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ABSTRACT

The emergence of metalenses has impacted a wide variety of applications such as beam steering, imaging,
depth sensing, and display projection. Optical distortion, an important metric among many optical design
specifications, has however rarely been discussed in the context of meta-optics. Here, we present a
generic approach for on-demand distortion engineering using compound metalenses. We show that
the extra degrees of freedom afforded by a doublet metasurface architecture allow custom-tailored
angle-dependent image height relations and hence distortion control while minimizing other monochro-
matic aberrations. Using this platform, we experimentally demonstrate a compound fisheye metalens
with diffraction-limited performance across a wide field of view of 140° and a low barrel distortion of less
than 2%, compared with up to 22% distortion in a reference metalens without compensation. The design
strategy and compound metalens architecture presented herein are expected to broadly impact metasur-
face applications in consumer electronics, automotive and robotic sensing, medical imaging, and machine

vision systems.

© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Optical metasurfaces comprising sub-wavelength-scale meta-
atoms provide a versatile platform for wavefront control with a
compact form factor [1-3]. Major advances in their design, manu-
facturing, and integration over the past decade have catalyzed the
imminent commercial deployment of functional metasurface com-
ponents in numerous beachhead markets, such as structured light
[3-9], computer vision [10-17], near-eye displays [18-24], and
beam steering [25-27]. Optical distortion—that is, deviation from
rectilinear projection that deforms images—is an important design
specification for these applications involving imaging or image/
pattern projection. However, while other image-forming attributes
of meta-optics, including various other forms of aberrations (i.e.,
spherical, astigmatism, coma, and chromatic aberrations), have
been extensively studied [28-39], distortion and its compensation
remain underexplored. Even though distortion, if known and fully
mapped, can—on paper—be corrected using post-processing algo-
rithms, this adds computational overhead and degrades the
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signal-to-noise ratio. For example, radial barrel distortion curtails
angular resolution along the tangential/meridional orientation
[40]. This problem becomes particularly severe in wide field-of-
view (FOV) optical systems [28,41-53] (e.g., fisheye lenses), where
large distortion is considered the norm.

In this work, we propose a generic recipe for designing metal-
enses with on-demand distortion characteristics, which can cus-
tomize (or arbitrarily define) the relation between the ray angle
of incidence (AOI) and the corresponding image height for radially
symmetric optics. Unlike a single-layer metalens, whose distortion
is fixed, constrained by its aberration minimization condition [54],
the extra degrees of freedom afforded by a doublet metalens
[28,55-57] enable the concurrent elimination of monochromatic
aberrations and the specification of custom-tailored distortion.
We experimentally validated our design approach by demonstrat-
ing a doublet metalens at a wavelength of 940 nm that simultane-
ously achieves 140° FOV, diffraction-limited performance, and less
than 2% distortion (Fig. 1). In comparison, a singlet metalens with-
out distortion engineering suffers from distortion as high as 22%.
The compound metalens design principle, fabrication approach,
and characterization results are discussed in the following
sections.

2095-8099/© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Comparison of imaging distortion in singlet and compound metalenses. (a) A singlet metalens suffers from large barrel distortion. (b) A compound metalens effectively
eliminates the barrel distortion. (c, d) Ray-tracing modeling of the (c) singlet and (d) compound metalens. The light incident angles (in air) vary between 0° and 70° with a

step of 10°.

2. Materials and methods
2.1. Numerical simulation

The metasurface comprises amorphous silicon nanopillars with
varying diameters on a glass substrate, encapsulated in a uniform
polymethyl methacrylate (PMMA) coating. The complex transmis-
sion coefficients of the silicon nanopillars were calculated using
an open-source rigorous coupled wave analysis (RCWA) solver,
Reticolo [58]. A square lattice with a period of 0.32 pm was used
for the metasurfaces, with a working wavelength of 0.94 um. In
the simulations, the refractive indices of silicon and PMMA were
set at 3.55 and 1.48, respectively, according to the ellipsometry
measurement results. The height of the silicon nanopillar was cho-
sen to be 0.74 pum to offer full 2w phase coverage while maintain-
ing high transmission. The meta-atom designs are compiled in
Appendix A Section S1.

