PHYSICAL REVIEW APPLIED 21, 044004 (2024)

Phase-change nonlocal metasurfaces for dynamic wave-front manipulation
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Recent advances in nonlocal metasurfaces have enabled unprecedented success in shaping the wave
front of light with spectral selectivity, offering alternative solutions for many emerging nanophotonics
applications. The ability to tune both the spectral and spatial properties of such a class of metasurfaces
is highly desirable, but the dynamic nonvolatile control remains elusive. Here, we demonstrate active
narrowband wave-front manipulation by harnessing quasi-bound states in the continuum (quasi-BICs)
in phase-change nonlocal metasurfaces. The proof-of-principle metasurfaces made of Sb,S; allow for
nonvolatile, reversible, and tunable spectral control over wave front and switchable spatial response at a
given wavelength in the near-infrared regime. The design principle mainly builds upon the combination
of the geometry phase of quasi-BICs and the dynamic tunability of phase-change meta-atoms to tailor the
spatial response of light at tunable resonant wavelengths. By tuning the crystallization level of Sb,S; meta-
atoms through controlling the external stimuli, the dynamic nonlocal wave-front-shaping functionalities
of beam steering, one-dimensional, and two-dimensional focusing, and holographic imaging are achieved
exclusively at resonant wavelengths, with functionally transparent off resonance. This work represents a
critical advance towards developing an integrated dynamic nonlocal metasurface for future augmented

and virtual reality wearables.
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I. INTRODUCTION

The past few decades have witnessed substantial
progress of metasurfaces controlling the light field through
subwavelength elements, as they can be designed with a
variety of geometries and materials to generate a tailored
optical response in terms of amplitude, phase, polarization,
frequency, and other degrees of freedom [1-5]. Particu-
larly with their ability to impart a specific phase profile
using designed meta-atoms for wave-front control, meta-
surfaces have provided an elegant and fashionable strategy
in miniaturizing and flattening optical systems [6—16]. The
conventional metasurfaces are designed to imprint inde-
pendent and spatially variant phases onto incident light
waves, and these local devices would shape the wave front
over a broad range of wavelengths due to the modulation as
a function of position. However, in many emerging imag-
ing, sensing, and display applications such as augmented
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reality (AR) and virtual reality (VR) systems, the func-
tionalities that require highly localized energy and high
spectral control over the wave front are inaccessible by
the local metasurfaces. Most recently, several works have
employed the concept of bound states in the continuum
(BICs) to realize the nonlocal wave-front-shaping meta-
surfaces with large quality factor (Q factor) and spectral
selectivity [17-21]. Based on the analysis of symmetry
perturbations to the BICs, the general method for inde-
pendently controlling local and nonlocal interaction of the
metasurface supporting quasi-BICs is developed to shape
the wave front by spatially varying the polarization proper-
ties of quasi-BICs only on resonance, leaving the nonreso-
nant light unchanged. The nanostructures, such as wave-
front-selective metasurface [22] and spectrally selective
metalenses [23-25], have been theoretically and experi-
mentally demonstrated, opening other pathways for future
three-dimensional (3D) display platforms that complement
those of conventional metasurfaces.

