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ABSTRACT
Engineering spin-selective light-matter interactions in photonic systems requires precise control of the radiative loss, optical
chirality, and dispersion of resonant modes; however, these properties are intricately dependent on the structural parameters,
making their independent tuning challenging. Herein, a partially etched dielectric metasurface supporting an intrinsic chiral
quasi-guided mode (QGM) with flatband dispersion is proposed, for which the quality (Q) factor and circular dichroism (CD)
can be independently modulated. The QGM is generated via Brillouin zone folding, with its flatband dispersion remaining robust
against structural variations within a certain range. The radiative loss and spin-dependent coupling strength of the QGM can
be independently engineered by adjusting the scaling ratio and rotation angle of individual nanostructures, enabling decoupled
control of Q factor and CD while maintaining the flatband dispersion. Experimental measurements of the chiral QGM confirm
the independent tunability of Q factor and CD, demonstrating angle-insensitive linear and nonlinear CD. Our work establishes
a general physical mechanism for realizing flatband QGMs with independently tunable Q factor and CD, providing a versatile
platform for next-generation functional chiral metasurfaces with potential applications in chiral emission, harmonic generation,
and ultrasensitive optical sensing.
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Introduction

ecent advances in metaphotonics have revealed the remarkable
otential of all-dielectric metasurfaces for realizing nonlocal chi-
optical resonances with high quality (Q) factors and near-unity
ircular dichroism (CD), such as chiral guided-mode resonances
GMRs) [1, 2] and chiral quasi-bound states in the continuum
quasi-BICs) [3–5], which provide a versatile platform for tai-
oring light-matter interactions and engineering optical fields
ith unprecedented flexibility [6–8]. Among them, quasi-guided
odes (QGMs), a typical type of GMRs originating from the
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Brillouin zone folding, have attracted increasing attention due to
their robust Q factors over a broadwavevector range [9, 10]. These
resonances enable enhanced and spin-selective light-matter inter-
actions, paving the way for low-threshold chiral nanolasers
[11–13], ultrasensitive sensing [14], andpolarization-selective light
detection [15, 16]. Chiroptical resonances can be broadly classified
into two categories: extrinsic and intrinsic responses [17–23]. The
extrinsic chiroptical response arises from structural anisotropy
or oblique incidence and does not require breaking the out-
of-plane mirror symmetry [24, 25]. Unlike extrinsic responses,
intrinsic chiral responses exhibit spin-momentum locking, in
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 articles are governed by the applicable C
reati
hich the spin of photon is inherently tied to the propagation
omentum, leading to a CD that remains invariant under
pposite illumination directions , which plays a crucial role
n chiral emission control and nonlinear harmonic generation
26, 27]. While extrinsic high-Q chiroptical responses can be
eadily achieved in planar nanostructures, realizing the intrinsic
ounterpart remains far more challenging. Recent progress has
nabled the experimental realization of high-Q intrinsic chiral
esonances through advanced nanofabrication strategies that
reak the out-of-plane mirror symmetry. For instance, intrinsic
hiral quasi-BICs have been demonstrated in slant-perturbed
etasurfaces through modulation of the eigenpolarization map
n momentum space [26, 28], and in multi-height metasurfaces
y controlling the coupling between electric dipole moments
29, 30]. Although these approaches effectively achieve high-
intrinsic chiral resonances and enable chiral light emission,

heir complex fabrication processes and strict tolerance require-
ents hinder broader applications. Recent advances suggest
hat partially etched dielectric metasurfaces exploiting strong
ode coupling or collective modal interference offer promising
lternatives for realizing high-Q intrinsic chiroptical responses
31]. These structures not only feature simpler fabrication and
igher precision but also allow decoupled control of the Q factor
nd CD, showing great potential for polarization manipulation
nd enhanced harmonic generation.

