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ABSTRACT: Existing methods of correcting for chromatic White light imaging of USAF resolution target
aberrations in optical systems are limited to two approaches:
varying the material dispersion in refractive lenses or
incorporating grating dispersion via diffractive optical
elements. Recently, single-layer broadband achromatic meta-
surface lenses have been demonstrated but are limited to
diameters on the order of 100 ym due to the large
required group delays. Here, we circumvent this limitation
and design a metacorrector by combining a tunable phase and
artificial dispersion to correct spherical and chromatic
aberrations in a large spherical plano-convex lens. The
tunability results from a variation in light confinement in
sub-wavelength waveguides by locally tailoring the effective refractive index. The effectiveness of this approach is further
validated by designing a metacorrector, which greatly increases the bandwidth of a state-of-the-art immersion objective
(composed of 14 lenses and 7 types of glasses) from violet to near-infrared wavelengths. This concept of hybrid metasurface-
refractive optics combines the advantages of both technologies in terms of size, scalability, complexity, and functionality.
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D 1 aterial dispersion is an intrinsic property of all materials
in nature. In lens design, it is described by the Abbe
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, where n is the refractive index and the
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subscripts D, F, and C represent wavelengths of 589.3, 486.1,
and 656.3 nm, respectively. Although the refractive index
difference in the denominator is typically on the order of 0.01,
causing a difference in angle of refraction of about 1°, this can
lead to significant chromatic aberration in refractive lenses.
Since 1730," when cascaded crown and flint glasses were used
to compensate for chromatic aberration, the majority of
research efforts have focused on developing new glasses with
different Abbe numbers. This process is time-consuming, with
only about 120 different glasses being available nowadays.'
More importantly, this approach inevitably leads to bulky
composite lenses, which require precise optical alignment. The
use of Fresnel lenses in conjunction with refractive lenses is
also not ideal. This is because the properties of Fresnel lenses
are based on grating dispersion, resulting in a fixed Abbe
number of —3.45.” This Abbe number is significantly different
from that of all refractive lenses (which typically span the range
from 20 to 70), resulting in the presence of residual chromatic
aberrations in optical system, known as the secondary
spectrum.’ It is therefore very challenging to correct residual
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aberrations in high-end optical elements by both refractive and
diffractive means.

In recent years, metasurfaces, composed of planar arrays of
sub-wavelength spaced structures, have been shown to be able
to simultaneously manipulate the phase, amplitude, and
polarization of light,*”® enabling many ultra-compact planar
devices, such as polarimeters,g_“ holograms,lz_14 polarization
elements,">'° and metalenses."” ! Here, we show that the
artificial dispersion of a single metasurface can be used to
correct spherical and chromatic aberrations of refractive lenses.
The dispersion can be fine-tuned across the metasurface by
controlling the confinement of light within subwavelength
nanostructures, a much more powerful approach than that
afforded by refractive and Fresnel optics. As examples, we
designed and fabricated a metasurface aberration corrector
(hereafter referred to as a metacorrector) that renders a
commercial spherical lens achromatic and diffraction-limited
across the visible. We show that the resultant metasurface-
refractive lens has a much weaker focal length shift compared
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Figure 1. Design of metacorrector. (a) Schematic of a hybrid lens consisting of a metacorrector and a spherical lens to illustrate wavepacket tracing.
This drawing is not to scale. The spherical lens is commercially available (LA4249, Thorlabs Inc.). The silica substrate thickness T, air gap g, silica
lens thickness T, and the parameter f are 0.5, S, 2.23, and 8.406 mm, respectively. L, to L, are functions of spatial coordinates and are obtained by
the ray-tracing file from Thorlabs Inc. This hybrid lens has a numerical aperture of 0.075. The diameter of the metacorrector is 1.5 mm and is
composed of TiO, nanofins (inset) with the same height h = 600 nm. Different metalens elements are placed along the x and y directions on the
metacorrector with p = 400 nm. (b) Required group delay (GD) and group delay dispersion (GDD) from the center of the metacorrector to its
edge. (c) Phase profiles of the metacorrector for different incident wavelengths. The metacorrector has a wavelength-dependent phase profile to

correct both spherical and chromatic aberrations.

to refractive and diffractive doublet lenses (Figure S1). To
further validate our approach, we also show that a
metacorrector can even correct residual aberrations in a
Zeiss high-numerical-aperture (NA 1.45) oil-immersion
Fluor microscope objective, which consists of 14 lenses and 7
distinct glass materials, rendering it superachromatic from the
violet to the near-infrared.

