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Meta-Lens Doublet in the Visible Region
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ABSTRACT: Recently, developments in meta-surfaces have allowed for the
possibility of a fundamental shift in lens manufacturing—from the century-old
grinding technology to nanofabrication—opening a way toward mass producible
high-end meta-lenses. Inspired by early camera lenses and to overcome the
aberrations of planar single-layered meta-lenses, we demonstrate a compact meta-
lens doublet by patterning two metasurfaces on both sides of a substrate. This
meta-lens doublet has a numerical aperture of 0.44, a focal length of 342.5 ym, and
a field of view of 50° that enables diffraction-limited monochromatic imaging along
the focal plane at a wavelength of 532 nm. The compact design has various

il

imaging applications in microscopy, machine vision, and computer vision.
KEYWORDS: Metasurface, visible wavelength, meta-lens doublet, aberration correction, diffraction-limited

ven though ancient Greeks had primitive singlet lenses, it

was not until the 16th century in Holland that for the first
time two different lenses were combined to image an object." A
singlet planar lens cannot achieve diffraction-limited focusing
for different angles of incidence.” This can be solved by adding
lenses and therefore provide more degrees of freedom to
correct for spherical aberration, coma aberration, astigmatism,
and Petzval field curvature.>* However, this solution, combined
with conventional lens manufacturing techniques, results in
bulky imaging systems.

In recent years, metasurfaces have emerged as a new way of
controlling light through the optical properties of subwave-
length structures patterned on a flat surface.””’ The
subwavelength structures are designed to locally change the
amplitude, polarization, and phase of an incident beam so that
various optical devices can be realized in a compact
configuration.” " This becomes important as the demand for
portable and wearable devices increases. Here, metasurfaces
enable flat optics with new opportunities—especially for
compact camera modules.”' *° Recently, a near diffraction-
limited meta-lens doublet in the near-infrared has been
demonstrated.”” To achieve better spatial resolution and for
more possible applications, we present, in the visible, a meta-
lens doublet showing diffraction-limited focusing along the
focal plane for an incidence angle up to 25°. The design builds
up on our previous works and corrects for the first time Petzval
field curvature, coma aberration, and other monochromatic
aberrations in the visible region.zg’29

The meta-lens doublet presented in this paper is based on
the principle of the Chevalier Landscape lens.”” It was the first
widely used camera lens introduced after the invention of the
photographic process based on film. Both the Chevalier
Landscape lens and our meta-lens doublet have in common a
smaller aperture in front of a focusing lens.”' In the Landscape
lens, the rays in normal and oblique incidence are separated by
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the small aperture and then focused by different parts of the
lens so that one can tailor its curvature to reduce aberrations,
especially coma aberrations. In our case, the role of the aperture
is replaced by an aperture with a metasurface (refer to aperture
meta-lens hereafter).

Figure la shows a schematic of our meta-lens doublet. An
incident beam passes through the aperture meta-lens and
substrate before being focused by the focusing meta-lens. The
meta-lenses are comprised of titanium dioxide (TiO,) nanofins
with the same length (L), width (W), and height (H) but
different rotations arranged on a hexagonal lattice (Figure
1b).*° Figure lc—d shows the dimensions of each nanofin. A
phase profile @(x, y) is imparted through the rotations of
nanofins based on the principles of Berry phase.*”*® Each
nanofin is designed as a half-wave phase shifter converting the
incident circularly polarized light into its orthogonal polar-
ization state. The relations between ¢(x, y) and rotation angles
a(x, y) follows: ¢(x, y) = 2a(x, y), for the case of left-handed
circularly polarized (LCP) light (Figure le). The phase of the
aperture meta-lens was chosen as follows:

s 2n
o (x,9) =) an(RL]

n=1 AL

(1)

and similarly, for the focusing meta-lens:

s 2n
P (%, y) = —i—:(\/xz +y =)+, bn(RL)