urthermore, engineering the energy-momentum dispersion of
onlocal resonances provides an additional degree of freedom for
ailoring light-matter interactions and controlling their coupling
o free-space radiation. Among various dispersion-engineering
trategies, flatband dispersions have attracted considerable atten-
ion due to their unique properties, including near-zero group
elocity and a high density of states (DOS) across a broad
avevector range [32–34]. These features greatly enhance light-
atter interactions while suppressing finite-size effects, thereby
nabling high-Q resonances in compact devices [35, 36]. Bene-
iting from such characteristics, flatbands have been employed
n a variety of applications, including low-threshold lasing [37,
8], thermal emission [39–41], and enhanced harmonic genera-
ion [42–45]. However, high-Q chiral resonances with flatband
ispersion that enable angular-robust chiroptical functionalities
ave been rarely reported. The first experimental observation of
n intrinsic chiral flatband with CD close to 0.6 over a wide
ncident-angle range (±5◦) was reported very recently [46], but
ts CD and Q factor remain intricately correlated with the struc-
ural geometry and cannot be independently tailored. Realizing
igh-Q intrinsic chiroptical resonances with flatband dispersion
ver larger angular ranges and independently controllable CD
nd Q factor, which is essential for angle-robust chiroptical
unctionalities, remains a challenge.

ere, we numerically and experimentally demonstrate an intrin-
ic chiral QGM with flatband dispersion over ±14◦ and inde-
endently controllable Q factor and CD in a partially etched
morphous silicon (α-Si) metasurface. The QGM arises from
rillouin zone folding induced by structural perturbations, whose
latband dispersion is inherently insensitive to variations in
tructural parameters. Building upon our previous work [31], this
nsensitivity enables independent control of Q factor and CD
ia structural tuning while preserving the flatband dispersion,
hereby overcoming the previous limitation in which tuning Q
of 9
and CD would compromise flatband properties and providing
a versatile platform for precise manipulation of angular-robust
chiroptical responses. We demonstrate that the radiative loss
and the spin-dependent coupling strength of QGM can be
independently controlled by two distinct structural parameters,
allowing decoupled tuning of the Q factor and CD. Theoretically,
CD can be varied from ±1 to 0, and the Q factor can be adjusted
by more than an order of magnitude, all while preserving the
flatband dispersion. The experimental results further confirm
that the CD and Q factor can be effectively controlled by tuning
the two structural parameters, respectively, without altering the
flatband dispersion. Specifically, the CD is experimentally tuned
from approximately −0.75 (averaged over the flatband range of
±14◦) to 0, while maintaining flatband dispersion across the
same angular range. We further experimentally demonstrate that
this intrinsic chiral QGM, with angular-robust Q factor and
CD, can realize angle-robust nonlinear CD. Our work provides
an effective approach for achieving intrinsic chiral QGMs with
flatband dispersion and independently tunable Q factors and
CD, facilitating nonlinear chiral harmonic generation, enhanced
chiral light emission, and ultrasensitive photonic sensing.

2 Results and Discussion

Figure 1a illustrates the angle-robust CD supported by an intrinsic
chiral QGM with flatband dispersion in our partially etched α-Si
metasurface. The metasurface is supported by a SiO2 substrate,
and its unit cell follows a hexagonal lattice comprising identical
double-sided scythe (DSS) α-Si nanostructures (r1 = r2 = 177 nm,
α1 = α2 = 30◦, w = 150 nm) placed on a planar α-Si slab,
as shown in Figure 1b. The period p along the x direction is
530 nm. Each resonator has a height h1 = 455 nm and the slab
thickness is h2 = 200 nm. The DSS geometry possesses in-plane
inversion (C2) symmetry, while the underlying slab breaks the
out-of-plane symmetry and enables the emergence of intrinsic
chiroptical resonances. In the simulations, the refractive index
of α-Si was taken from experimental data (Figure S1), while the
refractive index of SiO2 was set to 1.45. Tomatch the experimental
fabrication conditions (Figure 1c), a 4◦ inclined sidewall and
rounded edges were incorporated into the simulations.

