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ABSTRACT 

Stray-light suppression is a fundamental requirement in a wide range of optical applications, such as astronomical observations, 
optical communications, high-precision sensing, and high-quality imaging. For example, conventional optical imaging systems 
usually rely on optical baffles to physically block stray light. However, these result in bulkiness and complexity of the system, and 
generally lack flexible and compact solutions for stray-light suppression. Here, we propose a new strategy based on a metalens 
with modulated angular responses for simultaneous stray-light suppression and wavefront modulation. Based on this dual- 
function design strategy, we demonstrate excellent performance in near-infrared far-field imaging, in which image quality is 
significantly enhanced. Moreover, a more uniform intensity distribution is achieved in flat-field imaging. Both imaging schemes 
are implemented directly on a CMOS sensor, offering a promising route toward image quality enhancement in compact and 
integrated optical systems. 
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 Introduction 

tray light is highly detrimental to high-performance optical sys-
ems, as it introduces noise, reduces signal fidelity, and generates
ther unwanted effects [ 1–11 ]. For instance, in infrared imaging
pectrometers, stray light arising from atmospheric scattering
nd internal reflections can degrade imaging quality and reduce
pectral resolution [ 1–4 ]. For spaceborne remote sensing, stray
ight originating from solar illumination and structural scattering
an reduce image contrast and degrade imaging performance
 5–7 ]. In conventional infrared optical imaging systems, stray
ight arises from multiple sources, including reflections and
cattering within the system, as well as unwanted external light
ll rights reserved, including rights for text and data mining and training of artificial inte
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entering the system and reaching the imaging plane [ 8–11 ]. Such
stray light acts as optical “noise,” leading to image fogging
and consequently reducing image contrast and obscuring image
details. Figure 1a illustrates imaging in the presence of external
stray light. The well-known veiling flare is a typical manifestation
of such stray-light effects. Therefore, the ability to selectively
control or suppress stray light is critical, as it can significantly
affect imaging quality, detection sensitivity, and communication
reliability. Here, we primarily focus on external stray light enter-
ing the imaging system at large incident angles. Conventional
approaches for suppressing such stray light include mechanical
baffles [ 12–14 ] and light-absorbing coatings [ 15, 16 ]. However,
these approaches may introduce additional system complexity
lligence technologies or similar technologies. 
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FIGURE 1 Schematic comparison of different strategies for stray-light suppression in metalens-based imaging systems. (a) Imaging with a 
conventional metalens in the presence of stray light, showing reduced image contrast. (b) Imaging with the same conventional metalens equipped 
with a mechanical baffle, which improves image contrast at the cost of increased system size. (c) Imaging with an angular-filtering metalens under 
identical conditions, achieving enhanced image contrast without increasing the system size. The inset illustrates the supercell of the angular-filtering 
metalens. The solid lines represent the useful imaging light, while the dashed lines denote stray light. 

a  

u  

a

A  

t  

2  

p  

a  

h  

h  

B  

p  

p  

e  

d  

o  

d  

t  

o  

c  

a  

f  

2

M  

e  

f  

t  

o  

a  

f  

c  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

 18638899, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.71961 by N

anjing U
niversity, W

iley O
nline L

ibrary on [25/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reativ
nd generally provide limited flexibility (see Figure 1b ). This
nderscores the need for compact, versatile components that can
ctively filter unwanted light. 

dvances in micro- and nano-optics have yielded diverse struc-
ures capable of angle-dependent transmittance modulation. In
014, broadband angular filtering was first realized by combining
hotonic crystals with Brewster’s effect [ 17 ]. Since then, various
pproaches have been developed. Narrowband angular filtering
as been implemented via guided-mode resonances [ 18, 19 ] and
igh-Q bound states in the continuum (BICs) [ 20, 21 ]. Multilayer
ragg stacks [ 22, 23 ] exhibit angle-dependent spectral shifts,
roducing transmittance modulation at a fixed wavelength. In
ractical systems, angular-filtering microstructures have been
mployed to reduce rainbow artifacts in augmented-reality (AR)
isplays [ 24 ]. Despite their advantages in thickness and weight
ver conventional bulk optics, many existing angular-filtering
evices primarily focus on transmittance modulation, while
he simultaneous manipulation of other optical-field degrees
f freedom remains challenging. Consequently, achieving more
omplex functionalities, particularly the simultaneous control of
ngle-dependent transmittance and other optical-field degrees of
reedom, such as phase, often requires composite structures [ 25,
6 ] and remains a challenge. 

