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er enantiomers using bound states
in the continuum from the metasurface†

Libang Mao,‡ Peiyuan Cheng, Kuan Liu, Meng Lian and Tun Cao ‡*

Enantioseparation of chiral molecules is an important aspect of life sciences, chemical syntheses, and physics.

Yet, the prevailing chemical techniques are not effective. Recently, a few types of plasmonic apertures have

been theoretically proposed to distinguish between chiral molecules that vary based on their handedness

under circularly polarized illumination. Both analytic calculations and numerical simulation demonstrated

that enantioselective optical sieving could be obtained at the nanoscale using a large chiral optical force

based on plasmonic resonance enhanced near-field chiral gradients in the aperture. Nevertheless, scaling

this scheme to chiral entities of a few nanometer size (i.e., proteins and DNA) faces formidable challenges

owing to the fabrication limit of a deeply sub-nanometer aperture and the intense power levels needed

for nanoscale trapping. In contrast, by extending the Friedrich–Wintgen theory of the bound states in the

continuum (BIC) to photonics, one may explore another mechanism to obtain enantioselective separation

of chiral nanoparticles using all-dielectric nanostructures. Here, we present a metasurface composed of

an array of silicon (Si) nanodisks embedded with off-set holes, which supports a sharp high-quality (Q)

magnetic dipolar (MD) resonance originating from a distortion of symmetry-protected BIC, so called

quasi-BIC. We, for the very first time, show that such a quasi-BIC MD resonance can markedly improve

the chiral lateral force on the paired enantiomers with linearly polarized illumination. This quasi-BIC MD

resonance can enhance the chirality density gradient with alternating sign at each octant around the Si

nanodisk, while exhibiting a small gradient for the electromagnetic (EM) density. This offers a chiral lateral

force that is 1 order larger in magnitude compared to the non-chiral lateral forces on sub-2 nm chiral

objects with a chirality parameter of �0.01. Moreover, the quasi-BIC MD resonance can excite four pairs

of diverse optical potential wells (�13kBT) that are distributed uniformly along the outer edge of the

resonator, enabling a simultaneous separation of four paired enantiomers. Our proposed dielectric

metasurface may move forward the techniques of enantioseparation and enantiopurification, taking

a novel perspective to advanced all-optical enantiopure synthesis.
1. Introduction

A chiral structure, which cannot superimpose with its mirror
picture, thrives in nature and has distinct functions emerging
from its structure.1 In molecular biology, for instance, enan-
tiomers possess distinct interactions with chiral resolving
agents, producing detrimental or benecial effects depending
on the enantiomer handedness,2 which is a key parameter for
determining how pesticides, additives, pharmaceuticals, or
agrochemicals are combined.3 Analytical methods (i.e., capillary
electrophoresis and chiral chromatography) are the general
methods for enantioseparation.4–6 However, the use of chiral
selectors decreases the efficiency of separation and purication
strumentation Science, Dalian University

il: caotun1806@dlut.edu.cn

tion (ESI) available. See DOI:

the Royal Society of Chemistry
of racemic mixtures of enantiomers.7 On the other hand, it has
been shown that free-form chiral recognition can be obtained,
for instant, based on optical forces.8–11 The optomechanical
departure of chiral molecules may be an efficient and less
invasive substitute for the chemical techniques. This optical
enantioseparation relies on controlling the interaction of the
handedness of chiral entities with circularly polarized light
(CPL). Recently, it has been shown that the molecule's size must
be on a micron (mm) scale so as to perceive the molecular
movements.12,13 Yet, such a technique can discern only mole-
cules that are considerably larger compared to the proteins and
pharmaceutically relevant molecules. This is due to the
extremely weak nature of the enantioselective optical forces
acting on the nanoscale specimens. Furthermore, the enantio-
selective optical forces (i.e., chiral gradient force) are normally
associated with evanescent14,15 or superchiral16–21 elds, with
fast-changing spatial distributions on the sub-mm size.