)
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Figure 1. Design, phase profiles, and the scanning electron microscope images of meta-lens doublet. (a) A schematic of the meta-lens doublet. The
meta-lens doublet comprises two meta-lenses: aperture meta-lens (depicted in orange) and focusing meta-lens (depicted in light blue) patterned on
both sides of a 0.5 mm-thick glass substrate, each meta-lens consists of an array of nanofins with different rotation angles. (b—e) Geometric
parameters of the nanofin. The nanofins are arranged in a hexagonal unit cell. (c—e) Side and top views of the hexagonal unit cell. The nanofin
dimensions are W = 95, L = 250, H = 600, and S = 320 nm. (f) Top-side view SEM micrograph of the focusing meta-lens. Scale bar: 2000 nm. (g)
Side-view SEM micrograph at the edge of the focusing meta-lens. Scale bar: 1000 nm. (h) Phase profile of the aperture meta-lens to correct positive
and negative spherical aberrations. (i) A comparison for the phase profile of focusing meta-lens and hyperbolic meta-lens.

Here, 44 is the design wavelength (= 532 nm), f is the focal
length (= 342.3 um), p = /x> + y” is the radial coordinate, x

and y are position coordinates of each nanofin with respect to
an origin at the center of each lens, and R, and Ry are the
radii of the aperture and focusing meta-lens, respectively. In eq
2, we added a polynomial onto the hyperbolic phase profile to
correct aberrations. The coefficients 4, and b, are optimization
parameters. The ray tracing optimization is based on gradient
descent with the largest focal spot along the focal plane as
objective function. For first optimization step, the initial
conditions for a, and b, were chosen as a, = 0, b, = 0, for all
n. After multiple cycles, the optimization parameters 4, and b,
were obtained such that all rays for various incidence angles up
to 25° fall within diffraction-limited Airy disks (see Supporting
Tables S1 and S2 for the coefficients).”* Both aperture meta-
lens and focusing meta-lens were fabricated by electron beam
lithography followed by atomic layer deposition.’> They were
aligned through alignment marks patterned on both sides of a
substrate (see Methods for details). Figure 1f and g shows
electron microscope images for the focusing meta-lens. The
phase profile of eq 1 and eq 2 were imparted assuming incident
LCP and RCP light for the aperture and focusing meta-lens,
respectively. The first term of eq 2 shows a hyperbolic shape,
and we refer to a meta-lens with this phase profile as hyperbolic
meta-lens hereinafter. Figure 1h—i shows the phase plots based
on eq 1 and eq 2 for the aperture meta-lens and focusing meta-
lens, respectively. We found that the aperture meta-lens has a
phase profile similar to a Schmidt plate, which is widely used to
correct spherical aberration.”*”” This phase profile results in
converging chief rays and diverging marginal rays. The phase
profile of the focusing meta-lens has a stronger phase gradient
at the edge than that of the hyperbolic meta-lens (dashed gray
line in Figure 1i, plotted with the first term of eq 2 only).

Figure 2a shows the ray diagram for the hyperbolic meta-
lens, which is only capable of achieving diffraction-limited
focusing at normal incidence. The inset shows a magnified plot
of the rays near the focal plane. At oblique incidences, it suffers
strong aberrations; we found that this cannot be corrected by
adding another metasurface as a correcting lens without
modifying its hyperbolic phase profile, because the ray diagrams
for different angles of incidence are significantly different.
Figure 2b shows the case for the focusing meta-lens without the
aperture meta-lens. The focusing meta-lens has the same design
parameter as the meta-lens doublet. Through the stronger
phase gradient at the edge (see light blue curve in Figure 1i)
compared to that of the hyperbolic meta-lens, the marginal rays
get bent more toward the optical axis (focusing before the focal
plane), while chief rays get bent less (focusing behind the focal
plane). These effects are known as positive and negative
spherical aberrations, respectively. The phase profile of the
focusing meta-lens results in similar ray diagrams (Figure 2b)
for different incidence angles and therefore provides a
possibility to correct the aberrations. In Figure 2c, with the
aperture meta-lens, the positive and negative spherical
aberrations are corrected to realize diffraction-limited focusing
along the focal plane. Figure 2d shows an analog ray diagram
with refractory lenses. Spherical aberrations are corrected by
the Schmidt plate in such a way that marginal rays are diverged,
which increases the “effective focal length”, while chief rays are
converged, which decreases the “effective focal length”.

