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ABSTRACT: Achieving broadband achromaticity in the visible
spectrum is critical for enhancing the imaging performance of
metalenses. However, many previous studies remain constrained by
small device sizes or small numerical aperture. In this study, we
propose a polarization-multiplexed metalens capable of generating
zero- and high-order Bessel beams to achieve quasi-achromatic
correction without size limitations. An image subtraction method
with the two polarization channels is developed to mitigate the
Bessel beam sidelobes to improve imaging quality. Our results
demonstrate an effective quasi-achromatic focusing and imaging over
a continuous wavelength range of 450−700 nm with long focus
depth. The image subtraction method significantly enhances the
image clarity and contrast, providing new insights for full-color
imaging and detection.
KEYWORDS: metalens, Bessel beam, quasi-achromatic imaging, image subtraction

Chromatic aberration in lenses causes light of different
wavelengths to fail to focus on the same plane, resulting

in image blurring and color distortion. Correcting chromatic
aberration over a wide bandwidth is essential for achieving full-
color imaging. However, traditional refractive achromatic
elements (e.g., doublet lens) are typically large, costly, and
challenging to manufacture with high precision. These
limitations hinder their ability to satisfy the rapid development
of lightweight and integrated optical devices, restricting their
application in portable, wearable, and integrated systems.
Metalenses are novel diffractive lenses composed of sub-
wavelength unit structures with an ultrathin architecture. They
also provide more precise and efficient wavefront control,1−13

offering solutions for compact and lightweight achromatic
optical elements. To date, a number of works have achieved
multiwavelength achromatic metalenses, eliminating chromatic
aberration at several discrete wavelengths14−18 or within a
certain continuous bandwidth.19,20 But these limited achro-
matic capabilities are insufficient for full-color imaging
applications. Recently, several works have achieved broadband
achromatization,21−33 but it is still constrained by the
fundamental limitations of achromatic metasurfaces,34 such
as small scale, low numerical aperture (NA), and low focusing
efficiency. Currently, deep learning is being increasingly
applied in micro−nano optics, achieving effective chromatic
aberration correction in the visible spectrum.35−38 Although
they provide significant improvement for low-quality imaging,

achieving high performance through new types of optical
elements or approaches is still in high demand.
To overcome the limit of large-scale achromatism, Bessel

beams have gained attention due to their long depth of focus
and nondiffracting properties.39 Their unique point spread
function (PSF) exhibits high stability across different focal
depths, effectively addressing chromatic aberration and image
blurring caused by the focal shift, making them a feasible
solution for eliminating chromatic aberration in optical
imaging systems. However, even so, the sidelobes of Bessel
beams inevitably degrade imaging performance, leading to a
decrease in the resolution and contrast. Therefore, post-
processing techniques are required for optimization. Tradi-
tional deconvolution methods, such as Wiener filtering, are
prone to introducing additional noise,35,40 while deep learning
approaches are inefficient due to their high computational
resource requirements.41 In contrast, the image subtraction
method has gained increasing attention due to its practical
feasibility and simplicity and mainly been applied in
fluorescence light-sheet microscopy to eliminate sidelobe-
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induced blurring,42−49 which inspires us in improving the
performance of Bessel beam based quasi-achromatic imaging.
In this study, we design a polarization-multiplexed metalens

with phase profiles to generate zero- and high-order Bessel
beams, which is utilized to access the long focal depth and
quasi-achromatic far-field imaging in the visible region. Here,
the zero-order and high-order Bessel beams are conveniently
obtained by switching the polarization state of the incident
light, ensuring precise overlap of their images and avoiding
misalignment issues. Being imaged by both beams, full-color
object images are performed with an intensity subtraction
process, and sidelobe interference is then effectively sup-
pressed. This method results in significant enhancement in
image clarity and resolution, achieving high-quality full-color
imaging across a broad bandwidth of 450−700 nm.
In subtraction imaging, solid and hollow beams are used to

image the same object, respectively; more details of this
method are provided in Supporting Information Note I. In this
study, we choose the zero-order and high-order Bessel beams,
and the target phase can be written as

x y x y NA n( , ) 2
2 2 2= + +

(1)

where x and y represent the coordinates within the plane, NA
is the numerical aperture, and the term nϕ represents the
vortex phase to generate high-order Bessel beams, where ϕ =
arctan(y/x) is the azimuthal angle.50,51 Here, we set NAzero‑order
= NAhigh‑order = 0.2 and choose nzero‑order = 0 and nhigh‑order = 2 to
ensure that the sidelobes of the zero-order and high-order
Bessel beams overlap.
To eliminate the blur caused by the sidelobes, it is necessary

