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ABSTRACT: Chiroptical resonances with high quality factors (Q factors) have
recently garnered extensive attention due to their broad applications in lasing
and optical sensing. However, the independent manipulation of the Q factor
and circular dichroism (CD) of chiroptical resonances has rarely been
proposed. Here, we demonstrate that the Q factor and CD of guided mode
resonance (GMR) can be independently manipulated by simply varying two
structural parameters in a diatomic dielectric metasurface grating, offering a new
paradigm for chiroptical resonance manipulation. We reveal that the
independent manipulation of the Q factor and CD of the GMR is attributed
to the modulation of the collective interference of guided mode fields excited by
the two orthogonal linearly polarized normal incidence. GMRs with a Q factor
of 183 and CD of +0.62 have been experimentally validated, which is
comparable to state-of-the-art chiral quasi-BICs. These findings provide a
powerful platform for the realization of high-Q_chiroptical resonances.
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Recent developments in artificial micro- and nanostruc-
tures have demonstrated their remarkable ability to
achieve high quality factor (Q factor) optical resonances,
enabling effective light confinement and enhancing light—
matter interactions.'~* Specifically, in metasurfaces composed
of artificial nanostructures at subwavelength scales, this
capability is significantly enhanced through the utilization of
bound states in the continuum (BICs),”” guided mode
resonances (GMRs),”” higher-order Mie resonances,'’ and
surface lattice resonances (SLRs).'"'> These resonances,
characterized by narrow resonant peaks or low radiation
losses, have been proposed as powerful platforms for the
realization of low-threshold nanoscale lasers,">™"° enhanced
nonlinear and high-harmonic generation,'®"”  polarization
manipulation in momentum space,lg’lg unidirectional radia-
tion,”’ optical trapping,”’ and ultrasensitive hyperspectral
imaging and biodetection.””**

Nowadays, chiral high-Q resonances in metasurfaces have
drawn significant attention from the research community due
to their unprecedented capabilities for spin-selective light
manipulation, chiral light emission, and optical biosens-
ing.”**” Intrinsic chiral quasi-BICs with ultrahigh Q factors
and near-unity circular dichroism (CD) have been numerically
proposed by leveraging the collective interference of far-field
radiation from two nanoresonators or by modulating the
eigenpolarizations of quasi-BICs supported by nanoresonators
while breaking all structural mirror symmetries.””*” However,
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the experimental implementation of such chiral quasi-BICs at
optical wavebands requires advanced nanofabrication techni-
ques and demands hi%h precision in fabrication, hindering their
broader application.”””" More importantly, the independent
control of the Q factor and CD of the chiral resonance, which
is essential for tailoring chiral resonances arbitrarily, has been
rarely reported. Recent advances in achieving independent
manipulation of the Q factor and CD of chiral quasi-BICs have
focused on adjusting the relative height and rotation angle
between two nanoresonators.’’>*> However, for designing
metasurface arrays with tailored chiroptical properties for
applications such as chiral sensing and detection, modulating
the height of the nanostructures is not an optimal approach
due to fabrication precision and cost considerations. A
theoretical study has shown that a diatomic metasurface
grating can support GMRs with high Q factors and near-unity
CD, offerin% a promising alternative for achieving chiral high-Q_
resonances.” This metasurface grating consists of periodic
nanostructures arranged on a planar waveguide slab, making
their fabrication compatible with established nanofabrication
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Figure 1. Schematic illustrating the chiral GMR induced by Brillouin zone folding and collective interference of guided mode fields. Upper plane:
Schematic illustration of chiral GMR realization through Brillouin zone folding by doubling the structural period along the x-axis. Lower left (right)
plane: the variation of the Q factor (defined as Q = w,/Aw) and CD (defined as the transmission difference between left circularly polarized
(LCP) and right circularly polarized (RCP) waves (AT = Ty cp — Trep)) of GMR at the resonant wavelength with the changing of the asymmetric
parameter &, (period P,) while P, = 635 nm (8, = 20 nm). Here, we assume an ¢ time dependence of electromagnetic fields, and LCP and RCP
waves are defined such that the electric field at a fixed position z rotates in a clockwise or counterclockwise direction, respectively, when viewed
from the direction toward which the wave is approaching.