Figure 3a shows a schematic setup for measuring the size of
the focal spot for different angles of incidence. An objective of
NA = 0.95 with a tube lens (f = 180 mm) is used to magnify
the focal spot by 100 times on a camera with a pixel size of 2.2
um. The sample, objective, tube lens, and camera are mounted
on a rail to adjust the angle of incidence. The light source is a 4
= 532 nm laser with a bandwidth of 30 GHz (28 pm), which
means that chromatic aberrations can be neglected. For the
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Figure 2. Ray diagrams for explaining the principle of aberration correction. (a) Ray diagram of a meta-lens with hyperbolic phase profile showing
large aberrations at oblique incidence. (b) Ray diagram of the focusing meta-lens with phase profile shown in the light blue curve in Figure 1i. (c)
Ray diagram obtained by adding the aperture meta-lens resulting in diffraction-limited focusing along the focal plane. The insets of panels a—c show
the magnified plots near their focal planes. (d) Analog of refractive lenses: The operation of the meta-lens doublet in terms of the correction of
spherical aberration is analogous to that of a Schmidt plate combined with a spherical lens. The positive and negative spherical aberrated marginal
and chief rays are corrected through the concave and convex curvature of the Schmidt plate.

measurement, we illuminated the full diameter of the aperture
meta-lens. Figure 3b—f shows the focal spots for an incidence
angle up to 25°. Slightly asymmetric sidelobes result from the
misalignment of aperture and focusing meta-lens. Through the
comparison of measured and simulated focal spots (Supporting
Figure S1), we estimate that the misalignment between the
meta-lenses is about a few micrometers. The misalignment
need to be controlled below 10 um to ensure diffraction-limited
focusing. Figure 3g shows the full-widths at half-maximum

fwhm’s ~ i for all incidence angles up to 25°. Their Strehl
2NA & P

ratios are approximately equal to or larger than 0.8 (Supporting
Figure S2), which meets the requirement of diffraction-limited
focusing.” Slight deviations arise from small misalignments
between the two meta-lenses and finite camera pixel size. Figure
3h shows the diffraction-limited modulation transfer function
MTF for different incidence angles. We obtained the MTF by
taking the modulus of the discrete Fourier transformation of
the intensity distribution at the intersection between the focal
plane and the plane of incidence (& direction in Figure 3a). In
general, the MTF value drops for large spatial frequencies with
a cutoff frequency of ZI;—A. The resolution limit of an imaging
d
system is defined by the inverse of the spatial frequency at
which the MTF has a value of 0.1. Lowering the NA and

cascading more metasurfaces with properly placed entrance and
exit apertures can further increase the field of view.”” Simulated
focal spots with incidence angles beyond 25° are provided in
Figure S3 for reference.

Subsequently, we used this meta-lens for widefield imaging.
Figure 4 shows the schematic setup for imaging the 1951 US
Air Force resolution target. The target is placed at the focal
plane and then imaged through the meta-lens doublet (Figure
4a). To reduce laser speckle, a supercontinuum laser (SuperK,
NKT Inc.) with 5 nm bandwidth is used. The resolution target
consists of stripe groups: each group contains three vertical and
horizontal bars with an equal line width and gap. Here we
image the group with a line width of ~2.2 ym. From Figure
4b—h, we move our meta-lens doublet in steps of 25.4 ym away
from the optical axis to characterize image quality; this
corresponds to different fields of view of the meta-lens doublet.
The largest movement ~152 ym (Figure 4h) corresponds to a
diffraction angle equal to ~25°% the horizontal bars become
blurred because chromatic aberration becomes more significant
at larger angles (Supporting Figures S4—S5).

