chiral meta-
surface under LCP (a) and RCP (b) illumination with 6 = 10° and & = 0°.
(c) The evolution of absorptance spectra of LCP light on the incident
angle varying from 0.4° to 16.4° in intervals of 2° along the x direction (@
= 0°). The other parameters are same as those used in Fig. 2, except for
the a = 846 nm. (d) The CMT-fitted and numerically simulated absorp-
tance spectra at critical coupling of 8 = 10.4°. (e) The calculated radiative
loss rate y and dissipative loss rate & for different 6. (f) The calculated
radiative Q-factor (Q,) for different 6.
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the eigenmode analysis in Fig. 2 where the BIC is characterized
by a pair of anti-parallel magnetic dipoles along the x axis. For
the illumination of RCP light in Fig. 5(b), however, the contri-
butions from the multipoles are suppressed at the wavelength
of 1581 nm, and thus the excitation of a Q-BIC resonance is
prohibited. Therefore, the extrinsic chiral response of the
metasurface is again verified to be attributed to the chiral
Q-BIC resonance, which is primarily dominated by the MD
and is only excited by one circularly polarized light at a time.

In addition, it is well known that the radiative Q-factor of
the Q-BIC resonance gradually decreases as the incident angle
increases, due to the expanded leakage channel. Therefore, the
linewidth of the absorptance peak enabled by the Q-BIC
expands gradually with the incident angle increasing, as
already shown in Fig. 4(a). Particularly, we observe that the
absorptance intensity increases at the beginning and then
decreases as the incident angle increases, according to the
enlarged absorptance spectra in Fig. 5(c). In the Fig. 5(c), the
absorptance spectra for the incident angle increasing from
0.4° to 16.4° in intervals of 2° are demonstrated. The absorp-
tance intensity increases as the 8 increases from 0.4° to 10.4°,
and reaches a maximum at € = 10.4°. The further increase in
the 6, however, leads to the decrease of absorptance intensity.
The proposed single-port system permits the use of the versa-
tile CMT’®>7® to reveal the unusual behavior in the absorp-
tance intensity induced by the change in 6.

When the intrinsic Q-BIC is excited by the LCP light under
the oblique incidence of @ = 0°, the dynamic equations for the
single-port system are described by”*

daQ—BIC

T = (ja)o A 5)(1Q7131c +,].\/ES+7 (9)
S_ =-S5, 7j\ /2yaq-pic- (10)

Here, aqgic and @, denote the amplitude and frequency of
the Q-BIC, respectively. The j stands for the imaginary unit.
The y and & represent the radiative loss rate and dissipative
loss rate of the Q-BIC, respectively. The S, and S_ stand for the
amplitudes of input and output waves, respectively. Using the
general frequency domain e"*" to isolate the S_/S,, the reflec-
tion coefficient of the system is expressed as

rol = o =A@ = @) +o—y (11)
Sy jlw—wo) +7+6

The absorptance of the system is obtained by Ajcp = 1 —

|Fotal|> and thus is expressed as

46y
(@ —@0)* + (y +8)*

Arce = 1 |Frotal| "= 1 — Reotal = (12)
The eqn (12) shows that the maximum absorptance at the
resonant frequency of @, is determined by the y and §. It is
expressed as
40y

Ay, = m (13)
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The half-maximum absorptance at the resonant frequency
w, is

40y
(w1 —wo)* + (y +8)*

Ay = (14)

Because of the 4, = 24,,, the full width at half maximum
() is obtained by
I'=2|w; — wo| =2(y + 6). (15)
The total Q-factor of the absorptance peak is defined by

0 _ Wo @o _ (&)
el T 2|w; —wo|  2(y +6)

(16)

Similarly, the radiative and dissipative Q-factors can be
respectively calculated by

[Oh) [Oh)

=% =% (17)

Q

The eqn (13) shows that the realization of perfect absorptance

at the resonant frequency of w, is possible, when the y = §

occurs. The y = § suggests that the energy is coupled into the

system at the same rate as that of the dissipation, and thus is

defined as the critical coupling.”* Besides the critical coupling,

the y < § is defined as the under coupling, whereas the y > § is

defined as the over coupling. At the under coupling of y < §, the

reflection coefficient at the resonant frequency w, is expressed as

y—20

rﬁ))utal = RS:JOtal = _}/ I (18)

In combination with the eqn (16) and (17), we can obtain
the radiative Q-factor (Q,) and dissipative Q-factor (Qs).

