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Using periodic refractive index perturbations, the Brillouin zone is folded, transforming the guided modes in a meta-
surface into guided resonances with arbitrarily high quality-factors. The incorporation of phase change materials within the
metasurface enables dynamic modulation of the guided modes. The system’s symmetry ensures a polarization-independent
response under normal incidence. Furthermore, the metasurface exhibits excellent sensing performance, demonstrating its

potential for advanced photonic applications.
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1. Introduction

To enhance light-matter interactions at the nanoscale,
resonances with high quality (Q) factors are crucial. Peri-
odic structures such as resonant waveguide gratings,!!=*! pho-
tonic crystal slabs,[*7! and metasurfaces!®%! can serve as free-
space-accessible platforms for high-Q resonances. In dielec-
tric metasurfaces with periodic structures, three typical modes
are supported: guided modes (GMs), Fabry—Parot modes, and
the guided resonances (GRs).[*l GMs are inaccessible from
free space while Fabry—Parot modes exhibit very low Q fac-
tors. Consequently, GRs are commonly exploited to achieve
high Q resonances.

A theoretically infinite high Q factor for GRs can be
achieved through the construction of bound states in the con-
tinuum (BICs).[>1%1 BICs are a special class of GRs that are
typically discretely distributed on GR bands. These states
arise from the incompatible symmetries of the GR and the
corresponding free space modes (symmetry-protected BICs),
or the destructive interference of the radiative components in
the GRs (Friedrich—Wintgen BICs). By definition, BICs are
fully decoupled from the free space radiation and thus are in-
accessible for most situations. Designing a BIC with specific
frequency and momentum requires precise parameters tuning.
When these parameters deviate from their ideal values, a BIC
transitions into an accessible quasi-BIC with a finite yet very
high Q factor.>:!112] However, the Q-factor of a quasi-BIC
is very sensitive to parameter variations, requiring careful de-
sign for devices based on quasi-BICs. Furthermore, quasi-
BICs induced by symmetry breaking often exhibit polarization
anisotropy, which may limit their stability in applications such
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as sensing.

Beyond BICs, non-BIC GRs also offer a viable pathway
for achieving high-Q resonances. A straightforward yet ef-
fective approach involves folding the Brillouin zone by intro-

(113141 This pro-

ducing periodic perturbations to the lattice.
cess reduces the Brillouin zone, by half, for example, folding
the guided modes into the region of continuum to form GRs.
As these GRs originate from guided modes, they inherit inher-
ently high Q factors. Furthermore, the Q factors can be readily
tuned by the strength of the perturbations. >3] By this means,
GRs with Q-factor as high as 2.4x10° have been experimen-
tally realized.!'®! Unlike quasi-BICs, these GRs do not rely on
symmetry breaking, enabling the possibility of polarization-
independent excitation. Additionally, such GRs are insensitive
to the angle of incident light,'*] which enhances the stability
and reliability of associated devices.

The optical properties of a device are typically deter-
mined by its structural design. However, dynamic tuning of
metasurfaces is highly desirable for many applications. Vari-
ous approaches have been proposed to enable dynamic mod-
ulation in metasurfaces. In the terahertz band, dynamic reso-
nances have been demonstrated in dielectric silicon metasur-
faces by modifying the material carrier density through photo-
doping, achieved by applying a short-pulse optical pump
with photon energy greater than the silicon band gap.!'”-18]
Similarly dynamic graphene—dielectric composite metasur-
faces have been realized using the electro-doping to modu-
late graphene conductivity, where voltage adjustments alter
the Fermi energy.[!%1519) In the near-infrared (NIR) band,
dynamic quasi-BICs have been achieved using photosensi-
tive material based metasurface!>”! and nanoelectromechani-
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cal systems.!?!! In addition, phase change materials (PCMs)
have emerged as promising candidates for dynamic modula-
tion in micro- and nano-photonic systems. PCMs demonstrate
excellent performance?>] due to their ability to reversibly
modulate crystallinity via optical, thermal, or electrical meth-
ods, coupled with fast response time, high stability and sig-
nificant refractive index contrast.[26-27] Among these PCMs,
SbyS3281 and SbySes! 4291 exhibit substantial refractive in-
dex differences between their amorphous and crystalline states
while maintaining low optical losses in both states within the
NIR regime.