Despite the exciting advances in nonlocal metasurfaces,
the ability to realize flat optical devices with control-
lable spectral and spatial response remains a significant
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ongoing challenge for practical applications. In previous
works, researchers have realized the control of multi-
ple quasi-BICs by adding successive symmetry-breaking
perturbations to a single nonlocal metasurface, allow-
ing for wave-front manipulation at several wavelengths
[26,27]. In principle, up to four distinct functions from
four quasi-BICs may be realized on a single metasur-
face though at the cost of denser patterning and increased
crosstalk. Besides the single-layer structures, multiple non-
local wave-front-shaping metasurfaces can also be stacked
to mold the optical wave front distinctively at multiple
wavelengths [25]. However, these approaches require del-
icate design and precise fabrication techniques. Moreover,
such passive metasurfaces are designed to be static with
fixed control over spatial and spectral response once they
are fabricated. Inspired by the progress of tunable and
reconfigurable nanophotonics [28—31], recent efforts have
explored active tunability and reconfigurability of wave-
front-shaping functionalities in nonlocal metasurfaces. For
example, by leveraging tunable thermo-optic coefficient of
titanium dioxide (TiO;) material, the resonant wavelengths
of quasi-BICs in TiO; nonlocal metasurface are thermally
shifted through refractive-index tuning, and then the ther-
mally switchable functionalities have been demonstrated
in the metasurface [32]. In parallel, the spatial and spectral
reconfigurability of nonlocal metasurfaces has also been
explored in a mechanically stretchable deflector consist-
ing of silicon pillars embedded in a stretchable polymer,
where resonant wavelength and deflection angle can be
simultaneously tunable via mechanical strain [33]. The
thermally tunable and stretchable metasurfaces show the
advantages of simple design, fabrication, and accessible
tuning approaches. Nevertheless, once the thermal con-
trol or mechanical strain vanishes, the spectral and spatial
responses of the metasurfaces recover to their initial states.

This work employs an emerging phase-change mate-
rial, antimony trisulfide (Sb;S3), in nonlocal metasurfaces
supporting quasi-BICs for dynamic spatial and spectral
control in the near-infrared regime. By tuning the crys-
tallization level of Sb,S; using the appropriate external
stimuli, such as thermal, electric, and optical excitations,
wave-front shaping can be realized at tunable wavelengths,
and the optical functionalities at specific wavelengths can
be switched on to off. As a proof of concept, we design
the Sb,S; metasurface supporting the quasi-BIC that is
evolved from the symmetry-protected BIC by the dimer-
ization perturbation. The quasi-BIC obeys the selection
rules, and the system is capable of shaping wave front only
across the narrow spectral bandwidth of resonance using
the geometric phase, while leaving the rest of the spectrum
transparent. By tuning the crystallization level of Sb,S3
meta-atoms, the dynamic spectral and spatial control for
functionalities, such as beam steering, cylindrical lensing,
and radial lensing is theoretically designed and numeri-
cally demonstrated. Furthermore, the dynamic holographic

imaging at distinct wavelengths is demonstrated, showing
the great potential of the phase-change nonlocal meta-
surfaces in optical information storage and encryption.
By introducing the meta-atoms made of the phase-change
materials into the nonlocal wave-front-shaping metasur-
face, the active control of wave-front manipulation at
narrow spectral bandwidth of the quasi-BIC resonances
is realized with the advantage of multistate, reversible,
and nonvolatile tunability in active nonlocal metasurfaces.
It may lead to alternative device concepts and finding
great potential in optical imaging, sensing, and display
applications.

I1. DESIGN PRINCIPLE

Figure 1 is a conceptual illustration of phase-change
nonlocal metasurfaces enabling dynamic spatial control
at distinct resonant wavelengths by tuning the crystal-
lization level of Sb,S;. In the proposed metasurface, the
wave-front manipulation stems from the geometric phase
imparted onto the converted circularly polarized (CP)
light of transmission mode on resonance. The geometric
phase relies only on the polarization properties of quasi-
BIC from symmetry breaking. Meanwhile, the quasi-BIC
resonance of the metasurface strongly depends on the
refractive index of Sb,S; meta-atoms, which is tunable by
adjusting the crystallization state of Sb,S; through con-
trolling the external stimulus including thermal, electric,
and optical excitations [34—39]. Under the operating prin-
ciple, dynamic wave-front manipulation can be realized at
the wavelength-tunable resonance in a specific symmetry-
broken quasi-BIC nanostructure. As shown in Fig. 1, the
wave front would be shaped at the resonant wavelength
when the broadband CP light illuminates onto the quasi-
BIC metasurface with a designed phase profile. As Sb,S;
metasurface experiences phase transition from the amor-
phous (a-Sb,S3) to crystalline states (c-Sb,S3), the spectral
response is shifted from XA, to A., tuning the centered
wavelength of spatial control. Specifically, Sb,S; material
possesses multilevel nonvolatile tunable optical constants
and the ultrafast reversible switching ability between the
stable states. Benefiting from these advantages, the pro-
posed Sb,S; metasurfaces can realize dynamic, reversible,
and nonvolatile wave-front manipulation at distinct wave-
lengths during the phase-transition process.