Although an optical manipulation of sub-100 nm entities has
been obtained using plasmonic tweezers,22–25 these traps do not
Nanoscale Adv., 2022, 4, 1617–1625 | 1617
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discriminate the chirality of objects. Recently, a few theoretical
attempts to achieve the enantioselectivity of chiral nanoparticles
have been demonstrated,14,26,27 where the chiral gradient force on
the paired enantiomers with different handedness is reversed in
direction. Yet, the nanometer (nm)-sized molecules possess
a minute amount of chiral polarizability, making its chiral
gradient force concealed by the nonchiral gradient force. This
causes the resulting lateral force to be undiscriminating to the
handedness of the chiral entity. Hence, in practice, the enan-
tioselective separation is only possible when the magnitude of
the chiral gradient force is much larger compared to the non-
chiral gradient force. To strengthen the enantioselective optical
forces, plasmonic nanoapertures have recently been used to
improve the interference between the chiral molecules and the
helicity of light, which is based on enhanced near-eld chirality
gradients. This leads to the selective trapping of nm-sized
enantiomers with a handedness that matches the incident
beam around the nanoaperture.28 Nevertheless, the plasmonic
resonance enhanced electric (E�) eld improves not only the
chirality density, but also the light energy density gradients,
decreasing the essential variation between the chiral and non-
chiral gradient forces. Therefore, although the resultant lateral
force can capture the enantiomer when its handedness matches
the incident CPL, it cannot repulse the enantiomer with the
opposite handedness. Distinct, discriminatory resultant lateral
forces remain necessary in order to divide the enantiomers with
opposite handedness. Very recently, it was demonstrated theo-
retically that the plasmonic nanoapertures with a broken
symmetry can further increase the chirality density in a local
region,29–31 allowing them to provide a distinct enantioselective
resultant lateral force on chiral nanoparticles under the CPL.
Nevertheless, scaling this scheme to chiral biomolecules in a few
nanometer size (i.e., proteins, bacteria, and DNA) still represents
a formidable challenge due to the tricky fabrication of a deeply
sub-nanometer aperture, the intense power levels needed for
nanoscale trapping, and the very limited region in the nano-
aperture simultaneously possessing both high chiral density
gradients and low light energy density gradients.

With the extension of the Friedrich–Wintgen theory of
bound states in the continuum (BIC) to photonics,32 one may
nd another method to obtain distinct enantioselective sepa-
ration of nanometer-sized objects using all-dielectric nano-
structures. Bound states in the continuum (BIC) are a wave
phenomenon observed generally in hydrodynamics, acoustics,
and optics.33–35 Initially, the BIC existed in quantum
mechanics.36 Later, it was interpreted based on destructive
interaction when the coupling constant with radiating waves
disappeared accidentally through a continuous modulation of
parameters,37 a phenomenon referred to as the so-called Fri-
drich–Wintgen scenario. If the coupling constant disappears
owing to symmetry, this BIC is symmetry protected.38 An ideal
BIC possesses innite quality (Q) factor and fading resonance
width, which exists in ideal lossless innite structures.32,39

Recently, BIC in photonic nanostructures38,40 has attracted
intense attention in the elds of ltering, lasing, second-
harmonic generation, and light shaping,41–49 where the bound
states theoretically have innite Q-factor. Nevertheless,
1618 | Nanoscale Adv., 2022, 4, 1617–1625
practical techniques associated with the nite size of the device
and structural imperfection lead to small coupling of BIC to the
radiation continuum, providing leaky modes realized as quasi-
BIC.50 These quasi-BICs can be treated as the supercavity mode
when their Q-factor is nite.51 The BIC-induced mechanism of
light localization enables the quasi-BICs to possess sharp Fano
resonances (FRs) with extremely large Q-factors in coupled
optical waveguides,52,53 subwavelength dielectric particles,54

photonic crystal slabs55,56 and optical cavities.57 In particular,
the symmetry-protected BICs, where the radiative leakage is
prohibited due to the incompatible symmetry between the
external eld and excited mode,58,59 can become radiative quasi-
BICs by breaking the symmetry of the resonator or via off-
normal incidence.60 It should be noted that, by coupling an
optical mode of a large optical Q-factor to a mechanical mode of
a large mechanical Q-factor, an intense optomechanical inter-
ference can be achieved.32 Thus, quasi-BICs may be promising
for optomechanics.

Herein, we propose a dielectric metasurface made of an array
of silicon (Si) nanodisks embedded with off-set holes to obtain
enantioseparation of chiral nanoparticles. Such a design has
recently been considered for exciting the quasi-BIC phenom-
enon.61 We systematically explored the optical force and
potential endured by the paired enantiomers interfering with
the near-eld scattered by the meta-atom. Unlike many
preceding plasmonic nanoapertures, our proposed dielectric
structure can enantio-select and trap the entities at the outer
edge of the resonator. As a consequence, it can be more
straightforward to manipulate and process the trapped objects
compared to the plasmonic nanoapertures. Moreover, this
nanostructure is rather easy to fabricate and it needs neither
nanometer-sized aperture nor free-standing substrates. Under
linearly polarized illumination, a quasi-BIC induced FR can be
observed in the metasurface by slightly shiing the circular hole
away from the center of the Si nanodisk. This leads to a signif-
icant enhancement of the chirality density gradient with alter-
nating sign at each octant around the resonator, while
exhibiting a low gradient for electromagnetic (EM) density. This
enables the chiral gradient force to be about one order bigger
than the nonchiral gradient force. Hence, the proposed dielec-
tric metasurface offers a distinct enantioselective resultant
lateral force on 2 nm-radius chiral nanoparticles – a region that
may allow optical enantioseparation and trapping of single
proteins like enzymes. Meanwhile, we show that the quasi-BIC
resonance can produce four pairs of diverse optical potential
wells that are distributed uniformly along the outer edge of the
meta-atom, which can concurrently separate four paired enan-
tiomers. Our ndings provide a fundamental design principle
to make the future experimental study of the optical enantio-
separation of chiral nano objects possible.