2.2. Compound metalens design

To ensure and expedite convergence of the metalens optimiza-
tion process, an analytically derived design was used as the start-
ing input for further numerical fine-tuning using ray tracing on
Zemax OpticStudio (ANSYS, Inc., USA). The analytical design uses
a predefined image height function as the input and minimizes
the aberrations following the stigmatic imaging requirement
[54]. The phase gradient of each metasurface was analytically cal-
culated by means of an iterative process, subjected to the con-
straint that the optical path length (OPL) difference between the
neighboring rays approaches zero in the small aperture limit. The
detailed derivation process is elaborated in Appendix A Section S2.
During the ray trace optimization, the phase profile of each meta-
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surface was defined by even-order polynomials in terms of the
radial coordinate p, as follows:

(1)

where ¢ is the phase profile of metasurface, N is an integer, R is the
normalized radius of the metasurface, and ay is the optimized coef-
ficient to minimize the focal spot size and maximize the Strehl ratio
for AOIs up to 70°. A multi-term error function, ., was defined as
follows:

2= u(0)-SZ(e) +Y_ v(@) -1~ SR()| + Y w(a)

2
- 1S(et) = s(o)] @

where u, v, and w are the weight of each term, and the summation
is performed at AOIs from 0° and 70°. SZ is the focal spot size, SR
represents the Strehl ratio, s is the image height, S is the predefined
image height function, and o denotes the AOI in air. During the opti-
mization, the function # is minimized and the size of the front
aperture is fixed (for details, see Section S3 in the Appendix A).

2.3. Device fabrication

The metalens field aperture stop was fabricated via laser direct
writing. A layer of 10 um thick black photoresist (Fujifilm, Japan)
was spin-coated on a fused silica wafer and pre-baked at 90 °C
for 1 min. The photoresist was then exposed to an ultraviolet
(UV) laser writer (MLA150, Heidelberg Instruments, Germany), fol-
lowed by post-baking at 90 °C for 1 min. The sample was then
developed in CD-2060 (Fujifilm, Japan) solution for 2 min to com-
plete the aperture stop piece fabrication.
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Electron beam lithography (EBL) was used to pattern the meta-
surfaces. Plasma-enhanced chemical vapor deposition (PECVD)
was utilized to deposit a 0.74 um-thick amorphous silicon device
layer on a fused silica substrate. PMMA photoresist was then
spin-coated on the silicon layer, followed by baking at a tempera-
ture of 180 °C for 2 min and coating a conductive layer of e-spacer
(Resonac, Japan). The resist was then exposed in the EBL system
(BODEN 150, Elionix, Japan) and developed in a methyl isobutyl
ketone/isopropyl alcohol solution. A 30 nm Al,03 hard mask was
deposited via electron beam evaporation, followed by a lift-off pro-
cess with an N-methyl-2-pyrrolidone (NMP) solution. The silicon
film was then patterned using reactive ion etching (RIE), and a
1 um-thick layer of PMMA was spin-coated to encase the nanopil-
lar structures as a protective layer.

Lastly, the aperture stop piece was aligned to and bonded with
the metasurface substrate to form the final metalens devices. The
alignment process was carried out by overlapping the alignment
marks on each piece on an automatic die bonder (MRSI M-3, MRSI
Systems, Sweden). A UV-cured optical adhesive (NOA 144, Norland
Products, Inc., USA) was used as the bonding material. Our bonding
process introduces a lateral misalignment of up to 10 pm; how-
ever, this has a negligible impact on the device performance,
according to our analysis presented in Appendix A Section S4.