The proposed phase-change metasurfaces can manipu-
late the optical wave front by choosing a specific wave-
length within a broad range, which is different from the
previous nonlocal metasurfaces with only several target
working wavelengths. This can be attributed to continu-
ous spectral control over wave front in Sb,S; metasur-
faces. The proposed metasurface has more freedoms and
higher security for information encryption. For example,
the information decoding at a selected wavelength requires
an appropriate stimulus to transform Sb,S; into a given
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Schematic diagram of dynamic wave-front manipulation at distinct wavelengths enabled by the proposed phase-change

nonlocal metasurfaces. Using the Sb,S; metasurface, the wave front of optical input is manipulated at the resonant wavelength of
quasi-BIC. Through external stimuli, Sb,S; meta-atom is phase changed between the amorphous (a-Sb,S3) and crystalline states
(c-Sb,S3), leading to the resonant wavelength shifting between A, and A.. Inset in the middle is a generic scheme of the atomic
distributions of the three crystallinity states, including a-Sb,S3, the intermediate state referred to semi-Sb,Ss3, and ¢-Sb,S3, which are
nonvolatile stable states that can be reversibly switched during the phase-transition process. The resultant spectral shift of quasi-BIC
resonance gives rise to a tunable center wavelength for the dynamic spatial response.

crystallization level, and misleading or useless information
will be obtained either for other wavelengths or for other
improper crystallization levels. Of note, it offers a solution
for wearables and AR devices. For example, it can not only
satisfy the need to shape optical wave front exclusively
at selected wavelengths and leave the rest of the spec-
trum transparent but also bring the flexibility of adaptive
control with tunable working wavelength of wave-front
manipulation. The proposed metasurfaces offer a prototype
for potential applications, such as information storage and
encryption, AR and display technology.

To present the operation mechanism of the dynamic con-
trol of the spectral and spatial response, we first elucidate
the evolution of the quasi-BIC resonance in the metasur-
face. BICs can be characterized as nonradiating resonant
modes in an open system but without coupling to the radi-
ating channels propagating outside the system [40—42].
Here we focus on the symmetry-protected BICs devel-
oped by symmetry-restricted coupling to free space. To be
excitable from free space light for real applications, the
leaky quasi-BICs with finite O factors are induced by a
symmetry-breaking perturbation. An alternative approach
is the dimerization perturbation to double the period along
the real-space dimension and halve the first Brillouin zone
in momentum space. In Fig. 2(a), the simple structure com-
prising a rectangular aperture etched in a dielectric thin
film is adopted for demonstration, with a dimerized meta-
atom shown in Fig. 2(b). As compared in Figs. 2(c) and
2(d), the period-doubling perturbation effectively folds the
band structure in the k£ space, such that the bound mode
that was under the light line and not radiated to free space
is folded into the continuum at the I point that can be
excitable by free-space light under normal incidence. The
existence of quasi-BIC resonance can also be confirmed by
the broaden linewidth of transmission spectrum, as shown

in the Supplemental Material [43]. In this evolution, the
optical lifetime of such quasi-BIC can be controlled by the
perturbation strength (§) with Q factors varying inversely
with § as O o 82, and the polarization properties are gov-
erned by selection rules specifying whether excitation of
quasi-BIC is forbidden or allowed according to the space
group of the perturbed symmetry [17,44—47]. Thus it is
possible to attain the desired Q factor by adjusting the per-
turbation strength and realize the wave-front control by
manipulating the polarization properties of quasi-BIC in
a designed metasurface.

