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ABSTRACT: Spaceplates are nonlocal optical devices with the
potential to reduce the form factor of optical systems, but current
implementations are limited in performance and ability to correct
for optical aberrations. We introduce a new class of multifunctional
spaceplates, designed using gradient-based freeform optimization,
which exhibit exceptional efficiencies, compression ratios, and
aberration correcting capabilities. We show that such spaceplates
can serve as correctors for metasurfaces and refractive optical
elements, and we demonstrate that multifunctional spaceplates can
extend to support multispectral, Petzval field curvature, and
spherical aberration correction. We anticipate that these spaceplate
concepts will enable the realization of ultracompact optical
systems.

Multifunctional

spaceplate

Metalens

KEYWORDS: spaceplates, flat optics, thin-film optics, aberration, imaging system, nanophotonics

B INTRODUCTION

Over the last two decades, extensive research has been devoted
to the development of nano-optical imaging systems with
reduced size and weight." A major focus has been at the device
level, where optical metasurfaces have been developed that
seek to substitute traditional bulky optics with nanostructured
thin films.”~'" Metasurfaces can be designed to exhibit a broad
range of amplitude and phase responses, leading to gratings,
lenses, and holographic surfaces featurin$ new regimes of
spectral''™'* and polarization control.">~'® A more recent
development has been the reduction of the separation
distances between optical components using spaceplates
(Figure la), which are volumetric nonlocal optical devices
that can emulate the optical responses of free space within a
reduced physical space.'”~>* Concepts such as the spaceplate
are ultimately required to enable reductions in total optical
system size while retaining image fidelity and spectral range.
While such nanophotonic-enabled optical systems have great
potential, current embodiments of these systems suffer from
various aberrations that make their practical implementation
challenging. Much attention has been placed on correcting
aberrations in metasurfaces, where chromatic aberrations have
been addressed through dispersion engineering,”> > and
monochromatic aberrations have been addressed through the
codesign of multi-metasurface systems.”' ~** However, rela-
tively little work has been done regarding aberration
corrections in spaceplates or the potential role of spaceplates
in correcting for aberrations, where current designs are
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restricted to a single wavelength and relatively small
thicknesses and numerical apertures. Extensions of the
spaceplate concept to devices that can address chromatic and
monochromatic aberrations can lead to enhanced optical
systems with new form factors and capabilities. Spaceplates are
particularly well suited for aberration correction because they
are volumetric nonlocal devices and can have sufficient
thickness to address limitations posed by overlapping non-
locality when performing aberration correction.

In this study, we present a generalized framework for
multifunctional spaceplates based on thin-film dielectric stacks,
which can compress space as a function of incidence
wavelength and angle. To design these devices, we developed
a novel gradient-based optimization algorithm in which the
thickness and refractive index of each dielectric layer are free
parameters for design. Benchmarking with conventional
spaceplate concepts indicates that our devices yield unprece-
dented compression factors and numerical apertures. We show
that these spaceplates can be independently configured for a
set of wavelengths (Figure 1b) and serve as a chromatic
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Figure 1. Multifunctional spaceplates based on multilayer dielectric thin-film stacks. (a) Multifunctional spaceplate mimics an air gap with an
effective thickness (AL) that is a function of the wavelength, 4, and incidence angle, 6, of an incident beam. Equivalently, the spaceplate serves to
laterally shift the incident beam by Ax,, as a function of 4 and 6. The thick solid lines depict the actual beam paths with the spaceplate, while the
thick dashed lines represent free-space beam propagation without the spaceplate. (b) Multifunctional spaceplate can correct for chromatic
aberrations by compressing space as a function of wavelength. (c) Multifunctional spaceplate can correct for certain monochromatic aberrations by
arbitrarily specifying lateral beam shifts as a function of 6, leading to angle-dependent compression of space.
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Figure 2. Our spaceplate optimization algorithm. (a) Flowchart of the optimization algorithm. We start with a few-layered structure with randomly
initialized thicknesses and refractive indices. We then gradient-optimize the structure, duplicate, and vertically stack the structure to double the
device thickness and repeat until the desired number of layers is achieved. (b) Scatter plot of the compression ratios and effective thicknesses of
optimized classical spaceplates produced by our algorithm and from previous works. (c) Plot of the H, field from an FDTD simulation of a
representative optimized spaceplate. The incident Gaussian beam is obliquely incident on the structure with an 8° angle from normal, and the
lateral translation of the outgoing beam is indicated.

