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Metaform optics: Bridging nanophotonics and

freeform optics

Daniel K. Nikolov', Aaron Bauer’, Fei Cheng', Hitoshi Kato?,

A. Nick Vamivakas'>*5*, Jannick P. Rolland %7

The demand for high-resolution optical systems with a compact form factor, such as augmented reality displays,
sensors, and mobile cameras, requires creating new optical component architectures. Advances in the design and
fabrication of freeform optics and metasurfaces make them potential solutions to address the previous needs. Here,
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we introduce the concept of a metaform—an optical surface that integrates the combined benefits of a freeform
optic and a metasurface into a single optical component. We experimentally realized a miniature imager using a
metaform mirror. The mirror is fabricated via an enhanced electron beam lithography process on a freeform sub-
strate. The design degrees of freedom enabled by a metaform will support a new generation of optical systems.

INTRODUCTION

Locally and globally customizable optical response of devices with
minimal form factor is the “holy grail” for the optical design of novel
imaging systems such as augmented and virtual reality (AR/VR) dis-
plays, three-dimensional (3D) depth vision, mobile cameras, remote
sensing, and more (1-17). Recent advances in the design, fabrication,
and testing of metasurfaces and freeform optics have made these
two technologies well fit to address the needs of this emerging gen-
eration of optical systems (18, 19). To understand the impact of these
optical devices on optical design, let us consider the basic function
of imaging systems.

The propagation of light through an optical system can be studied
by describing light as rays or waves. These two perspectives are inter-
changeable in the geometric optics approximation regime, where the
optical surface features are on a scale much larger than the wave-
length of light (20). The wavefronts, defined as equiphase fronts, are
surfaces perpendicular to the rays in a homogeneous medium. An
ideal imaging system is one where all rays originating from a point
in the object plane are imaged to one point in the image plane, which
is equivalent to creating a spherical wavefront in image space. How-
ever, in practice, the equiphase surface for the output light is not a
perfect sphere for some or, most often, any of the field points. The
deviation from a spherical wavefront is what we refer to as optical
aberrations. Freeform optics and metasurfaces are two types of op-
tical devices that enable manipulation of the output wavefronts and
thus can be used to build systems with high imaging performance.

Freeform optical surfaces are defined as surfaces with no axis of
rotational invariance (within or beyond the optical part) (16, 21-25).
The removal of the symmetry constraint enables an engineered phase
wavefront response due to the different optical path lengths that
each ray accumulates by reflecting or refracting from the freeform
interface. The path of each ray is dictated by Snell’s law that follows
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directly from Fermat’s principle. Systems incorporating freeform
surfaces have been shown to achieve diffraction-limited optical per-
formance in compact folded geometries (12, 14, 26, 27).

In contrast, metasurfaces achieve wavefront control via light inter-
action with subwavelength structures that decorate a planar surface.
The local phase of the output light is tuned by varying feature prop-
erties whose dimensions are on the scale of tens to hundreds of
nanometers (for visible wavelength illumination). While the geometric
approximation cannot be used to describe the near-field light-matter
interaction on a subwavelength scale, the far-field behavior of meta-
surfaces can be described using Fermat’s principle similarly to con-
ventional optics (28). The reflection and refraction properties of the
flat surface are thus modulated by the subwavelength features based
on a generalized Snell’s law.

Optical components such as lenses (29-31) and polarizers (32, 33)
have been realized using flat metasurfaces. Subwavelength features
of arbitrary shape, designed using inverse optimization, have been
used in planar metasurface linear gratings with high diffraction ef-
ficiency (34). Flat metasurfaces have also been used for optics with
more complex phase responses, including holograms (35, 36), cubic
lenses, and Alvarez lenses with tunable focal length (37). There has
also been some effort in non-imaging optics, dealing with cloaking,
using metasurfaces to change the reflective properties of micrometer-
scale curved interfaces (38).

A technique where a flat metasurface fabricated on a flexible sub-
strate is transferred to a cylindrical lens (i.e., a surface with Gaussian
curvature of zero) has also been recently demonstrated (39). The
curved substrate in that work is being masked by the metasurface,
similarly to the cloaking application. Although the flexible substrate
approach might be adapted to conform a metasurface to a general
noncylindrical surface with a nonzero Gaussian curvature, it would
require the flexible substrate to be stretched, compressed, or torn
[as per Gauss’ Theorema Egregium (40)]. Guaranteeing that each
metasurface feature will be conformed at the correct position on the
surface requires a detailed study of the material properties of the
flexible metasurface. For the general case of a freeform substrate,
this process, if achieved, might be challenging to scale with high
reproducibility.