To access the desired QGM, we apply a targeted perturbation
to the central nanostructures (r2 = 205 nm, α2 = 10◦), which
deforms the original hexagonal unit cell into a rectangular one.
This structural modification folds the Brillouin zone from the
dashed grey hexagon to the solid blue rectangle (Figure 1d),
thereby generating the flatband QGM. Specifically, when these
two structures share identical geometry parameters (r1 = r2, α1
= α2), the corresponding band structure in Figure 1e shows that
the modes of interest along the My-K2 direction lie entirely below
the light line, indicating that they are non-radiative guidedmodes
(GMs). Along this direction, a nearly dispersionless band segment
emerges, originating from the standing-wave character of the
modes at the Brillouin zone boundary. Such modes inherently
maintain their flatband dispersion even when the structural
parameters are varied within a reasonable range. This stability
provides a robust basis for tuning the CD magnitude and the Q
factor without altering the band dispersion, enabling simple and
fabrication-friendly strategies for realizing and engineering chi-
roptical resonances. Two optional perturbations can be applied to
Advanced Materials, 2026
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FIGURE 1 Schematic illustration and characterization of the intrinsic chiral QGM exhibiting unidirectional flatband dispersion in the designed
partially etched dielectric metasurface. (a) Schematic of the angle-robust CD enabled by an intrinsic chiral QGMwith flatband dispersion. (b) Structural
configuration of themetasurface. (c) The top-view and cross-sectional SEM images of themetasurface. Scale bars, 1 µm. (d) Evolution of the first Brillouin
zone, where the blue rectangle denotes the perturbed zone and the shaded regions highlight the folding domains. (e) Band structure of the metasurface
with unperturbed lattice plotted along Γ-My-K2. (f) Band structure of the perturbed metasurface along −K2′-Γ-K2′, with the emerging flatband QGM
highlighted in red. The inset shows the real part of the x-component of the electric field on the x-y plane (on the middle section of the structures) at the Γ
point. The solid and dashed lines in (e) and (f) denote the light cones of the substrate and air, respectively. (g) The simulated transmission spectra at the Γ
point, corresponding to the positionmarked by the red star in (f). Tij denotes the square of the amplitude of the transmission coefficient from an incident
circularly polarized (CP) state j to a transmitted state i. (h) Electric field profiles of theQGMat the Γ point, showing that themode predominantly radiates
upward into RCP light. Notably, the color is saturated for better illustration of the radiation field.
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 articles are governed by the applicable C
reati
he central DSS elements (marked by the hexagon in Figure 1b)
o enable the excitation of the flatband mode from free space:
i) adjusting the scaling ratio through variation of r2 (δ = r2 −
1), and (ii) modifying the rotation angle α2 relative to α1 (α2 ≠

1). These two perturbations equivalently induce Brillouin zone
olding, as they modify the local geometry without changing the
eriod of the folded lattice. As a result, the GMs along the My-
2 direction are folded onto the Γ-K2′ direction, forming QGMs
hat can couple to external radiation. The folded band structure
Figure 1f) exhibits a flatband dispersion along the kx direction,
ith the mode of interest highlighted by a red line. This flatband
s intrinsically determined by the original dispersion of the GMs,
hile coupling to nearby modes further constrains its angular
xtent. The electric field distribution in the inset of Figure 1f
onfirms that the QGM is a TE-like mode. To further validate
he flatband behavior, the group velocity (vg) of the QGM band
s calculated and remains near zero across the dispersionless
egion (Figure S2). In addition, strong couplings are observed
etween adjacent resonant modes marked by the blue and red
ines in the folded band. Notably, unlike recent approaches that
ttribute flatband formation to such strong couplings [32, 44],
ere the observed coupling has a negligible impact on the band
ispersion, slightly affecting only the extent of the flatband
Figure S2). Based on the calculated band structures and the
orresponding Q factors, we further derive the DOS for these two
dvanced Materials, 2026
adjacent resonant modes (Section S3). The results indicate that,
when the Q factors are comparable, the flatband mode exhibits a
significantly enhanced DOS.