1754 https://doi.org/10.1021/acsphotonics.4c00086
ACS Photonics 2024, 11, 1753—-1760


https://pubs.acs.org/doi/10.1021/acsphotonics.4c00086?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00086?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00086?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00086?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00086?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00086?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00086?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00086?fig=fig2&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.4c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

aberration corrector for metasurface and refractive optics. We
further show that spaceplates featuring effective air gaps as an
arbitrary function of the incidence angle (Figure 1lc) can be
used to correct for Petzval field curvature and spherical
aberration, indicating the vast potential of hybrid optical
systems that combine nanophotonic and bulk optical elements.

B METHODS

To frame our spaceplate design methodology in the context of
aberration correction, we first present an interpretation of the
spaceplate functionality based on the lateral translation of
incident rays. While this interpretation is equivalent to that of
air gap compression, it provides a more direct physical
explanation of how spaceplates can correct for aberrations. In
this picture, we model the rays with wavelength 1 as a Gaussian
beam with finite width. Assuming that the Gaussian beam has a
small beam angular spectrum range and a uniform trans-
mittance It the spaceplate-transfer function H(6) for a given
incidence angle @ can be approximated as

H(0) = 1te”? = Itlexp| ip(0,) + i%(e -6,)
dé,, (1)

where ¢(0) is the phase response of the structure. The
absolute lateral shift of the center of the beam, Ax,,, (Figure
la), is then

i do

A A) = =S 0
'xabs( in ) Zﬂcos(gin) dein

2)

A derivation of this expression is given in the Supporting
Information. Due to the symmetry of our thin-film stack
system and our use of isotropic materials with positive
dielectric constant, Ax,, is necessarily a positive number. On
the other hand, the shift of the beam exiting the spaceplate of
thickness L relative to a ray propagating through free space of
the same thickness, A,y = Ax,,; — L tan(8,,), can be positive
or negative. These shifts correspond to spaceplate compression
or expansion of free space, respectively, and both types of shifts
are required when considering the use of spaceplates for
certain types of aberration corrections, as we will see later.

To demonstrate the validity of our lateral shift expression,
we consider the classical monochromatic spaceplate that
mimics a constant air gap, L.g which we term its effective
thickness. Its transfer function is

2
H,,(0; Lg) = exp(iTLeffcos 9] 3)
Substituting this transfer function into eq 2 produces the
lateral shift Axy; (6, A) = L.gtan(6,,), which matches a simple
geometric optics picture that considers a ray propagating
through an air gap with a thickness of L.

Our approach for specifying the targeted spaceplate response
for both classical and multifunctional spaceplates, given a
desired Ax(0,,), is now clear. Equation 2 can be directly
integrated to produce an incident-angle-dependent spaceplate
phase response

2 O
P(6,) = _r Ax(0)cos(8)df + Const
A Jo 4)
For spaceplates designed to address chromatic responses, the
term Ax can be a function of wavelength as well as 8, without
any loss of generality. In general, the phase function calculated
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from eq 4 may not always be physically realizable because the
desired shift amount Ax can be negative. However, we can
circumvent this issue by increasing the effective thickness of
the spaceplate by a constant to constrain the solution space to
physically achievable geometries. More details are in the
Supporting Information.

Next, we minimize the difference between the actual phase
response and the required phase response by optimizing the
thicknesses and refractive indices of the multilayer structure.
We propose the algorithm depicted in Figure 2a. Mechanis-
tically, we start with a randomly initialized ten-layer device
“seed” and perform local gradient-based optimization on the
device using the nonlinear conjugate gradient method.*
During this iterative optimization process, the device is
simulated using the transfer matrix method (TMM), and
local gradients are calculated by autodifferentiating the TMM
expressions. Analytic TMM autodifferentiation has been
previously used for various thin-film stack design tasks and
provides a straightforward way to calculate gradients in high-
dimensional optimization landscapes.””** Once the initial thin-
film stack is optimized, it is duplicated, vertically stacked, and
used as a starting point for further local gradient-based
optimization. These duplication, stacking, and local optimiza-
tion steps are repeated until the desired number of layers is
achieved. Due to the nonconvex nature of the optimization
landscape,”® multiple local optima exist, and we therefore
perform optimization on 1000 random device seeds in parallel
and select the best overall performing final device.