Thus, to the best of our knowledge, there has not been any reali-
zation of a generalizable design-to-fabrication process for creating
metasurfaces on a freeform substrate where both the metasurface
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phase response and the shape of the freeform optic are leveraged for
imaging and aberration correction. In the current work, we present
a design-to-fabrication framework building on the design method
for freeform optics developed by Bauer et al. (19) and an enhanced
electron beam lithography (EBL) process for metasurface fabrication
on a freeform substrate. We demonstrate the feasibility and advantages
of the framework with a design of a near-eye-display-inspired imager.

Metaform working principles

We first propose the concept of a metaform optic (see Fig. 1)—an
optical surface with an engineered phase response provided by a
metasurface conformed to a freeform substrate. To explain the work-
ing principle of the metaform, we shall first assume that spatially and
temporally coherent light is incident on the metaform. The light
interacts with the freeform surface geometry, accumulating phase
from optical path differences and additionally accumulating phase
from the light-matter interaction with the nanoscale metasurface
features. Let us first consider a freeform surface defined by points in
space denoted as r = [x, y; z(x, )], where z(x, y) is the freeform sur-
face departure from the plane (x, y) from which the surface shape is
defined (as shown in Fig. 1A). For simplicity, we will consider the
reflection of light from the metaform surface, although the working
principles of the device are similarly applied for refraction. Let A be
a point on an incident ray and B a point on the corresponding re-
flected ray as seen in Fig. 1C. The phase delay that light accumulates
from reflection off the freeform surface at point [xg, yo; z(xo, ¥0)] via
propagation is then given by

B B
Osectorm (X0 Y0s 2(x0,0)) = 0(B) — 0(A ) = [ ador) = [ akc - dr (1)

where k is the wave vector. We can then use the general stationary
phase version of Fermat’s principle to describe the light behavior at
the freeform surface interface, leading to the conventional Snell’s law
of reflection and refraction.

Next, we need to consider the phase contributed by the light
interaction with the conformed metasurface. In the ideal case, the
abrupt phase shift provided by the metasurface is defined continu-
ously along the freeform surface. However, in practice, the desired
metasurface phase is first discretely sampled along the (x, y) plane,
similarly to Fig. 1A, with a step size smaller than the wavelength of
light. Then, carefully selected optically thin resonators (nano-tokens)
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are placed at each discrete point, as shown in Fig. 1C, to provide the
device’s desired phase and amplitude response. As the freeform sur-
face slope varies over a much longer range than the wavelength of
light and the nano-tokens are much smaller than the wavelength,
we can consider the immediate region around each token to be flat
and oriented at some angle. A ray of light intersecting the combined
metaform at a point [xg, yo; 2(Xo, ¥0)] then accumulates the propaga-
tion phase from Eq. 1 and an additional abrupt phase Qmeta(x0, ¥0)
from the light interaction with the nano-tokens. Thus, we can ex-
press the total phase that a ray intersecting the combined metaform
at a point [xo, yo; 2(x0, ¥0)] accumulates as

B
¢metaform(x0:)’0§ Z(xOryO )) = ¢meta(x0,y0 ) + J.Ak -dr (2)

Therefore, for a general point along the metaform, we can write
the total phase contribution of the device as

¢metaf0rm(x:y; Z(X,)’)) = ¢meta(xay) + q)freeform(x»y; Z(x,)’)) (3)

By applying Fermat’s principle, we can also think of Eq. 3 in
terms of angles instead of phase, similarly to the generalized Snell’s
law as defined by Yu et al. (28). From a ray perspective, these angles
are determined by the path of least time that light chooses to take
when reflecting between two points. Equivalently, from a wave per-
spective, the angles are calculated on the basis of the derivative of
the reflected phase profile (i.e., the propagation vector perpendicular
to the wavefront). In both cases, the incident light is redirected by
an angle equal to the sum of the angular contribution from the
freeform optics (based on the conventional law of refraction and
reflection) and the additional contribution from the local light
interaction with the metasurface.

The simple addition of the phase/angular contributions signifi-
cantly simplifies the design of a metaform. Furthermore, the capa-
bility to distribute the phase response complexity between the
freeform optics and the metasurface allows us to leverage the ad-
vantages of both technologies. For instance, consider Fig. 1 that
shows a scenario where a metaform is used as part of an imaging
system. The total device phase Qmetaform is the desired optical response
of the metaform so that it focuses the light and creates an image
satisfying a given target optical performance (e.g., diffraction limited).
The focusing power and the different optical aberration correction

