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Compact optical systems are revolutionizing precision measurement with their
miniaturized design and functionality. At the forefront of this revolution are
metalenses, composed of sub-wavelength nanostructures. They have emerged
as novel planar optical elements capable of replacing traditional bulky lenses in
various compact optical applications. Meanwhile, single-pixel imaging provides
a cost-effective, computation-based method for achieving exceptional imaging
quality. In this work, a metalens is integrated with a single-pixel imaging archi-
tecture to project high-resolution Hadamard patterns onto microscopic sam-
ples, replacing conventional lens-to-detector configurations. The system can si-
multaneously retrieve high-quality amplitude and phase maps of micro targets,
even under single-photon-level illumination conditions (1.7 photons/pixel/s).
This breakthrough is ideal for biological samples, particularly in live cell imag-
ing, where minimizing light exposure is critical to avoid photobleaching and
phototoxicity. By delivering a cost-effective, compact, and high-performance so-
lution, this system sets a new era for precision imaging in science and industry.

microscopic  imaging  systems, such
as fluorescence microscopy,>®  con-
focal microscopy,®! and complex-field
microscopy,[’?) are typically constructed
with heavy and bulky optical components
to achieve high imaging performance.
Consequently, there is a rapidly growing
demand for lightweight, compact, and
integrated microscopic systems suitable for
small-scale applications.

In recent vyears, metalenses have
emerged as novel, compact planar optical
elements that consist of artificial dielec-
tric sub-wavelength nanofins.'"13] Those
nanostructures are carefully designed to
manipulate light at the nanoscale, enabling
precise control over amplitudes, phases,
and polarizations of transmitted or reflected

1. Introduction

Microscopic imaging techniques play a significant role in a wide
range of scientific research areas.'™*! However, conventional

light by varying the dielectric material, as
well as the size, shape, rotation angle, and
spatial arrangement of the nanofins.l'*18]
Because of their compactness and
suitability to be integrated into existing optical systems, metal-
enses are more and more often applied as substitutes for tra-
ditional bulky optical components in many different kinds of
applications, such as achromatic focal lenses,[1*2°! microscopic
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Figure 1. Schematic of Meta-Single-Pixel Imaging. Hadamard mask patterns, generated by DMD, are projected onto the sample via the metalens. The
resulting intensity signals are captured by a detector. Using an effective single-pixel imaging algorithm, both the amplitude and phase maps of the

sample are reconstructed from the captured signals.

imaging,[*!l holographic displays,??] orbital angular momen-
tum (OAM) beam generators,!?’] modulation components,!?*],
encryption,®! and spectrometers.!?’! Because of the general
Snell’s law,[?] metalenses can produce significantly smaller fo-
cal spots compared to conventional lenses. Such properties make
metalenses particularly suitable for projecting mask patterns
with high resolution on tiny biological samples.

Unlike conventional imaging methods that rely on multi-pixel
array sensors, single-pixel imaging (SPI) system utilizes a single-
point detector and operates by employing a digital micromir-
ror device (DMD) or a spatial light modulator (SLM) to either
illuminate an object with encoded structured light patterns or
modulate the light carrying the spatial information,[?8%] offer-
ing several advantages, including reduced cost, enhanced effi-
ciency, and most notably, simplified hardware requirements. SPI
has also emerged as an innovative computational imaging tech-
nique rooted in compressive sensing (CS) theory,*% allowing
it to overcome the limitations of traditional imaging systems,
which makes it highly adaptable for advanced applications like
X-ray imaging,3! light detection and ranging (LiDAR),*?] and
fluorescence microscopy.*}! One of the most notable strengths
of SPI is its high throughput,*¥ which enables effective per-
formance in extremely low-light conditions, even down to the
single-photon level.*>3¢] In contrast, achieving such sensitivity
is highly challenging for traditional imaging systems based on
array sensors. For instance, electron multiplying charge-coupled
device (EMCCD) cameras typically suffer from higher readout
noise, limited quantum efficiency, and the need for a complex
cooling system to suppress thermal noise under low illumina-
tion conditions. Additionally, SPI inherently possesses the prop-
erty of dimensional reduction,l®”] efficiently transforming high-
dimensional spatial information into low-dimensional intensity
measurements through structured light patterns. This makes
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SPI capable of not only retrieving high-quality amplitude images
but also reconstructing phase maps. 3840