Then we consider the dimerized structure consisting of
two rectangular holes in Sb,S; thin film with a thickness
of 150 nm on the silica substrate, as shown in Fig. 2(e).
To concentrate on the dynamic wave-front control, the Q-
factor engineering involved is not taken into consideration
in the current work, and we set the constant symmetry-
breaking strength of the structure with orthogonal holes
with fixed length and width. Based on the selection rules
[17], the dimerized structure is categorized as p2 space
group. Independently of this optical localization and life-
time, the in-plane rotation angle o of the apertures controls
the far-field polarization angle ¢ that can couple to the
quasi-BIC mode, with a linear approximation of ¢ ~ 2.
This is derived from the parent-child symmetry relation-
ship between higher-symmetry plane groups pmm and pmg
as parent groups and p?2 as the child group. The pmm parent
space with « = 0° allows mode coupling to x polarization
with & = 0°, and pmg parent space with o = 45° yields
coupling to y polarization with ¢ = 90°. In other words,
a continuous change of the in-plane rotation angle o from
0° to 45° leads to a 90° change in couplable polarization
angle ¢, leading to the ¢ ~ 2« relationship. Like the con-
ventional phase-gradient metasurface, the p2 space group
system imparts the geometric phase to the converted CP
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FIG. 2. The design of phase-change nonlocal metasurfaces. (a)
The unperturbed meta-atom with a rectangular aperture etched
in a thin film. (b) The dimerized meta-atom, with a = 450 nm,
L = 325 nm, and W = 125 nm. (¢),(d) The calculated band struc-
tures for meta-atoms in (a) and in (b), respectively. The green
curve depicts the light line, and the star mark indicates the mode
of interest. (e) The top view of the designed meta-atoms with
rotation angles «. (f) The phase of converted LCP and uncon-
verted RCP components in transmission for the a-Sb,S; and
¢-Sb,S3 metasurfaces when the RCP is normally incident. (g)
The simulated transmission spectra of the LCP and RCP compo-
nents in transmission at different crystallization levels under the
normal incidence of RCP.

light in transmission. Specifically, when the CP light is
incident onto the metasurface, only the linear component
in the polarization angle of ¢; ~ 2« completely coupling
to the quasi-BIC, and subsequently, the linear polarized
light on resonance is coupled out into the free space with
decomposed CP component showing phase as ¢, ~ 2« for
the converted part. Hence, the total geometric phase of the

quasi-BIC in this process is derived as ® = ¢ + ¢y = 4o
for the converted CP component, while the phase remains
unchanged for the unconverted component due to the
opposite signs canceling each other when transforming the
linear and CP components. Such relations can be illustrated
by Fig. 2(f). When the right-handed circularly polarized
(RCP) light illuminates on the metasurfaces, the geomet-
ric phase of the transmitted light on quasi-BIC resonance
shows an approximate relation of 4o for the converted
component of LCP with a full phase coverage of 0 ~ 27,
whereas the phase for the unconverted component of RCP
is nearly unchanged.

Compared with the common phase-change material
Ge,Sb,Tes, Sb,S3 has a wide band gap of 1.7 ~ 2.05 eV,
showing much lower, even negligible absorption in the
near-infrared regime of interest [34,39,48]. The refrac-
tive index of Sb,S; can be adjusted from 2.8 to 3.5 in
this regime (shown in Supplemental Material [43]). Via
appropriate stimuli, including thermal, electric, and optical
excitations, Sb,S3 can be switched reversibly and quickly
between the amorphous (a-Sb,S3) and crystalline states (c-
Sb,S3) or to be an intermediate state. Previous reports have
demonstrated the full crystallization of the Sb,S; nanos-
tructures can be implemented in a furnace filled with argon
(Ar) and held there for 1 h [34], and can also be real-
ized with electrical and laser pulses in a more efficient
way [35-39]. The order of the recrystallization switching
speed for similar materials Ge,Sb,Tes by electrical means
is approximately kHz [49]. The dielectric constant at dif-
ferent crystallization levels of Sb,S; can be derived by the
Lorenz-Lorentz relation as [49—52]