C

= (bmpm + ¢freeform
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Fig. 1. Conceptual diagram of the formation and function of a metaform. (A) The two metaform phase contributions are given by dfreeform (the phase imparted by the
freeform substrate) and ometa (the phase from the light interaction with the metasurface). (B) An example of a metaform where the metasurface is not properly rotated
with respect to the freeform substrate, the tokens are not positioned properly along the freeform substrate, and some of the tokens are missing. These inconsistencies
result in an additional undesired phase contribution ¢aperr and associated optical aberrations and blur artifacts in the final image. (C) Successful implementation of a
metaform where the final phase ¢metaform imparted to the incoming beam is given precisely by the sum of the as-designed phase contributions from the freeform
substrate and the metasurface.
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terms can be distributed between the Ometa and Ogeeform terms based
on the design, form factor, and fabrication requirements of the system.
Thus, the metasurface and the freeform substrate can be co-designed,
while their individual phase contributions can be analyzed inde-
pendently (e.g., using ray-tracing software for the freeform and an
electromagnetic field propagation software for the metasurface).

However, although the two components can be designed individ-
ually, the spatial relation between the freeform optics and the meta-
surface features needs to be considered during the full cycle from
design to fabrication and testing. In the general case, the freeform
optic and metasurface will not have rotational and translational
symmetry. Thus, it is essential to define the relative global position
and rotation between the two components and keep that relation
consistent with the design during fabrication and testing. Similarly,
once the local position and orientation of each nano-tokens are chosen
in design, the tokens need to be positioned along the freeform sur-
face accordingly during fabrication. If there are global rotational and
decenter errors between the metasurface and the freeform substrate,
or if the nano-tokens are not correctly distributed along the freeform
surface due to fabrication errors or improper conforming of the
metasurface, then the total device phase response will not be equal
to the as-designed Qmetaform. Instead, the final device phase contri-
bution will be given by the sum of the two desired contributions
from the metasurface and the freeform optic, as well as an additional
Oaberr term. This additional phase would affect the output wavefront,
thus resulting in an aberrated/blurry image, as shown in Fig. 1B. To
demonstrate a successful realization of a metaform device, we de-
signed, manufactured, and tested a metaform-based system, as dis-
cussed in the next section.

RESULTS

The system of choice is a miniature imager shown in Fig. 2A. The
inspiration for the metaform optic is to serve as the combiner for a
near-eye display. Near-eye display development is one field where
metaforms can be particularly useful for imaging, as the optic that
combines the real-world view and the digital image must be con-
formed to the existing curved glass shape. Furthermore, freeform
optics alone cannot necessarily provide the required degrees of free-
dom, as they are limited by conventional Snell’s law. Fresnel reflec-
tion can result in optical geometries that have curvature opposite to
the natural curvature of the glasses (41). A metasurface conformed
to the freeform optics can allow a deviation from the Fresnel

A
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reflection, thus achieving the desired form factor for combiners
where the mechanical tilt of the surface is often not tolerated. For
the current proof of concept, the imaging scenario consists of a single
metaform mirror that forms a real image of an object located at a
finite distance. The system is designed for 632.8-nm visible illumi-
nation, and the metaform surface (see Fig. 2B) is formed on a toroidal
freeform substrate defined as

2
zfreeform(x)y) = \/(Ry - Rx - VR)zc - 'xz) - yz + R}’ (4)

where R, and R, are the two radii of the toroid. The toroidal shape
provides a freeform substrate as a pathway to curved combiners in
near-eye displays that ergonomically conform to the user’s face. This
freeform substrate also conveniently provides the power needed to
focus the light onto the image plane and is strategically shaped to
correct for astigmatism generated by the off-axis geometry. It is
essential to realize that we voluntarily did not tilt the substrate to
maintain a geometry that is conformal to an aesthetical near-eye
display form factor. A tilt of the actual substrate toward the nose, as
done in prior art to enable imaging from the temple to the eye (42),
would result in the notorious “bug-eye” geometry, which is unac-
ceptable to users (41). Instead, the off-axis geometry is created by the
reflective metasurface design. The metasurface also provides an
additional phase contribution to correct residual aberrations

¢meta(x:y): oy + sz)’ + Yy3 (5)

The full optical specifications of the imager, including the values
for Ry, Ry, 0, B, and v, are shown in Table 1.

