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Abstract: We report an inverse-designed, high numerical
aperture (∼0.44), extended depth of focus (EDOF) metaoptic, which exhibits a lens-like point spread function
(PSF). The EDOF meta-optic maintains a focusing efficiency comparable to that of a hyperboloid metalens
throughout its depth of focus. Exploiting the extended
depth of focus and computational post processing, we
demonstrate broadband imaging across the full visible
spectrum using a 1 mm, f/1 meta-optic. Unlike other canonical EDOF meta-optics, characterized by phase masks
such as a log-asphere or cubic function, our design exhibits
a highly invariant PSF across ∼290 nm optical bandwidth,
which leads to signiﬁcantly improved image quality, as
quantiﬁed by structural similarity metrics.
Keywords: diffractive lenses; metamaterials; subwavelength
structures.

1 Introduction
Meta-optics are two-dimensional arrays of subwavelength
scatterers that are designed to modify different characteristics of light such as its wavefront, polarization, intensity,
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and spectrum [1–4]. Over the last decade, these devices have
enabled ultrathin and ﬂat implementations of various optical elements, including lenses [5–7], vortex beam generators
[8, 9], holographic plates [10, 11], and freeform surfaces
[12–14]. Among these elements, metasurface lenses, often
termed as metalenses [1, 5–7] have been touted as a promising alternative to conventional, bulky refractive lenses.
These metalenses, however, are diffractive and thus exhibit
severe chromatic aberrations, limiting their utility and precluding their usage with incoherent, broadband white light.
While refractive optical lenses also suffer from material
dispersion, the resulting chromatic aberration is signiﬁcantly lower compared to that of diffractive elements [15],
including metalenses, where the severe chromaticity mainly
comes from its ﬁxed phase discontinuities at Fresnel zone
boundaries [16].
In recent years, several approaches have been proposed
to eliminate the chromatic aberrations of metalenses [17, 18].
For example, multiplexing different unit cells designed for
several discrete wavelengths can enable high-quality polychromatic metalenses [17, 18]. In another design, multilayer
metasurfaces capable of focusing discrete colors of red,
green, and blue have been proposed to alleviate chromatic
aberrations [18]. These polychromatic lenses, however, are
not suitable for broadband white light imaging. Separately,
there have been a number of broadband imaging demonstrations using dispersion engineering [19–23], which employs scatterers that compensate for both the group delay and
group delay dispersion. These broadband metalenses, however, have a constrained design space, limited to small lens
aperture and low numerical aperture (NA) due to the limited
group delay that is practically achievable with meta-atoms
[24, 25]. For example, in Ref. [19, 20] the reported achromatic
metalenses have a diameter of 200 μm (∼100 μm) and an NA
of 0.02 (0.106). Moreover, these dispersion-engineered
meta-molecules generally entail multiple, coupled scatterers per unit cell, necessitating smaller features relative to
standard metalenses, presenting challenges for highthroughput manufacturing [14, 26]. Another approach to
mitigate chromatic aberrations is to use meta-optics in
conjunction with computational postprocessing [13, 27–30].
This work is licensed under the Creative Commons Attribution 4.0
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While this method requires additional power and latency due
to the computational reconstruction, using appropriately
designed meta-optics, broadband images can be captured
with large aperture and NA meta-optics, with possible lens
diameters in mm-scale to cm-scale. The underlying idea is to
extend the depth of focus of the meta-optics, such that all
wavelengths reach the sensor in an identical fashion, i.e., the
point spread function (PSF) at the sensor plane is wavelength
invariant. By characterizing the PSF a priori, we can reconstruct the image from the captured sensor data via deconvolution. This hybrid meta-optical digital approach was ﬁrst
reported using a cubic phase mask (CPM) and Weiner
deconvolution [13]. A CPM generates an Airy beam, which
propagates through free space without signiﬁcant distortion.
While Airy beams over a broad range of wavelengths behave
similarly, the PSF does not resemble that of a lens, which can
introduce asymmetric artifacts in images when the signal-tonoise ratio (SNR) is low. Using rotationally symmetric
extended depth of focus (EDOF) lenses, the image quality can
be improved [31], as recently demonstrated by logarithmicaspherical [32] and shifted-axicon meta-optics. However, the
achievable optical bandwidth is still limited, as the PSF as a
function of wavelength exhibits signiﬁcant variation (as
measured by its correlation coefﬁcient [31]). Additionally,
many of these EDOF lenses are designed such that
segmented regions of the lens focus at different depths,
which contribute to haze and a large DC component in the
modulation transfer function (MTF).
In this paper, we use inverse design techniques to create
an EDOF meta-optic with broad optical bandwidth while
maintaining a lens-like PSF. Here, the design process starts
from the desired functionality mathematically described
by a ﬁgure of merit (FOM), and the scatterers are updated
to optimize the FOM. Inverse design techniques have
recently generated strong interest in nanophotonics and
meta-optics and have been employed to design high efﬁciency periodic gratings [33, 34], monochromatic lenses
[35, 36], PSF-engineered optics [37] and achromatic lenses
[38–40] to name a few. Recently, we demonstrated an
inverse-designed 1D EDOF cylindrical meta-optic and
demonstrated that they outperform existing EDOF metalenses in terms of efﬁciency while producing a symmetric PSF
[41]. In this paper, we report a 2D EDOF meta-optics with fourorders of magnitude larger number of degrees of freedom and
demonstrate full-color imaging over a broader optical
bandwidth than what is possible using state-of-the-art EDOF
metalenses. We show that the optical bandwidth in the
inverse-designed meta-optic is 290 nm in the visible wavelength range, at least a factor of 2 higher than that of existing
EDOF metalenses. Unlike most existing implementations of
diffractive or refractive EDOF lenses, the reported EDOF
metalens creates a lens-like PSF, without introducing signiﬁcant blur and maintaining high focusing efﬁciency.