2. Results
2.1. Enhancements of optical chirality using quasi-BIC Fano
resonances

In this work, an all-dielectric metasurface consisting of an array
of Si nanodisks embedded with an off-center hole works as
© 2022 The Author(s). Published by the Royal Society of Chemistry
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optical tweezers, which can both precisely control the optical
chirality density and improve enantioselective optical forces.
The quasi-BIC resonance of the metasurface can be tuned to the
mid-infrared (M-IR) region for optical trapping-assisted bio-
sensing applications.44,62 The dielectric metasurface was
numerically simulated by employing the nite element method
(FEM) to solve Maxwell's equations,63 in which the quasi-BIC
resonance is excited around the wavelength of l ¼ 6203 nm,
in the M-IR window desirable for bio-applications. The Si
nanodisk supports the symmetry-protected BICs that can
become leaky high-Q quasi-BIC modes by embedding the off-set
hole to break the symmetry of the meta-atom. These quasi-BIC
modes enable an effective resultant lateral force that leads to an
enantioseparation of the chiral nanoparticles. As presented in
Fig. 1a, the meta-atom is periodically arranged along the x- and
y-axes to form the metasurface residing on the SiO2 substrate.
The pitch of the metasurface is p¼ 4 mm. The incident light has
an E-eld polarized linearly along the x-axis with a propagation
Fig. 1 (a) Scheme of the optomechanical separation of multiple paired
enantiomers using an all-dielectric metasurface composed of the
quasi-BIC MD meta-atom, where the metasurface is illuminated by
linearly polarized (LP) light with E-field polarization along the x-axis.
The enantiomers are positioned 20 nm above themetasurface residing
on the SiO2 substrate. (b) The top view of a resonator with an off-
centered hole with r1 ¼ 1200 nm, r2 ¼ 600 nm, s¼ 1 nm. The period of
themetasurface is p¼ 4000 nm. The thickness of the Si nanodisk is t¼
400 nm. (c) The off-set (s) dependent chirality density enhancement
(C/C0). (d) The distributions of C/C0 in the resonator with the off-sets
of s ¼ 0, 1, 2, and 5 nm. (e) Band structure associated with the BIC MD
resonance. Inset: the EM-field distribution of the BIC MD mode in
ameta-atom, in which the color shows the intensity of theH-field, and
the blue arrows indicate the vector of in-plane E-field. Themeta-atom
is circled by the purple dashed line. (f) Dependence of the radiative Q
factor (Qr) on the asymmetry parameter (r). The red line presents an
inverse quadratic fitting. Inset: the top view of the distribution of the
chirality enhancement (C/C0) for the quasi-BIC MD resonance (r ¼
0.00167) and normal FR (r ¼ 0.33).