To understand why the freeform and metasurface are both re-
quired for the desired function of the metaform, we can break down
the different phase contributions and their role in forming the final
image. First, components aligned in the same axes as the object (or
the image) cause considerable obscuration and light loss. Freeform
optics alone cannot meet that demand, as the Fresnel reflection re-
quires the freeform to be tilted to unobscure the beam, which op-
poses the form factor specifications for a conformal geometry for
near-eye displays. Hence, the metasurface phase is designed to in-
clude a linear term that allows unobscured imaging without tilting
the actual surface. However, when using an optic in a nonaxial con-
figuration, both rotationally variant and nonvariant aberrations exist
that blur the image. The metasurface and the freeform base shape
work in tandem to correct the aberrations generated. Specifically,
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Fig. 2. Miniature imager design using a metaform mirror. (A) The object is positioned 85 mm away from the aperture stop. The image is relayed to a CMOS camera
using a 51-mm working distance microscope objective (not shown). (B) The metasurface is conformed onto the freeform substrate. The metasurface has a predominantly
linear phase and some coma contribution for aberration correction. The freeform substrate is an X-toroid as defined in CODE V software and given as Eq. 4.
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the freeform base shape was designed as a toroid (instead of a sphere)
to first comply with the general shape of eyeglass lenses and in its
precise shaping to also correct for the field-constant astigmatism gen-
erated by the off-axis geometry; the metasurface was given a coma
phase contribution (the second and third term of the phase equation)
to mitigate the residual aberrations. Alternatively, we could have added
the coma contribution to the freeform substrate. The main decision
to integrate coma within the metasurface instead was twofold: (i) to
significantly simplify the writing process of the metasurface on an
already curved and complexly shaped substrate and (ii) to avoid hav-
ing to create an even more complexly shaped substrate that would be
used in transmission in a see-through architecture (43). Thus, the
phase contributions for each surface were chosen deliberately, consid-
ering the entire design-to-manufacture chain of both the freeform
substrate and the metasurface. Critically, the freeform optic and the
metasurface synergize within the metaform to create a high-resolution
image via a compact, conformal, folded geometry.

Table 1. Optical system specifications for the miniature imager and
the metaform.

Parameter Specification

Object distance 85mm

Object size 8.5mm by 5mm
lllumination wavelength 632.8nm
Effective focal length 4mm

F/# 4.67
Magnification 0.0453

Metasurface dimensions 2mm by 1.5 mm

Freeform substrate shape X-toroid

Rw Ry —8.24 mm, —7.78 mm
0.2434,-0.0015 mm 2,
By ~0.0017 mm™2

A technical drawing of the designed metaform mirror is shown
in Fig. 3A, and the experimentally realized metaform is shown in
Fig. 3C. The fabrication challenges demonstrated in Fig. 3B are dis-
cussed in Materials and Methods. The full part, 25.4 mm in diameter
and made of brass, contains a concave substrate, 6 mm in diameter,
at the center of the part. The brass substrate is coated with a 120-nm
layer of Ag and a 75-nm layer of SiO,. These two layers are essential
for the function of the used metal-dielectric-metal (Ag-SiO,-Ag)-
type metasurface grating (44, 45). The grating covers the active
metaform area of 2 mm by 1.5 mm. The grating subwavelength fea-
tures are rectangles with varying width and height on the scale of tens
to hundreds of nanometers (see Materials and Methods for more
information on the selection of tokens). Two sets of four fiducials
and a groove for rotation alignment are used for metrology and
alignment to achieve the required position and orientation control
of the nano-tokens.

Figure 4A shows experimental images of regions from a 1951 United
State Air Force (USAF) resolution target imaged using the miniature
imager system and the metaform mirror from Fig. 3C. Objects
with various dimensions were imaged with spatial frequency fea-
tures starting from 0.351 line pairs (Ip)/mm in the top left corner
and increasing to over 5 lp/mm in the bottom right corner. A nu-
merical analysis was used to evaluate the contrast as a function of
spatial frequency using the following formula (46)

Inax = Imin
Contrast = J— - (6)
where I, and Iy, are the maximum and minimum intensity of a
bar in a three-bar target, respectively.

The experimental contrast was evaluated using the images from
Fig. 4A for both vertical and horizontal bar targets with varying spa-
tial frequency. The results are shown in Fig. 4B. The I and Inmin
values were evaluated by averaging over a few pixels on the comple-
mentary metal-oxide semiconductor (CMOS) camera. The plotted
results (blue crosses for the horizontal spatial frequencies and red
circles for the vertical spatial frequencies) correspond to the mean