As shown in Figure 1g, the intrinsic chiroptical response of the
flatband QGM is further validated through simulated transmis-
sion spectra under normal incidence, corresponding to the mode
marked by the red star in Figure 1f. The spectra clearly demon-
strate the intrinsic chiroptical nature of the QGM, as evidenced
by the near-complete suppression of the cross-polarized com-
ponents TLR and TRL. The difference between the co-polarized
components TLL and TRR indicates the emergence of near-unity
CD values, defined as 𝑇RCP−𝑇LCP

𝑇RCP+𝑇LCP
, where TRCP/LCP denote the

transmission intensities under right- and left-handed circularly
polarized (RCP and LCP) illumination, respectively. Here, we
assume an eiωt time dependence of electromagnetic fields, and
RCP and LCP 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. This intrinsic chiral behavior is
further confirmed by the radiated electric field components at the
marked k-point, as shown in Figure 1h and represented as the real
part ofEx ± iEy. The distribution reveals that the polarization state
of the radiated field remains unchanged under reversal of the
3 of 9
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FIGURE 2 Decoupled manipulation of the Q factor and CD of the flatband QGM. Schematic illustration of the physical mechanism underlying
the decoupled control. (a) The rotation angle α2 tunes the polarization state of the radiative fields, causing a difference in coupling strength under
LCP and RCP incidence and thereby modulating the CD. (b) The radius r2 controls the radiative loss, enabling independent adjustment of the Q factor.
(c) The radiation intensity in the upward direction as a function of α2 (r2 = 205 nm) and r2 (α2 = 10◦). (d) The normalized difference in coupling strengths
as functions of α2 and r2. (e, f) Simulated CD and Q factor as functions of α2 and r2. (g, h) Extracted CD and Q factor along the blue (r2 = 205 nm) and
red (α2 = 10◦) dashed lines in (e) and (f). (i, j) Dispersion features of the QGM, showing Δf and Δθ versus α2 and r2, where Δf = fmax − fmin denotes the
frequency spacing, and Δθ is the angular bandwidth corresponding to a dispersion variation within 2 nm.
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 articles are governed by the applicable C
reat
adiation direction, indicating that the QGM couples exclusively
o RCP illumination. The intrinsic chirality is further verified by
he spectral response remaining unchanged across the flatband
ange (Section S4).

otably, introducing perturbations to the central DSS nanos-
ructures enables Brillouin zone folding, while within a finite
arameter range, r2 and α2 affect the radiation field of QGM in
istinct ways. Here, we employ temporal coupled mode theory
TCMT) to make a quantitative analysis. The unit cell of the
erturbed metasurface can be viewed as comprising two DSS
anostructures, as illustrated in Figure 2a,b. These structures
re located at opposite phase nodes of the TE-like QGM with
tanding-wave character. The light scattered by these two DSS
anostructures are in different elliptically polarized states, and
he radiation field can be expressed as the coherent superposition
f these two contributions (Section S5). The results indicate that
2 primarily governs the polarization state, whereas r2 controls
he radiation intensity, thereby enabling decoupledmanipulation
f the CD andQ factor of the QGM. For clarity, we decompose the
pward and downward leaking states in the circularly polarized
asis as follows:

|𝑒𝑢⟩ = 𝑑𝑅 (𝑟2, 𝛼2) 𝐞𝑅 + 𝑑𝐿 (𝑟2, 𝛼2) 𝐞𝐿 (1)

|𝑒𝑑⟩ = 𝑑′𝑅 (𝑟2, 𝛼2) 𝐞𝑅 + 𝑑′𝐿 (𝑟2, 𝛼2) 𝐞𝐿 (2)
of 9

i

where eR and eL correspond to RCP and LCP states, respectively,
and dR(r2,α2) (d′R(r2,α2)) and dL(r2,α2) (d′L(r2,α2)) are the complex
coupling coefficients from the QGM to the upward (downward)
radiation channel in the circularly polarized bases. Specifically,
the polarization states and coupling intensities of the upward
and downward radiation exhibit nearly identical evolution under
structural perturbations. Therefore, for clarity and without loss
of generality, we focus on the upward radiation in the follow-
ing analysis. The radiation intensity in the upward direction
is in direct proportion to |dR(r2,α2)|2 + |dL(r2,α2)|2, which is
intrinsically linked to the radiative decay rate γ. As shown in
Figure 2c, the radiated intensity remains nearly unaffected by
variations in α2, while it can be effectivelymodulated by adjusting
r2. This indicates the changes in the scaling ratio (represented
by r2) enable effective control of the Q factor, as Q = ω0/2γ.
Meanwhile, the CD of QGM is correlated with the difference in
coupling strengths (|𝑑𝑅(𝑟2, 𝛼2)|