Compared to alternative design concepts,”>*’ our cyclic
device stacking and optimization algorithm is particularly
effective and computationally efficient for spaceplate opti-
mization for two reasons. First, given a spaceplate that perfectly
mimics an air gap, the stacking of two such spaceplates will
mimic an air gap with twice the gap thickness. As such, detailed
designs of high-performing thin spaceplates can and should be
used to design relatively thick spaceplates. Our need for further
gradient-based optimization after each stacking step is due to
the fact that our spaceplates do not perfectly mimic air gaps,
and optical interactions between spaceplates will manifest
upon vertical stacking. Second, the optimization landscapes of
thin spaceplates are exponentially smaller than those of thick
spaceplates, making the gradient-based search for promising
thin devices computationally tractable and efficient. With
detailed results included in the Supporting Information, we
show that our optimization algorithm performs better than
optimizing a very thick spaceplate directly without the
duplicating and stacking cycles.

B RESULTS

We first focus on the application of our cyclic design algorithm
on classical monochromatic spaceplates, which enables proper
benchmarking with prior studies. We consider spaceplates that
operate with TM polarization, a wavelength of 1.55 ym, and
refractive indices that continuously range from 1.0 to 3.45. To
perform this design task, we consider the following Figure of
Merit (FoM)

R3

FoM= ———
(C + Ag)*

(5)

Here, R is the compression ratio, A¢ is the root-mean-square
phase error, and C is a constant to avoid a zero denominator.
The denominator minimizes the difference between the actual
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Figure 3. Multifunctional spaceplate design for chromatic aberration correction. (a) Schematic of a multifunctional spaceplate that corrects for
chromatic aberration from a refractive lens. (b) Plot of the optimized multifunctional spaceplate’s effective thickness as a function of wavelength for
the refractive optical system. (c) Simulated light intensity profile at the focal plane for a plane wave incident on a refractive lens (NA = 0.34), with
and without a spaceplate. (d) Simulated light intensity profile at the focal plane of a plane wave with five-degree oblique incidence on a refractive
lens (NA = 0.26), with and without a spaceplate. (e) Schematic of a multifunctional spaceplate that corrects for chromatic aberration from a
metalens (NA = 0.34). (f) Plot of the optimized multifunctional spaceplate’s effective thickness as a function of wavelength for the metalens system.
(g) Simulated light intensity profile at the focal plane for a plane wave incident on the metalens—spaceplate system.

and desired spaceplate phase response as a function of
incidence angle so that the device functions as close as
possible to that of an equivalent air gap. The range of incidence
angles covered in the FoM is specified to span a numerical
aperture (NA) of the interest. The numerator maximizes the
compression ratio, which is defined as the ratio of the effective
thickness to the actual thickness of the spaceplate and enables
maximal shrinkage of an optical system. A range of one to five
stacking and optimization cycles (Figure 2a) are performed to
produce a range of final devices with thicknesses that span
1.55—35 um, indicating the potential of our cyclic design
algorithm to readily produce spaceplates with a wide range of
effective thicknesses.

The compression ratios and effective thicknesses of devices
designed using our algorithm, together with benchmark results
from prior studies optimized using a similar FoM, are shown in
Figure 2b. Compared with benchmark devices with similar
NAs, our devices feature larger combinations of compression
ratios and effective thicknesses. In general, the compression
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ratios of our devices reduce relatively slowly as the effective
thickness increases, indicating the efficacy of our cyclic design
algorithm to enhance the device thickness while maintaining
high compression ratios. Our thickest devices feature 320 total
layers and an effective thickness of 265.8 yum, indicating the
potential utility of spaceplates in macroscopic optical systems.
A frequency domain simulation of a Gaussian beam incident
on a representative spaceplate is presented in Figure 2¢ and
visualizes the lateral beam displacement functionality of the
spaceplate. The nearly matching spatial profiles of the incident
and outgoing Gaussian beams, together with a Aux,, that
matches the value calculated using eq 2, indicates that the
spaceplate phase response closely matches the desired transfer
function for air gap compression. The strong fields visualized
within the spaceplate indicate the device’s use of multiple
strong nonlocal optical interactions, in the form of internal
reflections, to elongate the effective propagation distance of the
beam. We point out that the strong internal reflections,
however, depend heavily on the accurate implementation of
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Figure 4. Multifunctional spaceplate design for Petzval field curvature correction. (a) Schematic of Petzval field curvature correction using a
multifunctional spaceplate, which is designed to compress more space for small-angle rays and less space for large-angle rays. Solid lines and dashed
lines correspond to rays in the cases with and without the spaceplate, respectively. (b) Plot of the position of the simulated intensity peak as a
function of the field angle with and without the spaceplate. (c,d) Simulated light intensity profile with a plane wave incident on the refractive lens,
followed by the designed spaceplate for the on-axis and 10° off-axis field with (c) and without (d) the spaceplate. The white dotted lines show the

focal plane.