© 2022 The Author(s). Published by the Royal Society of Chemistry
vector along the z-axis. The refractive indexes of SiO2 are ob-
tained from Palik.64 In Fig. 1b, we schematically present a Si
resonator with off-centered hole with r1 ¼ 1200 nm, r2 ¼
600 nm, s ¼ 1 nm. The thickness of the Si resonator is t ¼
400 nm. In ESI Fig. S1a,† we present the dependence of the
normalized transmittance spectra on the offset location (s) of
the hole for the meta-atom. The cyan dashed line represents the
dispersion of the eigenmode. As is observed, the zero s results in
the ideal BIC magnetic dipolar (MD) resonance and the reso-
nance dip in the transmittance disappears. This is caused by the
lack of the coupling between the ideal BIC MD mode and input
pump. Namely, the BIC response cannot be revealed in the
transmittance spectrum owing to the incompatible symmetry
with the modes in free space.65,66 The BIC becomes unstable
against perturbation, which breaks the in-plane inversion
symmetry, where a narrow transmittance dip emerges and
becomes wider with increasing s, corresponding to the excita-
tion of the quasi-BIC MD state. As is seen, by displacing the
circular hole 1 nm away from the center of the Si nanodisk, the
transmittance (T) has a sharp dip of T ¼ 0 around l ¼ 6203 nm
where the multipolar dipoles appear, yet there is also a fading
line-width near the BIC point. This broken symmetry can
induce a low coupling of BIC to the radiation continuum that
produces the quasi-BIC leaky modes, permitting the achieve-
ment of an energy exchange with the external modes. This
manifests the quasi-BICs as sharp Fano-type resonances in the
optical region with extremely high Q-factor in the range of 107,
and thus enables intense eld improvements around the outer
edge of the resonator. From this basis, we now relate the
enhanced chirality density gradient to the quasi-BIC resonance
mode. To study if such a design can increase the chirality
density (C), we analyzed the enhancement of the electric (E�)
and magnetic (H�) elds at the quasi-BIC resonance mode
along the cross-section of the disk-offset hole resonator normal
to the incidence. ESI Fig. S1b and c† present the jEj/jE0j and jHj/
jH0j distributions of the resonator with s¼ 1 nm at l¼ 6203 nm,
respectively, where the arrows represent the vectors of the E-
and H-elds, and E0 and H0 stand for the electric and magnetic
elds of the circularly polarized light (CPL), respectively. It
should be noted that the E-eld is pronouncedly improved
inside the side wall of the ring while being decreased inside the
central hole. Furthermore, the strongest H/H0 appears in the
center. The quasi-BIC resonance is dominated by the magnetic
dipolar (MD) resonance, with the less contributions from the
electric dipolar (ED) response representing the radiation
channel that couples to the outward beam in the system. This
MD phenomenon of the designed quasi-BIC mode can also be
observed from the near-eld distribution and vector plot of the
E-eld in the x–y plane (ESI Fig. S1b†). Herein, the MD mode is
the lowest order Mie mode in a homogeneously Si nanodisk.
The frequency of the MD mode can be engineered primarily by
changing the aspect-ratio of the Si nanodisk. Therefore, it is
possible to reduce the longitudinal size of the MD resonator to
deep-subwavelength dimensions and hold the intense MD
resonance. The out-of-plane MD mode (vector distribution of
the H-eld in ESI Fig. S1c†) is characterized by the typical in-
plane circulating E-eld excited inside the Si nanodisk (vector
Nanoscale Adv., 2022, 4, 1617–1625 | 1619
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distribution of the E-eld in ESI Fig. S1b†). The MD mode
possesses a circulating E-eld and does not radiate via an
electric moment without the off-set hole. The Si disk radiates via
a magnetic moment along the z-axis. However, the incident H-
eld is along the y-axis (Fig. 1a) and cannot couple to the MD
response stemming from the Mie mode, known as the dark
mode. To produce an electric response from the homogeneous
Si nanodisk, we placed an off-centered hole along the y-axis to
break the symmetry in the structure. The hole serves to scatter
the beam into the dark mode, which in turn, gets polarized
owing to the intense elds inside the Si disk. This leads to an
induced ED resonance along the x-axis. The optical chirality
density can be expressed as,67

C ¼ � u

2c2
ImðE*�HÞ ¼ � u

2c2
jEjjHjcosðqiE;HÞ (1)

where c is the speed of light in air, u is the angular frequency,
and the angular variable qiE,H is the angle between the vectors iE
and H and it evaluates the asymmetric twist degree of the EM
elds. As linearly polarized (LP) light features no optical
chirality, the C is induced by an interaction of the strong MD
resonance of the Si nanodisk with the scattered ED response of
the off-centered hole.68 Such an equation indicates that C is
composed of three factors with a factor of cos(qiE,H) known as
“intrinsic” optical chirality. The cos(qiE,H) represents one addi-
tional degree of freedom to intensity and controls the optical
chirality. ESI Fig. S1d† presents the intensity distribution of
cos(qiE,H) at l ¼ 6203 nm. The eight lobes and their alternating
signs result from the direction of the E-eld and the H-eld. It
varies in the sign at each octant of the x–y plane. Meanwhile, the
optical chirality for the circularly polarized light (CPL) traveling
in the nonexistence of any nanostructure is shown by:

C0 ¼ � u

2c2
jE0jjH0j (2)

where E0 and H0 represent the electric and magnetic eld of the
CPL, respectively.

In Fig. 1c, the C/C0 is calculated to evaluate the chirality
enhancement through the quasi-BIC MD resonance. With
increasing s from 0 to 40 nm, the C/C0 obtains the largest
enhancement factor of 1.36 � 106 at s ¼ 1 nm. Therefore, in our
simulation, the resonator is optimized at s ¼ 1 nm. In Fig. 1d,
we demonstrate the distributions of chirality density enhance-
ment C/C0 in the resonator with the off-sets of s ¼ 0, 1, 2, and
5 nm, together with the simulated transmittance spectra shown
in ESI Fig. S2.† It is obvious that changing the s allows for direct
control on the quality (Q) factor of the dip resonance in the
transmittance spectrum, which can drastically engineer the
intensity of the chirality of the system. As is seen, the largest
enhanced chiral eld can be obtained at s ¼ 1 nm for l ¼
6203 nm. These enhanced chiral elds are conned along the
outer edge of the Si nanodisk where the largest cos(qiE,H)
appears (see ESI Fig. S1d†).