g, — 1
ga+2°

Eofr — 1 g — 1
eff =mc +(1_m)
8eff+2 ‘9c+2

(1)

where m represents the crystalline fraction ranging from
0 to 1 for the intermediate state between a-Sb,S; and
c-Sb;,S3, ¢, and ¢, are the permittivity of a-Sb,S; and
c-Sb, S3, respectively. Because of the tunable optical con-
stants of meta-atoms, the spectral response of quasi-BIC
in Sb,S; metasurface will vary during these phase tran-
sitions. The numerical calculations are performed with
the finite-difference-time-domain (FDTD) method via the
ANSYS Lumerical Suit. As shown in Fig. 2(g), the trans-
mission spectra show a shift of resonance wavelength
within a broad band from approximately 1380 to approx-
imately 1550 nm between a-Sb,S; and ¢-Sb,S; meta-
surfaces. For the converted light component of interest,
namely, LCP, the peak transmission efficiencies of these
spectra are always around the maximum theoretical limit
of 0.25 in this four-port system [33]. In contrast with the
spectral shift, the geometric phase of quasi-BIC on res-
onance mainly relying on the rotation angles is almost
unchanged, as verified by that of the a-Sb,S; and ¢-Sb,S;
metasurface in Fig. 2(f). A designer phase profile can be
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realized at tunable wavelengths of quasi-BIC resonances.
Of course, the wave-front-shaping ability in metasurfaces
will be remarkably weakened at the nonresonance wave-
lengths due to the dramatically reduced transmission effi-
ciency. This makes it possible to switch on and off the
spatial response at a specific wavelength by transforming
the resonant wavelength into nonresonant via varying the
crystallization levels of Sb,S;. As a result, dynamic wave-
front-shaping metasurface supporting a quasi-BIC can be
implemented by a rational synthesis of multistate switch-
able spectral response in the Sb,S; metasurface with a
spatially varying geometric phase profile. Note that Sb,S;
is patterned into nanostructures to construct the nonlocal
metasurface instead of the spacer layer in earlier works
for active devices [53—56]. The nanofabrication techniques
have been explored and proven to be feasible in previous
experimental works [34,39], and the fabrication process
for the proposed Sb,S; metasurface is illustrated in the
Supplemental Material [43].

I11. RESULTS AND DISCUSSION

Using the dimerized Sb,S; meta-atoms with different
rotation angles for specific phase profiles, wavelength-
tunable spectral control over wave-front and switchable
spatial response at a selected wavelength can be realized,
creating active metadevices, such as beam deflectors and
lenses. For demonstration, we start from a common wave-
front-shaping function of anomalous refraction for beam
steering. According to the generalized Snell’s law [6,7],
the nonlocal wave-front-shaping metasurface with a gradi-
ent distribution of rotation angle is devised, as shown in
Fig. 3(a). The Sb,S; meta-atoms are spatially arranged for
one period of the metasurface with varying « at each posi-
tion to linearly grade the corresponding geometric phase
along the direction orthogonal to the dimerization, but
with constant aperture dimensions and lattice constants.
When RCP light is normally incident from the substrate
side of the metasurface, the transmission spectra for the
converted LCP and unconverted RCP component are pre-
sented in Fig. 3(b). As the crystallization fraction m of
Sb,S; material changes from 0 to 1, namely from a-Sb,S;
to ¢-Sb, S3, the resonance wavelength of quasi-BIC shows
a continous redshift across a wavelength regime of approx-
imately 160 nm. Here, we select the intermediate state with
m = 0.5 as the semicrystalline state of Sb,S; (semi-Sb,S3)
to demonstrate the continuous control.