Although it is possible to realize broadband achromatic
transmissive metalenses in the visible spectral regions,”* "
these metalenses are limited to diameters on the order of 100
um. Designing a large metalens following these strategies
would be very challenging because of limits in achieving the
required group delay range across the metalens. For example,
to realize a single-layer metalens with a diameter of 1.5 mm
and numerical aperture of 0.075, its elements need to provide a
group delay difference of 95 fs between light rays traveling
through the center and edge of the lens. Based on our previous
approach, this would require about 12 um tall TiO,
nanostructures (as opposed to 600 nm tall ones in ref 22.).
This would correspond to an aspect ratio of about 200, and
this number would not be significantly lower by using higher
index materials like single-crystal silicon.””*° Such a high
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aspect ratio is well beyond currently available fabrication
technologies.

We first explain the design of a metacorrector for a
commercially available spherical lens (LA4249, Thorlabs
Inc.). Figure la shows a schematic diagram of the resulting
hybrid lens to illustrate the design principle of wavepacket
tracing. A wavepacket, such as the one following the blue
trajectory, sequentially passes through the metacorrector, its
supporting substrate, an air gap, and, finally, the refractive lens.
The metacorrector is designed to possess both a spatially and
frequency-dependent phase profile ¢(r,w), such that wave-
packets entering at different positions r of the metacorrector
can propagate toward the focus and arrive simultaneously with
identical temporal profiles compared to the chief wavepacket
(the wavepacket passing through the center of the

metacorrector). These requirements are to ensure achromatic
and diffraction-limited focusing. The group delay w and
@
P p(r, o)
(UZ
control the arrival time and wavepacket width in the time

group delay dispersion provided by the metacorrector

domain, respectively. In practice, one can start from a given
angular frequency @, and ensure that all wavepackets arrive at
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the focus in phase for diffraction-limited focusing. This is
accomplished by designing the metacorrector to implement
the required phase profile given by:

0(r,0) = T, = L)+ g+ f = Ly(0)

@4

4] +n . [T = Ly(r)] 3)
where 7 and ¢ are the refractive index of silica and light speed
in vacuum, respectively. We set ¢(0,04) equal to zero because
only the relative phase matters. Note that L, to L, are functions
of radial coordinate r and can be obtained from trigonometric
calculations or through commercial ray-tracing software. Here,
we obtained these functions at the design wavelength 4; = 530
nm from the ray-tracing file available on the Thorlabs Web
site.”” Subsequently, to ensure that the wavepackets from the
blue and red paths can arrive simultaneously with the same
temporal width, the required group delay and group delay
dispersion must satisfy the following:

0 n 1
N = E - ()] + ~[g + f — Ly(r) — L(r)]
ow o c c
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where f (the distance from the refractive lens to the focus) is