2 − |𝑑𝐿(𝑟2, 𝛼2)|
2)∕(|𝑑𝑅(𝑟2, 𝛼2)|

2 +
|𝑑𝐿(𝑟2, 𝛼2)|

2). As shown in Figure 2d, this quantity can be tuned
by α2, while remaining nearly constant with variation in r2,
indicating the changes in the rotation angle α2 enable effective
control of the CD of QGM.

To visually characterize the decoupled manipulation of the Q
factor and CD of the QGM through variations in r2 and α2, we
simulated their dependence across the r2-α2 parameter space,
as shown in Figure 2e,f. The results show that the CD varies
almost monotonically with increasing α2 while remaining largely
insensitive to changes in r2. In contrast, the Q factor exhibits
Advanced Materials, 2026
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 articles are governed by the applicable C
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he opposite behavior. To enable a quantitative assessment, the
ariations of CD and Q factor along the trajectories indicated
y the blue and red dashed lines in Figure 2e,f are plotted
n Figure 2g,h. Along the blue dashed line, where r2 is held
onstant, the CD can be tuned from −1 to 0.5 as α2 increases
rom 0◦ to 90◦, while the Q factor remains nearly constant at
pproximately 160. By employing the mirror-symmetric counter-
art of the metasurface, the CD range extends from −0.5 to 1,
nabling full tunability from ±1 to 0 (Figure S6). Along the red
ashed line, where α2 remains fixed, the Q factor decreases as
2 increases from 185 to 215 nm, whereas the CD stays close to
nity. Because δ= r2 − r1 serves as a typical asymmetric parameter
or QGMs, the variation of Q factor with r2 follows an inverse
uadratic dependence [47–49]. These results confirm that the
D and Q factor of the QGM can be independently controlled
y adjusting α2 and r2, respectively. Importantly, because the
latband dispersion of QGM originates from the standing-wave
ature of the corresponding GM at the Brillouin zone boundary,
ariations in α2 and r2 exert only minimal influence on the band
tructure. As illustrated in Figure 2i,j, the frequency deviation
f, defined as the frequency difference between the upper and
ower edges of the QGM within the flatband region, remains
elow 0.2 THz (corresponding to a wavelength shift of less than
nm), and the corresponding angular width Δθ remains at 12◦ or
ider. These results clearly demonstrate that the QGM supports
ndependent tuning of CD and Q factor while preserving robust
latband resonance, as further confirmed by angle-resolved CD
n Section S7. Notably, other structural parameters, such as the
tch width w, can also affect the Q factor by modifying the
ffective scaling ratio of the nanostructure. Meanwhile, the CD
emains unchanged, and the flatband dispersion is well preserved
Section S8).