In this work, we propose a compact meta-single-pixel mi-
croscopic imaging system that synergistically integrates a met-
alens with active illumination SPI techniques. Unlike those
metasurface-based SPI implementations, which primarily focus
on optical mask modulation or encryption,!?*%], our system em-
ploys a metalens to significantly reduce the overall footprint (ap-
proximately 4 cm from DMD to PMT) while enabling high-
resolution structured projection. The system demonstrates ro-
bustness under low-light conditions, resolving feature sizes as
small as 12 ym with a structural similarity index (SSIM) of 0.7993
and peak signal-to-noise ratio (PSNR) of 18.05 dB, and success-
fully reconstructing 17.5 um features even at single-photon level
illumination (1.7 photon/pixel/s). Beyond capturing high-quality
amplitude images of biological samples, it also retrieves phase
maps, enabling complex-field imaging from a single-pixel detec-
tor. This work presents a compact, sensitive, and scalable imag-
ing platform well-suited for applications such as live cell imag-
ing under low-light conditions and portable diagnostics in the
future.

2. Results

2.1. Overview of the Meta-Single-Pixel Microscopic Imaging
System

The working principle of the system is demonstrated in
Figure 1. Generally, the process of SPI can be simply

expressed as:

g = Mo, 1)

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85UB017 SUOWIWOD BA1ER1D 8 cedt[dde au Ad peusenob a2 saole YO ‘sh JO SNl 1oy Akeid18UljUQ AB|IM UO (SUOHIPUOD-PUe-SULBI WD A8 1M AReiq | pul|uo//:Sdiy) SUONIPUOD pue swis | 8y} 88S *[6202/80/80] Uo ARiqiauliuo A8|1m ‘91Bojouyos | in4 Inisu| Bynsied Aq 0TET0SZ0Z Wope/Zo0T 0T/I0p/W0d" A8 |1mAReiq | pul|uo’peoueApe;/:sdny wouy pspeojumoq ‘0 ‘TZ0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

(d)

Green LED

532 nm Filter

Metalens

CCD Camera

)

Sos|
7]
c
Q
-
o6
°
o 3.02 um
N
® 04|
£
S
Z 02
0 Leal
-10 5 5 10

0
X (um)

Objective Lens

www.advopticalmat.de

(9)

Diffraction limit

0.8

0.6

0.4

0.2 .

Modulation transfer function

0 N
0 200 400 600 800 1000 1200
Spatial frequency (cycles/mm)

Figure 2. Characterization of the Fabricated Metalens. a) Optical image of the fabricated metalens with an NA of 0.316 and a diameter of 2 mm.
b) Magnified optical photograph showing a detailed view of the fabricated metalens. c) SEM image of the fabricated metalens with a scale bar of 1 um.
d) Schematic of the optical setup used for characterizing the metalens. ) Measured focal plane intensity distribution of the fabricated metalens. f)
Vertical cuts across the measured focal spot in (e). g) The calculated tangential and sagittal MTFs of the metalens.

where g denotes the measured value, M represents the measure-
ment matrix—each row of which is formed by reshaping a cor-
responding mask pattern into a row vector, and the number of
columns corresponds to the total number of measurements. And
o is the imaging target which is reshaped into a column vector.
According to the measured value g as well as the designed mask
M, the image of the object o can be calculated. In order to encode
spatial information, the total number of 8192 Hadamard mask
patterns generated by the DMD are projected onto a micro target
sample via a metalens. The metalens efficiently focuses the struc-
tured illumination onto the sample, ensuring high-resolution
Hadamard mask patterns projection while maintaining the com-
pactness of the total system. The corresponding modulated com-
ponents of the Hadamard intensity spectrum encoded with the
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spatial information of the target are then captured by a single-
pixel detector at the Fourier plane. By employing an efficient
single-pixel imaging reconstruction algorithm, both the ampli-
tude and phase of the target image are simultaneously retrieved.
This reconstruction process leverages the orthogonality of the
Hadamard basis to optimize signal acquisition, enabling high-
fidelity image recovery even at reduced sampling rates.