independent of frequency, and n, =n + a)s—:} is the group

index of silica. Note that c¢/n, is the group velocity, which
governs the propagation speed of wavepackets; each term in eq
4 can thus be understood to represent the differences in the
arrival time of wavepackets, measured with respect to the one
traveling along the optical axis. Other higher-order terms can
also be obtained in a similar manner. If the glass were
dispersionless, eqs 3 and 4 would be equivalent, and the eq
S would be equal to zero. We emphasize that the role of the
metacorrector is to provide group delay and group delay
dispersion to compensate for the focal length shift resulting
from the finite glass dispersion, i.e, the difference between
refractive index and group index. The more dispersive a glass
material, the larger the group delay and group delay
dispersion required to compensate. However, the difference
between group index and refractive index is usually small
(about 0.02 for silica at A = 530 nm); as a result, the
corresponding range of group delay required to correct the
chromatic aberration of a large refractive lens will be much
smaller than what is needed to realize a large diameter
achromatic metalens. For a 1.5 mm diameter refractive lens
(NA = 0.075), the metacorrector needs to provide a group
delay range of S fs, while 95 fs is required to realize a metalens
of the same diameter and NA.”* Naturally, the more derivative
terms one can include in the design, the better the correction
of chromatic aberration that can be achieved. Here, we only
consider terms up to the group delay dispersion due to the
challenge in designing nanostructures that satisfy eqs 3—5
simultaneously. The required group delay and group delay
dispersion from the center to the edge of the metacorrector are
shown in Figure 1b. These values, together with the required
phase, result in the wavelength-dependent phase profile:

7803

Py
(0 —ay) + (0 — ay)?

P
200*

W= w=awy

a
o(r,0) = p(r, @) + -2
ow

(6)

shown in Figure lc. Note that near 44 = 530 nm, the phase
profile is similar to that of Schmidt plates, which are widely
used to correct spherical aberration. At blue wavelengths,
because the focal length of the refractive lens becomes shorter,
the metacorrector’s phase profile behaves like a diverging lens
to increase the focal length so that they can be focused at the
same position as green wavelengths and vice versa at red
wavelengths. Intuitively, the required phase profile ¢@(r,w,)
corrects for spherical aberration of the refractive lens and
ensures diffraction-limited focusing at A4, while the group delay
and group delay dispersion minimize chromatic aberration,
rendering the whole system achromatic.

Now that the required phase and dispersion (group delay
and group delay dispersion) are established, one must consider
the non-trivial task of designing (and fabricating) nanostruc-
tures that can simultaneously satisfy the required phase, group
delay, and group delay dispersion at each coordinate r of the
metacorrector for all incident polarizations. We use an element
composed of multiple nanofins (see the inset of Figure 1a) to
construct the metacorrector. The coupled nanofins support
slot waveguide modes that enable us to achieve better
dispersion control by changing their widths (w), lengths (1),
and gaps ()" A scanning electron microscope (SEM)
image from a part of the metacorrector is shown in Figure 2a;
see Figure S2 for more SEM images. The elements were
arranged along +45° with respect to the x-axis because it
enables the metacorrector to correct aberrations for any
incident polarization and provides the freedom to control
phase in addition to dispersion. This can be understood as
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Figure 2. Implementation of metacorrector. (a) Scanning microscope
image from a region of the metacorrector, made of TiO, nanofins on a
glass substrate. Scale bar: 500 nm. The inset shows an oblique view
(scale bar: 200 nm). Note that each element is aligned along either
45° or —45°, rendering the phase profile of the metacorrector the
same for x and y polarizations. (b) Simulated phase shift of the
transmitted electric field, which is orthogonal to the polarization of
the incident light (eq 7). The incident polarization is oriented along
the x or y axes (depicted by black arrows in the legend). To illustrate
the principle, we simulated an element consisting of two nanofins with
various rotation angles subjected to illumination with different
polarization states. Note that a 90° rotation introduces a 7 phase
shift without changing the dispersion, and the element shows identical
phase under x- and y-polarized light rendering the metacorrector
capable of correcting aberrations for any incident polarization. The
nanofin parameters (wy, I;, w,, ,, g) equal 90, 420, 70, 200, and 60,
respectively, in nanometer units.
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Figure 3. Experimental characterization of the hybrid lens. (a) Efficiency as a function of wavelength. The illumination light source is a tunable
broadband laser with a 10 nm bandwidth centered at various wavelengths. The focusing efficiency is defined by the power of focal spot, normalized
to the power of incident beam. (b) Simulated focal length shift with (blue) and without (green) the metacorrector. (c, d) Measured intensity
distribution in linear scale (in false colors corresponding to their respective wavelengths) for the case (c) with and (d) without the metacorrector.
The wavelength of the incident light is labeled on the vertical axis. (e, f) Normalized intensity profiles along the white dashed lines of panels c and d
to visualize the effect of chromatic aberration. The wavelengths of the incident laser beam are labeled in white. Scale bar: 5 um.