Figure Sa—j shows the images when we place the target at the
center of the meta-lens doublet in normal incidence. Figure
Sa—f shows the images taken using a tunable laser as light
source with a center wavelength at 532 nm of various
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Figure 4. Imaging with the meta-lens doublet for the element 6 in group 7 of 1951 US air force resolution target: 2.2 um line width and gap. (a)
Imaging setup using meta-lens doublet. The illumination light source is from a laser centered at 532 nm with a bandwidth of S nm. (b—h) Images
taken by moving the meta-lens doublet 25.4 ym per step with respect to the center of the target. Each movement, Ax, corresponds to an angle 6.
Scale bar: 11 ym. The (Ax, 8) from b to h are (0 um, 0°), (25.4 um, 4.11°), (50.8 um, 8.26°), (76.2 um, 12.48°), (101.6 um, 16.83°), (127 um,
21.33°), and (152.4 pm, 26.05°).

bandwidths from S to 100 nm, while Figure Sg—j shows that of
difference center wavelengths with a constant 5 nm bandwidth.
In Figure 5f, although the feature can still be resolved, the
contrast drops significantly when the laser bandwidth increase
is increased to 100 nm. This represents a drop in the MTF
value as shown in Figure Sk, which results from chromatic

aberration: focal length changes with wavelength (Figure Sl).
The chromatic aberration can be reduced by several
approaches: refractive/diffractive compound lens,** dispersion
engineering of nanostructure resonances,” "> or designing a
nanostructure that can provide more than 27 phase
modulation.”™* Even though the meta-lens doublet is
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Figure 5. Analysis of the chromatic properties of the meta-lens doublet. (a—f) On-axis imaging at normal incidence with laser center wavelength 1 =
532 nm and a bandwidth of (a) S nm, (b) 10 nm, (c) 20 nm, (d) 40 nm, (e) 70 nm, (f) 100 nm. Scale bar: 11 ym. (g—j) On-axis imaging with a laser
bandwidth of S nm and a center wavelength at (g) 470 nm, (h) 490 nm, (i) 580 nm, and (j) 660 nm. Scale bar: 11 ym. (k) MTF for different
bandwidths at 532 nm in normal incidence. (I) Chromatic focal length shift of the meta-lens doublet as a function of wavelength. Reference is the
focal length at designed wavelength Ay = 532 nm. (m) MTF for different laser center wavelengths with a S nm bandwidth.

designed at 532 nm, it is still capable of resolving the target
clearly at other wavelengths with S nm bandwidth. Figure Sm
shows the MTF curve as a quantitative analysis of Figure 5g—;j.
Also notable, the meta-lens doublet has low temperature
dependence from 25 to 70 °C. Its focal spot remains
diffraction-limited (Supporting Figure S6). The maximum
focusing efficiency of the meta-lens doublet is about 50%
(Supporting Figure S7).

In conclusion, we have demonstrated a meta-lens doublet
consisting of nanofins at wavelength A; = 532 nm, with a
numerical aperture of 0.44, a focal length of 342.3 ym, and 50°
field of view. The meta-lens doublet is not only capable of
performing diffraction-limited focusing, but also can realize high
quality imaging along the focal plane. Unlike in traditional
Fresnel lenses, the use of nanostructures can provide another
degree of freedom to engineer the chromatic aberration. In
addition, meta-lens doublets can be mass produced by deep
ultraviolet lithography or nanoimprinting. The meta-lens
doublet can find many applications in laser-based microscopy
and spectroscopy as well as in computer vision and machine
vision.

Methods. The details of the fabrication can be found in
Supporting Note 1.

The measurement setup includes a super continuum laser
(NKT SuperK) equipped with an tunable filter (NKT Varia)
with a fiber output. A narrowband green laser (Laser Quantum,
Ventus$32) with a bandwidth of 30 GHz ~ 28 pm was
selectively used. The incident beam was collimated by a fiber
collimator (RC12APC-P01, Thorlabs) and then circularly
polarized through a wire grid polarizer (Thorlabs WP2SL-
UB) followed by a quarter wave plate (Thorlabs AQWPOSM-
600). The focal size is magnified by an objective (Olympus,

MPLAPON, 100X, NA = 0.95) paired with a tube lens
(Thorlabs, ACS08—180-A-ML), then imaged on a mono-
chromatic camera (Edmund Optics, EO-5012). Images of the
resolution target were taken with another camera (Thorlabs,
DCC1545M).
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