As a consequence of the tunable wavelength of quasi-
BIC resonance, the metasurface is able to perform wave-
front shaping at different wavelengths. As shown in
Fig. 3(c), the converted LCP component is refracted to
14° at resonance wavelength of 1381 nm for a-Sb,S;,
15° at 1450 nm for semi-Sb,S3;, and 16° at 1545 nm
for ¢-Sb,S;, respectively. At these corresponding reso-
nance wavelengths, approximately 20% of the light is
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FIG. 3. The design of phase-change nonlocal metasurfaces

for dynamic beam steering at distinct wavelengths. (a) The
schematic diagram of a superunit cell of the dynamic beam
deflector consisting of 25 dimerized meta-atoms with spatially
varying rotation angles « from 0 to 7. (b) The transmission spec-
tra of the nonlocal metasurface at different crystallization states
of a-Sb,S3, semi-Sb,S3, and ¢-Sb,S; for RCP and LCP compo-
nents under normal RCP incidence. (c) The electric filed profiles
for RCP and LCP components at the corresponding resonant
wavelengths of a-Sb, S3, semi-Sb,S3, and ¢-Sb,S; metasurfaces,
showing the active beam deflection at tunable wavelengths of
quasi-BIC resonances for converted LCP component.

removed from the incident beam and redirected into the
second-order diffracted beam [26]. Meanwhile, no deflec-
tion for the unconverted RCP component can be observed
in Fig. 3(c) due to the constant phase profiles. Unlike the
conventional phase-gradient metasurfaces, the designed
metasurface using resonant meta-atoms shapes the wave
front of the converted LCP component only at resonance.
Such nonlocal wave-front-shaping ability can be verified
by comparing the field distributions of an arbitrary non-
resonant wavelength at 1500 nm (shown in the Supple-
mental Material [43]) and the respective resonant wave-
lengths. The phase-change metasurface demonstrates the
dynamic beam deflection for the converted LCP transmis-
sion light at distinct resonant wavelengths while remaining
unchanged for unconverted RCP or nonresonance.
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Next we consider simple cylindrical metalens for
dynamic narrowband focusing, as shown in Fig. 4(a).
Under the normally incident RCP light, the transmitted
LCP light is focused to a specific distance at tunable
wavelengths by varying crystallization state of Sb,S3. The
typical phase profile of the metalens with focal length 1 is
given by [57—-60]

¢, = i—f(x/rz 1), @

where r = \/x? + y? is the distance from arbitrary posi-
tion (x,y), and X is the target working wavelength. Here,
the one-dimensional metalens for space light focusing is
designed, where the meta-atoms with a specific phase pro-
file shown in Fig. 4(b) are arranged along the x direction
from —22.5 to 22.5 pwm. The focal length of the metalens
is 100 pwm, and the working wavelength is set as the same
as the resonant wavelength for a-Sb,S; metasurface. The
spatially varying phase profile is coded by Sb,S; meta-
atoms with different rotation angles « at corresponding
coordinate, according to the nearly linear dependence of
the geometric phase on the rotation angle of ® ~ 4«.

In Fig. 4(c), the transmission spectra of the cylindrical
metalens demonstrate that the converted LCP light shows
a peak at resonant wavelength, and the resonance peak can
be shifted from approximately 1380 to approximately 1550
nm by varying the crystallization state of phase-change
meta-atoms from a-Sb,S; to ¢-Sb,S;3. Similarly, the res-
onant wavelength shift for different Sb,S; contributes to
the tunable spatial and spectral response. Figure 4(d) illus-
trates the normalized intensity of the converted LCP light
fields at the corresponding resonant wavelength of a-
Sb,S;, semi-Sb,S3, and ¢-Sb,S;, respectively. Since the
geometric phase is fundamentally robust, the light fields
at these wavelengths are all focused, implying the abil-
ity of spatial control at continous wavelengths within a
broad spectral range. For a selected wavelength, the focus-
ing effect can be switched on-to-off by tuning the resonant
position of quasi-BIC. The focusing intensity of fields
shows an observable increase, accompanied by the increas-
ing transmission peak when the meta-atoms phase changed
from a-Sb;,S; to c-Sb, S;. This can be explained by the fact
that the relatively larger refractive index of c-Sb,S; and
negligible loss account for a stronger localized light field
and, thus, stronger spatial control ability. In contrast with
the space light focusing of the converted LCP component,
the wave-front shaping is not performed for the uncon-
verted RCP component in Fig. 4(d) and the nonresonant
wavelengths, for example, at A = 1500 nm (shown in the
Supplemental Material [43]).