By introducing an asymmetry to the system that supports
a symmetry-protected BIC, a pure BIC can be transformed to
a quasi-BIC. For instance, by introducing an off-centered hole in
the Si nanodisk, it is possible to open a radiation channel of the
BICs in our proposed metasurface and transform the BIC state
1620 | Nanoscale Adv., 2022, 4, 1617–1625
into a quasi-BIC state. In Fig. 1e, we calculate the band structure
of the transverse electric (TE) mode for the symmetric metasur-
facemade of an array of the Si nanodisk penetrated by a centered
hole. Initially, the BIC response is produced by the symmetric Si
rings supporting the MD resonance at the G point of the rst
Brillouin zone. By embedding the off-centered hole into the Si
nanodisk to break the symmetry of the structure, we can change
the BICMD state possessing an innite Q-factor to the quasi-BIC
MD state with a nite Q-factor. The EM-eld distribution of the
eigenmode, presented in the inset of Fig. 1f, explores the MD
feature of the BIC state. Moreover, other than the traditional
conned guided modes supported by the periodic structure that
is under the light cone, the BIC-inspiredmethod permits directly
exciting the quasi-BIC MD modes by free transmitting plane
waves, enabling it to be a much more exible platform for
nanophotonics applications. In the real experiment, the Q-factor
is composed of the nonradiative partQnr and radiative partQr via
1/Q ¼ 1/Qnr + 1/Qr. In particular, the Qnr includes a disorder of
the structure, roughness of surface, the variation of fabricated
device from the design, among others. The Q-factors of most
dielectric metasurfaces under normal excitation are as small as
a few thousand caused by the small Qnr in the optical region. It
has hugely hampered the exploitation of novel physics under
intensely enhanced light-matter interference and their applica-
tions for opto-mechanics. In order to excite a MD resonance with
high-Q factor under a normal excitation, one needs to break the
symmetry of the system to transit the resonant mode from the
BICs to quasi-BICs. With a lower degree of asymmetry, a largerQr

is obtained.38,69 Thus, the ultrasmall degree of asymmetry is
important for realizing high-Q quasi-BICs. Herein, the evolution
of the quasi-BIC Qr on the asymmetry parameter (r ¼ s/600 nm)
of the resonator follows the clearly inverse quadratic law,38 as
presented in Fig. 1f,

Q r ¼ Q 0 r
�2 (3)

where Q0 is a constant decided by the design of the metasurface
independent with r. For the bigger r, the decrease of Qr becomes
faster because the deviation from the symmetric resonator is not
treated as a small perturbation.70 By means of the quasi-BIC
mechanism, the radiation damping rate can be engineered in
a straightforward way. Hence, the width of the resonance that
vanishes ideally when the symmetry of the structure is not
broken. Thus, the quasi-BICs resonance provides an efficient way
to tailor the Q-factor as required. In particular, at r ¼ 0, the BIC
mode is symmetry protected and not manifested in the trans-
mittance spectrum (black solid line in ESI Fig. S2†). By slightly
breaking the symmetry of themetasurface (i.e., r¼ 0.00167, s¼ 1
nm), the metasurface allows for obtaining an energy exchange
with the external modes, and manifests itself as a sharp Fano
feature relating to a quasi-BIC with high Q-factor of 1.6 � 107 in
the optical regime (red solid line in ESI Fig. S2†). In the insets of
Fig. 1f, we demonstrate the distributions of C/C0 for quasi-BIC
MD resonance (r ¼ 0.00167) and normal Fano resonance (r ¼
0.33). As is seen, the C/C0 achieved by the quasi-BIC MD reso-
nance is four orders larger compared to the normal Fano reso-
nance (FR). Moreover, the eight lobes with interchanging sign of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The lateral forces on the four paired enantiomers positioned
20 nm above the center of the quasi-BICMD resonator at l¼ 6203 nm
with the LP incidence. The gray arrows stand for the direction of the
forces. (a) The achiral gradient force Fa,b; (b) the chiral gradient force
Fc; and (c) the resultant lateral force Ft on the four paired enantiomers
with LH (left column) and RH (right column) chirality.
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C/C0 around the disk only occurs for the quasi-BIC MD reso-
nance. As a straightforward application, we have demonstrated
the extremely efficient separation of sub-2 nm enantiomers with
tiny chirality (kp ¼ �0.01) and even observed the high-
throughput separation of four paired enantiomers in the high-
Q quasi-BIC MD metasurface.