techniques.”"”>* However, precise nanoscale control over the gratings, made from amorphous silicon (@-Si), consist of a
relative positioning of the two nanostructures within each unit planar slab and two Z-shaped nanostructures. The GMR with a
cell of the metasurface grating is required, which poses high Q factor and near-unity CD can be achieved by adjusting
significant fabrication challenges. On the other hand, the the distance between the two Z-shaped nanostructures.
relative positioning of the two nanostructures affects both the Notably, we demonstrate that the Q_factor of the GMR can
Q_factor and CD of the GMR, hindering their independent be continuously tuned by varying this distance, while the CD
manipulation. The experimental realization of high-Q_chiral and resonant wavelength remain constant. Additionally, the
GMRs has not yet been achieved, and the independent CD of the GMR can be continuously adjusted by modulating
manipulation of the Q factor and CD of GMRs remains a the period of the unit cell, while the Q factor and resonant
significant challenge. wavelength remain nearly unchanged. We theoretically and
Here, we propose an efficient strategy for the realization of a numerically reveal that the GMR originates from Brillouin
GMR with independently controllable Q factor and CD using zone folding, and its CD results from the spin-selective
diatomic metasurface gratings with intrinsic geometric collective interference of the guided mode fields excited by the
chirality. Specifically, the unit cells of these metasurface transverse electric (TE) and transverse magnetic (TM)
2520 https://doi.org/10.1021/acs.nanolett.4c06157
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Figure 2. Characterization of the chiral GMR in the designed metasurface. (a) Simulated transmission spectra for different values of &,. (b)
Variation of the Q_factor and resonant wavelength of the GMR with increasing §,. (c) Variation of the CD spectrum with increasing ;. (d)
Simulated distributions of the magnitude of the electric field and magnetic field, as well as the real part of the z-component of the electric field and
the y-component of the magnetic field, on the x—z plane (y = 0 nm, the middle section of the unit cell) at the resonant wavelength under RCP
illumination.

components of circularly polarized illumination. We further independently manipulated by changing P, and J,, as validated
validate experimentally and realize chiral GMRs with a Q by the simulated results in Figure 1.
factor of 183 and CD of +0.62. Our approach establishes a We first analyze the characteristics of the chiroptical
simple one-to-one correspondence between the Q_factor and resonance observed in the designed metasurface grating. The
CD of a GMR and two structural parameters, providing a simulated transmission spectra for different polarization
powerful platform for designing high-Q resonances with components T;; under LCP and RCP normal illumination are
tailored chiroptical properties. shown in Figure 2(a). The subscripts “i” and “j” in T} represent
The structural configuration of the designed diatomic the polarization states of the transmitted and incident light,

respectively. A chiroptical resonance with a small full width at
half-maximum (FWHM) and near-unity CD can be observed

in the transmission spectra when d,; # 0. Note that we defined
SiO, substrate. The structural parameters are P, = 950 nm, P, .CD based on the trans.rmsswn d1ff§re.nce A.T = Tice — Trer
= 635 nm, I, = 500 nm, I, = 150 nm, w; = 120 nm, w, = 180 instead of the normalized Fransmlsswn .dlﬂference (Tyep —
Trep)/(Ticp + Trep) used in some previous works, because
the former is more suitable for characterizing maximum
chirality.*>*" This chiroptical resonance is an intrinsic
chiroptical response, as the CD arises from the difference
between Ty; and Tyg, while Ty and Ty are both equal to
zero. It can be found that the FWHM of the chiroptical
resonance increases with the increase of 15, indicating an
increasing Q_factor. Meanwhile, the resonant wavelength
remains unchanged as the J§,; increases. To further elucidate