2.2. Characterization of Metalens
For a proof of concept demonstration, a relatively large metal-

ens, which is shown in Figure 2a, with a diameter of 2 mm and
a focal length of 3 mm was fabricated for this meta-single-pixel
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microscopic imaging system, and a magnified view of a portion
of this metalens is provided in Figure 2b. The numerical aper-
ture (NA), which is 0.316, can be calculated using the following
equation:

NA = nysing = nosin(arctun(})), (2)

where n, denotes the refractive index of air, 8 presents the half-
maximum angle of light acceptance, r is the radius of metalens,
and f7is the focal length of metalens. The microstructure quality
of the metalens was further investigated using scanning electron
microscopy (SEM), as demonstrated in Figure 2¢, where a scale
bar of 1 um is provided for reference.

To characterize the imaging performance of the fabricated
metalens, an in-house developed experimental setup was uti-
lized, as demonstrated in Figure 2d. A green light-emitting diode
(LED) with a central wavelength of 532 nm, served as the illu-
mination source. In order to minimize the influence of chro-
matic aberrations, a 532 nm line filter (Thorlabs, FBW5532-10)
was set behind the light source. Since the metalens was de-
signed based on the Pancharatnam-Berry (PB) phase principle,
it is polarization-sensitive (Details in Supporting Information,
S1). To ensure that only left-handed circular polarized (LCP) light
reached the metalens, a linear polarizer (LBTEK, FLP25-VIS-
M) followed by a quarter-wave plate (QWP) (LBTEK, MQWP20-
532BM) was introduced to the optical path, thereby eliminating
contributions from unwanted polarization states. The focal spot
intensity distribution at 532 nm, captured by using a 40 X magni-
fication Olympus objective lens and charge-coupled device (CCD)
camera (IMPERX, B1620), is presented in Figure 2e. The corre-
sponding full width at half maximum (FWHM) of the focal spot
was measured to be 3.02 ym, as shown in Figure 2f. In addi-
tion, the modulation transfer function (MTF), calculated from
the experimentally measured point spread function (PSF),[*142]
is shown for both tangential and sagittal planes in Figure 2g.
The approaching curves of MTF on both tangential and sagittal
planes indicate good symmetry of the metalens. The focal effi-
ciency of the metalens at 532 nm was measured to be approx-
imately 37.38%, using the optical setup detailed in Supporting
Information, S2.

2.3. Meta-Single-Pixel Microscopic Imaging System

Figure 3 illustrates the imaging experiment setup, where the dis-
tance between the DMD and the PMT is approximately 4 cm, sig-
nificantly smaller than the systems developed by state of art.[*3#8]
An LED (KM-SPP505-W) with a central wavelength of 532 nm
served as the light source, providing stable and uniform illumina-
tion. To reduce the system’s overall size and components count, a
linear polarizer (LBTEK, FLP25-VIS-M) was placed immediately
after the LED. Linearly polarized light can be considered a su-
perposition of LCP and right-handed circularly polarized (RCP)
components. Although only the LCP component contributes ef-
fectively to the system’s performance, the undesired RCP com-
ponent does not introduce significant artifacts. This robustness
is attributed to the system’s use of a Hadamard differential mod-
ulation strategy, which effectively cancels out the divergence ef-
fects introduced by RCP light. Further details on this suppres-
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Figure 3. Schematic of the imaging setup. The schematic illustrates the
microscopic meta-single-pixel imaging system with a test sample.