We proceed to the more complex two-dimensional (2D)
spatial control at distinct resonant wavelengths of quasi-
BICs. The phase-change metasurface for a radial lens is
designed in a simple-to-implement way, which focuses the
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FIG. 4. The design of phase-change metasurfaces for dynamic
cylindrical metalens at distinct wavelengths. (a) The schematic
diagram of the dynamic narrowband focusing along x direction.
(b) The phase profile of the 1D focuses on the converted LCP. (c)
The transmission spectra of the nonlocal metasurface at differ-
ent crystallization states. (d) The far-field intensity distributions
near the designed focal spot of 100 wm for RCP and LCP com-
ponent at the corresponding resonant wavelengths of a-Sb,S;,
semi-Sb,S3, and ¢-Sb,S; metasurfaces, showing the space light
focusing at tunable wavelengths of quasi-BIC resonances for
converted LCP component.

transmitted LCP component into a specific spot in space,
as shown in Fig. 5(a). The spatial phase profile from Eq.
(1) is presented in Fig. 5(b) with a 2D distribution depen-
dent on the coordinate x and y. The light focusing with
focal spots imaging at the focal plane occurs only when
the incident wavelengths tune around the quasi-BIC reso-
nance. As the geometric phase of ® ~ 4« is imparted onto
the transmitted LCP component on quasi-BIC resonances,
the phase profile can be encoded by the 2D spatial distri-
bution of Sb,S; meta-atoms with corresponding rotation
angle «. Here, a nonlocal radial metalens with a diameter
of 30 wm is designed and it has an initial working wave-
length centered at the resonant wavelength for the a-Sb,S;
metasurface.

The transmission spectra of the designed metasurface
for different crystallization states of Sb,S; are depicted
in Fig. 5(c). Compared with those of beam deflection
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FIG. 5. The design of phase-change metasurfaces for dynamic

radial metalens at distinct wavelengths. (a) The schematic dia-
gram of the dynamic narrowband focusing in 2D space. (b) The
spatial phase profile for the 2D focusing. (c) The transmission
spectra of the phase-change nonlocal metasurfaces at different
crystallization states. (d) The transverse far-field profiles on the
focal plane and the longitudinal far-field profiles through the
focal spot, for the converted LCP component at the correspond-
ing resonant wavelengths of a-Sb,Ss, semi-Sb,S3, and ¢-Sb,S3
metasurfaces.

metasurface and the cylindrical metalens above, the res-
onances remain intact even through the various geometry
in these metadevices. This implies that the quasi-BIC res-
onance has a relatively stable resonance wavelength and
peak amplitude for the various combinations of specific
meta-atoms either in 1D or 2D. Such robustness would
benefit the metadevice design where the spectral response
can be defined by designing a single unit cell. The trans-
verse and longitudinal far-field distributions with the focal
spots on the quasi-BIC resonances in Fig. 5(d) show the
efficient focusing ability at the corresponding resonant

wavelength of different Sb,S; metasurfaces. The relatively
larger focusing intensity of the c-Sb,S; metasurface can
be attributed to the increasing refractive index during the
crystallization process. In addition, the focal spots off
resonance for ¢-SbyS; show the efficiency decreasing as
the wavelengths gradually move away from the center of
the resonance (shown in the Supplemental Material [43]).
With several orders of magnitude smaller power at off-
resonance wavelengths than background plane wave, the
metalens can be considered functionally transparent off
resonance. Such spectral selectivity to the crystallization
state of Sb,S; leads to the tunability to either manipulate
wave front at a controllable wavelength or switch on and
off the function at a selected wavelength.