phase accumulation to ensure constructive interference, which
renders the structure notably susceptible to fabrication errors.
In the Supporting Information, we include a perturbation
analysis of the example spaceplate from Figure 2c.

We next extend our spaceplate analysis to multifunctional
aberration-correcting spaceplates. In all aberration correction
demonstrations, we design polarization-independent space-
plates to ensure their capability to operate in three-dimensional
imaging systems. We first focus on devices capable of
correcting chromatic aberration from refractive and metasur-
face lenses (Figure 3a). For our refractive lens demonstration,
we interface spaceplates with a singlet BK7 glass refractive and
tailor our spaceplate for red (653—663 nm), green (527—537
nm), and blue (483—493 nm) wavelengths. The BK7 lens
features focal planes for red light that are approximately 22 pm
further from that of blue light, and correcting for these
aberrations requires a multifunctional spaceplate featuring an
effective thickness of 95 ym for red wavelengths, 80 ym for
green wavelengths, and 73 um for blue wavelengths (Figure
3b). Compared to the conventional spaceplates shown in
Figure 2, these devices are polarization independent, have high
transmittance explicitly enforced in the FoM (details are in the
Supporting Information), and contain refractive indices
constrained to the range of 1.46—3.3.

We optimized 1000 devices with random seed structures and
performed six stacking and optimization cycles to produce final
devices comprising 640 thin-film layers. The target device NA
is 0.34. The highest performing device is 128 ym thick and
supports an average transmittance of 94% over the working
wavelength bands. To simulate the combined refractive lens
and spaceplate system, we utilize a hybrid modeling approach
in which the lens is simulated with ray tracing, the transmitted
rays are converted to a wavefront according to their optical
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path lengths, the planewave-spaceplate response for each plane
wave mode is calculated using TMM, and the transmitted
plane waves are summed together (more details are in the
Supporting Information Section). The resulting focal planes for
a refractive lens (NA = 0.34) and normally incident light, with
and without the spaceplate, are shown in Figure 3¢, and related
plots for a refractive lens (NA = 0.26) and 5° oblique light
incidence are shown in Figure 3d. In both cases, the inclusion
of the spaceplate shows qualitative improvements in chromatic
aberration correction and light focusing to a single focal plane.

In a second chromatic aberration demonstration, we show
that spaceplates can perform chromatic correction for
metalenses (Figure 3e). In this example, we consider a
metalens with an NA of 0.34 operating from 560 to 590 nm,
which is roughly the bandwidth of a light-emitting diode and
for which considerable chromatic aberration is observed with
the metalens. The desired spaceplate effective thickness versus
wavelength to correct for the metalens aberration is plotted in
Figure 3f together with the response of our optimized physical
devices, indicating good convergence between the desired and
actual effective thickness profiles for both polarizations of light.
The hybrid metalens—spaceplate system is simulated using a
combination of finite difference time domain simulations for
the metalens and TMM for the spaceplate (more details are in
the Supporting Information section), and the light intensity
profiles at the cross-section plane for normally incident waves
are visualized in Figure 3g and show light focusing to the focal
plane across the bandwidth of interest (reference focusing
profiles without the spaceplate are in the Supporting
Information section).

We next examine the potential for multifunctional space-
plates to address monochromatic aberrations and show that a
spaceplate can correct Petzval field curvature aberrations from
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Figure S. Multifunctional spaceplates for spherical aberration correction. (a,)b) Ray tracing diagrams of (a) normal and (b) off-axis incident rays
propagating through a spherical lens. Off-axis illumination is performed at a 4° angle. (c,d) Ray tracing diagrams of (c) normal and (d) off-axis
incident rays propagating through a hybrid spherical-lens—spaceplate system. Insets: Zoomed-in view of the focal point region in terms of rays and
waves. Upper inset of (d): the targeted and actual phase response of the spaceplate.

a biaspheric singlet. The concept is illustrated in Figure 4a and
shows that the Petzval field curvature from the singlet produces
a curved focal plane (dashed red and blue lines). To enable
focusing to a flat focal plane (solid red and blue lines), the
spaceplate is designed to compress the air gap by different
amounts as a function of incidence angle such that the focal
point of the on-axis field shifts more toward the lens compared
to that of the off-axis field.