sion mechanism are provided in the next section. Furthermore, a
532 nm line filter (Thorlabs, FBW5532-10) was placed following
the polarizer to minimize the impact of chromatic aberrations,
enhancing the performance of the whole system. Moreover, to re-
duce the optical footprint and enable compact integration, a self-
balsaming total internal reflection (TIR) prism was introduced.
This prism serves two key purposes: it minimizes the physical
space otherwise occupied by mechanical mounts, and it compen-
sates for the 12° tilt of the DMD’s micromirrors. Additional de-
tails about the optical path correction can be found in Support-
ing Information, S3. The DMD (Texas Instruments, DLP9500)
was positioned in the optical path to generate structured illumi-
nation patterns by modulating the incident beam with Hadamard
masks (pixel size of 128 x 128, where every 2 x 2 is merged
into a single super-pixel). Behind the TIR prism, the fabricated
metalens played a central role in this system. The encoded mask
patterns were projected onto the samples through the metalens,
forming high-resolution, structured, and tightly focused illumi-
nation at the sample plane. As for the samples themselves, they
were mounted on a motorized stage capable of fine positional ad-
justment in three dimensions. At the final stage of the system, a
PMT (Hamamatsu, H10682-210) was used, which was placed at
the Fourier plane to record the corresponding modulated inten-
sity spectrum.

2.4. Hadamard Differential Modulation

Hadamard matrices are composed of +1 and -1, with the
property that any two distinct rows or columns are mutually
orthogonal.*”] These matrices can be converted into a comple-
mentary pair of binary masks suitable for using in SPI via a dif-
ferential transformation.>*>3! Specifically, each Hadamard fun-
damental mode I is transformed into two complementary masks
I (L = %(Ii +1))and I' (I' =1 - I') consisting 0 and 1. And the
corresponding measurements of the SPI detector can be demon-
strated as g\ and g’ . When m Hadamard masks are projected onto
the object, the corresponding measurements g (i = 1,...,m) are
collected and arranged into a column vector g of m rows. Hence,
the corresponding measurements can be obtained by performing
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differential processing on sequential measurements of a mask
pair, which can be mathematically expressed as:

g=g -g =<I,0>-<I,0>, (3)

where o represents the object.

Linear polarized light can be treated as a superposition of LCP
and RCP light. When using linear polarized light as the incident
light field, the process can be demonstrated as the following equa-
tion:

I o,0>. (4)

i
0>—-< I—,LCP + —,RCP?

g =<ILicp+ L rer

Since the PB-phase-designed metalens focuses only on LCP
light while RCP light diverges, the RCP component forms a non-
focused background, effectively behaving like a spatially uniform
speckle or a direct current (DC) offset. Hence, Equation (4) could
be further demonstrated as:

g =< po>+al, ) — (<L

+.RCP 0> +al ;0p), ()

LCP?
where « is the transmittance of object. Since the RCP terms con-
tribute only a constant background, denoted as C, Equation (5)
can be finally rewritten as:

g=(<1,

iep 0> +C0) — (<1

i
L ep 0> +C)

=<, po>—<I . 0>. (6)

Above all, when a linear polarizer is incorporated into the sys-
tem, the diverging light field induced by RCP light is effectively
suppressed due to the intrinsic properties of the Hadamard dif-
ferential modulation employed in the SPI system, ensuring accu-
rate image reconstruction. The comparison of experimental re-
sults can be found in the Supporting Information, S4.

2.5. Imaging Results of Amplitude Reconstruction

A series of actual experiments was conducted to evaluate the per-
formance and imaging capability of the compact meta-single-
pixel imaging system. Two micro-scale targets were selected
for validation: a standard high-resolution transparent negative
test target (Thorlabs NBS1963A) and polymethyl methacrylate
(PMMA) micro balls with a diameter of 30 um. Ground-truth im-
ages of these targets were acquired using a CCD camera paired
with a 5x magnification objective lens (SanWenKeJiao, PL5), as
detailed in Supporting Information, S5.