In the proposed phase-change nonlocal metasurface, the
flexibility to control both the spatial and spectral response
can provide abundant degrees of freedom for implement-
ing the narrowband wave-front manipulation in various
applications associated with optical information process-
ing. To demonstrate the versatility and high performance,
a phase-only metahologram is finally designed. Using the
same meta-atom library with the lenses above, the informa-
tion is coded by the geometric phases of Sb,S; meta-atoms
that are exerted to the transmitted converted component on
resonance. Here, the phase profile of the image is obtained
by the Gerchberg-Saxton algorithm and then encoded by
the 2D spatial distribution of the rotation angle of Sb,S;
meta-atoms.

The simulated diffraction patterns shown in Fig. 6
are generated by the a-Sb;,S;, semi-Sb,Ss3, and ¢-Sb,Ss,
respectively. For comparison, the holographic images
at resonant and nonresonant wavelengths are presented.
Before the phase transition of Sb,S; meta-atoms, namely
a-Sb,S; metasurface, the image is only captured for the
converted LCP light at the corresponding resonant wave-
length around 1380 nm, while no image displays at the
other two nonresonant wavelengths. Similar results can be
observed for the semi-Sb,S; and ¢-Sb,S; metasurfaces.
Such a mapping relationship in the space-wavelength
domains for holographic imaging originated from the fact
that the geometric phase profiles in the metasurface are
fundamentally robust at different resonant wavelengths,
with the correlated rotation angles of meta-atoms hardly
affecting the spectral response. These significant prop-
erties can be applied to optical information encryption
where the information decryption requires the matching
conditions between the selected wavelength and the appro-
priate crystallization level of Sb,S; meta-atoms. Of note,
the proposed metasurface attempts to develop the optical
metadevice capable of performing dynamic operations on
incident light waves with high degrees of spectral control.
The proposed metasurface allows the transmitted infor-
mation only at selected narrowband wavelengths to be
processed, avoiding the extra optical components such as
polarizers to add the size and mass of system. It can also
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FIG. 6. The demonstrations of dynamic spatial and spectral

control in the phase-change nonlocal metasurfaces using a phase-
only metahologram. Under RCP illumination, the diffraction
patterns generated by the a-Sb,S;, semi-Sb,S;, and ¢-Sb,S;
metasurfaces of transmitted LCP component display images
exclusively at selected wavelengths, and display misleading or
useless information for the nonresonant regime.

achieve an adaptive selection of the operating wavelength
across a broad spectral bandwidth for information imaging,
display, and sensing.

IV. CONCLUSIONS

In conclusion, we have demonstrated phase-change non-
local metasurfaces capable of actively shaping light’s spa-
tial and spectral properties in transmission mode. The
functionality is enabled by incorporating the phase-change
meta-atoms integrated with a nonlocal wave-front-shaping
metasurface empowered by quasi-BICs. A systematic
design approach is presented by combining the nonlocal
design strategies of enhanced light-matter interaction of
quasi-BICs and the wave-front-shaping principle encapsu-
lated by the generalized Snell’s law in the phase-change
metasurfaces. Leveraging spatially varying the polariza-
tion properties of quasi-BICs for designer geometric phase
profiles, the wave-front-shaping functions for beam steer-
ing and space focusing are demonstrated for a narrow spec-
tral regime in Sb,S; metasurfaces. By switching the state
of Sb,S; between amorphous and crystalline, the wave-
front manipulation can be realized at multiwavelength
within a broad spectral range, and the spatial response
at a specific wavelength can be switched on to off. The
presented Sb,S; metasurface platform can afford multi-
state, reversible, and nonvolatile tuning of the spatial and
spectral response, offering sufficient design freedom to tai-
lor the spatial response at tunable wavelength actively.
Furthermore, the dynamic control over a single device’s

spatial and spectral response enables holographic imaging
at selected wavelengths, which may open the door for next-
generation compact narrowband imaging for applications,
such as information storage and encryption and AR and
VR.
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