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The development of super-oscillatory lens (SOL) offers
opportunities to realize far-field label-free super-resolution
microscopy. Most microscopes based on a high numerical
aperture (NA) SOL operate in the point-by-point scanning
mode, resulting in a slow imaging speed. Here, we propose
a high-NA metalens operating in the single-shot wide-field
mode to achieve real-time super-resolution imaging. An opti-
mization model based on the exhaustion algorithm and
angular spectrum (AS) theory is developed for metalens
design. We numerically demonstrate that the optimized met-
alens with an NA of 0.8 realizes the imaging resolution
(imaging pixel size) about 0.85 times the Rayleigh criterion.
The metalens can achieve super-resolution imaging of an
object with over 200 pixels, which is one order of magni-
tude higher than the unoptimized metalens. Our method
provides an avenue toward single-shot far-field label-free
super-resolution imaging for applications such as real-time
imaging of living cells and temporally moving particles. ©
2024 Optica Publishing Group

https://doi.org/10.1364/OL.506612

The resolution of a conventional optical microscope is limited
by the Rayleigh criterion (Rc = 0.61λ/NA) [1], where λ and NA
are the operating wavelength and numerical aperture, respec-
tively. Over the past decades, great efforts have been devoted
to overcoming the fundamental limitation on the resolution of
microscopes, and various super-resolution technologies have
been developed. These technologies can be categorized into
three broad groups: near-field [2], far-field fluorescence-based
[3], and far-field label-free microscopies [4–6]. The first two
technologies rely on either complex near-field operations or
specimen preprocesses. In contrast, the far-field label-free tech-
nique overcomes the above problems, which is non-contact and
noninvasive.

One of the most promising far-field label-free microscopy
technologies is based on wavefront modulation. Toraldo sug-
gested that the resolving ability of an imaging system could
be improved using a pupil filter [7]. Berry then proposed the

concept of optical super-oscillation, which helps to explain
the mechanism of super-resolution pupil filters [8]. Recently,
there has been a growing interest in developing far-field
label-free super-resolution microscopy based on a high-NA
super-oscillation lens (SOL) [5,6] achieved through phase or
amplitude elements. The focal spot of an SOL could be smaller
than the super-oscillation criterion of 0.38λ/NA and could the-
oretically reach infinitesimal with severe sidelobes [9,10]. Such
a super-oscillation spot is also limited by the field of view
(FOV) with large sidebands around the focus, which is usually
applied to scanning super-oscillatory imaging [5]. Single-shot
super-oscillatory imaging with an extended FOV can signifi-
cantly improve the imaging speed [11]. Recently, thanks to the
rapid exploitation of metasurfaces for efficient wavefront con-
trol [12], the development of high-performance super-oscillatory
metalens (SOM) becomes possible [13,14]. Achromatic [15]
and wide-angle [16] SOMs have also been reported. However,
most reported SOMs for single-shot super-resolution imaging
still suffer from an extremely limited FOV or low NA, which
is not suitable for real-time super-resolution imaging. Owing to
the prevalence of severe off-axis aberrations for high-NA met-
alenses, how to improve the imaging performance of SOMs
remains a question.

Here, we proposed a polarization-insensitive dielectric SOM
with an NA of 0.8 for single-shot wide-field super-resolution
imaging. For the metalens design, an optimization model based
on the exhaustive algorithm and angular spectrum (AS) theory
was developed. The model could balance the spot size, peak
intensity (PI), and sidelobe ratio (SR, defined as the ratio of the
maximum sidelobe intensity to the central lobe peak intensity)
of the point spread function (PSF) of the metalens. Then the off-
axis PSF performance of the proposed SOM was numerically
verified with the finite-difference time-domain (FDTD) method.
In addition, the resolution of the SOM is close to 0.85Rc in a
wide FOV of 10λ.