follows. When light passes through a nanofin, the transmitted
electric field [Es‘“E;ut]T can be described by the Jones vector:*’

out
X

out
E;V

in
Ex
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f — £ |cos(2a) sin(2a)
2 01

2 |sin(2a) — cos(2a)
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(7)

where 7 and f; represent complex transmission coefficients
when the electric field of incident light [E;“E;,“]T is polarized
along the long and the short axis of the nanofin, respectively.
The symbol T represents the matrix transpose operator and o
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is the rotation angle of the nanofin in the counterclockwise
direction with respect to the x axis. The second term is of
primary interest here, and it is designed to impart the designed
phase profile @(r,w) to the metacorrector. Its two-by-two
matrix describes the polarization rotation of the transmitted
electric field; it reduces to the Jones matrix of a half-wave plate
when the phase difference between % and % is 7. In the case of
x-polarized incident light, one can see that a 90° rotation of an
element (initially oriented along a = 45°) introduces a 7-phase
shift. This phase shift is frequency-independent, as verified by
our simulation results (the red and blue lines of Figure 2b).
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This characteristic is essential to impart the required phase in
addition to the required dispersion. In addition, for a given
nanofin aligned along either @ = 45° or —45°, it can be shown
(via the simple matrix algebra of the second term of eq 7) that
the output phase under both x- and y-polarized illumination
are actually identical. This is confirmed by the simulation
results shown by the red circles and lines of Figure 2b. In
contrast to previous works,””>**" our metacorrector design is
therefore uniquely capable of correcting lens aberrations under
any incident polarization, which can be always decomposed in
a superposition of x- and y-polarized light. It is worth
mentioning that the transmitted light resulting from the
second term of eq 7 can have different polarization from the
incident beam. However, this will not be a limiting factor for
the vast majority of imaging applications where polarization
information is not captured.

The implementation of the metacorrector starts from a
parameter sweep of the element shown in the inset of Figure
la to build a library. We used a finite-difference time-domain
(FDTD) solver to obtain each element’s phase of the y
component of electric field as well as the group delay and
group delay dispersion under x-polarized illumination (see the
Materials and Methods section in the Supporting Information
for details). Currently, our library is limited to elements within
a range of approximately S fs group delay and 10 fs* group
delay dispersion. The range of these values is important for
achieving larger device diameter and numerical aperture and
can be increased by engineering their resonant response,
stackin% multilayers, or increasing the height of the nano-
fins.”>™>° A particle swarm algorithm was used to choose the
element possessing the closest values to the required phase and
dispersion given by eqs 3—5 (see Figure S3 for plots of the
phase and dispersion of these chosen elements). We fabricated
the metacorrector by electron beam lithography followed by
atomic layer deposition of TiO, and resist removal.”” The
metacorrector was designed with a diameter of 1.5 mm and an
air gap g of 5 mm from the refractive lens for ease of
experimental measurement. Note that the S mm air gap is not
crucial; other distances can be used. This final hybrid lens has a
numerical aperture NA of 0.075 and an effective focal length of
9.96 mm. Figure 3a plots the focusing efficiency of the hybrid
lens as a function of wavelength. It shows a peak focusing
efficiency of about 35% (see the Materials and Methods
section of the Supporting Information and Figure S4 for
measurement details). Efficiencies under different incident
polarizations are given in Figure SS. The efficiency is lower
than our previous chromatic metalens®® because, to cover a
larger range of group delay, some low-efficiency elements have
to be chosen. One possible approach to increase efficiency is
by designing each element as a miniature achromatic half-
waveplate, which requires additional degrees of freedom not
explored in the current design.”’40 In Figure 3b, we show the
simulated focal length shift with and without the metacorrector
for comparison. The refractive lens originally exhibits a focal
length shift of 300 pm across the visible; with the
metacorrector, this value is drastically reduced to about 15
um. We note that the behavior of the focal length shift is
similar to that of conventional triplet lenses. This is a unique
feature of the metacorrector-refractive lens that cannot be
realized in conventional diffractive-refractive lens design
because of a significant secondary spectrum.”’ To better
visualize the focal length shift, we also measured the intensity
profiles of the focal spot (point spread functions) along the
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propagation direction 2’ for different wavelengths in steps of 5
um (Figure 3c,d). By using the metacorrector (Figure 3c), one
observes that the chromatic aberration is significantly reduced
to only a few tens of micrometers. The measured focal length
shift is larger than that of the simulated one (Figure 3b)
because of compromises made during the design to
simultaneously satisfy the requirements of phase, group delay
and group delay dispersion (Figure S3). However, this can be
mitigated with a more-exhaustive nanofin parameter search,
using methods such as topology optimization.*”** Figure 3e,f
shows the transverse intensity profiles across a given plane
(white dashed lines in panels ¢ and d of Figure 3, respectively).
The spherical lens starts showing significant defocusing when
the wavelength is larger than 530 nm, while the metacorrector
shows focal spots close to diffraction limit from 4 = 460 to 700
nm. Experimental analysis of their focal spot sizes and Strehl
ratios can be found in Figure S6. For both cases, the incident
beam diameter is fixed to 1.5 mm.