o experimentally validate the chiral QGM with flatband dis-
ersion and the decoupled control of the Q factor and CD, we
abricated two series of partially etched α-Si metasurfaces with
ifferent α2 and r2. To characterize the tunability of CD, we
abricated samples with α2 = 10◦, 35◦, and 55◦ while keeping
2 = 205 nm, corresponding to target CD values of −1, −0.5,
nd 0, respectively. Figure 3a(i–iii),b shows the simulated and
easured angle-resolved transmission spectra, respectively. The
easurements confirm the formation of flatband dispersion over
n incident angular range of±14◦ (the region between the dashed
ines in Figure 3b) for samples with different α2, in good agree-
ent with simulated results. The modest discrepancies between
he experimental and simulated results are mainly attributed
o fabrication imperfections affecting structural parameters, and
o fabrication-induced nonuniformities across the sample area
Section S8). The experimentally measured CD values for each
otation angle are summarized in Figure 3c, demonstrating that
D can be systematically tuned via controlled variation of α2.
igure 3d shows the Q factor of the QGM, extracted from the
easured transmission spectra using Fano resonance fitting,
llustrating that the Q factor remains nearly constant (≈95), with
nly minor deviations observed at larger incident angles for α2 =
0◦. These results confirm that increasing α2 reduces CD while
reserving the stability of the Q factor. The dependence of the
factor on r2 has been further demonstrated by measuring the
ngle-resolved transmission spectra of the fabricated samples
ith r2 = 195 nm and 205 nm while α2 = 10◦, shown in
igure 3a(i,iv). The results validate that the flatband dispersion is
dvanced Materials, 2026
well preservedwithin±14◦. As r2 increases from 195 nm to 205nm,
the Q factor drops by nearly half across the entire wavevector
range (Figure 3e). Notably, while the designed CD at the resonant
wavelength remains unchanged, slight variations are observed
experimentally for different r2 (Figure S9). Moreover, the flatband
dispersion is well preserved across the structural variations. As
shown in Figure 3f, the resonance shift Δλ is extracted, revealing
that within the ±14◦ incident range, the resonance positions
shift by less than 2 nm. Overall, these experimental findings
substantiate the realization of a chiral QGM with flatband
dispersion and its versatile tunability.

The proposed flatbandQGMenables not only linear chiral optical
manipulation but also holds significant potential for nonlinear
chiral nanophotonics, which is essential for ultrafast spin control
and spin-dependent quantum light generation. The nonlinear
chirality originates from the spin-dependent enhancement of the
electric field. Figure 4a depicts the electric field magnitude (|E|)
distributions at normal incidence for RCP and LCP excitations.
Specifically, the electric field enhancement (FE) was quantified,
demonstrating that the enhancement under RCP excitation
exceeds that under LCP excitation by a factor of approximately
30. The FE of the structure is defined as:

FEavg =
∫ ∫ ∫ (𝐸∕𝐸0)

2dV
𝑉

(3)

where the integration volumeV encompasses the entire structure,
E denotes the amplitude of the electric field, andE0 represents the
amplitude of the incident wave. Exploiting this spin-dependent
electric field enhancement of the flatband QGM, we experimen-
tally demonstrate angle-robust chiral third-harmonic generation
(THG) with near-unity CD. To illustrate the angular robustness
of the nonlinear CD more clearly, we also consider the THG
response under oblique incidence along the y-direction, which
corresponds to a dispersion band of QGM, as a reference.
Figure 4b shows the variation of the resonant wavelength of
QGM with oblique incidence along both x- and y-directions.
The measured THG intensities under RCP and LCP pumping
along these two directions are presented in Figure 4c,d. The
results indicate that the THG intensity remains nearly constant
for incident angles up to 10◦ along the x-direction, whereas it
gradually decreases along the y-direction. Meanwhile, the THG
intensity under RCP pumping is significantly higher than that
under LCP pumping across a broad angular range, resulting in
an angular-robust nonlinear CD of up to 0.8 (Figure 4e). Here,
the nonlinear CD is defined as (𝐼3𝜔𝑅 − 𝐼3𝜔𝐿 )∕(𝐼3𝜔𝑅 + 𝐼3𝜔𝐿 ), where
𝐼3𝜔
𝑅∕𝐿