The sampling rate (SR) used in the experiments is defined as:

sp=2 7)

Ny

where N represents the number of measurements and n de-
notes the total number of pixels in the Hadamard mask. The
single-pixel imaging algorithm was then applied to reconstruct
the target’s intensity distribution using its measured signal se-
quence. A detailed description of the reconstruction algorithm is
provided in Supporting Information, S6.
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Under low-illumination conditions (approximately 37.2k pho-
tons per second, recorded by photon counter (Counter 224, Bei-
jing Zhongke Xinji Semiconductor Co., Ltd.)), reconstructed im-
ages at different sampling rates (10%, 30%, 50%, 80%, and 100%)
are presented in Figure 4(a2—a6) and (b2-b6). The group 81 pat-
terns on the test target, corresponding to 81 line pairs per mil-
limeter (lp/mm) or approximately 12 um in spatial dimension,
were reconstructed effectively. To assess the reconstruction ac-
curacy, the intensity profiles along the cross-section of both the
directly captured image from the CCD camera and the recon-
structed image obtained through the meta-single-pixel imaging
system were analyzed as shown in Figure 4c. The comparison
demonstrates the ability of the system to faithfully recover fine
structural details, with the reconstructed intensity profile closely
matching the ground truth. To further evaluate imaging perfor-
mance, SSIM and PSNR (definitions provided in Supporting In-
formation, S7) were calculated. Simulation results (Supporting
Information, S8) indicate that in the low sampling rate range (0
50%), SSIM and PSNR increase rapidly with the number of mea-
surements. However, in the high sampling rate range (80-100%),
the SSIM and PSNR decline slightly due to cumulative noise ef-
fects. The experimental results, shown in Figure 4d,e, align well
with the simulations. To strike a balance among image quality,
noise accumulation effect, and computational time (detailed in
Supporting Information, S9), a sampling rate of 80% was cho-
sen as optimal. And the noise immunity discussion of the recon-
struction method can be found in Supporting Information, S10.
At 80% sampling rate, the system effectively reconstructed the
group 81 patterns with sharp contours and uniform transmis-
sion in the center of the micro balls. The SSIM and PSNR values
were 0.7993 and 18.05 dB for group 81 patterns, 0.7903 and 18.78
dB for micro balls, respectively.

Moreover, the proposed meta-single-pixel microscopic imag-
ing system demonstrates a remarkable theoretical and practi-
cal capability for image reconstruction even under single-photon
level illumination conditions. In the following ultra-low illumi-
nation experiments, the average photons were approximately
30k per second and 7k per second, respectively. As shown in
Figure 4(f1,f2), after applying FFDNet for noise reduction,**] the
resolution target group 57 (approximately 17.5 um) was effec-
tively reconstructed at photon flux levels of 7.3 photons/pixel/s
and 1.7 photons/pixel/s, with the latter firmly within the single-
photon regime. Such extremely low illumination conditions are
significant challenges for conventional systems. The resolution
discussion of the system can be found in Supporting Informa-
tion, S11. The successful image reconstruction under these con-
ditions highlights the exceptional sensitivity and photon effi-
ciency of the meta-single-pixel microscopic imaging system, fur-
ther demonstrating its potential for advanced applications where
minimizing light exposure is critical.

2.6. Imaging Results of Phase Retrieve

Additional experiments were performed to assess its imaging
capabilities on three kinds of biological samples (motor nerve
cells, lily ovary cells, and equisetum spore cells) under low-
illumination conditions (approximately 34.5k photons per sec-
ond on average). Figure 5(al,b1,c1) present directimages of these
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Figure 4. Quantitative Amplitude Images of the micro-samples. (al) Direct image of the resolution target captured by the CCD camera. (a2)—(a6)
Reconstructed images of the resolution target at different sampling rates. (b1) Direct image of the micro balls captured by the CCD camera. (b2)—(b6)
Reconstructed images of the micro balls at different sampling rates. (c) Intensity profiles of the cross-sectional blue and red lines shown in (al) and
(a5). (d) The variation trend of SSIM as the sampling rate increases. (e) The variation trend of PSNR as the sampling rate increases. (f1) and (f2)
Reconstructed images of resolution target at 7.3 photons/pixel/s and 1.7 photons/pixel/s.