The metalens consists of an array of amorphous silicon (a-
Si) nanopillars with different diameters arranged in a hexagonal
lattice on a SiO2 substrate to increase the duty ratio [Figs. 1(a)
and 1(b)]. The numerical simulations of the nanopillars were
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Fig. 1. (a) Schematic of the SOM for super-resolution imaging.
Insets: images of the nanohole with different off-axis displacements.
(b) Metalens consists of a-Si nanopillars arranged in a hexagonal
lattice, where p, h, and d are the lattice size, height, and diameter
of the nanopillar, respectively. (c) Simulated transmission intensity
and phase as a function of the diameter of nanopillar.

performed with Lumerical FDTD software. The refractive
indices of the nanopillars and the substrate at the operating
wavelength of 850 nm are set as 3.6 and 1.45 [17], respectively.
The lattice size and height of the nanopillars are p= 500 nm and
h= 560 nm. To achieve super-resolution imaging with a wide
FOV, we start from the PSF of the SOM, which can be character-
ized by the image of a subwavelength nanohole with an off-axis
displacement roff [Fig. 1(a)]. The nanohole locates in front of
the metalens with a high NA, and the image plane locates in
the substrate corresponding to a low NA compared with that in
the object space. The phase of a nanopillar can be controlled
when varying the diameter d, and a 0–2π phase coverage with
intensity transmission over 90% is achieved [Fig. 1(c)].

Generally, the ideal phase distribution of focusing should be
further adjusted to generate a local super-resolution intensity dis-
tribution and a modified FOV. The phase profile of the proposed
SOM can be expressed as

φSOM(r) = φord(r) + φopt(r), (1)

where r =
√︁

x2 + y2 is the distance from an arbitrary position
P(x,y) of the metalens to its central position, φord(r) is the phase
profile of the ordinary metalens, and φopt(r) is the additional
optimized binary phase profile. Such binary setup significantly
reduces computation cost in the optimization and provides
sufficient flexibility of wavefront manipulation. Instead of a con-
ventional hyperbolic phase profile for focusing [18], the phase
profile of the ordinary metalens could be written as Eq. (2) to
ensure a constructive interference at the designed image plane
while an on-axis point object is imaged:

φord(r) =
2π
λ

[︃
n1

(︃
l1 −

√︂
r2 + l12

)︃
+ n2

(︃
l2 −

√︂
r2 + l22

)︃]︃
, (2)

where l1 and l2 are the object and image distances and n1 = 1
and n2 = 1.45 are the refractive indices in the object and image

Fig. 2. (a) Schematic of the super-resolution imaging process. (b)
Phase profile of the ordinary metalens (blue line) and the optimized
binary phase profile (red line) along the radial direction. (c) x-cut
lines of the theoretical off-axis PSF. (d) PI/PImax, FWHM/FWHMA,
and SR of the theoretical PSF for the off-axis displacements from 0
to 5λ. FWHMA is the diffraction-limited Airy spot size.

spaces, respectively. Specifically, the radius of the metalens is
set as R= 40λ, and the NAs in the object and image spaces are set
as NA1 = 0.8 and NA2 = 0.08 [Fig. 2(a)]. Accordingly, l1= 30λ
and l2 = 723.9λ are obtained from l2 =R/tan(asin(NAi/ni)). Such
a metalens with phase distribution of φord(r) still suffers from
severe off-axis aberrations, leading to an extremely limited FOV
in imaging. The wavefront diffracted from the nanohole with
a diameter of 0.6λ is almost equivalent to the spherical wave-
front. According to the AS theory, the PSF of the system under
unpolarized incidence can be described as

I(xoff, yoff; x, y) =
|︁|︁|︁|︁∫ ∫ ∞

−∞

A(fx, fy)ei2π(fxx+fyy+fz l2)dfxdfy
|︁|︁|︁|︁2, (3)

where fx, fy, fz =
√︁

1/λ2 − f 2
x − f 2

y are the frequency components
along x-, y-, and z-directions and A(f x, f y) is the angular spectra
of the light fields near the light-emergent surface of the metalens,
which can be calculated through

A(fx, fy) =
∫ ∫ ∞

−∞

U(x, y)t(r)e−i2π(fxx+fyy)dxdy

= F[U(x, y)t(r)e−i2π(fxx+fyy)],
(4)

where U(x, y) ≈ u0ei2πn1 lr/λ/lr is the spherical wavefront of the
off-axis point, lr =

√︂
(x − xoff)

2
+ (y − yoff)

2
+ l21 is the distance

between the off-axis point (xoff , yoff) in the object plane and the
point P(x,y) of the metalens, and t(r) ≈ circ(r/R)eiϕSOM/lr is the
transmission function of the SOM. The spatial coordinates of
the PSF are transformed through a fixed magnification into the
ones that characterize the actual size of the object.