Despite their potential, studies on dynamic guided reso-
nances (GRs) in the NIR band using low-loss PCMs remain
limited, particularly for high-Q GRs achieved through Bril-
louin zone folding. Exploring the use of PCMs to modulate pe-
riodic perturbations in metasurfaces offers a novel and promis-
ing avenue for advancing dynamic, high-Q optical resonances.

In this paper, we propose a dielectric metasurface com-
posed of SbySes (SS) to achieve dynamic high-Q resonances
in the NIR band. The metasurface supports polarization in-
dependent dual-band high-Q GRs through band folding in-
duced by periodic refractive index perturbations. These GRs
are demonstrated to be insensitive to the wavevector and po-
larization of the incident light. The optical response of the
metasurface is modulated flexibly by tuning the refractive in-
dex of the PCM. We further demonstrate the utility of these
GRs in refractive index sensing, investigating how their tun-
ability enhances and modulates the figure of merit (FoM). To
address challenges associated with the crystallinity control,
we also present alternative approaches for realizing tunable
GRs. Our findings expand the possibilities for implementing
of polarization-independent and dynamically tunable GRs, of-
fering significant potential for high-Q optical resonances and
advanced photonic applications.

2. Results and discussion

2.1. Perturbation scheme and band structures of the meta-
surface

As shown in Fig. 1(a), the proposed metasurface is
formed by periodically arranging the SS discs on an SiO; sub-
strate. When no phase transition occurs, the 4 discs labeled
A, B, C, D in a super cell are identical. Experimentally, the
metasurface can be obtained by depositing an SS layer with a
uniform thickness onto a glass substrate, followed by the pro-
cessing of electron-beam lithography (EBL) and inductively
coupled plasma (ICP) etching techniques. The radius R and
thickness / of the SS nanodiscs are set as 200 nm and 220 nm,
respectively. The distance between the two nearest nanodiscs
is d = 500 nm. The optical properties of the metasurface

were evaluated using the finite element method (FEM). Peri-

odic boundary conditions are applied in the x and y directions,
and perfectly matched layers are set in the z direction. The
refractive index of SiO, in the near-infrared wavelengths is

301 The refractive

adopted from the experimental data of Palik.
indices and extinction coefficients of SS are extracted from the
reported experimental data.3!) Two types of refractive index
perturbation are proposed for the metasurface, as illustrated in
Fig. 1(b). In the first scenario, the four discs are initially in
an amorphous state, with disc A gradually transitioning into a
crystalline state. Conversely, in the second scenario, the discs
are initially in a crystalline state, and disc A gradually transi-

tions into an amorphous state.
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Fig. 1. (a) Schematic diagram of the proposed metasurface. (b) Two types
of perturbations of the refractive index. Type-1: the four discs are all ini-
tially in an amorphous state, followed by the transformation of nanodisc A
into a crystalline state. Type-2: all four discs are initially in a crystalline state,
followed by the transformation of nanodisc A into an amorphous state. (c)—
(f) Iustration of the band structures of the TM (TE) modes before and after
the perturbation. The insets next to panels (d) and (f) are the field profiles for
bands 1-4 at the I" point.

When there is no perturbation, each unit cell of the meta-
surface contains only one disc and the period P = 500 nm. The
transverse electric (TE) and transverse magnetic (TM) band
structures in the first Brillouin zone along I'-X-M direction
were calculated, as shown in Figs. 1(c) and 1(e), respectively.
Note here no substrate is considered for simplicity. The low-
est band lies outside of the light cone (gray shaded region),
corresponding to the non-radiative guided modes. When per-

turbation described above is introduced, the unit cell expands
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to four times its original size and hence, the Brillouin zone will

1321 The correspond-

be compressed to 1/4 of its original area.
ing band structure can be obtained from successive Brillouin
zone folding along the k, and k, directions. Such operation
will map the original high-symmetry points X, Y, and M point
onto the I" point. As a result, a single band in the original Bril-
louin zone transforms into four distinct bands. Specifically, the
band structure along the k, direction consists of four branches,
corresponding to the original I'-X’, X'-X, Y-Y’, and M-Y’
segments. Owing to the Cy4 rotational symmetry of the lat-
tice, the dispersion along the Y-M segment is equivalent to
that of the X—M segment. Therefore, the band structure along
the k, direction can be constructed following the procedure
illustrated in Fig. 1(c): (i) translate the X—M segment to the
I'-X segment, doubling the number of bands in this region;
(ii) fold the resulting band structure in the I ' —X segment in the
k, direction. The final folded band structures are presented in
Figs. 2(d) and 2(f).