metasurface grating is shown in Figure 1. The unit cells of
the designed metasurface grating consist of two Z-shaped
nanostructures and a planar thin slab, both made of a-Si, on a

nm, t; = 215 nm, and ¢, = 275 nm. The refractive indices of a-
Si and SiO, were taken as 3.49 and 1.44 in the numerical
analysis, respectively. When the distance d between the two
adjacent Z-shaped nanostructures is not equal to P,/2, the
structural period along the x axis doubles. As a result, the
guided mode at the edge of the first Brillouin zone appears at
the I' point due to Brillouin zone folding, becoming a GMR
whose Q_factor can be continuously tuned by changing the

asymmetric parameter §; = P x/ 2 — d. Furthermore, the Z- their relationship, we simulated the variation in the Q_factor
shaped nanostructures can effectively couple both TM and TE and resonant wavelength as the asymmetric parameter &,
light (corresponding to x-polarized and y-polarized light under changes. As shown in Figure 2(b), the Q factor and the

normal incidence, respectively) into the GMR. The intensity asymmetric parameter , follow an inverse quadratic law: Q =
ratio between excited guided mode fields for TE and TM Q,/5% where Q, is a constant determined by the resonant
waves can be continuously modulated by varying the structural mode and its interaction with the incident light. In contrast,
period P, enabling controllable spin-selective collective the resonant wavelength remains unaffected by changes in &,
interference of the guided mode fields and allowing for tunable which is highly beneficial for applications in nanolasing and
CD. Consequently, the CD and Q factor of the GMR can be enhancing nonlinear harmonic generation.35’36 Notably, the

2521 https://doi.org/10.1021/acs.nanolett.4c06157
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Figure 3. Physical mechanism behind the generation of chiral GMR. (a) Band structure of the designed metasurface grating for §; = 0 nm and §, =
20 nm, represented by gray dotted lines (unfolded bands) and colorful scatter lines (folded bands), respectively. (b) Simulated Q factors of folded
bands. (c) Simulated transmittance-momentum spectra of the designed metasurface grating with §; = 20 nm under illumination with different
polarization states. (d) Simulated distributions of the real and imaginary parts of the z-component of the electric field on the middle cross section of
the a-Si slab at the resonant wavelength under TE (y-polarized) and TM (x-polarized) normal incidence. (e) Simulated distributions of the
magnitude of the z-component of the electric field on the middle cross section of the a-Si slab at the resonant wavelength under LCP and RCP
normal incidence.