We subsequently used the hybrid lens to image a standard
resolution target under incoherent illumination with various
bandpass filters (Figure 4a). The spectrum of the light source

(@)  4s58nm 580 nm (b)  with metacorrector

>

=

Figure 4. Imaging under incoherent light illumination. (a) Images of a
1951 USAF resolution target formed by the refractive spherical lens
with the metacorrector. A few different bandpass filters whose center
wavelengths are indicated above each image were used. The line width
of the first line in group 7 of the resolution target is 3.91 ym. Scale
bars: 15 pm. These images were taken without adjusting the distance
between the spherical lens and target. (b, c) A comparison of imaging
under white light illumination (b) with and (c) without the
metacorrector. These images were taken by a color camera (UI-
1540SE, IDS Inc.). The image obtained without the metacorrector
shows significant chromatic aberration, resulting in a blurred image. A
pair of crossed linear polarizers was used in panels a and b to remove

the background.

covers the entire visible wavelength range (Figure S7). The
resolution target was brought to focus at a wavelength 1 = 460
nm, and the distance between the target and the hybrid lens
was kept constant for all other wavelengths (see the Materials
and Methods section in the Supporting Information for
measurement details). Note that some patterns cannot be
resolved clearly when the wavelength of incidence approaches
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Figure 5. Correcting the aberrations of a Zeiss oil immersion Fluor objective with NA = 1.45. (a) Ray diagram at 4 = 560 nm. The metacorrector
has a diameter of 4 mm and is placed at the entrance aperture of the objective. The objective consists of 14 lenses made of 7 different glasses
(shown by colors). (b) A comparison of simulated focal length shift with and without the metacorrector. (c) Simulated focal spot profiles at three
primary wavelengths in the visible for the corrected and non-corrected objective. (d) Required group delay and group delay dispersion from the
center of the metacorrector to its edge. (e) Root-mean-square wavefront aberration function for only the objective (orange) and the objective with
metacorrector (blue) considering both group delay and group delay dispersion. The objective becomes free of chromatic aberration from violet

3
wavelengths to the near-infrared (green) if one can include the third-order derivative terms (%) of the metacorrector to compensate for the high-
o

order dispersion of glasses.