to precisely align the images of the 0-order and 2-order in
experiments. However, mechanical methods for moving lenses
usually lead to positional misalignment. Therefore, we
designed a polarization-multiplexed metalens for image
subtraction, with a schematic diagram of the system shown
in Figure 1(a). The upper and lower rows in the figure

represent the quasi-achromatic imaging processes of the zero-
and high-order Bessel beams under incoherent illumination,
respectively. By switching the polarization state of the incident
light, the PSFs or images of the two beams can be generated at
the same position on the same focal plane without the need for
spatial adjustments of the lens. We selected circular polar-
ization as the orthogonal basis, with the 0 and 2 orders of
Bessel beams corresponding to right-handed circular polar-
ization (RCP) and left-handed circular polarization (LCP),
respectively. The Jones matrix of the nanofin in a metasurface
describing the relation between the input electric field (Ein)
and the output electric field (Eout) in a circular base can be
written as52−57
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where Rc is the rotation matrix in a circular base. In this design,
we used rectangular silicon nitride (SiNx) nanofins with a
height of 1200 nm. Due to the mirror symmetry, ϕLR = ϕRL =
ϕ. In this work, we set the RCP-to-LCP channel to generate a
0-order Bessel beam and the LCP-to-RCP channel to generate
a 2-order Bessel beam. Then the phases of the two beams can
be given by φ0‑order = 2θ + ϕ and φ2‑order = −2θ + ϕ, where θ is
the rotation angle of the nanofins. Using the finite-difference
time-domain (FDTD) method, we scanned the geometric and
optical parameters of the nanofins on the silicon dioxide
(SiO2) substrate. Since we are interested in the broadband
visible spectrum, we selected λ = 530 nm as the central design
wavelength. In the simulation, periodic boundary conditions
were applied in the x and y directions, and the unit cell
structures of the nanofins are shown in Figure 1(b). The lattice
constant for each cell was optimized as Px = Py = 340 nm, with
the nanofins’ length L and width W ranging from 80 to 260
nm. A library was constructed containing the geometric
dimensions along with the phase and polarization conversion

Figure 1. Imaging process and design of a polarization-multiplexed metalens. (a) Schematic illustration of the imaging principle based on the
proposed polarization-multiplexed metalens. (b) Side and top views of a single nanofin. (c, d) Simulated variations of phase and polarization
conversion efficiency of the transmitted optical field with size. (e) Microscopic image of the metalens and SEM images.
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efficiencies, as shown in Figure 1(c) and Figure 1(d). The
selected nanofins exhibit an average polarization conversion
efficiency of up to 95% and a phase coverage ranging from 0 to

2π. The metalens was fabricated by electron beam lithography
(Elionix, ELS-F125) and dry etching techniques (Oxford
Instrument, Plasma Pro100 Cobra300). Figure 1(e) shows the

Figure 2. Longitudinal intensity distributions of Bessel beams at wavelengths of 630, 530, and 470 nm. (a) 0-order Bessel beams; (b) 2-order Bessel
beams. Yellow dashed lines and bidirectional arrows indicate the position of the longest focal depth.

Figure 3. PSFs of Bessel beams at incident wavelengths of 630, 530, and 470 nm. (a) 0-order PSFs. (b) 2-order PSFs. (c) PSFs after subtraction
with s = 0.3. (d) Normalized intensity profiles along the white dashed lines. Blue dashed lines: intensity of 0-order PSFs; green dashed lines:
intensity of 2-order PSFs multiplied by 0.3; red solid lines: subtracted PSFs.
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optical microscopy image of the metalens and scanning
electron microscopy (SEM) images of the nanofins. The
fabricated metalens has a diameter of 350 μm. Unlike
conventional achromatic metalenses, our design is not
constrained by lens size and can achieve quasi-achromatic
correction for larger lenses on the millimeter or even
centimeter scale.
In experiments, a laser was first employed as the light source

to characterize the fabricated metalens, and a CMOS camera
mounted on a computer-controlled translation stage was
employed to capture the PSFs of the beams. The experimental
setup is shown in Supporting Information Figure S1. The
longitudinal light field distributions of the 0-order (Figure
2(a)) and 2-order (Figure 2(b)) Bessel beams were measured
at wavelengths of 630, 530, and 470 nm, which were extracted
from a 3D field pattern reconstructed from the recorded
magnified transverse field pattern slices at discrete longitudinal
locations along the beam propagation direction. The position
of the PSF with an intensity of 40% of the maximum PSF
intensity along the z-axis is selected as the longest focal depth.
More details about the determination of the longest focal
depth can be seen in Supporting Information Note II. At the
design wavelength, the longest focal depth of the 0-order is 858
μm, conforming to the theoretical value of the nondiffracting
distance, defined as L 857.32 mD