value of CD at the resonant wavelength also remains between the two adjacent Z-shaped nanostructures in each unit
unchanged as , increases, as validated by the results in Figure cell is less than P,/2, causing the structural period along the x-
2(c). These findings demonstrate that the Q factor of the axis to double and become P,. As a result, guided modes at the
chiroptical resonance of interest can be effectively manipulated edge of the first Brillouin zone, which lie below the light line,
by varying 6, while the resonant wavelength and CD value appear at the I point due to the Brillouin zone folding. It can
remain constant. The mode of the chiroptical resonance is be observed that there are two resonance modes at the I" point
further verified by simulating the distributions of the electric when J; = 0 nm and five resonance modes at the I" point when
and magnetic field magnitudes along the longitudinal section 04 = 20 nm, including three folded modes. For d; = 20 nm, we
of one unit cell. As shown in Figure 2(d), enhanced electric designate the five bands corresponding to the five resonance
and magnetic fields are observed near the metasurface grating. modes as folded bands 1 to 5. We further simulated the Q
Specifically, the z-component of the electric field (E,) and the factors of these folded bands, as illustrated in Figure 3(b). The
x- and y-components of the magnetic field (H, and H,) are results indicate that bands 1 and S correspond to two folded
significantly enhanced; the enhanced magnetic field is localized GMRs, for which their Q factors remain nearly unchanged as
within the planar thin slab, indicating the excitation of a TM- the magnitude of the x-component of the wavevector (k,)
like GMR, confirming that the chiroptical resonance of interest increases.” Bands 2 and 4 are symmetry-protected BICs, where
is a GMR.>"™% the relationship between the Q factor and k, follows an inverse
To uncover the underlying physics behind the realization of quadratic law, Q & k =2 The resonance mode of band 3 is a
chiral GMR, we calculated the band structure of the designed leaky mode with a low Q factor. The mode of the folded band
metasurface grating for §; = 0 nm and J,; = 20 nm, as shown in 1 is the chiral GMR of interest, while the modes of the other
Figure 3(a). When §,; = 0 nm, the distance between the two Z- bands are also chiral modes with different values of CD, as
shaped nanostructures in each unit cell equals P./2. shown in Figure S1 of the Supporting Information (SI). The
Consequently, the period of the metasurface grating along results in Figures 3(a) and 3(b) confirm that the chiral GMR
the x-direction is P,/2. When J; = 20 nm, the distance d of interest originates from the Brillouin zone folding.
2522 https://doi.org/10.1021/acs.nanolett.4c06157
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Figure 4. Independent manipulation of the CD and Q_factor of the chiral GMR. Calculated mean values of the magnitude ratio and phase
difference of the z-component of the electric field on the middle cross section of the @-Si slab at the resonant wavelength under TE and TM normal
incidence for different values of (a) §, and (d) P,. Calculated and simulated mean values of the magnitude ratio of the z-component of the electric
field on the middle cross section of the @-Si slab at the resonant wavelength under LCP and RCP normal incidence for different values of (b) 6, and
(e) P,. The variation of the Q factor of GMR and CD at the resonant wavelength with increasing (c) 8, and (f) P,.

Moreover, band 1 exhibits a flat region for Ik, lower than
0.0115. Chiral flat bands have recently garnered significant
attention from the research community. A chiral flat band with
a quasi-BIC mode has been reported in a metasurface grating
with a similar structural configuration to our proposed design,
where the realization of the chiral flat band is attributed to the
modulation of the coupling between modes within the
nanostructures and the planar slab by changing the structural
symmetry and adjusting the structural parameters.’” In
contrast, the chiral flat band we obtained here is related to a
GMR caused by Brillouin zone folding and the origin of
chirality is different, as discussed below.

To further elucidate why the GMR is a chiral resonance, we
first simulated the transmittance-momentum spectra of the
designed metasurface grating with 6; = 20 nm under
illumination with different polarization states. As shown in
Figure 3(c), transmission dips are observed under TE, TM,
and RCP illumination, indicating the excitation of the GMR,
while it cannot be excited by the LCP wave. We attribute this
spin-selective excitation of the GMR to the collective
interference of the guided mode fields excited by the TE and
TM components of circularly polarized light. To validate our
concept, we simulated the distributions of the real and
imaginary parts of the z-component of the electric field (E,) at
the middle cross-section of the planar thin slab at the resonant
wavelength under TE and TM normal incidence. The results in
Figure 3(d) demonstrate that the same GMR can be excited by
both TE and TM normal incidence, with the strength of the
excited guided mode fields being similar, while a phase delay
close to 7/2 between them is observed. Since LCP and RCP
waves can be decomposed into TM and TE components with a
phase delay of +7/2, the phase difference between the guided
mode fields excited by the TM and TE components of LCP