3. Results
3.1. Metalens design

Here, we start by examining the design of the reference singlet
metalens without distortion compensation. The reference metal-
ens has the same FOV of 140° and assumes the architecture illus-
trated in Fig. 1(a), which is similar to that of the doublet
metalens except that the front metasurface is replaced with an
unpatterned aperture. We previously formulated an analytical
design framework for such singlet wide-FOV metalenses, which
stipulates the following image height function [54]:

2 3

ds = L-sin —s(a) | +f° -c;iada

3)

n2 — sin’(ot)

where L is the spacer thickness, n is the spacer refractive index, ds is
the differential image height, and f is the focal length. This condi-
tion is derived from aberration minimization in the small-
aperture limit and precludes customization of distortion. The sub-
linear form of image height, s(«), is indicative of barrel distortion,
which is commonly seen in wide-FOV optics. The corresponding
optical distortion as a function of AOI (D), defined as follows:

p_B-3I

100% (4)

This shows that distortion of up to 22% is present in the singlet
metalens system, as discussed in the next section.

Engineering distortion without compromising image quality
therefore mandates the introduction of additional design degrees
of freedom. We show that a doublet metalens architecture com-
prising two metasurfaces with an additional entrance field stop
in front can fulfill this requirement. As an example, to showcase
the on-demand distortion engineering capability, we choose the
image height function S =c-f - o, where c is a constant. The so-
defined image height function completely eliminates distortion
in the angular space.

The ray tracing model of the optimized compound metalens is
shown in Fig. 1(d), where the index of the layer spacer is set as
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1.45. The phase profiles of the metalens are illustrated in
Fig. 2(a), including the corresponding phase gradient of each layer,
shown in the bottom panel. It is notable that the rays at large AOIs
impinge and exit the two metasurfaces, both at oblique angles. This
is different from the case of the singlet reference lens, where the
rays exit at near-normal angles for all AOIs (i.e., image-space tele-
centricity). Therefore, the complex coefficient of transmission at
various AOIs must be considered. Fig. 2(b) plots the phase delays
of the meta-atoms at different AOIs (in air) relative to that of the
first meta-atom, and Fig. 2(c) shows the AOI-dependent transmis-
sion coefficients of the meta-atoms. The deviation of the phases of
the meta-atoms relative to the normal incidence design is pre-
sented in Fig. 2(d). The results show minimal phase and transmis-
sion variation across the entire 140° FOV. Another source of
discrepancy from the meta-atom library design could be caused
by deviation from the local phase approximation (LPA), given the
large phase gradients near the periphery of the metasurfaces. We
therefore simulated the responses of meta-gratings comprising
the same set of meta-atoms, which serve as a proxy to assess the
impact of non-periodic local environments on metasurface effi-
ciency. The meta-grating efficiencies, averaged over the starting
phase [59], are presented in Figs. 2(e) and (f) for different AOIs.
Given that the maximum phase gradient in our design is approxi-
mately 3 rad-um~! (denoted as the light shaded area in the fig-
ures), the result implies that performance degradation due to
deviations from the LPA is insignificant throughout the entire FOV.

3.2. Metalens characterization and distortion-free imaging
demonstration

Optical micrographs of the fabricated metasurfaces are shown
in Figs. 3(a) and (b). The scanning electron microscopy (SEM)
images on the right show the detailed morphology of the metasur-
faces in the corresponding region within the black box. Fig. 3(c)
shows a photograph of the monolithic metalens assembly after
the bonding process. In order to characterize the point-spread
function (PSF) of the compound metalens, a customized measure-
ment setup with a rotatable optical axis was built up, as shown in
Fig. 4(a). A near-infrared laser at a 0.94 um wavelength was com-
bined with an 8 x beam expander for illumination. The light source
was mounted on a rotational stage to offer various AOIs. The PSF of
the compound metalens was magnified by 50x through a tele-
scope and captured on a complementary metal-oxide semiconduc-
tor (CMOS) imager (1800 U-501m NIR, Allied Vision, Germany).
Since the metalens is not telecentric, and the rays are incident on
the image plane at oblique angles, the entire imaging part of the
setup was mounted onto another rotational stage to match the
chief ray direction.