In the design of the SOM with a high NA for wide-field super-
resolution imaging, the optimization process of the binary phase
(0, π) takes both the performance improvement of off-axis aber-
ration and resolution into account. We first binarize φopt(r) into
20 rings. Since the phase value of each annular ring is indepen-
dent of each other, we build a library consisting of 220 kinds of
additional binary phase profiles and use the exhaustion algorithm
and AS theory in the optimization. We propose a multiple con-
strained optimization model for the optimizing selections from
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the binary phase library, which includes constraints of the PI,
full width at half maximum (FWHM), and SR of the PSFs. The
corresponding off-axis PSFs are calculated using Eqs. (3) and
(4). The objective function f obj is defined as Eq. (5a) for off-axis
aberration compensation. The size of the binary phase library
(start at 220) greatly decreases when starting from roff= 0 with
symmetry in x- and y-directions. The mathematical expression
of this model can be expressed as

fobj = max PI(roff = 5λ) (5a)

s.t. FWHMx,y(roff = 0, 5λ)<0.9FWHMA (5b)

SRx,y(roff = 0, 5λ)<0.25 (5c)

PI(roff = 5λ)/PI(roff = 0λ)>0.6 (5d)

φopt(ri) ∈ {0,π}, i = 1, 2, ·· · 20, (5e)

where FWHMA = 0.51λ/NA is the spot size of the PSF (Airy
disk) of a conventional lens and ri is the radius of the i-th annular
ring of the phase profile. Note that the proposed SOM does not
exactly break the spatial frequency limit that can transmit in the
optical system.

The optimized binary phase φopt(r) is obtained in Fig. 2(b),
resulting in compensated off-axis aberrations within an extended
FOV. We investigated the performance of the theoretical PSF of
the designed SOM using the AS method. Figure 2(c) shows
the x-cut lines of the PSF for the roff ranging from 0 to 5λ.
Figure 2(d) shows the PI/PImax, FWHM/FWHMA, and SR of the
PSF as functions of roff , where PImax is the maximum PI. Note that
the PI/PImax of the imaging spot remains larger than 54% while
keeping roff smaller than 5λ to ensure acceptable imaging quality.
The FWHM of different imaging spots remains below 0.58λ,
smaller than the diffraction limit of 0.64λ. The calculated SR
is smaller than 30% in the working FOV, indicating significant
suppression of sidelobes.

To characterize the imaging performance of the designed
SOM, we simulated the imaging of the subwavelength nanohole
by FDTD and AS methods. Perfectly matched layer (PML)
boundary condition is employed in the z-direction. First, the
simulated results of the transmission function in the x- and y-
directions of the metalens under x- and y-polarized incidence
were obtained by the FDTD method. Then, the PSF of the met-
alens under unpolarized incidence could be calculated by the
incoherently superposition of the PSF under x- and y-polarized
incidence by the AS method using MATLAB. For the ordinary
metalens, although the PSF for roff= 0 is an Airy spot, the off-
axis aberrations become significant when slightly increasing the
roff [Fig. 3(a)]. In contrast, the size of the PSF of the SOM main-
tains smaller than that of the Airy spot for the roff from 0 to 5λ
at a cost of increasing sidelobes, and the off-axis aberrations are
compensated [Fig. 3(b)]. The x- and y-cut-line intensity profiles
of the PSFs for the ordinary metalens and SOM are shown in
Figs. 3(c) and 3(d). Compared with the ordinary metalens, which
suffers from a severe asymmetry of the intensity distribution in
the x- and y-directions due to the off-axis aberrations, the inten-
sity distributions of the designed SOM are more uniform with
similar FWHMs for different roff of the nanohole.

Figure 4(a) shows the x-cut-line intensity profiles of the off-
axis PSF of the SOM, which is consistent with the calculated
ones in Fig. 2(c) using the AS method. We simulated PI/PImax,
FWHM/FWHMA, and SR of the PSF of the SOM as a function
of roff in Fig. 4(b). The PI/PImax at an roff smaller than 5λ remains
larger than 52%. The spot sizes in the x- and y-directions, i.e.,

Fig. 3. Comparison between the simulated PSFs of the (a) ordi-
nary metalens and (b) SOM for the off-axis displacements from 0
to 5λ. The corresponding (c) x-cut lines and (d) y-cut lines of the
PSF for different off-axis displacements.

Fig. 4. (a) x-cut lines of the simulated off-axis PSF. The PI/PImax,
FWHM/FWHMA and SR of the PSF for the off-axis displacements
from 0 to 5λ under (b) unpolarized and (c) x- and (d) y-polarized
incidence. FWHMA is the diffraction-limited Airy spot size.