etasurfaces, as a new generation of planar optical devices,
nable flexible and multidimensional manipulation of optical
ields [ 27–38 ] through ultrathin layers of engineered nanostruc-
ures, thereby promoting the development of highly integrated
ptical systems. In this work, we propose a new strategy for
ngle-dependent transmittance engineering based on metasur-
aces and incorporate this functionality into a metalens. Unlike
onventional interference in multilayer films, here we introduce
of 9
angle-dependent lateral interference of optical fields within the
supercell (see the inset in Figure 1c ) to achieve angular filtering.
This approach is highly flexible, and we demonstrate various
angular-filtering responses in both simulations and experiments,
including angular low-pass, high-pass, and band-pass filtering.
We then construct an angular-filtering phase library, enabling
a metalens with angle-selective transmission and simultaneous
phase modulation (see Figure 1c ). The low-pass angular-filtering
metalens (AFM) is used to suppress large-angle stray light in
far-field imaging, while the high-pass AFM is employed in flat-
field imaging. We integrate the AFMs directly onto a CMOS
image sensor and compare their imaging performance with that
of the conventional metalens (CM). The experimental results
demonstrate that, in far-field imaging, the images obtained
with the AFM exhibit an improved signal-to-noise ratio (SNR)
compared with those obtained with the CM. A more uniform
intensity distribution is also achieved in flat-field imaging. Our
work provides a practical strategy for stray-light management in
compact and integrated near-infrared imaging systems. 

2 Results 

2.1 Principle of Angular Filtering Based on 

Lateral Interference in a Supercell 

Figure 2a illustrates the fundamental configuration of the
designed dielectric supercell. A pair of staggered twin amorphous
silicon ( α-Si) nanopillars (meta-atoms) with a height ( h ) of
600 nm is arranged on a SiO2 substrate, providing distinct phase
responses while maintaining similarly high transmittance. The
overall configuration exhibits centrosymmetry. For linearly polar-
ized illumination, square nanorods with C4 rotational symmetry
Laser & Photonics Reviews, 2026
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FIGURE 2 Angular-filtering characteristics of the designed supercells. (a) Schematic of the supercell. (b) Real-part electric-field distributions of 
the supercell under normal incidence (0◦) and oblique incidence (25◦). Transmittance curves of the (c) angular low-pass, (d) high-pass, and (e) band-pass 
filtering metasurfaces: the measured transmittance (red curves), the simulated transmittance (black curves), and the normalized intensity calculated 
based on interference theory (blue curves). The insets show the corresponding SEM images. 
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 x1 = y1 and x2 = y2 ) or cylinders are employed to minimize
olarization conversion. The operating wavelength is set to λ
 980 nm to match the near-infrared illumination used in the
maging experiments. The supercell period is set to 800 nm
o satisfy the Nyquist sampling criterion [ 39 ]. The minimum
inewidth of the square nanorods is constrained to 100 nm to
nsure fabrication feasibility and accuracy. 

ach nanopillar can be regarded as a subwavelength dielectric
aveguide, and k0 denotes the free-space wavenumber. Under
blique incidence, an in-plane wavevector component k∥ = k0
in( θ) arises, which modifies the coupling of the incident field to
he optical modes supported by the nanopillar, thereby altering its
ransmitted amplitude and phase. The near-field distribution of
he nanopillar varies with the incident angle (see Figure S1 ), indi-
ating an angle-dependent modal response. This response can be
escribed by an angle-dependent effective refractive index neff ( θ).
herefore, the transmitted phase becomes angle-dependent [ 40,
1 ] and can be approximately described as 

𝜑 ( 𝜃) = 𝑘0 𝑛𝑒𝑓𝑓 ( 𝜃) ℎ (1)

hus, the transmitted fields of the two distinct meta-atoms can
e expressed as E1 = A1 exp(i φ1 ( θ)) and E2 = A2 exp(i φ2 ( θ)).
ssuming that both meta-atoms exhibit high transmittance, their
ransmitted amplitudes can be approximated as A1 ≈ A2 ≈ 1, the
otal output field resulting from collective interference can be
xpressed as: 

E = 2cos 

( 

𝜑1 ( 𝜃) − 𝜑2 ( 𝜃) 

2 

) 

exp 

[ 
i

( 

𝜑1 ( 𝜃) + 𝜑2 ( 𝜃) 