samples captured using a microscope with 5x magnification,
serving as reference images. The corresponding reconstructed
amplitude images obtained with the meta-single-pixel imaging
system at 80% sampling rate are shown in Figure 5(a2,b2,c2).
The calculated SSIM values for motor nerve cells, lily ovary cells,
and equisetum spore cells were 0.7458, 0.5764, and 0.6998, re-
spectively. The PSNRs were 22.04, 16.02, as well as 16.17 dB.
The experimental results highlight the versatility of the proposed
imaging system, which effectively resolved fine structural details
such as branching extensions in motor nerve cells, distinguished
individual lily ovary cells with sharply defined walls and visible

Adv. Optical Mater. 2025, 01310 e01310 (6 Of'|0)

nuclei, and achieved high-fidelity imaging of equisetum spore
cells by clearly delineating external contours, internal features,
and adjacent cell walls. Furthermore, retrieved 2D phase maps
for these samples, as displayed in Figure 5(a3,b3,c3), highlight
the capability of the system to capture complex-field information
beyond traditional amplitude imaging. Detailed information on
the phase recovery algorithm process is demonstrated in Sup-
porting Information, S12. These findings validate the potential
of the meta-single-pixel imaging system as a powerful tool for bi-
ological imaging, offering reconstruction capabilities with both
amplitude and phase information.
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Figure 5. Complex field imaging results of micro samples. (al), (b1), and (c1) Direct images of micro samples captured by the CCD camera. (a2), (b2),
and (c2) Reconstructed amplitude images of the micro samples with 80% sampling rate. (a3), (b3), and (c3) Retrieved 2D phase maps corresponding
to each micro sample.
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Figure 6. Nanostructure and Simulation Results of Metalens. a) Front view and b) top view of nanostructure of metalens (H = 300 nm, P = 370 nm,
W = 100 nm, and L = 250 nm). c) Spatial arrangement of the nanostructure. d) Simulated focal intensity distribution of the metalens with a NA of
0.316 at a wavelength of 532 nm on the X-Y plane. e) Simulated longitudinal intensity distribution of the light field cross-section on the X-Z plane at the
working wavelength.
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3. Conclusion

In this work, we developed a compact meta-single-pixel imaging
system by combining the strengths of metalenses and single-
pixel imaging techniques, with a particular emphasis on mini-
mizing the overall system scale. Our approach employs a met-
alens to project high-resolution Hadamard mask patterns onto
micro-samples, replacing the conventional lens-to-detector light
collection architecture with a programmable spatial light mod-
ulation strategy. Experimental results demonstrate the system’s
capability to reconstruct both amplitude and phase maps, even
under single-photon level illumination conditions, highlight-
ing its exceptional sensitivity and photon efficiency. By enhanc-
ing imaging functionality in a compact form, this work paves
the way for significant contributions to fields such as live-cell
imaging, developmental biology. The integration of meta-optics
with computational imaging not only expands the applicabil-
ity of single-pixel techniques but also sets a foundation for the
next generation of high-performance, miniature optical imag-
ing systems, particularly in resource-limited or space-constrained
environments.
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4. Experimental Section

Phase Design of Metalens: Based on Fermat’s principle, the phase
@(x, y) distribution profile of a typical metalens is expressed as the fol-
lowing equation:[®3

Dlxy) = 2 =[xty 4£2), ®

where fis the focal length of the metalens, xand y are Cartesian coordinates
location of each nanofin, and A is the incident wavelength. The relationship
between the phase ¢ and the rotation angle 6 of each nanofin is given by
¢ = 26.

Numerical simulations were performed by using a commercial finite-
difference-time-domain (FDTD) software package (Lumerical Inc., Van-
couver). The focal length of the metalens is inherently wavelength-
dependent. Therefore, to eliminate chromatic aberration and ensure ac-
curacy in simulations,[*6] a monochromatic incident wavelength 1 of 532
nm (widely used as an excitation light source in fluorescence imaging)
was used. Generally, metalens materials are typically chosen for their low
absorption and loss in the visible range, such as TiO, and Si;Ny4. This
study employs amorphous silicon (a-Si) as the dielectric material for the
nanofins. Although a-Si exhibits relatively higher absorption at 532 nm, its
high refractive index of 4.43 enables efficient phase modulation, which is