FWHMx and FWHMy, remain about 0.52λ for the roff from 0λ
to 3λ, which is 0.83FWHMA. The simulated maximum FWHM
is about 0.58λ for roff in the range from 3λ to 5λ, which is
0.93FWHMA. The simulated SRs are slightly larger than those
of the calculated ones in Fig. 2(d). Such discrepancy can be
attributed to the effect of the near-field coupling between the
nanopillars.

Normally, a conventional high-NA lens under linearly polar-
ized incidence generates an asymmetric focal spot caused by
optical transmission [19], which means that such a lens is polar-
ization sensitive. However, the anisotropy of the central lobe
of SOM spots is too small to show up. The proposed metal-
ens under linearly polarized incidence can produce a nearly
circularly symmetric spot at roff <5λ, which means that such
a metalens is polarization insensitive within certain limits. As
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Fig. 5. Images of double-nanoholes in a metallic film. The center-
to-center distances of the two adjacent nanoholes are (a) Rc and (b)
0.85Rc. (c)–(f) Simulated images for (c),(d) the ordinary metal-
ens and (e),(f) the SOM corresponding to panels (a),(b). (g) and
(h) Comparison among the x-cut lines of the imaging intensity
distributions for panels (a),(b).

shown in Figs. 4(c) and 4(d), there is a negligible difference in
the spot sizes between the x- and y-directions for an off-axis
displacement from 0 to 5λ under x-and y-polarized incidence,
respectively.

To investigate the off-axis imaging performance and the
resolving ability of the designed SOM, we simulated the imag-
ing of the two test targets with unpolarized illumination. Each
target consists of three double-nanoholes with the same center-
to-center distance δ in a film [Figs. 5(a) and 5(b)]. The center
of the bottom, middle, and top double-nanoholes locates at
x= 0 (the optical axis), 2.5λ, and 5λ, respectively. The dis-
tance δ for the first and second test targets are set as Rc and
0.85Rc (Rc = 0.763λ). The imaging distribution is the resultant
intensity distribution incoherently superposed by the intensity
patterns of each single nanohole in the test target. As shown
in Fig. 5(c), although the double-nanohole for x= 0 can be
resolved when using the ordinary metalens for imaging, the
image suffers from apparent off-axis aberrations for x= 2.5λ
and 5λ. When δ decreases to 0.85Rc, the images of each double-
nanoholes become blurry and the two spots merge into one,
demonstrating that the ordinary metalens cannot be used for
sub-diffraction imaging anymore [Fig. 5(d)]. Therefore, the res-
olution of the ordinary metalens is about Rc with an extremely
limited FOV. In contrast, all of the double-nanoholes can be
resolved by the SOM with negligible aberrations [Figs. 5(e)
and 5(f)]. The comparison among the x-cut-line intensity pat-
terns for each double-nanoholes in the first and second targets
is shown in Figs. 5(g) and 5(h), respectively. Generally, the con-
trast defined in the Rayleigh criterion for distinguishing two
adjacent points is 20% [20]. When using the SOM to image the
double-nanoholes, the intensity contrasts corresponding to the
double-nanoholes located at x= 0λ, 2.5λ, and 5λ are 21%, 20%,
and 35%, respectively, which can reach the distinguishing crite-
rion. The resolution of the SOM keeps approximately 0.85Rc in
an extended FOV of 10λ.

In summary, we propose a high-NA SOM to achieve wide-
field super-resolution imaging under unpolarized incidence.
Owing to the requirement for multi-parameters in a realistic
imaging system, such as NA, FOV, and spatial resolution, a
trade-off among these quantities is made in the optimization of
the SOM. The PSF performance of the proposed metalens is
verified through FDTD simulation, whose results are consistent
with the theoretical ones. The designed SOM with an NA of
0.8 can achieve single-shot super-resolution imaging with the
spatial resolution of about 0.85Rc within an extended FOV of
10λ, which includes more than 200 pixels. The amount of pix-
els is calculated by the number of pixels contained in the FOV.
Our method provides a simple way to achieve far-field label-
free super-resolution imaging with an improved FOV, which
can potentially be applied in microscopy and bio-imaging such
as the real-time imaging of living cells. The working wavelength
of the SOM could also be extended to other wavelengths, which
requires nanostructures with proper materials possessing high
refractive indices or high conductivity.
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