2Qtotal
Qy = T e
1- Rtotal (19)
2Qt0ta1 ’
Qs

=T /poo
1+ th;]tal

At the over coupling of y > §, the reflection coefficient at the
resonant frequency w, is expressed as

. : y—§6
r;())?cal = R;(I)ﬂtal = v+ 5 (20)
The Q, and Q; are expressed as
Q _ 2Qtotal
y = o0

1+ R;:())Utal . (21)

_ total

Q§ - 1— 'R0

total

The calculated radiative loss rate y and dissipative loss rate
§ for different incident angles are shown in Fig. 5(e). They are
extracted from the absorptance spectra in Fig. 5(c) by using the
eqn (16)-(21). Considering the BIC-driven chiral metasurface
absorber, the radiative channel of the symmetry-protected BIC
opens under the oblique incidence, and thus, the ideal BIC is
turned into a leaky resonance (Q-BIC). With the incident angle
increasing, the radiative loss rate y of the Q-BIC increases from
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zero to finite values, as indicated by the blue curve in Fig. 5(e).
However, the dissipative loss of the Q-BIC is ascribed to the
neighboring metallic substrate, because the silicon metasur-
face is treated as lossless. Thus, the dissipative loss rate J is
considered to nearly remain unchanged as the incident angle
increases, as demonstrated by the red curve in Fig. 5(e).
Interestingly, with the incident angle increasing, the crossing
between y and ¢ appears at 6 = 10.4°, indicating the occurrence
of critical coupling. Therefore, the system successively experi-
ences the under coupling, critical coupling, and over coupling, as
the @ varies from 0.4° to 16.4°. As expected, we observe that the
absorptance intensity increases as the 0 increases from 0.4° to
10.4° and reaches a maximum at 6 = 10.4° in Fig. 5(c). When the
0 further increases, the system drops into the over coupling
region and the perfect absorptance is destructed. The simulated
result is in excellent agreement with that obtained by the CMT.
As a specific example, the nearly perfect absorptance at the criti-
cal coupling is fitted very well by the CMT in the Fig. 5(d). We
also show the calculated radiative Q-factor as a function of inci-
dent angle in Fig. 5(f). As a characteristic feature of an ideal sym-
metry-protected BIC,** the inverse quadratic law between Q, and
the asymmetric parameter 8 is observed.

So far, assisted by the physics of chiral Q-BIC and the
single-port critical coupling, the chiral perfect absorber with
tunable spin selectivity is successfully realized. The estab-
lished planar microfabrication techniques,”®”’® such as the
electron beam lithography companied by the processes of
deposition, patterning, lift-off, and etching, are competent for
the construction of such planar silicon metasurface. The
robustness of the chiral perfect absorptance is also investi-
gated via changing the structural parameters including W;, L,
H, and a. The chiral metasurface under LCP illumination with
6 = 10° and @ = 0° as an example is considered. The nearly
perfect absorption spectrum is obtained, as shown in Fig. 4(a).
Fig. 6(a)-(d) show the evolution of absorptance spectra on the

1650 1 1650 1

@ (b)

E 3

< 1600 £ 1600

£ £

g / g

& 1550 S 1550

= =

1500 0 1500 0
240 250 260 270 280 315 320 325 330 335 340 345
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© (d)
E E
£ =1
= 1600 _%, 600
e / 5 C—
3 °
2 1550 3 1550
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Fig. 6 The dependence of absorptance spectra on structural para-
meters. Absorptance spectra as a function of W; (a), Ly (b), H (c), and a
(d), respectively. Other simulated details are identical to those used in
Fig. 5(a), except the variable parameter in each subfigure.
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Wi, Ly, H, and a, respectively. Because the chiral response is
empowered by the Q-BIC resonance evolved from an ideal sym-
metry-protected BIC, the chiral absorptance will remain
unchanged as long as the C,° symmetry and o, symmetry are
preserved by the metasurface. Additionally, the Q-BIC reso-
nance is characterized by a pair of anti-parallel magnetic
dipoles along the x axis, and its field is mainly confined in the
two silicon bars arranging in the x direction, as shown in
Fig. 2(d). The circular electric field within the y-z cross section
of silicon bars arranging in the x direction is also observed in
the right inset of Fig. 2(b). Therefore, at a fixed incident angle,
the wavelength of the Q-BIC resonance will be determined by
the width W; and height H of the silicon bars arranging in the
x direction. The changes in other structural parameters includ-
ing a, L, and W,, will have little effect on the resonant wave-
length of the Q-BIC. Simulated results confirm the qualitative
analysis mentioned above. As shown in Fig. 6(a) and (c), the
spectral position of the absorptance peak indeed tends to
exhibit a redshift with the width W; and height H increasing,
respectively. The expected robustness of absorptance spectra
with the L, and a individually varying is also witnessed in
Fig. 6(b) and (d), respectively.

Conclusions

In summary, we have both theoretically and numerically inves-
tigated the photonic spin-selective absorptance on a planar
metasurface enabled by the chiral Q-BIC. The total absorp-
tance of one circularly polarized light but non-resonantly
reflection of its counterparts is realized. The CD up to 0.812 is
observed. Intriguingly, the spin selectivity of the chiral meta-
surface and the corresponding sign of CD can be handily
modulated only via varying the azimuthal angle of the incident
light, instead of fabricating a new structure. All numerical
observes are consistent with those obtained by the CMT and
multipole decomposition method. The robustness of the
chiral perfect absorptance under the changes in the structural
parameters is also comprehensively demonstrated. The chiral
metasurface perfect absorber with actively tunable handedness
undoubtedly may find utility in optical filters, polarization
detectors, and imaging display.
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