. (c)
® Electron Beam
® Resist

Thermal Evaporation

)

-.-0 'O - ‘-

‘ “I )

Metalens

Plasma

(V]
Reactive lon Etching

Figure 7. Fabrication process of metalens. a) Amorphous silicon was deposited onto a glass substrate by using magnetron sputtering. b) A negative elec-
tron beam resist was spin-coated onto the deposited wafer. c) A thin metallic layer was deposited on the wafer by thermal evaporation. d) Electron beam
exposure was performed to generate the nanostructure. e) After spray development, RIE was utilized to precisely transfer the patterned nanostructures

from the resist. f) The fabricated metalens.
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critical for metalens performance. Furthermore, the high-throughput prop-
erty of the SPI system effectively compensates for the associated losses.
The measured optical constants of the material can be found in Figure S9,
Supporting Information, S13. The substrate material was chosen as fused
silica, which has a refractive index of 1.46 at the same wavelength, pro-
viding a high refractive index contrast for proper phase modulation. The
nanofins were designed as cuboidal structures with a fixed height (H) of
300 nm, arranged on the substrate in a periodic square lattice with a lat-
tice constant (P) of 370 nm, as shown in Figure 6a. The geometric dimen-
sions of nanofins were carefully optimized with a length (L) of 250 nm and
a width (W) of 100 nm, as shown in Figure 6b, to achieve the required
phase shift. Theoretically, taking the fill factor, thickness, and the absorp-
tion coefficient, the calculated transmittance is around 40.43%. To balance
computational cost and memory limitations, the simulated metalens was
designed with a reduced diameter and focal length compared to the real-
world implementation. Specifically, the diameter was set to 20 um and the
focal length to 30 um. However, to ensure that the optical performance of
the simulation accurately reflects the real system, the numerical aperture
(NA) of the simulated metalens was kept identical to that of the actual
design, maintaining a value of approximately 0.316.

Fabrication Process of Metalens: ~ Figure 7 illustrates the fabrication pro-
cess of the metalens. First, a 300 nm-thick a-Si layer was deposited onto
a fused silica substrate using a magnetron sputtering system. During the
deposition process, the chamber was evacuated to a high vacuum to min-
imize contamination, and then mixed gas (Argon and Nitrogen) was ap-
plied as a functional medium. Then, patterning of the metalens structure
was performed using electron beam lithography (EBL), followed by a dry
etching process to transfer the designed nanostructures onto the amor-
phous silicon layer. In the EBL process, a negative electron beam resist
was spin-coated onto the substrate at a controlled speed to achieve a uni-
form and precise resist thickness. To ensure optimal electron beam inter-
action, a thin metallic layer was deposited on top of the resist by thermal
evaporation. This metallic layer helped mitigate charging effects during the
electron beam exposure, ensuring high-resolution patterning. The pattern-
ing was performed using a high-precision 100 kV electron beam lithogra-
phy system (Raith EBPG 5200Z), which provided the capability of writing
nanostructures with feature sizes around 10 nm. The electron beam selec-
tively exposed areas of the resist according to the designed nanofin pat-
terns, following the phase profile distribution of the metalens. To achieve
high manufacturing accuracy and ensure sharp edges of nanofins, each
nanofin was separated into three parts, as shown in Figure 7d. Each
generated nanostructure was divided into three distinct regions: orange
(20 nm x 20 nm), light blue (20 nm x 210 nm and 20 nm x 60 nm), and
red (60 nm X 210 nm). Development of the resist was carried out using a
spray development technique, which ensured uniform and high-fidelity re-
moval of unexposed resist regions. Finally, reactive ion etching (RIE) was
employed to transfer nanostructures from the resist onto the underlying a-
Si layer. In the RIE process, a carefully controlled plasma environment was
created using a mixture of gases to achieve selective etching of the a-Si
layer. RIE provided precise anisotropic etching, enabling accurate nanos-
tructures with a high aspect ratio.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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