2 

) ] 
(2)
aser & Photonics Reviews, 2026

v

Details can be found in Note S2 . Because the phase difference
between the two distinct nanopillars varies with the incident
angle, the total output intensity also varies accordingly. To achieve
angular low-pass filtering (i.e., high transmittance at normal
incidence with suppression at oblique angles), two nanopillars
with high transmittance are selected. Their phase difference is
designed to be close to 0 (or 2 π) at normal incidence, leading
to constructive interference and thereby allowing most of the
light to be transmitted. As the incident angle increases, the phase
difference is designed to approach π, resulting in destructive
interference in the transmitted field. Meanwhile, the suppressed
transmission is accompanied by enhanced reflection, as shown in
Figure 2b . Conversely, an opposite phase variation trend gives rise
to an angular high-pass filtering response (i.e., high transmittance
at large incident angles with reduced transmission at normal
incidence). Notably, the lateral interference mechanism relies on
the independent modulation of the electromagnetic field by each
meta-atom. Thus, minimizing the coupling between the meta-
atoms is essential. To this end, α-Si is employed due to its high
refractive index, which can enhance electric field localization
within individual meta-atoms. In addition, increasing the spacing
between adjacent meta-atoms and selecting single-mode nanopil-
lars [ 42 ] further suppress near-field coupling, thereby ensuring a
purer interference response. 

Furthermore, to efficiently design the structure, we adopt an
inverse design strategy. Details can be found in Note S3 . The
geometry of the supercell is optimized using a particle swarm
optimization algorithm to achieve the desired transmittance pro-
files, including low-pass, high-pass, and band-pass (i.e., selective
transmission within a specific angular range). After convergence,
the angle-dependent transmittances of the optimized supercell
3 of 9
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re obtained through finite-difference time-domain (FDTD) sim-
lations. The corresponding phase responses of the meta-atoms
re then extracted and substituted into Equation ( 2 ) to calculate
he interference field, from which the interference intensity is
btained. The calculated transmittance (black curves) closely
atches the normalized interference intensity (blue curves)
see Figure 2c–e ), thereby supporting the proposed interference
echanism. Subsequently, the three types of structures are
abricated as 300 µm × 300 µm metasurfaces on a fused silica
ubstrate (refractive index of 1.457 at 980 nm) by electron-
eam lithography (Elionix, ELS-F125) and dry etching (Oxford
nstrument, Plasma Pro100 Cobra300). The measured angle-
ependent transmittance (red curves) shows good agreement
ith the simulated results (black curves) (see Figure 2c–e ).
he critical angle ( θc ), defined as the incident angle at which
he transmittance decreases to 10% (for low-pass filtering) or
ncreases to 90% (for high-pass filtering), is employed to quantify
he angular filtering performance. For the optimized low-pass
nd high-pass structures, the corresponding θc values are ± 12.7◦
nd ± 26.7◦, respectively. To achieve more versatile control func-
ionalities, we further investigate the tunability of θc . It is found
hat the modal field distribution of the nanopillar varies with
he lattice period, and θc can be tuned by adjusting the period,
s shown in Note S4 . Moreover, the proposed angular filtering
tructure exhibits potential applicability in image differentiation.
e experimentally demonstrated image edge enhancement using
n angular high-pass filtering metasurface without relying on
onventional 4 f systems [ 43–47 ]. The experimental setup and
esults are presented in Note S5 . 

.2 Design of an Angular Low-Pass Metalens for 
ar-Field Imaging 

wing to the multidimensional optical-field manipulation capa-
ility of metasurfaces, we incorporate phase modulation into
he angular-filtering supercell design, thereby enabling compact
maging systems with intrinsic stray-light suppression. Using
nverse design, an eight-order propagation-phase library of low-
ass filtering supercells covering 0 to 2 π is constructed for linearly
olarized incidence. The corresponding transmittance and phase
istributions are shown in Figure 3d . For comparison, an eight-
rder non-f iltering phase library consisting of supercells with x1
 x2 = y1 = y2 is constructed for the CM. The corresponding
ransmittance and phase distributions are shown in Figure 3a .
his design achieves high transmittance within ± 60◦ through
onstructive interference and maintains the same supercell
eriod as the filtering library, ensuring consistent phase sampling
onditions for metalens design. The phase profile of the metalens
s described by the hyperbolic function: 