Fig. 3. Design and experimental realization of the metaform mirror for the imager. (A) Technical drawing of the part. The dark rectangle in the center corresponds
to the area where the metasurface grating is written. The scaled-up inset shows a set of tokens from the metasurface design. (B) Example drawing of a metaform with
missing tokens and stitching/focusing errors between the different writing zones. An SEM image of a fabricated metaform with these issues is shown at the bottom inset.
(€) Image of a successful metaform and a scaled-up view of an SEM image of a set of the fabricated nano-tokens. Photo credit: Daniel K. Nikolov, University of Rochester.
The three nano-token insets are not necessarily from the same region on the sample, but they are good representatives given the predominantly linear phase nature of

the metasurface. The scale on all three insets is 2 um.
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Fig. 4. Experimental imaging results from the metaform. The presented data are collected using the metaform from Fig. 3C. (A) Set of different regions of the resolution
target imaged via the metaform. The object’s spatial frequencies range from 0.315 to >4.53 Ip/mm, which corresponds to a range of 6.95 to >100 Ip/mm in image space.
The features decrease in size from left to right and from top to bottom. (B) Measured contrast as a function of spatial frequency (measured in image space). The length of
the error bars corresponds to two SDs from the mean. The lines are smooth spline fits to the measured data for the horizontal (blue solid) and vertical (red dashed)

frequencies, with fitting weights equal to one over the variance at each point.

intensity, while the error bars represent the SD of the intensity distri-
bution over the chosen pixel region (one error bar is two SDs long). The
large error bars for the high horizontal spatial frequencies are due to a
low signal-to-noise ratio for the collected data in that regime. A smooth
spline fit of the experimental results was also plotted for readability
using fitting weights equal to one over the variance at each point.

DISCUSSION

As shown in Fig. 4B, the horizontal features with spatial frequencies
in the image plane of <230 Ip/mm (<10.42 lp/mm in object space)
and the vertical features with spatial frequencies in the image plane
of <100 Ip/mm (<4.53 Ip/mm in object space) were resolved success-
fully with a contrast of more than 10%. From the experimental
results, we can see that the imaging performance of the vertical fre-
quencies is worse than that of the horizontal frequencies. There are
a few factors that can explain this finding. A difference between the
as-built radii of curvature R, and R, and the corresponding as-
designed values for the toroid substrate would result in astigmatism
and other higher-order aberrations. These discrepancies would be
further emphasized by any unevenness in the distribution of the Ag
and SiO; coating layers that are deposited on the brass substrate.
We measured the coated part using an OptiPro UltraSurf noncon-
tact metrology system. The measured sag data were then fitted to
a toroid, and the as-built Ry and Ry were calculated to be -8.24
and -7.82 mm, respectively. The derived as-built R, deviates by ~0.5%
from the nominal value, which partially explains the drop in perform-
ance for the vertical spatial frequencies. Another possible source of
image degradation is residual rotational misalignment errors be-
tween the metasurface and the toroid, which are expected to be +2°
based on the alignment procedure detailed in Materials and Methods.
The current fabrication process can be further tuned to achieve even
higher accuracy of the as-built substrate form and the alignment of
the metasurface and the substrate, which would ultimately increase
the overall optical performance of the device.

The current device demonstrates a reflective metaform, but the
same design and fabrication methods can be extended to realize
transmissive metaforms. Furthermore, the proof-of-concept imager
that we have presented has dimensions of only 1.5 mm by 2 mm.
From a theoretical perspective, there are no limitations to creating
metaforms with a footprint of tens of millimeters or even larger,

Nikolov et al., Sci. Adv. 2021; 7 : eabe5112 30 April 2021

which would be desirable for consumer technology applications.
However, some fabrication challenges (like EBL stitching accuracy)
may need to be addressed, as discussed in Materials and Methods
and the Supplementary Materials.

In the current work, we assumed that the phase and amplitude
response of each nano-token does not significantly vary with the
angle of incidence variation due to each token’s local response. In
the imager design that we presented, the freeform surface slope
variation is less than +10° across the clear aperture of 1.5 mm by
2 mm, so this is a reasonable assumption. However, in the general
case where the freeform substrate can vary with much higher slopes
and the field of view (FOV) may be much higher, the nano-tokens’
selection may occur via lookup tables for the phase and amplitude re-
sponse of tokens with varying height, width, and angle of incidence.

We should also note that most flat metasurfaces in the literature
are based on tokens that are equidistant along the device’s plane. In
the metaform case, this property translates into the tokens being
equidistant in the projection plane, as shown in Fig. 1A and dis-
cussed in Materials and Methods. However, both the flat metasur-
faces and the metaforms may be designed by sampling the phase of
the metasurface in a nonuniform way in the x-y plane. We envision
that a question of investigation for the metaform case is whether it
may be particularly beneficial for the device performance to sample
the metasurface with a higher token density in the region of high
freeform slopes and/or fast metasurface phase changes. This variable
sampling would provide a more continuous phase change across the
device and an associated higher device efficiency (28, 47).