The field profiles corresponding to the bands at the I”
point are calculated. Insets in Figs. 1(d) and 1(f) illustrate the
field distributions (£, for TM modes and H, for TE modes) of
the degenerate bands (labeled as 1, 2 for the TM modes and 3,
4 for the TE modes). These profiles are centered on nanodisc
A, which serves as the symmetry center of the perturbed sys-
tem. The results reveal that the profiles exhibit C>-odd sym-
metry and the degenerate pairs are connected by a 90° rotation.
Conversely, other field profiles (not shown here) demonstrate
C>-even symmetry. The distinction in symmetry imply that C>-
odd modes can be excited by far-field radiation, whereas the
C»-even modes cannot, giving rise to the symmetry-protected
BICs.[10)

2.2. Dynamic tuning of metasurface transmission

Figure 2 shows the transmission spectra of the metasur-
faces at normal incidence under the refractive index pertur-
bations by manipulating the crystallinity of nanodisc A (ma).
Figures 2(a) and 2(b) correspond to type-1 and type-2 pertur-
bations, respectively. When no perturbation is applied, no res-
onance peak is observed in the frequency regime of interest.
In this case, no band folding happens and all the modes con-
cerned resides below the light line and are GMs, as indicated
by Figs. 1(c) and 1(e). When period perturbations are intro-
duced, the transmission spectra show that 2 resonances are ex-
cited. For convenience, these resonances are labeled as modes
I, I, I', and 1T, respectively. By the field profiles, the two
modes excited can be recognized as the two degenerate pairs
shown in Figs. 1(d) and 1(f). Modes I and I' come from the
TM bands 1 or 2; modes II and II' come from the TE bands
3 or 4. When incident light is x-polarized, the I" point modes

on band 1 of the TM, band 4 of the TE bands will be excited.
While for y-polarized incidence, band 2 of the TM and band 3
of the TE bands will be excited.
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Fig. 2. (a) and (b) Transmission spectra of the metasurfaces corresponding to
perturbation of the type-1 and type-2 shown in Fig. 1(b) with different crys-
tallinities. (c) and (d) Q-factors of the modes shown in panels (a) and (b).
Here my is the crystallinity of the SS nanodisc A.

The Q-factors and the resonant frequencies can be mod-
ulated readily by the strength of perturbation. As shown in
Figs. 2(c) and 2(d), with the increase of the perturbation via
crystallinity modulation, the width of the resonance peak in-
creases and the resonance frequencies shift to the blue side or
red side, depending on change of the effective refractive index

arising from the crystallinity variation.
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Fig. 3. The Q-factors of GR modes of band 1 (a) and band 4 (b) in momen-
tum space with different perturbation factors.

Different from the quasi-BICs, the Q-factors of GRs are
insensitive to the variation of the wave vector.!'*! Figure 3
shows the Q-factors of the two GRs at the vicinity of the I"
point under different perturbations. Here the perturbation fac-
tor is defined as & = (naRother) /Mothers Where na denotes the
refractive index of nanodisc A, and nge, represents the refrac-
tive index of the other three nanodiscs in the unit cell. The re-

fractive index of the substrate remains constant throughout the
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analysis. Unlike the quadratic momentum dependence (o< k2)
of the quasi-BICs,!33-3%! the Q—k, relation of the GRs exhibit
a flat feature, consistent with the previous report.!'* Such in-
sensitivity might be favorable for the stability of associated
devices.

(a) Mode I-(ma =100%

) 1B1/1Eo|

(c) Mode I'-(ma =0%)

Fig. 4. Electric field distributions of the guided resonances at normal
incidence. Panels (a) and (b) correspond to type-1 perturbation while
panels (c) and (d) correspond to type-2 perturbation.
Figure 4 shows the electric field distributions in the x—
y plane at the midplane of the nanodiscs for the four reso-
nances under maximum perturbation. Comparing modes I and
I’ with modes II and II' reveals two key differences. First,
the sensitivity of the field distributions to perturbation differs
significantly. In modes I and I, the field distribution at nan-
odisc A differs considerably from that of the other nanodiscs,
whereas in modes II and II', this difference is much smaller.
This variation accounts for the differences in their Q-factors,
since a more pronounced difference in field distribution indi-
cates a greater deviation from the waveguide mode, resulting
in a lower quality factor. Second, compared to modes I and I',
the electric fields in modes II and II' are more concentrated in
the gap between the nanodiscs, with a much stronger relative
electric field strength |E|/|Eo| (where E and Ey denote the lo-
cal electric field and the incident electric field, respectively).
This distinction suggests that modes II and II' are more suit-

able for sensing applications.