2523

and RCP waves is 77 and 0, respectively, resulting in destructive
and constructive interference. Consequently, the coupling
strength (quantitatively described by IE,|) of the GMR under
LCP and RCP illumination is eliminated and enhanced,
respectively, as validated by the simulated results in Figure
3(e). Specifically, the IE,| of the excited guided mode fields at
the middle cross section of the planar thin slab under LCP and
RCP illumination can be obtained based on the equations |
E™(1 + EI*/E™)I, where EI* and E™ represent E, of the
guided mode fields excited by the TE and TM components of
the LCP and RCP waves. The TE and TM components of the
LCP and RCP waves, illuminated along the —z direction (as
shown in Figure 1), exhibit phase differences (Ap = @y —
@) of /2 and —7x/2, respectively, while the guided mode
fields excited by the TE and TM waves have a phase difference
of /2. Consequently, the phase differences between EI* and
E™ are 7 and 0 for LCP and RCP waves, respectively. Since
the amplitudes of El*and E™ are nearly equal, |E,| under LCP
and RCP illumination can be expressed as 0 and 2IE™|,
respectively. |E|l = 0 indicates the elimination of GMR
excitation (weak coupling strength) and a near-unity trans-
mittance, while IE| = 2IEI signifies enhanced GMR
excitation (strong coupling strength) and a high reflectance,
consistent with the results shown in Figures 2(a) and 3(e). We
further calculated the distributions of |E,| under LCP and RCP
illumination based on the simulated results in Figure 3(d). The
calculated results (see Figure S2 in SI) align well with the
simulated data in Figure 3(e), further validating the collective
interference effect.

To demonstrate the effectiveness of our theory for realizing
high-Q_chiral GMR, we analyze the collective interference of
guided mode fields in our design for various values of §,. As
illustrated in Figure 4(a), the magnitude ratio and phase
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Figure 5. Experimental verification of the high-Q_chiral GMR in the designed metasurface. (a) SEM image of the fabricated sample with 5, = 80
nm. (b) Measured and (c) simulated transmission spectra for different values of §; and for the enantiomer of the proposed design with §; = 80 nm.
Measured and simulated (d) Q factor and (e) resonant wavelength of the GMRs and (f) CD at the resonant wavelengths for different values of &,.

difference between E!* and E™ remain nearly constant,
approximately 0.75 and 7/2, respectively. According to the
collective interference model discussed earlier, this stable
magnitude ratio and phase difference indicate a consistent ratio
between |E_| under LCP and RCP illumination, as validated by
the results in Figure 4(b). Notably, although the magnitudes of
ETF and EI™ gradually decrease with increasing &, (see Figure
S3 in SI), the coupling between the TE and TM waves with the
GMR remains sufficiently strong to yield a transmittance close
to zero under RCP illumination. Consequently, the CD
remains unchanged with an increasing 6, Additionally, the Q_
factor and the asymmetric parameter §; follow an inverse
quadratic law, Q = Qu/53, due to the nature of the GMR.
Therefore, the Q factor of the chiral GMR can be adjusted by
varying &, while keeping the CD near unity and the resonant
wavelength unchanged. Meanwhile, we find that the magnitude
ratio between Elfand EI™ can be manipulated by changing
structural parameter P, while keeping their phase difference
close to /2, thus providing an effective means for controlling
the CD of the chiral GMR. As shown in Figure 4(d), the
magnitude ratio between EI* and EI™ gradually decreases with
increasing P, while their phase difference remains close to 7/2.
Consequently, the ratio of |E,| under LCP and RCP
illumination first increases and then decreases with increasing
P, as validated by the simulated and calculated results in
Figure 4(e). This ratio reflects the coupling strength between
the GMR and the LCP and RCP waves with variations leading
to changes in CD, as shown in Figure 4(f). On the other hand,
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the Q factor remains unchanged, while the resonant wave-
length changes slightly with increasing P, (see Figure S4 in SI).
Thus, the CD of the chiral GMR can be adjusted by varying P,
while keeping the Q factor constant. The slight change in the
resonant wavelength can be further modulated by adjusting
other structural parameters (see Figures S5 and S6 in SI).
Overall, the Q factor and CD of the chiral GMR can be
independently manipulated by changing J, and P, respectively,
as further validated by the results in Section S of the SI. This
provides an effective approach for implementing high-Q_chiral
resonances.