The current imager was designed with AR/VR display applica-
tions and form factor constraints in mind. However, the imager
cannot be integrated into a display design as is. A sketch of an ex-
ample optical engine for an AR/VR display using a metaform com-
biner is shown in Fig. 5. The metaform used in the imager above is
not see-through. It is inherently opaque due to the Ag backplate
required for the function of the metal-dielectric-metal metasurface.
This limitation can be overcome by using an array of apertures with
random positions and random diameters much larger than the visible
wavelength (43). The see-through ratio can be adjusted by varying
the diameter and density of the apertures. Alternatively, a metaform
based on a dielectric metasurface conformed to a transmissive
freeform optic can be used. This metaform would be inherently
see-through, and a dichroic coating could be applied to adjust
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Fig. 5. A top-down view sketch of an example AR eyeglasses architecture. A metaform
imager similar to the one presented in this work can be used as an optical combiner.

the brightness ratio between the reflected digital image and the
real-world view.

Here, we have introduced the concept and working principles of
a metaform—a new type of optical component for imaging applica-
tions based on a metasurface conformed to a freeform optical sub-
strate. Each of the two subcomponents’ absolute and relative phase
must be carefully selected based on the desired device form factor,
the aberration theory, and the design framework previously devel-
oped by Bauer et al. (19). The additional degree of freedom enabled
by the phase distribution of a metaform allows an optical designer
to navigate critical design tradeoffs between optical performance,
system volume, and form factor. To demonstrate this new optical
component’s advantages, we chose the challenging application do-
main of imagers for AR/VR displays. This type of imager needs to
conform within an eyeglass form factor. Thus, it requires the imaging
optics to follow the glasses’ natural concave curvature without an addi-
tional physical tilt. We have demonstrated a miniature imager based
on a metaform mirror with a visible design wavelength of 632.8 nm.
The resulting system demonstrates successful imaging of features with
varying spatial frequencies in object space of up to 10.42 Ip/mm. The
miniature imager’s experimental realization shows the promise of
metaform optics to leverage the advantages of metasurfaces and
freeform optics for solving challenging optical design problems.

MATERIALS AND METHODS

General design and fabrication consideration

Motivated by the optical design challenges in AR combiners, we
endeavored to fabricate a reflective metaform—a metasurface on a
reflective freeform substrate. We created an imaging scenario and
associated optical design to demonstrate the use of a metaform op-
tic and to provide an apparatus for testing the fabricated device. We
chose a metaform with a clear aperture of up to 2 mm in X and Y,
which is considered a large writing area for EBL due to the limited
size of a single writing zone (typical EBL objective maximum FOV
is up to 1 mm by 1 mm). For imaging, an optical system with a
2-mm-diameter part is considered small, so the overall design is ex-
pected to be very compact. The actual aperture stop is even smaller
(0.8 mm), as it is positioned away from the metaform for aberration
corrections, as discussed in the following section. Given the limited
amount of flux entering the 0.8-mm aperture stop, setting a small
image plane will ensure a sufficient brightness for the image formed
on the detector. However, in our reflective off-axis geometry, we
also had to balance out potential clearance issues when unobscuring
the image. Thus, we set the focal length accordingly to achieve a
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bright, unobscured image, resulting in a system F/# of about 4.7 for
the chosen conjugates and an associated effective focal length of
4 mm. The short focal length and associated image distance hinder
the ability to place a sensor at the image for direct detection. Instead,
the metaform mirror created an intermediate image that was reim-
aged to a CMOS sensor using a microscope objective. The reimaging
ensured the necessary clearances for the optical components. The
details of the design, fabrication, and experimental realization of the
imager are described in the following sections.

The small feature size of the metasurface, the rotationally non-
symmetric curved nature of the substrate, and the relatively large
metasurface footprint introduced various fabrication challenges. An
unsuccessful and the successful realization of the desired metaform
surface are shown in Fig. 3, B and C, respectively. The fabrication
iterations are further discussed in the Supplementary Materials.

Optical design

When using only reflective optics in an imaging system, attention
must be given to the potential obscuration of the light, as it propa-
gates through the system. For optical components aligned along the
same axis as the object or image, considerable obscuration occurs,
resulting in a loss of light. This challenge can be mitigated by using
off-axis sections of surfaces and/or tilted surfaces to ensure that ray
clearances are maintained (48). However, in cases where a tilted or
off-axis surface violates system constraints (like in an AR/VR dis-
play), metasurfaces can be leveraged with otherwise centered sur-
faces to provide the linear phase necessary to redirect the light in the
preferred direction. The linear phase is the first metasurface func-
tion to be integrated into the metaform.

The second metasurface function of the metaform is aberration
correction. As mentioned above, when using an optic in a nonaxial con-
figuration, both rotationally variant and nonvariant aberrations blur
the image. The arbitrary phase enabled by a metasurface using higher-
order terms than the linear allows correcting the system’s aberrations.
The aberration correction, however, is split between the freeform
optics and the metasurface. The freeform provides astigmatism correc-
tion, balancing the aberrations introduced from the linear term of the
grating. The metasurface then provides additional coma correction.