denotes the THG intensity under RCP (LCP) excitation.
Notably, as the THG intensity under oblique incidence along
the y-direction nearly vanishes at 10◦, restricting the angular
range for comparison to values below this threshold is suf-
ficient to elucidate the chiral contrast between the flatband
and dispersive bands. In contrast, for oblique incidence along
the x-direction, the THG response remains remarkably robust,
with the maximum nonlinear CD persisting up to 13◦, closely
approaching the angular extent of the flatband dispersion at
the fundamental frequency. In addition to enabling nonlinear
CD, the THG signal is significantly enhanced by the QGMs
compared to a reference unpatterned α-Si film, reaching nearly
1.2 × 104 (Figure 4f). The measured THG conversion efficiency
is approximately 1.1 × 10−9 for an average pump power of
5 of 9
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FIGURE 3 Experimental demonstration of the flatband QGM with decoupled tuning of CD and Q factor. (a, b) Simulated and measured angle-
resolved CD spectra for (i) α2 = 10◦, (ii) 35◦, and (iii) 55◦ with r2 = 205 nm, and for (iv) r2 = 195 nm with α2 = 10◦. (c) Extracted CD at the resonance
for different incident angles. Bar colors indicate different incident angles. (d, e) Extracted Q factor at the resonance for different incident angles.
(f) Measured Δλ for different incident angles, where Δλ = λmax - λ0 denotes the resonance shift and λ0 is the resonant wavelength at θ = 0◦.
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5.42 mW (Section S10). Figure 4g presents a log–log plot of
he THG intensity versus average pump power at the reso-
ance wavelength, with a slope of 3.05, further confirming the
ubic dependence characteristic of the third-order nonlinear
rocess.

Conclusion

o overcome the limited incident-angle tolerance of conventional
onlocal metasurfaces and enhance light-matter interactions,
latband modes have attracted considerable attention. In previ-
usly reported studies, flatband responses have been realized
cross multiple spectral ranges and in various photonic systems,
s summarized in Table S1. These studies have demonstrated
he capability of flatband systems to achieve high-Q resonances
nd enable manipulation of the Q factor. In chiral flatband
odes, however, the CD and Q factor are generally tightly
of 9
correlated with the same structural perturbations. Adjusting a
given parameter to improve one property often degrades the
others, and it can also affect the bandwidth of the flatband,
making it challenging to simultaneously achieve a high Q factor,
strong CD, and flexible control over all these characteristics. We
introduce an intrinsic chiral QGM that exhibits a more robust
flatband against structural perturbations, enabling decoupled
control of the Q factor and CD. By introducing two independent
structural parameters, we realize decoupled control of these two
quantities while maintaining nearly unchanged band dispersion.
Maintaining flatband dispersion over ±14◦, we experimentally
demonstrated that the CD can be tuned from approximately−0.75
to 0 with a Q factor of 95, while the Q factor can be tuned from
95 to 186 while preserving high CD. All values are averaged over
the flatband range of ±14◦. Further improvements in fabrication
accuracy are expected to enhance the CD toward ±1 and bring
the performance closer to the simulated values. Such independent
tunability is particularly important for chiral resonance, as tuning
Advanced Materials, 2026
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FIGURE 4 Experimental demonstration of angle-robust nonlinear CD based on the intrinsic chiral QGMwith flatband dispersion. (a) The electric
field magnitude (|E|) distributions at the resonance wavelength under normal incidence for RCP and LCP incidence, respectively. (b) Resonance
wavelength of the fabricated metasurface as a function of the incident angle θ along the x and y directions, measured with a 2◦ scanning step. (c,d)
Measured THG intensities under RCP and LCP excitation along the (c) x and (d) y directions at different incident angles. (e) Calculated nonlinear
CD spectra derived from the measured data in (c). The color of each spectrum corresponds to a specific incident angle. (f) THG intensity under RCP
incidence for the metasurface (blue) compared with the unpatterned α-Si film (red). (g) Log-log plot of the THG signal versus incident power. Blue
crosses represent measured data, and the gray line shows a fit to a third-order power function.
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he Q factor enables optimization of light-matter interaction
trength, while independent control of CD provides a high degree
f flexibility in engineering the radiation field. Moreover, owing
o the scalable nature of the design, this chiral flatband QGM
an be shifted to other spectral ranges, such as the visible regime
Section S12), providing a straightforward strategy for practical
anophotonic applications.