NA2 tan(arcsin( ))
= = , where

the lens diameter D = 350 μm. Due to the inherent dispersion
of the metalens, the longest focal depth varies with the incident
wavelengths. At wavelengths of 630 and 470 nm, the longest
focal depths amount to 781 and 990 μm, respectively. Notably,
the longest focal depth of the 2-order Bessel beam coincides
with that of its corresponding 0-order counterpart at the same
wavelength. These positions are marked with yellow dashed
lines and bidirectional arrows in Figure 2. Thus, under varying
incident wavelengths, both 0 and 2 orders of magnitude Bessel
beams exhibit considerable focal depths, which mitigates
chromatic aberrations caused by wavelength variations of the
focusing lens. Both the 0- and 2-order Bessel beams consist of

a central main lobe and multiple sidelobes. The main lobe of
the 0-order Bessel beam is solid, while that of the 2-order
Bessel beam is annular, causing edge blurring of objects under
incoherent illumination. The sidelobes around the main lobe
introduce background noise, which severely degrades the
image quality.
To address this issue, we employed an image subtraction

method. The principle was demonstrated from the perspective
of the PSF first. We extracted the PSFs at the white dashed
lines in Figure 2 (z = 0.3 mm), with the results shown in
Figure 3(a) and Figure 3(b). Since the sidelobes of the 0-order
and 2-order PSF begin to overlap from the second sidelobe
onward, the subtraction coefficient s is approximated as the
ratio of the intensity of the second sidelobe of the 0-order PSF
to that of the 2-order PSF, yielding a value of approximately
0.3. The 0-order and 2-order PSFs at different wavelengths
were subtracted with the same subtraction coefficient, resulting
in Figure 3(c). Figure 3(d) presents the normalized intensity
profiles extracted along the white dashed lines of the PSFs. The
intensity profiles of the 0-order and 2-order PSFs are
represented by blue and green dashed lines, respectively. The
intensity of the 2-order PSF was multiplied by 0.3, resulting in
a value nearly equivalent to the intensity of the sidelobes of the
0-order PSF. Although the PSF centers were aligned, slight
residual misalignment persisted in the spatial distribution of
the sidelobes. Following subtraction, the sidelobes of the 0-
order PSF are greatly suppressed, though it leads to some
negative value regions, as shown by the red solid lines in Figure
3(d). These artifacts, however, minimally degrade image
quality. In fact, the reduction in the full-width-at-half-
maximum of the main lobe caused by the negative values
sharpens the PSF’s edges, enhancing overall image clarity.
Although the PSFs at only three wavelengths are presented
here, our design enables continuous broadband quasi-
achromatic correction over a wavelength range of 450−700
nm. Additional PSF experimental results are provided in
Supporting Information Figure S3.

Figure 4. (a) Subtracted images at different imaging planes under 530 nm (s = 0.3). (b) Zoom-in images within the white boxes and intensity
profiles along the white dashed lines. Scale bars, 20 μm. (c) MTFs of zero-order Bessel beams at different focal planes for the same wavelength (λ =
530 nm). (d) MTFs of zero-order Bessel beams at different wavelengths for the same focal plane (z = 0.3 mm).
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To verify the extended depth-of-focus imaging capability of
the polarization-multiplexed metalens, we used an LED as the
light source and selected the USAF1951 test chart as imaging
object for the experiment. The imaging experimental setup is
shown in Supporting Information Note III. It should be noted
that the metalens combining a focusing phase and a spiral
phase can achieve edge enhancement under coherent
illumination.58−61 However, since our design utilizes a Bessel
phase, the sidelobes significantly degrade the imaging quality,
making edge enhancement unattainable. In contrast, under
incoherent illumination, the spiral phase causes the captured
image to remain solid, but the edges become more blurred.62,63

More simulated imaging results can be seen in Supporting
Information, Note IV. Figures 4(a) and 4(b) show the imaging
results of the two imaging channels and the subtraction results
at different imaging planes. It can be observed that the
subtractive imaging performance remains consistent across
different imaging planes, indicating that the Bessel beam
provides a sufficiently large working distance. We also
calculated the modulation transfer function (MTF) at different
focal planes for the same wavelength, as shown in Figure 4(c).
The MTFs exhibit positional invariance, confirming that the
Bessel beam has significant advantages in long depth imaging.
To verify the feasibility of the image subtraction method

across a broad wavelength range, we first tested the imaging
performance at single wavelengths with an LED light source,