2.3. Polarization-independence of the metasurface

Achieving polarization-independent optical cavities, i.e.,
the resonances remain stable under polarization changes, is
important for many applications. For the index perturbation
proposed here, the C4 symmetry can be remained naturally.
Figure 5(a) shows the planar schematic diagram of the meta-
surface in which the red discs (denoted as A) are perturbed.
Though no C4 symmetry can be directly seen from the super-
cell indicated by the black solid box. However, if we choose
the red discs or their diagonal neighbours as the center of the
supercell, as indicated by the red or yellow box, it is obvious

that the metasurfaces maintain the C4 symmetry. Such sym-
metry ensures that the metasurface is isotropic to polarization
for normal incidence.*”! Figures 5(c) and 5(d) show the trans-
mission of the metasurface with different polarization angel 0,
it can be seen that the locations and intensities of the GRs are

independent of the polarization.
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Fig. 5. (a) Schematic diagram of the supercells. The unit cells indicated by
the yellow or red box show that the lattice possesses C4 symmetry. Nanodiscs
with the same crystallinity are shown in the same color. The inset describes
the polarization of the normal incidence. (b) Transmission at different polar-
ization angles under type-1 perturbation with ma = 100%. (c) Transmission
at different polarization angles under type-2 perturbation with ma = 0%.

The polarization independence is related to the mode de-
generacy at the I point. As shown in Fig. 1, the field profiles
of the degenerate modes (band 1 and band 2 in the TM bands,
band 3 and band 4 in the TE bands.) are the same up to a 90°
rotation. At normal incidence, the I" point modes on band 1 (2)
of the TE polarization, band 4 (3) of the TM polarization are
excited when light is x(y)-polarized. For incidence with arbi-
trary polarization angle, both modes will be excited. However,
since the field profiles are essentially identical, the spectra re-
main unchanged, ensuring polarization independence.

It worth noting that this polarization independence is
valid only under normal incidence. At oblique incidence, the
overall C4 symmetry of the system (with the incidence in-
cluded) is broken, thereby eliminating the polarization invari-
ance. As aresult, the corresponding bands are excited by the x-
or y-polarized components of the incident field. Due to their
distinct dispersion properties, shift and splitting of the reso-

nant peaks will be observed.

2.4. Sensing applications of the metasurface

As high Q-factor resonances, GRs supported in the di-

electric metasurface can facilitate the sensing applications by
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affording exceptional near-field enhancement. The sensing
capabilities are often evaluated by two metrics: sensitivity
(S = AL /An) and the figure of merit (FoM = S/FWHM). Here
AA denotes the shift of the resonance peak, An signifies the
variation of the refractive index of the analyte, and FWHM is
the full width at half maximum of the resonance peak. Here
we provide an illustrative example of ambient refractive index
sensing. The metasurface is situated within ambient media
With the trans-

mission spectra corresponding to distinct levels of crystallinity

characterized by varying refractive indices.

variation under both type-1 and type-2 perturbations obtained,
the sensing performance can be evaluated.

The positions of the resonance peaks for type-1 and type-
2 perturbations are plotted respectively in Figs. 6(a) and 6(c) as
a function of the ambient refractive index, and the correspond-
ing FoMs are depicted in Figs. 6(b) and 6(d). According to
the definition, the sensitivity S is given by the slope of curves
plotted in Figs. 6(a) and 6(c). According to Fig. 6(a), the sen-
sitivity is about 200 nm/RIU (RIU: refractive index unit) for
mode I and 600 nm/RIU for mode II under type-1 perturba-
tion. Likewise, under type-2 perturbation, mode I’ showcases
a sensitivity of 200 nm/RIU while mode IT' displays a sen-
sitivity of 660 nm/RIU (see Fig. 6(c)). The long wavelength

(a) ~@+Mode II-ma = 100% g0 nm/RI
1@ Mode 1I-ms =75%

1750 L
Mode II-mp = 50% ﬁ s

-- Mode II-mp = 25é - o
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Refractive index: n

modes consistently exhibit higher sensitivity compared to their
short wavelength counterparts. This sensitivity distinction can
be attributed to the different field profiles illustrated in Fig. 4.
Comparing to modes I and ', the electric fields associated with
modes II and II' are more concentrated within the gap be-
tween the nanodiscs, thereby engendering more pronounced
field-analyte interactions.