𝜑 ( x, y ) = 2 𝜋

𝜆

(
f − 

√
( x2 + y2 ) + f 2 

)
(3)

here λ = 980 nm is the design wavelength, and f is the focal
ength. We conducted full-wave simulations using commercial
DTD software to evaluate the focusing performance of the two
etalenses under different incident angles, as shown in Note
6 . A comparison reveals that the focal intensity of the AFM
ecreases at large incident angles, consistent with its angular
iltering functionality. Subsequently, we fabricated both the CM
of 9
and the AFM on a fused silica substrate for comparison. Both
metalenses have a diameter of 300 µm, a numerical aperture
(NA) of 0.316, and an identical phase profile. Figure 3b,e show
their optical and scanning electron microscope (SEM) images,
respectively. An objective lens is used to generate a wide-angle
illumination condition to simulate the complex lighting environ-
ments, and the focal spots are characterized at the designed focal
plane (see Figure 3f,g ). The full width at half maximum (FWHM)
is 2.10 µm for the CM and 1.97 µm for the AFM (the optical setup
is shown in Figure S7 ). To evaluate their imaging performance,
the modulation transfer functions (MTFs) are calculated from
the measured point spread functions, as shown in Figure 3c .
Due to fabrication errors [ 48 ], both MTF curves deviate from the
diffraction limit. Nevertheless, the MTF of the AFM is slightly
higher than that of the CM. To further determine the effective
imaging field of view (FOV), we calculated the MTFs of the
CM under different incident angles from 0◦ to 50◦. As shown
in Figure S7a , the effective imaging angular range of the CM
is approximately − 30◦ to + 30◦. Notably, the high-transmission
angular range of the AFM is comparable to this effective imaging
range, providing a reasonable trade-off between effective imaging
performance and stray-light rejection (see Note S8 ). 

Following the basic characterization, the imaging performances
of the two metalenses are further compared. Figure 4a shows
the integrated experimental setup. The metalens is mounted on
a CMOS image sensor using a layer of optically clear adhesive
tape (OCA, 50 µm thick), which serves as both a connector
and a spacer. The sensor features a 400 µm-thick transparent
cover glass, resulting in a total imaging distance of 450 µm. The
light source is a planar LED with an emission bandwidth of
980 ± 10 nm. The results presented in Note S9 demonstrate that
the supercell maintains distinct angular-filtering performance
across this spectral range. First, we perform reflective imaging
of metallic objects, which are illuminated by the light source
from the side, and the metalenses collect the reflected light from
the objects. Figure 4b shows the imaging results of the CM. The
stray light originating from the reflections of surrounding objects
reaches the imaging system at large incident angles and leads
to overall image blurring. In Note S10 , the calculated angular
range of the useful image signal is approximately − 20.7◦ to
+ 20.7◦, which lies within the high-transmission angular range
of the AFM, whereas part of the stray light falls within the low-
transmission angular range and is therefore effectively mitigated.
Figure 4c shows the imaging results of the AFM under the
same imaging conditions. Consequently, the image contrast is
enhanced, allowing object details to be resolved more clearly.
To quantitatively evaluate the imaging quality, we defined SNR
= 10 log10 ( Isignal / Inoise ), where Isignal refers to the intensity of
the signal that can be clearly distinguished and Inoise refers to
the fluctuation intensity of the background noise. Figure 4d
shows the calculated SNRs at four corresponding positions (A–
D) in the two imaging results. The AFM exhibits an average
SNR improvement of 3.5 dB compared with the CM. Detailed
calculation procedures are provided in Note S11 . The proposed
design also maintains its functionality under circularly polarized
illumination, as demonstrated in Note S12 . 