with the imaging object being group 3 elements 2 and 3, as the
results shown in the first three rows of Figure 5. Details about
the spectral bandwidth and uniformity of the LED light source
are provided and discussed in Supporting Information Note
III. Figure 5(a) shows the images of the 0-order Bessel beams,
where it can be seen that the image is blurred at all
wavelengths due to the sidelobes, but the degree of blurriness
is consistent across all wavelengths. Figure 4(d) shows the
MTFs at the same position for different wavelengths, which
also verified the wavelength invariance. Figure 5(b) shows the
images of 2-order Bessel beams; the hollow main lobe and
stronger sidelobes result in increased blurriness of background.
When capturing images of different polarization channels and
wavelengths, we kept the camera’s exposure time and gain
parameters unchanged to prevent adverse pixel values resulting
from dynamic changes in noise levels. And we performed an
image preprocess to subtract the baseline noise caused by the
ambient background. To quantitatively evaluate the quality of
imaging, we defined SNR = 10 lg(Isignal/Inoise), where Isignal and
Inoise refer to the intensity of the signal that can be clearly
distinguished and the fluctuation of the background noise
intensity, respectively.64 The calculated SNRs at different
wavelengths of 0-order and 2-order images are SNR = 6.80/
5.54 dB, 7.25/5.86 dB, and 7.16/5.55 dB, respectively. The
intensities of the images are subtracted, with a subtraction
coefficient s = 0.3 at all wavelengths, and the final images are

Figure 5. Experimental imaging results under 630, 530, and 470 nm and white light. (a) Images of 0-order Bessel beams. (b) Images of 2-order
Bessel beams. (c) Images after subtraction with s = 0.3. Scale bars, 50 μm. (d) Normalized intensity profiles along the white dashed lines.
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shown in Figure 5(c). Small residual misalignments (just
corresponds to only a few pixels of error or even none) can be
conveniently corrected using image translation functions in
MATLAB. The subtracted images effectively suppress stray
light compared to the original 0-order images and have a
significant improvement in SNRs, which increase to 9.88,
10.34, and 9.94 dB, respectively. Compared to the 0-order PSF,
the 2-order PSF has stronger sidelobe components, which
results in a relatively larger intensity in the blurred background
and lower image intensity in the region of interest. Therefore,
by selection of an appropriate subtraction coefficient, the
blurred background is suppressed, while the imaging object
remains preserved. Figure 5(d) presents the normalized
intensity profiles extracted along the white dashed lines,
where the blue dashed line, green dashed line, and red solid
line represent the image intensity profiles of 0-order, 2-order,
and subtraction images, respectively. It clearly demonstrates
the enhancement in clarity and contrast of the subtracted
images.
Finally, imaging with different kinds of objects under

broadband white light illumination was also performed to
demonstrate the achromaticity. The negative resolution test
chart represents the imaging situation in which the object
appears bright and the background is dark. And we fabricated
the letters “NJU” (an abbreviation for Nanjing University)
using photolithography to represent the imaging situation in
which the object appears dark and the background is bright.
The last two rows in Figure 5 show the imaging results of the
0-order and 2-order beams, respectively, following the same
imaging trends observed under monochromatic illumination;
that is, the 2-order images appear blurrier than the 0-order
images. The images of the two situations exhibit no significant
chromatic aberration. The clarity of the images improves
significantly after subtraction. The SNRs increase from 7.21
and 8.59 dB to 9.96 and 11.14 dB, respectively. The
normalized intensity profiles along the white dashed lines are
extracted, where the blue and green dashed lines represent the
intensity profiles of the 0-order and 2-order beams,
respectively, and the red solid lines correspond to the
subtracted intensity profiles. While the subtraction operation
reduces the overall image intensity, it increases the relative
difference between the signal and the background without
introducing additional chromatic aberration.
In summary, we proposed and experimentally demonstrated

a polarization-multiplexed metalens capable of generating long
focal depth Bessel beams, achieving continuous broadband
quasi-achromatic imaging within the visible spectrum (450−
700 nm). Experimental results showed that the image
subtraction method effectively eliminates image blurring
caused by Bessel beam sidelobes and significantly enhances
the image clarity and contrast. Our approach overcomes the
limitations of traditional achromatic metalenses in their small
size and narrow bandwidth. It allows full-color imaging with a
single lens and provides a longer working distance, which
increases the flexibility of the optical system design. Moreover,
this method is straightforward to implement and requires no
complex postprocessing, making it highly suitable for real-time
imaging and dynamic detection. Since our method is
theoretically not limited by the lens size, it holds significant
potential for large-scale quasi-achromatic imaging. This study
provides a new direction for the development of compact,
high-performance imaging systems with broad application

potential in scientific research, medical diagnostics, and
industrial inspection.
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