700 nm because their line widths are close to the diffraction-
limit of the lens system (NA = 0.075). A comparison using the
same experimental setup and procedure for the case without
the metacorrector is shown in Figure S8. We also performed
white-light imaging of the target, again with and without the
metacorrector, shown in Figure 4b,c. Full uncropped images
are provided in Figure S9. With the metacorrector, the image
shows a clear edge profile whereas, without it, the colors spread
apart creating a blurred image and rainbow-like edge, which is
characteristic of an imaging system with chromatic aberration.

Finally, to showcase the versatility of our approach, we also
designed and simulated a metacorrector for a Zeiss Fluor oil
immersion objective with an extremely high NA of 1.45. This
Fluor objective possesses the same focal length for only two
discrete wavelengths, limiting its operation to a narrow
bandwidth. In Figure Sa, we show a ray diagram at 4 = 560
nm for the objective with the metacorrector located at its
entrance aperture. Data corresponding to each lens of the
objective was obtained from a Zeiss patent.*”* With the
metacorrector, the focal length shift of the objective becomes
significantly smaller (see the blue curve in Figure Sb). This
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leads to diffraction-limited focal spots from A = 475 to 700 nmy;
see the first row of Figure Sc. This is in contrast to the case
without the metacorrector, as shown in the second row in
Figure Sc, where significant defocusing occurs due to the small
depth of focus for this extremely high NA objective. In
designing the metacorrector for such a system, we only need to
cover a range of group delay of ~1.5 fs and group delay
dispersion of ~23 fs* (see Figure 5d). The required group
delay is much smaller than the previous case because the
objective has an intrinsically weaker focal length shift
compared to the previous Thorlabs lens. Although the required
group delay dispersion is higher, it is feasible and still very
much within current fabrication capability by introducing a
relatively small increase in structure height.*> Note that adding
the metacorrector does not reduce the field of view of the
objective, as shown by the plots of off-axis wavefront
aberration function in Figure S10. Figure Se shows a
comparison of root-mean-square wavefront aberration function
(WAFpys) in wavelength units for the objective with and
without the metacorrector (blue and orange curves,
respectively); a WAFys value of <0.0754 (Marechal criterion)
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is considered to be within the diffraction-limit. If one can
design a metacorrector by taking into account up to the third-

s 0° . . .
order derivative (—{pa(r;m)) terms, it is possible to realize a
()

superapochromatic and diffraction-limited high NA objective
from the violet to the near-infrared region (green curve of
Figure Se). Such superapochromatic and diffraction-limited
focusing in this extremely high NA case is very challenging to
realize using natural materials like glasses due to the limited
available choice of material dispersion.*® With our approach of
manipulating dispersion in addition to phase, it is feasible to
design and experimentally realize a device to improve the
performance of this state-of-the-art objective or any other
similar optical systems.

To correct other off-axis aberrations, such as coma, field
curvature, etc. in addition to chromatic aberration of an
imaging system, one can cascade several metasurfaces or
pattern two metasurfaces on a substrate. Prior works using the
latter approach have shown compact metalenses with large
field of view in the visible and infrared.*** Using these
methods, one can accumulate larger group delay and group
delay dispersion for larger lens diameters and numerical
aperture. An alternative approach to correct off-axis aberrations
is to engineer the phase profile of the metacorrector as a
function of the angle of incidence. This can be achieved by
placing dielectric nanostructures on top of a mirror*** or
using multilayered dielectric nanostructures.*’

In conclusion, we have reported metacorrectors that are
capable of correcting spherical and chromatic aberrations of
any imaging system in a different manner compared to
refractive and diffractive optics. These metacorrectors utilize
anisotropic nanofins to maintain an accurate phase profile and
introduce artificial dispersion for correcting monochromatic
and chromatic aberration, respectively. As a proof of concept,
we showed that these metacorrectors render a single cost-
effective spherical lens achromatic over nearly the entire visible
and are even capable of extending the bandwidth of a state-of-
the-art NA of 1.45 oil immersion objective significantly, from
the violet to the near-infrared. These metasurface aberration
correctors can work in tandem with traditional refractive
optical components, leading to a major improvement in
performance with reduced design complexity and footprint.
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