The captured PSFs of the compound metalens at different AOIs
are shown in Fig. 4(b). At a larger incident angle, the tangential
dimension of the focal spot expands gradually due to an increasing
numerical aperture in the non-telecentric lens system. A compar-
ison between measured and ideal (i.e.,, assuming zero aberration)
focal-spot intensity profiles at different AOIs is shown in
Fig. 4(c), demonstrating excellent agreement indicative of good
fabrication fidelity. In order to quantitatively characterize the
focusing quality, the Strehl ratio and modulation transfer function
(MTF) curve at each AOI were calculated and compared, as shown
in Fig. 4(d). The Strehl ratios consistently stay above 0.8, suggesting
a diffraction-limited performance within the entire 140° FOV. The
drop in tangential MTF at 70° AOl is a consequence of the increased
effective focal length at large AOIs (for more details, see Section S5
in Appendix A).

The optical distortion of the compound metalens was evaluated
by directly recording the image height (i.e., focal-spot position)
versus AOI, as depicted in Fig. 4(e). The result validates a linear
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Fig. 2. Compound metalens design. (a) Phase profiles and phase gradients of the compound metalens as functions of the radial position. (b, ¢) Plots of the (b) angle-dependent
phase delay and (c) transmission of the meta-atoms. The diameter of the silicon nanopillars varies between 0.08 and 0.24 pum to obtain 27 phase coverage. (d) lllustration of
deviation of the phase delay of the nanopillar meta-atoms from the normal incidence case at different incident angles. (e, f) Simulated meta-grating diffraction efficiencies as
functions of the grating phase gradients. The insets depict the simulation configuration. Transverse electric (e) and transverse magnetic (f) polarized light were respectively
used as the source with different incident angles. The light shaded areas indicate the phase gradient range used in our compound metalens. MS1: first layer metasurface;

MS2: second layer metasurface; E: eletric field; H: magnetic field.

MS1
(front)

(a)

(b)

(c)

Fig. 3. The fabricated compound metalens. (a, b) Optical images of the partial area
in the two metasurfaces. Scale bar: 200 um. Insets show top- and tilted-view
scanning electron microscopy (SEM) images of the meta-atoms. Scale bar: 3 pum.
(c) Photo of the assembled compound metalens.

dependence of the image height on the AOI, consistent with our
design target. For comparison, the simulated image height of the
reference singlet metalens was also plotted. Detailed design spec-
ifications of the singlet metalens are provided in Fig. 1(c). The per-
centage distortions of the two lenses are also compared in Fig. 4(e).
The doublet reduces the distortion from up to 22% in the singlet to
below 2%—a factor of approximately 10—across the entire viewing
field, which is completely negligible for the vast majority of prac-
tical applications.
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To demonstrate the wide-FOV, distortion-free imaging capabil-
ity of the compound metalens, a customized imaging setup was
built. A cylindrical panoramic target with the printed
Massachusetts Institute of Technology (MIT) full name, logo, and
an angular scale spanning 180° FOV in the horizontal direction
(Fig. 5(a)) sitting on a semicircular three-dimensional (3D)-
printed holder was used as the imaging target (for details, see
Section S6 in Appendix A). The target was illuminated with a laser
torch with a working wavelength of 0.94 um through an optical
diffuser. A commercial off-the-shelf CMOS image sensor
(MT9J001, Arducam, China) was used to record the image.
Figs. 5(b) and (c) compare the images taken by the
(non-distortion-engineered) singlet and (distortion-engineered)
compound metalenses. At field angles of over 15°, barrel distortion,
which manifests as compression along the radial direction,
becomes clear in the image captured by the singlet metalens. This
is evident from the inset showing the heavily distorted MIT logo
and the compressed scale. In contrast, the barrel distortion is
largely absent in the image captured by the compound metalens,
evidenced by the evenly distributed angular scale image. The small
apparent distortion of the MIT logo along the vertical direction is a
result of the cylindrical shape of the target. The radially symmetric
compound metalens eliminates distortion in the angular space
along both the horizontal and vertical directions; thus, it is
designed to map a distortion-free spherical target, rather than a
cylindrical one, onto a flat image plane.