n summary, we have numerically and experimentally demon-
trated that a partially etched α-Si metasurface can support an
ntrinsic chiral QGM featuring flatband dispersion with indepen-
ently tunable Q factor and CD. We revealed that the flatband
ispersion originates from the standing-wave nature of the corre-
ponding GM at the Brillouin zone boundary. The Q factor and
D, which are determined by the radiative loss and the spin-
ependent coupling strength of the QGM, can be independently
ontrolled by adjusting the scaling ratio and rotation angle of the
anostructures through two structural parameters. Importantly,
ariations in these parameters exert minimal influence on the
and dispersion, enabling the realization of chiral flatbandmodes
ith adjustableQ factor andCD. Furthermore,we experimentally
erified that the intrinsic chiral QGM facilitates angle-robust
onlinear chiroptical responses, as evidenced by THG exhibiting
CD exceeding 0.8 across a broad angular range. These findings
stablish a versatile and robust design strategy for realizing
ntrinsic chiral flatband QGMs with independently controllable
factors and CD, opening pathways toward high-performance
dvanced Materials, 2026
linear and nonlinear chiral photonic components in integrated
nanophotonic platforms.

4 Experimental Section

4.1 Sample Fabrication

The partially etched α-Si metasurfaces, comprising DSS nanos-
tructures on a thin slab, were fabricated on fused-quartz
substrates using plasma-enhanced chemical vapor deposition
(PECVD), electron-beam lithography (EBL), and reactive-ion
etching (RIE). A 655-nm-thick α-Si layer was first deposited
by PECVD at 120◦C using SiH4 (10 sccm) and Ar (475 sccm)
as precursor and carrier gases, respectively, with a chamber
pressure (650 mTorr) and RF power of 20 W. A 455-nm poly-
methyl methacrylate (PMMA) resist was then spin-coated and
overlaid with a thin PEDOT:PSS conductive film. After exposure
on a JEOL 6300FS EBL system at a base dose of 1000 µC
cm−2 and 100 kV acceleration voltage, the conductive layer was
removed by deionized-water rinsing. The resist was developed
in a 1:3 MIBK:IPA solution for 40 s and subsequently rinsed
in IPA for 30 s. A 100-nm chromium (Cr) hard mask was
deposited by electron-beam evaporation, followed by a lift-
off step in warm acetone to define the patterned Cr mask.
The α-Si layer was subsequently etched through this Cr mask
using RIE, where the etch duration was precisely controlled to
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eave an unetched thickness of 200 nm. Finally, the remain-
ng Cr mask was removed using a ceric ammonium nitrate
olution.

.2 Experimental Measurement

he angle-resolved transmission spectra were measured using
home-built optical setup. A supercontinuum laser (SC-Pro-M-
0, YSL Photonics) served as the broadband excitation source.
ircular polarization was generated using a broadband polarizer
Codixx AG, IR 1300 BC5) and an achromatic quarter-wave
late (B. Halle Nachfl, λ/4 super achromatic waveplate). The
eam was then illuminated onto the sample, and the transmitted
ight was collected by an objective lens (Sigma NIR Plan Apo
0×, NA = 0.45). The transmitted signal was analyzed using a
econd quarter-wave plate and polarizer to select the co-polarized
omponent, and then directed through an aperture and a lens
f = 100 mm) into an optical spectrum analyzer (Zolix, Omni-
50i) via a fiber coupler. The aperture defined the collection area,
lightly smaller than the sample size. A flip mirror positioned
fter the lens enabled switching between spectral acquisition
nd sample imaging, which was recorded by a CMOS camera
TUCSEN, Mlchrome 5BW). The sample was mounted on a
D rotation stage to enable angle-resolved measurements. All
ransmission spectra were normalized to the air background. For
HG measurements, the linear and nonlinear optical pathways
ere co-aligned within a shared platform to ensure strict beam
ollinearity and experimental consistency. A femtosecond laser
FLINT FL1) was used to pump an optical parametric oscillator
OPO), generating signal pulses (≈200 fs, 75.4MHz) tunable from
400 to 2000 nm. The excitation beam was converted to circular
olarization using the same linear polarizer and achromatic
uarter-wave plate employed in the linearmeasurements andwas
ocused onto the metasurface by an objective lens (Sigma NIR
lan Apo 5×, NA = 0.15). THG emission from the sample was
ollected through an objective lens (Sigma NIR Plan Apo 20×,
A = 0.45) and passed through a cascade of short-pass filters to
emove residual fundamental light. The filtered THG output was
ubsequently coupled into an Andor spectrometer for spectral
nalysis.
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