Within the discussed ambient refractive index range,
modulation and enhancement of the FoM values are achieved,
while the sensitivity remains virtually unaffected by ma. In
Figs. 6(b) and 6(d), the FoMs of the resonant modes corre-
sponding to Figs. 6(a) and 6(c) are presented. It can be ob-
served that the FoM exhibits minimal dependence on the am-
bient refractive index. On the other hand, due to the larger
FWHM (lower Q-factor) and lower sensitivity, the short-
wavelength modes exhibit lower FoM values compared to the
long-wavelength modes. The FoM can be tuned by control-
ling the crystallinity of nanodisc A. Compared to recently re-
ported sensors operating in the infrared region, 3138421 the
proposed sensor demonstrates excellent performance in terms
of sensitivity, quality factor, polarization insensitivity, and dy-

namic tunability.
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Fig. 6. The wavelengths of the resonance peaks and the corresponding FoMs as a function of the ambient refractive index. Panels (a) and (b)
are for the type-1 perturbation, while panels (c) and (d) are for the type-2 perturbation.

2.5. Simplified version of the tunable metasurface

Precise control of the partial crystallization of PCMs re-
mains a significant challenge in practice, whereas transition-

ing between the amorphous and crystalline states is relatively

straightforward. Additionally, comparing to modulate the
crystallinity of specific nanodiscs within a metasurface, con-
trolling the crystallinity of the entire metasurface is consid-
erably more feasible. To address this, we adopt a simplified
strategy to design a tunable metasurface that relies exclusively
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on the amorphous and crystalline states.

As illustrated in Fig. 7(a), the refractive index perturba-
tion is implemented by modifying the size of nanodisc A,
with dynamic control achieved through transitions between
the amorphous and crystalline states. This structure exhibits
a similar band structure to that in Fig. 1 and supports two
pairs of degenerate guided resonance (GR) modes at the I'-
point. The system retains C4 symmetry, ensuring polarization-
independent optical responses.

The transmission spectra of the metasurface correspond-
ing to the two crystallinity states are shown in Fig. 7(b). Two
resonance modes are observed, designated as mode I (short

wavelength) and mode II (long wavelength), with their cor-
responding Q factors presented in Fig. 7(c). Here the radius
of the disc on top left is reduced from 200 nm to 185 nm, en-
abling the Q-factors to be tuned between 103 and 10%. Notably,
smaller radius reduction can yield higher Q-factors. Under re-
alistic fabrication conditions, the Q factors are significantly
reduced due to fabrication imperfections. Nevertheless, sim-
ulation results suggest that Q factors on the order of several
hundred can still be achieved if variations in nanodisc diame-
ter are constrained to approximately +10 nm, which remains

adequate for many practical applications.

Cm m (b) 10T= (c) 10 #*GR1
0.8 ( o8 % ® GR2
=
06 : 6
0.4 £ 4
£ *
021 _m—o0% o2 O )
T —m =100 %
Sio, M a-SS [ ¢SS 1500 1600 700 ° 0 100
A (nm) m (%)

Fig. 7. (a) Side view (top) and top view (bottom) of the unit cell of the size-perturbed metasurface. The black arrows indicate the transition
from the amorphous state to crystalline state. The transmission spectra and the corresponding Q-factors of the metasurface in the crystalline

and amorphous states are shown in panels (b) and (c).
3. Conclusion

In conclusion, we propose a refractive index-tunable and
low-loss metasurface based on the phase change material.
The excitation and dynamic modulation of the polarization-
independent GRs are achieved by manipulating the crys-
tallinity of the phase change material. As the GRs arise from
the band folding which turns the GMs into GRs, their Q-
factors can be straightforwardly modulated by the extent of
perturbation and exhibit a good tolerance to the angle of in-
cidence. Meanwhile, due to the C4 symmetry of the system,
the transmission spectra are independent of the incidence po-
larization.

As an example of application, the sensing performance of
the tunable metasurface is evaluated. The sensitivities of the
two dual-band GRs were near 200 nm/RIU and 600 nm/RIU,
respectively. Meanwhile the corresponding FoM can be
modulated effectively from tens to thousands by means of
crystallinity tuning. We also propose a more experimen-
tally convenient scheme to achieve tunable and polarization-
independent GRs with high Q factors.

Our work provides a promising pathway to achieve tun-
able polarization-independent high-Q modes and may facili-
tates related applications.
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