To further demonstrate the improved detail-resolving capability
of the AFM in the presence of stray light, we designed a
finely detailed target pattern (a girl wearing hair accessories)
Laser & Photonics Reviews, 2026
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FIGURE 3 Experimental characterization of the metalenses: (a) Transmittance and phase distributions of the supercells in the conventional phase 
library. (b) Optical and SEM images of the CM. (c) Measured MTFs of the CM and AFM and the diffraction-limited MTF. (d) Transmittance and phase 
distributions of the supercells in the low-pass angular-filtering phase library. (e) Optical and SEM images of the AFM. (f,g) Measured focal spots of the 
CM and AFM, respectively. 
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nd performed transmission imaging. The experimental setup
s shown in Figure 4e . The designed target image is attached
o the surface of the planar LED. The angular range of the
mage signal, calculated in Note S10 , is approximately − 17.9◦
o + 17.9◦. The SMD 2835 LED chips have an emission angle
f ± 60◦, leading to large-angle stray light during the imaging
rocess. In the presence of such stray light, the imaging result
f the CM exhibits elevated overall brightness, and the fine
etails are obscured (see Figure 4f ). However, the imaging result
f the AFM clearly resolves fine details, such as the facial
eatures and hair accessories of the girl (see Figure 4g ). To
ompare with the conventional approach, we kept the imaging
etup unchanged and mounted a 4.5-cm-long baffle in front
f the CMOS sensor. The angular-filtering performance of the
affle is quantitatively characterized in Note S13 , showing that
he filtering effect increases as the baffle length increases. The
orresponding imaging result is shown in Figure 4h , where an
mprovement in image contrast can be observed due to the
uppression of large-angle stray light. However, the baffle also
locks part of the light from the object edges, resulting in a
oss of edge information. To avoid this loss, the imaging system,
ogether with the baffle, needs to be positioned farther from the
bject, which consequently reduces the image size. These results
ndicate that the angular-filtering performance of a conventional
affle strongly depends on geometric parameters such as its
ength and position. In contrast, the AFM does not require such
eometric constraints, thereby reducing the axial footprint of the
maging system. 
aser & Photonics Reviews, 2026
2.3 Design of an Angular High-Pass Metalens for 
Flat-Field Imaging 

Flat-field imaging, as a method for high-information-content
acquisition, provides a reliable basis for quantitative analysis
and comparison. In conventional flat-field imaging, the central
field corresponds to near-normal incidence and the edge regions
correspond to oblique incidence. For a conventional metalens, the
intensity distribution across the image plane is nonuniform, with
lower intensity toward the edges. To enhance edge visibility and
compensate for the reduced light-collection efficiency at large
incident angles, the overall exposure or illumination is often
increased. However, this approach can lead to overexposure in
the central region, thereby causing information loss. This trade-
off between enhancing edge visibility and avoiding central-region
overexposure represents a key challenge in conventional flat-field
imaging. 

To demonstrate the flexibility of our dual-functional method,
we further design a high-pass AFM for oblique incidence,
which selectively modulates the transmission of light at different
incident angles, thereby rebalancing the energy distribution
between the central and edge regions. By suppressing low-angle
light components while maintaining high transmission for high-
angle components, the metalens effectively mitigates central
overexposure while preserving edge visibility. In this work, the
AFM is designed for an oblique incidence angle of 23◦, and
the corresponding light-propagation schematic is illustrated in
5 of 9
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FIGURE 4 Imaging performance of the metalenses: (a) Integrated architecture of the device. Reflective imaging results of metallic objects obtained 
using (b) the CM and (c) the AFM. (d) SNR comparison at different sampling positions in (b) and (c). (e) Experimental setup for transmission imaging. 
Transmission imaging results obtained using (f) the CM, (g) the AFM, and (h) the CM with a 4.5 cm baffle. 

FIGURE 5 Results of the angular high-pass metalens for flat-field imaging: (a) Schematic illustration of focusing obliquely incident light by a 
metalens. (b) Transmittance and phase distributions of the structures in the angular high-pass filtering phase library. (c,d) Optical and SEM images of 
the CM and AFM, respectively. (e,f) Imaging results obtained using the CM and AFM, respectively, showing a more uniform brightness distribution for 
the AFM. 
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igure 5a . Since the hyperbolic phase in Equation ( 3 ) is derived
or normal incidence, oblique incidence introduces additional
berrations. Therefore, we introduce phase compensation to
chieve efficient focusing at the incident angle of θ: 

𝜑 ( 𝑥, 𝑦, 𝜃) = 2 𝜋

𝜆

[ 
𝑓− 

√ 

( 𝑥− 𝑓𝑡𝑎𝑛𝜃) 
2 + 𝑦2 + 𝑓2 − 𝑥𝑠𝑖𝑛𝜃

] 
(4)

o improve the design flexibility, a hybrid supercell consisting
f cylinders and square prisms is adopted. We optimize an
ight-order propagation-phase library. The corresponding trans-
ittance and phase distributions are presented in Figure 5b . The
of 9
supercells exhibit a high-pass angular-filtering response, with
reduced transmittance at small incident angles and relatively
high transmittance around the design incidence angle of 23◦. In
Note S14 , we demonstrate the suppression of small-angle incident
light by the AFM through simulations. Accordingly, the focusing
efficiency also varies with the incident angle. 