2.2. Sorting of four paired enantiomers using quasi-BICs
enhanced lateral force

A chiral particle immersed in an external EM eld can be
simulated as a magnetoelectric dipole69 with a coupled ED
moment (P), and MD moment (M). The particle response owing
to the EM eld is determined by the interference between the
EM eld and combined system of the scalar electric (a),
magnetic (b), and hybrid magnetic–electric (c) polarizabilities,
shown in ESI eqn (S1).† Within the electric dipole approxima-
tion, when the size of the considered particles with the various
shapes (i.e., helix or sphere) is signicantly smaller than the
wavelength of the incident light, they can all be simulated as
a magnetoelectric dipole with a coupled electric dipolar
moment and magnetic dipolar moment.71,72 The time-averaged
resultant lateral force Ft on the chiral molecule is shown by

Ft ¼ Fa,b + Fc (4)

where the paired enantiomers with the opposite handedness
endure the achiral gradient forces Fa,b with the samemagnitude
and direction, and the chiral gradient force Fc with the opposite
directions. To optically separate the enantiomers, a local region
is required to create the strong chirality offering a giant Fc,
while decreasing the energy density gradients to induce a tiny
Fa,b. In this way, the Fa,b can be dominated by the Fc, enabling
the Ft to sort the handedness of the paired enantiomers.30

Herein, we neglect perturbations of the gradient elds induced
by the nanosized chiral particle due to its ultra-short radius of rp
� l/20. In our numerical model, the targeted chiral molecule is
mimicked by a nanosphere with a radius of rp¼ 2 nm, refractive
index of np ¼ 1.44, and a chirality (kp) ranging from �0.01 to
+0.01, with the plus (+) and minus (�) signs standing for the
enantiomers with right-handedness (RH) and le-handedness
(LH), respectively. The kp determines the level of handedness
of the chiral molecules, and its imaginary part is neglected by
presuming Re(kp) [ Im(kp).14,28 The particle is immersed in
a refractive-index-matching liquid to meet the dual-symmetry
conditions28 (np ¼ ns ¼ 1.44) and the incident source intensity
is 100 mW mm�2. To conrm the key role of Fc in the enantio-
separation, Fig. 2a–c show Fa,b, Fc, and Ft on the chiral nano-
particles at l ¼ 6203 nm (quasi-BIC mode). To explore the
possibility of high-throughput enantioseparation using the
nanostructure, four paired enantiomers with kp ¼ �0.01 are
located 20 nm above the center of the meta-atom. As is
observed, the Fa,b was the same for the enantiomers with the
opposite handedness (Fig. 2a), ruining the performance of the
enantioseparation. However, owing to the large chirality
enhanced by the quasi-BIC MD resonance, Fc can be swapped
by varying the handedness of the target object that is signi-
cantly larger than Fa,b (Fig. 2b). The le column of Fig. 2c shows
© 2022 The Author(s). Published by the Royal Society of Chemistry
that for the le-handedness (LH) enantiomer, the maximum Ft
was�0.57 pN, which drags the four LH-enantiomers toward the
outer edge of the Si nanodisk. As can be seen in the right
column, the Ft on the right-handedness (RH) enantiomer can
also reach �0.59 pN and pull the other four RH-enantiomers to
the outer edge. Finally, the eight LH and RH enantiomers can be
trapped alternatively at the azimuth angle interval of 45� along
the outer edge of the Si disk (see further discussion in Fig. 3). A
detailed description of the calculation of lateral forces (i.e., Fc,
Fa,b, and Ft) can be found in the ESI.†
2.3. The chirality-dependent potential well for enantiomers
positioned at 20 nm above the meta-atom

In the model, the nanoscale chiral entities can move from
innity to the outer edge of the Si nanodisk for Ut < 0, or from
the outer edge to innity for Ut > 0. The pronounced variation in
Ft for the paired enantiomers with the opposite handedness can
signicantly alter the Ut. Fig. 3a shows the 3D perspective
visions of the calculated 2D potential surface around the chiral
nano-objects (rp ¼ 2 nm) with kp ¼ +0.01 (le column) and kp ¼
�0.01 (right column), respectively, placed 20 nm above the
resonator with s¼ 1 nm at l¼ 6203 nm. The Si disk produces Ut