We calculate the focusing intensity position and profile of
the imaging system with and without the spaceplate for
different incident fields using the same ray tracing-TMM
simulation method discussed earlier. Figure 4b shows the
position of the intensity peak as a function of the incidence
angle. Without the spaceplate, the focal point shifts by 21 pgm
as the incident angle changes from 0 to 10°, but with the
optimized spaceplate design, the shifts are within a 7 ym range.
Figure 4c,d shows the intensity profile of the system with and
without the spaceplate for the on-axis field and 10° off-axis
field, showing that the spaceplate serves to align the peak
intensity along the focal plane.

Finally, we show that a multifunctional spaceplate can be
used to correct for spherical aberration from a spherical BK7
lens. Spherical aberration can be visualized in the on- and off-
axis ray tracing diagrams in Figure Sab, respectively, for a
spherical lens with an aperture diameter of 340 ym for the on-
axis case and 250 pym for the off-axis case and an operating
wavelength of 630 nm. Zoomed-in views around the focal
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point (insets in Figure Sa,b) show that rays entering the lens
near its edge are focused at a closer point than rays entering
near the center, producing a classic focus profile affected by
spherical aberration.

Spherical aberration correction with a spaceplate is
performed in a fashion similar to that before: corrections to
lateral ray positions in a manner that reduces spherical
aberration translate to a desired spaceplate phase response as a
function of incidence angle (upper inset, Figure 5d), which is
used in the FoM for spaceplate optimization. Ray tracing and
wave propagation simulations of the spherical lens—spaceplate
system are summarized in Figure Sc,d. For normal incidence,
the root-mean-square spot size calculated from the wave
simulation, normalized by intensity, dropped from 2.17 pm
without the spaceplate to 0.83 ym with the spaceplate. For off-
axis illumination, the spherical aberration remains reduced.
However, a new type of coma-like aberration is now clearly
present, as visualized by the asymmetric ray distribution near
the focal point. The introduction of coma due to the presence
of the spaceplate corrector is fundamental to the translational
symmetry properties of the spaceplate, and a more detailed
analysis is in the Supporting Information. The ability of
spaceplates to produce simultaneous responses to spherical
and coma aberrations indicates that they may be ideally used as
an aberration correction element in imaging systems featuring
both types of aberrations.
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B CONCLUSIONS

In summary, we show that optical spaceplates can serve as
multifunctional aberration correcting elements. Spaceplates are
advantageous optical elements for aberration correction
because they are translationally invariant, which simplifies
alignment within an optical system, and they have a small
footprint. Our design strategy is to cast aberration correction
functionality as incident-angle- and wavelength-dependent
lateral beam shifts, followed by the design of spaceplates
around these figures of merits using an iterative gradient-based
freeform optimization algorithm. With a series of benchmarks
and demonstrations, we show that our design strategy can yield
conventional spaceplates with best-in-class performance and
aberration correcting spaceplates configured for chromatic,
Petzval field curvature, and spherical aberrations. We anticipate
these spaceplates to enhance imaging and metrology optical
systems and that their beam shifting capabilities will also have
applications in display technologies, optical computing, and
optical signal processing.

We envision multiple avenues for future work. One direction
is to codesign spaceplates with refractive optics to enable
further enhanced aberration correction capabilities. These
concepts can include individual or multiple refractive elements,
and they can target the boosted correction of an individual
aberration type or the correction of multiple aberration types.
We anticipate this thrust to catalyze the development of
multiscalar systems-level modeling and design tools that
combine differential ray tracing with the TMM. Another
direction is to understand how breaking the translational
symmetry of spaceplates can lead to optical elements that
combine space compression, aberration correction, polar-
ization functionality, and wavefront shaping capabilities.
Experimentally, grayscale optical spaceplates can be fabricated
using multimaterial thin-film deposition and codeposition
methods, and binary spaceplates can be fabricated simply using
the alternating deposition of two material types.’”** For longer
wavelength spaceplates, additive manufacturing can be used to
print composite materials with tailored dielectric constant,"'
providing a route toward high-contrast grayscale devices.
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