Similarly, we fabricated the aforementioned metalenses on fused
silica substrates, each with a diameter of 300 µm and an NA
of 0.316. Figure 5c,d present their optical and SEM images.
In the experiment, a piece of paper printed with the digits
“123456789” is placed on the LED as the imaging target, and
Laser & Photonics Reviews, 2026
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he digit “8” corresponds to an incident angle of approximately
3◦ at the metalens. With the CM, the resulting image exhibits
 non-uniform intensity distribution, with overexposure in the
entral region (see Figure 5e ). In contrast, the image obtained
ith the AFM exhibits a more uniform intensity distribution
see Figure 5f ). Therefore, our method provides a solution to
he central field overexposure issue in flat-field imaging with
 large field of view. These results highlight the potential of
ngle-selective metasurfaces for enhancing imaging quality in
ptical systems and open new opportunities for compact and
ultifunctional optical imaging devices. 

 Discussion and Conclusion 

n this work, we develop angle-dependent transmittance modula-
ion via lateral angular interference within a supercell to suppress
tray light in optical imaging. This angular-filtering performance
s demonstrated both in numerical simulations and experimental
easurements, including angular low-pass, high-pass, and band-
ass filtering. We then employed the phase modulation capability
f the supercells to integrate angular-filtering functionality into
 metalens. Experimental imaging results show that the angular
ow-pass filtering metalens effectively suppresses stray light
ncident at large angles, thereby achieving a higher SNR and
imultaneously reducing the footprint of the imaging system
equired by a mechanical baffle. Leveraging the flexibility of this
pproach, we further designed an angular high-pass filtering
etalens for 23◦ incidence. Numerical simulations indicate that
t achieves relatively high focusing efficiency at the design angle,
nd experimental results demonstrate that it mitigates the non-
niform intensity distribution in flat-field imaging. Moreover,
ur study adopts a chip-integrated imaging architecture. The
implified optical configuration reduces reflection-induced stray
ight within the system. 

verall, our integrated dual-functional design provides an effec-
ive strategy for simplifying optical system architectures and
nhancing imaging SNR in complex environments. It shows
trong potential for applications requiring stringent stray-light
ontrol, such as outdoor security surveillance, automotive vision
ystems, and astronomical observations, and can be further
ombined with optical-path-compression techniques [ 27, 49, 50 ]
r extended to other spectral bands to enable more advanced
ntegrated optical systems. Furthermore, our approach could
otentially be integrated with more complex architectures, such
s cascaded metasurfaces, polarization-multiplexed designs, or
iquid-crystal-based optical systems, to enable dynamically tun-
ble angular filtering [ 51–55 ]. 

 Methods 

.1 Numerical Simulations 

umerical simulations were performed using the finite-
ifference time- domain (FDTD) method. The optical constants
f the materials were taken from experimental measurements.
or simulations of the supercells, at normal incidence, periodic
oundary conditions were applied in both x and y directions,
hile perfectly matched layer (PML) boundary conditions were
aser & Photonics Reviews, 2026
implemented in z direction. At oblique incidence, the boundary
condition in x direction was replaced by bloch boundary
conditions. For simulations of the metalenses, perfectly matched
layer boundary conditions were applied in all directions. For
propagation-phase model, the excitation source was configured
as y polarized plane wave. For geometric-phase model, the
excitation source was set as a right-circularly polarized plane
wave. 

4.2 Sample Fabrication 

The α-Si layer was deposited on the fused silica substrate using
plasma-enhanced chemical vapor deposition (PECVD) to a final
thickness of 600 nm. Then 200 nm PMMA A4 photoresist film
is spin-coated onto the substrate and baked at 170◦C for 5 min.
A layer of water-soluble conductive polymer (AR-PC 5092) was
spin-coated on the resist for the dissipation of E-beam charges.
The device pattern was written on an electron beam resist using
an E-beam writer (Elionix, ELS-F125). A 40-nm electron-beam-
evaporated chromium layer was used to reverse the generated
pattern with a lift-off process and was then used as a hard mask for
dry etching the α-Si layer. After that, the devices transferred into
HSE Series Plasma Etcher 200 and etched with C4F8 and SF6 (the
flow rates of these two types of gases are 75 sccm:30 sccm). Finally,
the chromium layer was removed by a stripping solution (ceric
ammonium nitrate). The schematic of the sample fabrication
process is shown in Note S15 . 
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