for the enantiomer around the outer edge, and this Ut varies the
sign at each octant of the x–y plane normal to the incident wave.
It is noteworthy that Ut is reversed at the same place for the
enantiomer with opposite handedness. For example, as is
Nanoscale Adv., 2022, 4, 1617–1625 | 1621
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Fig. 3 Surface potential (Ut) under an illumination of linearly polarized
light for the LH- (kp ¼ �0.01) and the RH- (kp ¼ +0.01) enantiomers
with rp ¼ 2 nm at 20 nm above the surface of the quasi-BIC MDmeta-
atom with (a) s ¼ 1 nm, (b) s ¼ 2 nm, (c) s ¼ 5 nm, respectively.
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observed in the le column, the deep minus Ut (Ut ¼ �13kBT)
can trap the LH-enantiomer into the four positions around the
outer edge of the Si disk with an azimuth angle interval of 90�,
while swapping its direction to push the RH-enantiomer away.
That is, the intensely positive Ut (Ut ¼ +12kBT) builds up a large
potential barrier that forbids the RH-enantiomer from owing
toward the same position, thus achieving a separation of the
paired enantiomers. However, the RH-enantiomer can be
captured into the neighboring octant where the Ut is�13kBT for
the RH-enantiomer (right column). Such unique distribution of
optical potential may enable a high throughput separation of
the four paired enantiomers. Fig. 3b and c present the Ut on the
LH- (le column) and RH (right column)-handed chiral particle
placed 20 nm above the resonator with s¼ 2 and 5 nm, around l

¼ 6203 nm, accordingly. As is seen, the Ut on the nanoparticles
(rp ¼ 2 nm, kp ¼�0.01) were decreased signicantly that cannot
separate the enantiomeric pair due to the absence of the quasi-
BIC MD resonance.
Fig. 4 The stability of the enantiomeric pair (rp ¼ 2 nm), where the red
and blue solid lines represent the 10ms trajectories of the LH- and RH-
enantiomers, respectively, (a) kp ¼ �0.01, (b) kp ¼ �0.007, (c) kp ¼
�0.004, (d) kp ¼ �0.001.
2.4. The trajectories for the sub-2 nm enantiomers with the
different chirality kp

d2X ðtÞ
dt2

¼ �g

g

dXðtÞ
dt

þ 2

g
NxðtÞ þ Ft_xðx; yÞ

g
(5)
1622 | Nanoscale Adv., 2022, 4, 1617–1625
d2Y ðtÞ
dt2

¼ �g

g

dY ðtÞ
dt

þ 2

g
NyðtÞ þ Ft_yðx; yÞ

g
(6)

where Ft_x(x, y) and Ft_y(x, y) represent the transverse forces, X(t)
and Y(t) represent the locations of chiral objects, Nx(t) and Ny(t)
represent the stochastic noise terms adopted to simulate the
random collisions from uid objects along both x- and y-axes,
respectively, g is the mass of specimen, g ¼ 6pb(rp) is the drag
coefficient where the viscosity of the surrounding media is b ¼
0.89 mPa s and the radius of the chiral particle is rp ¼ 2 nm.
2 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2gkBT
p

represents the scaling constant for the stochastic
noise term. Herein, we have ignored the inuence of the optical
force along the z-direction on the motion of the specimen that
can reduce the complicacy of the model. Fig. 4a presents
a dynamic simulation of the stability of four paired enantiomers
(kp ¼ �0.01) by plotting the particles' trajectories above the
quasi-BIC MD resonator. The sub-2 nm chiral entities exhibit-
ing the different handedness in the x–y plane are traced with an
accuracy of “nm”. The 10 ms trajectories of the four LH-
enantiomers with kp ¼ � 0.01 are shown in the blue lines.
The four LH-enantiomers move toward the four octants along
the outer edge of the Si nanodisk under the interval of the
azimuth angle of 4 ¼ 90�, in which the negative trapping
potential of Ut ¼ �13kBT occurs (Fig. 3a). On the contrary, the
other four RH-enantiomers (kp ¼ +0.01) are dragged toward the
remaining four octants (see the red lines) by the negative trap-
ping potential of Ut ¼�13kBT (Fig. 3b). This is because the total
lateral force on the enantiomers with the opposite handedness
is applied in different directions (Fig. 2c). The dynamic motions
of the four paired enantiomers (kp ¼�0.01) are also recorded in
ESI Movie S1.† As is seen, the LH- and RH- enantiomers can be
stably and alternatively trapped at the outer edge of the Si
nanodisk at the end of 10 ms. Although this video may not
precisely present the experimental data, it was obtained based
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Surface potential (Ut) under an illumination of linearly polarized
light for the LH- (kp ¼ �0.01) and the RH- (kp ¼ +0.01) enantiomers
with rp ¼ 2 nm at the different distances of (a) Z ¼ 2 nm, (b) Z ¼ 10 nm,
(c) Z ¼ 30 nm above the surface of the quasi-BIC MD meta-atom.
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upon the particles' movements modeled by the stochastic
differential equations.73 Exploring their movements offered
insight into the nanoparticle's out-of-equilibrium phenomena,
and stochastic differential equations can mathematically model
their movements, such as funneling, trapping, and sorting.74,75