The aperture stop location is a critical parameter for the overall
aberration correction of the system. The main rotationally variant
aberrations generated by the off-axis geometry created via the linear
phase term used for unobscuring are field-constant astigmatism,
field-constant coma, and field-asymmetric field-linear astigmatism
(19). If the aperture stop is located at the mirror surface, only the
field-constant aberrations can be corrected, leaving a substantial
amount of field-dependent astigmatism. By moving the aperture
stop in front of the optical surface, however, the field footprints
spread out over the surface of the mirror, allowing the additional
correction of the field-asymmetric field-linear astigmatism by us-
ing a comatic phase term in the metasurface (49).

Having the listed considerations in mind, the final imager design is
shown in Fig. 2. A third-party optical design software package,
CODE V (Synopsys, Mountain View, California, USA) was used for
the design’s optimization. The complete specifications of the opti-
mized system are listed in Table 1.

Metasurface design
During the imager optical design process, the metasurface was de-
fined in CODE V as an ideal phase polynomial grating. The phase
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response of this surface was given by an X-Y polynomial, with the
polynomial coefficients being varied during optimization. As justi-
fied in Introduction, the metasurface component of the metaform
can be designed similarly to a flat metasurface as long as the nano-
tokens are conformed to the freeform substrate as determined by
design. To achieve that specification in the current work, the X-Y
polynomial phase from CODE V was sampled discretely over the
(%, ) projection in a uniform fashion. This uniform sampling is not
required, and in the general case, the distribution of the discrete
points can be varied. Once the optimized phase response (given by
Eq. 5) was discretized, the metasurface token to be conformed at each
discrete point was chosen on the basis of simulations using the
finite-difference time-domain (FDTD) software Lumerical (Ansys/
Lumerical, Vancouver, BC, Canada).

The simulation process is identical to the one used in previous
publications on Ag-SiO,-Ag metasurface gratings (44, 45). A param-
eter sweep for a single Ag nano-token with an Ag backplate and a
SiO, spacer was performed by varying the token width and height
(from 40 to 300 nm). The phase and amplitude response of each
token was recorded in a lookup table. The phase response of the
complete 2 mm by 1.5 mm metasurface was separated into regions
of 400 nm by 400 nm that serve as the unit cells of the grating. A
token was chosen from the lookup table for each unit cell to match
best the design phase at that location while having the highest possible
reflectivity (more than 90%). The design was separated into 11 zones
with pseudo-equal height (with maximum sag deviation of 10 pm
within each zone), and the token information for each zone was saved
in a separate layout file for EBL fabrication.

Toroid substrate fabrication

The toroid substrate part was designed to fit in a cassette used for
EBL writing on a curved substrate (50), as shown in fig. S1. The part
is 25.4 mm in diameter and is 4 mm thick. The concave toroid area
spanning a 6 mm in diameter circular aperture was fabricated using
diamond turning, while the fiducials on the part were laser-etched.
Two grooves were first etched on a 1-inch polished brass blank
with <10-pum thickness variation. The first was a groove perpendicular
to the toroid plane for alignment. The second was a V-groove along
the circumference of the blank that was used for mounting the
metaform. The blank was centered with respect to its edges on the
diamond turning machine where the toroid was fabricated. The part
was then moved to the laser etching machine, and the vertical
groove was registered to maintain the same rotational alignment as
in the diamond turning machine. Two sets of four differentiable
fiducials were laser-etched on the part. The first set was on the flat
surface of the blank, and the second was inside the concave region.
These fiducials were to be used for alignment during the EBL writing,
the metrology, and the final imager assembly. The relative rotational
error between the fiducials and the toroid axis is +1°. The corre-
sponding relative decentering error is +50 pm.

EBL fabrication

The metaform optic was fabricated as follows. The 120-nm-thick
Ag (ground layer) and 75-nm-thick SiO, were coated on top of the
toroid substrate by electron beam evaporation (using PVD 75
Lesker, base vacuum 2 x 107° torr, and deposition rate kept at
0.3 A/s for both Ag and SiO;). A bilayer electron beam resist con-
taining the 60-nm bottom layer PMMA 495 (A2 in anisole) and the
80-nm top layer PMMA 950 [M2 in methyl isobutyl ketone (MIBK)]

Nikolov et al., Sci. Adv. 2021; 7 : eabe5112 30 April 2021

were then applied on the substrate by spin coating. The designed
metasurface pattern (2 mm by 1.5 mm) was transferred to the bilayer
resist by EBL.