4. Discussion

In this paper, we present a generic design principle that enables
on-demand distortion engineering for doublet metalenses without
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Fig. 4. Optical characterization of the compound metalens. (a) The PSF characterization setup. The light source and imaging system were connected to rotational stages to
control the incident angle and the image-capturing direction. (b) The focal spots were captured under different incident angles. Scale bar: 10 um. (c) Comparison of the
measured and simulated focal-spot profiles along the tangential direction at different AOIs. (d) Focusing quality: measured Strehl ratios at different AOIs on the topand
measured MTF curves at different incident angles at th bottom. Solid lines: diffraction-limited; dashed lines: measured. (e) Quantitative characterization of image distortion:
comparison of the image heights of the compound and singlet metalenses on the topand distortion of the compound and singlet metalenses at the bottom. MS: metasurface;

Ip-mm~": line-pair per millimeter.

Massachusetts In e of Technology

etts Institute of Technology

Singlet metalens Compound metalens

(b) (c)

Fig. 5. Imaging test. (a) Design of the printout used as the object, which was
mounted on a circular 3D-printed holder. The “MIT” logo and full name are
uniformly distributed between +70° FOV. (b, c) Images taken from the (b) singlet
and (c) compound metalenses. The horizontally compressed MIT logo shown in
inset (b) is indicative of large barrel distortion.

penalizing their imaging quality. In addition to the linear image
height function experimentally demonstrated here, the design
can be extended to realize almost arbitrary functional forms of
s(a). This is an important new addition to the already-impressive
metasurface optics toolbox, allowing designers to meet customers’
specifications on lens distortion characteristics. For example, the
distortion must be mitigated in projection optics for displays to
avoid displayed image distortion and/or loss of resolution. In addi-
tion to creating a metasurface “funhouse mirror” at will, the ability
to engineer the image height function is critical in suppressing
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other forms of aberrations, including chromatic aberration. More-
over, the distortion-correction capability is agnostic to the choice
of meta-atom types. For example, polarization-sensitive wavefront
control can be achieved by means of nanofin structures [60] that
can be used for machine vision [10,11], in which polarization mul-
tiplexing and distortion-free imaging are essential for feature anal-
ysis during optical convolution.

Another useful design variable in our approach is the spacing
between the aperture stop, the top, and the bottom metasurfaces,
which dictates the chief ray position at each AOIL As an example to
showcase the useful designs enabled by this degree of freedom, we
present a near-telecentric lens configuration with the distortion
fully compensated for (Fig. 6(a)). In this case, the metalens opti-
mization is conducted with the layer thicknesses L; and L, as vari-
ables to constrain the chief ray angle (CRA). The phase functions
and gradients are illustrated in Fig. 6(b). The simulated focal
spot profiles and distortion across a 120° FOV are displayed in
Fig. 6(c), similarly showing zero-distortion behavior in the angular
space. The telecentric configuration is useful for integration with
CMOS image sensors, since on-sensor microlens arrays or spectral
filters typically demand a limited CRA range [61].

5. Conclusions

In summary, we formulated an analytical theory and demon-
strated a generic distortion engineering approach that offers on-
demand control of the optical distortion characteristics in metal-
enses. Our approach utilizes a doublet metasurface structure to
custom tailor the image height function and CRA without compro-
mising the imaging performance. Applying this principle, we
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experimentally realized a compound metalens concurrently fea-
turing a wide FOV of 140°, diffraction-limited focusing, and
distortion-free imaging performance. We further demonstrated
that the distortion engineering strategy can be applied to a wide
variety of lens configurations and presented the design of a
distortion-free telecentric metalens in simulations. The proposed
design will find broad applications in next-generation metasurface
optics systems for imaging, projection, depth sensing, and machine
vision.
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