Fig. 4b–d further present the stability of the four paired enan-
tiomers with the various kp. It indicates that the metasurface
cannot divide the paired enantiomers with kp ¼ �0.001. In ESI
Fig. S4,† it shows that the depth of Ut on the enantiomers with
kp ¼ �0.001 is smaller than 10kBT that cannot overcome
Brownian motion of the nanoobjects in water. To this end, in
ESI Fig. S5,† we further explored the effect of the illumination
intensity (Iin) on the trajectories of the paired enantiomers. As is
observed, the larger Iin is, the paired enantiomers with smaller
kp can be separated stably. Namely, our structure can sort the
enantiomers with kp ¼ �0.001 by increasing the Iin from 100
mW mm�2 to 500 mW mm�2, accordingly. Moreover, it has been
experimentally demonstrated that a very small temperature
increase of 1.45 �C/100 mW was observed when the vesicles
were held stationary with a 1.064 mm optical tweezer having
a power density of 103 mW mm�2 and a focused spot size of 0.8
mm.76,77 These works showed that the light intensity ranging
from 100 to 500 mW mm�2 could be endured by the meta-atoms
and particles. Recently, aberration-corrected electron-beam
lithography (AC-EBL) has employed an optical system
designed to produce atomic resolution images at the Angstrom
length scales, enabling 1 nm-scale patterning resolution.78 This
AC-EBL technique can be used to make our proposed meta-
surface. Transmission spectral scans using a tunable external
cavity laser (calibrated by a separate interferometer) can be used
to experimentally evaluate the Q-factor.79–81 The optical sorting
system can be subsequently realized by integrating the micro-
uidic channel on top of the metasurface. The nanometer
enantiomers were placed inside the microuidic channel con-
taining water. Herein, the nanometer enantiomers can be
commercially available uorescently-labeled chiral drugs, such
as atorvastatin, clopidogrel and apoetin alpha.82 Meanwhile,
a more realistic value of the off-set (s) was considered in ESI
Fig. S6.† It was shown that the Si metasurface with s ¼ 20 nm
can signicantly increase the chirality density to C/C0 ¼ 3631
(ESI Fig. S6(a)†), enabling an enantioseparation of the paired
chiral entities with a radius of 14 nm (ESI Fig. S6(b)†).

Since our sorting strategy relied on the near-eld effect, it
was important to investigate Ut for enantiomers that were
located at different distances above the metasurface. In Fig. 5,
we have presented the Ut around the enantiomeric pair (rp ¼ 2
nm) with kp ¼ +0.01 (le column) and kp ¼ �0.01 (right
column), respectively, positioned at different distances above
the meta-atom under an illumination of linearly polarized light.
The magnitude of Ut was reduced with increasing distance
between the enantiomers and metasurface. The stable trapping
can be achieved by placing the enantiomers within 30 nm above
the metasurface, where the magnitude of Ut was larger than
10kBT. Although Ut can obtain the maximum value just on the
surface of the meta-atom, the particle-surface force interaction
may induce a strong dispersion force that damages the optical
© 2022 The Author(s). Published by the Royal Society of Chemistry
sorting of the molecules.83 Therefore, we placed the particle
20 nm above the surface of metasurface.

3. Conclusions

In summary, we demonstrate that an all-dielectric metasurface
composed of Si nanodisk arrays can excite high Q-factor asso-
ciated with quasi-BIC. We also investigated the probability of
high-throughput chiral sorting using this dielectric metasurface
under an illumination of linearly polarized light. The Si nano-
disk embedded with an off-centered hole was used to generate
the quasi-BIC MD resonance, which can pronouncedly enhance
the chirality density gradient with alternating sign at each
octant around the disk, while upholding a small gradient for the
EM density. This provides enantioselective resultant lateral
forces and potential wells that can efficiently separate four pairs
of sub-2 nm enantiomers with tiny chirality parameter of �0.01
that was previously inaccessible. Our contribution may allow for
efficiently designing novel enantioselective metadevices with
a discriminatory capability of sub-2 nm chiral objects and very
small chirality parameter.

4. Methods
4.1. Calculation of optical forces

We have numerically simulated the electromagnetic (EM�) eld
prole and optical force distribution in the x–y plane 20 nm
above the metasurface using the nite element method (FEM)
solver in CST MICROWAVE STUDIO® (MWS) integrated with
MATLAB. Namely, the CST Studio was employed to calculate the
light eld (Ex, Ey, Ez,Hx,Hy,Hz). MATLAB was subsequently used
Nanoscale Adv., 2022, 4, 1617–1625 | 1623
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to calculate the optical force on the molecule using ESI eqn
(S1)–(S10).† The tetrahedral mesh was employed in the model.
The minimum and maximum mesh sizes were 0.5 nm and
5 nm, respectively. The periodic boundary condition was
applied in the x–y plane and a perfectly matched layer boundary
condition was used along the z-axis. In the model, we consid-
ered the intrinsic loss of the silicon.84
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