We further validate the high-Q chiral GMRs in the proposed
metasurface gratings by fabricating three samples with 6, = 40,
60, and 80 nm, while keeping P, = 635 nm, along with an
enantiomer of the design with 6; = 80 nm. The details
regarding the fabrication process of samples and the measure-
ment of transmission spectra can be found in Section 6 of the
SI. The scanning electron microscope (SEM) image of the
fabricated metasurface grating with 6; = 80 nm is shown in
Figure S(a). The edges of the Z-shaped nanostructures appear
somewhat rough, and the structural parameters of the
fabricated samples are slightly larger than those designed.
The measured transmission spectra of the fabricated samples,
presented in Figure 5(b), confirm the existence of a high-Q
chiral resonance, with the Q factor decreasing as J, increases.
Notably, the proposed design with 6; = 80 nm and its
enantiomer exhibit opposite CD, indicating that the sign of the
CD can be modulated by using the proposed designs and their
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enantiomers. The results also confirm that the structural
symmetry of the Z-shaped nanostructures plays a crucial role in
manipulating the CD of the chiral GMR. Variations in
structural symmetry alter the collective interference effect
and consequently modify the CD of the GMR (Figure S7 in
SI). The measured results align reasonably well with the
simulated data shown in Figure 5(c). Although Tip and Ty
are small but not zero at the resonant wavelength, indicating
the existence of a polarization conversion effect, discrepancies
between the simulated and measured spectra can be attributed
mainly to fabrication imperfections, particularly the slight
difference in the refractive index of @-Si used in the numerical
simulation and that of the fabricated samples. Figures 5(d) and
5(e) compare the measured and simulated Q factors, resonant
wavelengths, and CD at the resonant wavelength. Both
simulated and measured Q_ factors decrease with increasing
O, but measured Q factors are lower than the simulated ones.
The resonant wavelengths remain constant in both cases,
though the measured wavelengths exhibit a slight red-shift
compared to simulated values. The simulated CD at the
resonant wavelength remains constant with increasing 6,5, while
the measured CD increases, a phenomenon previously noted
in other high-Q resonators due to lower coupling strengths
between resonators and light in experiments.”’”** The
measured results could be further improved by addressing
the fabrication imperfections. Overall, a chiroptical resonance
with a Q factor of 183 and CD of #0.62 has been
experimentally validated based on the proposed design with
64 = 80 nm, which is comparable to state-of-the-art chiral
quasi-BICs,”" demonstrating the efficacy of our design for
high-Q _chiral resonance implementation.

In summary, we demonstrated that chiral GMRs with
controllable Q factor and CD can be achieved using a diatomic
dielectric metasurface grating. We showed that the GMRs in
the designed metasurface grating arise from Brillouin zone
folding, while their CD results from spin-selective collective
interference of the guided mode fields excited by the TE and
TM components of circularly polarized illumination. Con-
sequently, the Q factor and CD of the GMRs can be
independently and continuously manipulated by adjusting two
structural parameters, J; and P, respectively. Our design
strategy can be summarized in two steps: first, obtaining a
GMR with a controllable Q factor through Brillouin zone
folding in diatomic nanostructures; and second, modulating
the CD of the GMR by controlling the intensity ratio and
phase difference of the guided mode fields excited by TE and
TM polarized incidence. Overall, the advantages of our
approach can be summarized as two key points: First, our
strategy provides an efficient method for realizing high-Q chiral
GMRs. The Q factor and CD can be effectively and
independently tuned. Second, the designed metasurface grating
significantly reduces structural complexity compared to state-
of-the-art approaches, lowering fabrication requirements and
enabling compatibility with widely used nanofabrication
techniques. This approach offers a powerful platform for
designing high-Q_chiral resonances with potential applications
in chiral lasing and nonlinear harmonic wave manipulation.
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