EBL on nonplanar substrates is quite challenging due to the in-
herent limitation of the depth of focus (DOF) of electron beams,
which is typically a few tens of micrometers for a 100-kV EBL sys-
tem. For our nonplanar substrate, the height variation is ~100 um.
We adopted a focal zone splitting technique to write the whole pat-
tern on our toroid substrate (51) such that the height deviation in
each zone was smaller than the DOF of the EBL objective (to guarantee
sharp nano-token features). We divided the whole pattern into zones
corresponding to the toroid substrate regions where the height
changed by up to 10 pm. These zones had annular-like shapes, and
there were 11 zones in total for the 2 mm by 1.5 mm pattern.

The toroid substrate was mounted in the cassette shown in fig.
S1B. The edges of two of the outside fiducials (on the flat area of the
part) were used to adjust the rotation of the part within the cassette.
The circular groove from the diamond turning touch-off was used
to locate the apex of the toroid. A Mitaka NH-3N laser probe-based
3D measuring system was then used to find the relative position of
the apex of the toroid with respect to markings on the cassette and
the fiducials on the brass part. Nickel beads with a diameter of a few
tens of nanometers were used to mark one of the fiducials on the flat
region of the mirror substrate.

The cassette was then mounted inside a JEOL JBX-6300FS EBL
system, as shown in fig. S1A. The nickel bead locations were used to
calibrate the EBL coordinate system with the coordinate system of
the Mitaka microscope. This procedure guarantees that the JEOL
will write the 11 focal zones at the correct X-Y position and height
with respect to the apex of the toroid. An objective lens with a max-
imum square FOV of 62.5 um by 62.5 um was used that defines the
size of each writing field. The necessary adjustment parameters for
the objective lens and the deflector were calculated for each writing
field within each focal zone. The parameter values were derived on
the basis of a calibration measurement using a slanted Si wafer (50).
Zones 1 to 11 were then exposed sequentially by adjusting the
focusing plane of the objective to be at the mid-height of each zone.
The deflector was used to expose the different writing fields within
each focal zone.

The part was developed in MIBK:isopropyl alcohol (IPA) (1:3)/
IPA (60/30 s) solutions after electron beam writing. An oxygen plasma
descum was carried out to remove residual PMMA for 30 s. After
that, the Ag nano-tokens were created on the substrate by electron
beam evaporation (2-nm chrome was precoated for a good adhesion
of Ag on Si0,), and a lift-off process in Remover PG solution (60°)
was applied after the Cr/Ag evaporation.

Metrology

There were multiple steps of metrology measurements done to as-
sure the final metaform quality. Great importance was given to the
local and global positions of the metasurface tokens, as discussed
earlier. First, the toroid substrate was evaluated after fabrication. The
part was visually inspected under an optical microscope. The surface
roughness was verified to have a root mean square surface rough-
ness of <3 nm using a Zygo NewView 3D optical surface profiler.
The rough toroid orientation with respect to the fiducials was veri-
fied using a Zygo Verifire laser interferometer. An accurate surface
form measurement was then carried out using an OptiPro UltraSurf
noncontact metrology system. The Ag and SiO, layers were then
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deposited, as discussed in the previous section. All the above
measurements were then repeated for the coated part. After the
metasurface EBL writing, an optical microscope was used to check
for centration, rotation, and stitching errors. The final Ag deposi-
tion and liftoff were then performed, and the completed metaform
part was imaged using a scanning electron microscope (SEM). The
actual imaging quality using the metaform was verified in the ex-
perimental realization of the imager.

Experimental imager configuration and assembly

A broadband Fianium WhiteLase Micro Supercontinuum laser was
used to illuminate the object. A 632.8-nm bandpass filter with 10-nm
full width at half maximum was used to match the design wavelength.
The laser output was expanded to illuminate the required object size
using a 125-mm focal length plano-convex lens and a —25-mm focal
length plano-concave lens. A linear polarizer was used to match the
illumination polarization in the FDTD metasurface simulations.
The object is a USAF 1951 negative, transmissive resolution target. The
metaform was mounted via the V-groove inside a lens tube attached
to a 5-degree of freedom kinematic stage. A finite conjugate Mitutoyo
microscope objective with a 51-mm working distance, numerical
aperture of 0.21, and x10 magnification was used to relay the image
to a CMOS machine vision color camera. The exposure settings for
the camera were varied to collect two sets of images—a set of satu-
rated images for good visual readability (Fig. 4A) and a set of non-
saturated images for data analysis (used for Fig. 4B). A diagram of
the full setup is shown in fig. S2.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/18/eabe5112/DC1
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