2 Design
We performed a large-scale optimization of meta-optics
using the framework reported before [42] and extended
to three-dimensional Maxwell’s equations [43, 44].
Designing a large-area meta-optic with a brute-force
solver is challenging, because meta-optics present two
very different length scales: a macro scale (∼mm diameter
of the whole optic) and a nano scale (the smaller features
of the scatterers) which are difﬁcult to resolve concomitantly [45]. To overcome this limit and signiﬁcantly
accelerate the simulation and optimization problems, we
use a hybrid multiscale photonic solver, which relies on a
locally periodic approximation [46] where the nanoscale
scatterers are approximated by a surrogate model, and
the macroscale is solved by a convolution with the
analytical free space Green’s function [42] to evaluate the
ﬁeld anywhere in the far ﬁeld.
E far−field (x) = −

∫

G(x, x ′ ) ⋅ E local (x ′ |ps)dx ′ ,

metasurface

where G are the appropriate Green’s functions and E local is
deﬁned piece-wise constant by evaluating the transmission
through the unit cell for each of the parameters ps of the
metasurface [44]. In the present paper, we ﬁt a surrogate
model that quickly evaluates the complex transmission of a
unit cell as a function of its parameter change using Chebyshev interpolation [47]. We considered two parameterizations of the unit-cell geometry with a period of 400 nm: for
the 100-μm-focal-length meta-optic, a cylindrical pillar of
silicon nitride (SiN) on top of silica with a diameter varying
from 100 to 300 nm (considering a minimum fabricable
feature of 100 nm); for the 1-mm-focal-length meta-optic, a
square nanoﬁn of SiN on top of silica with each side of the
nanoﬁn varying from 100 to 300 nm. When the number of
parameters for the scatterer is greater than ﬁve, Chebyshev
interpolation suffers the “curse of dimensionality”, and a
neural network surrogate becomes preferable [48]. The
gradient of the ﬁeld computed using this approximate solver
is obtained using an adjoint method [44]
∇ps E far−field (x) = −

∫

G(x, x ′ ) ⋅ ∇ps E local (x ′ |ps)dx ′ ,

metasurface

where ∇ps denotes the gradient with respect to the metasurface parameters. The ﬁgure of merit to be maximized is the
minimum intensity along the focal axis [41] and the depth of
ﬁeld was designed for an incident plane wave at 633 nm
maximize(min I(p)),
p∈P

where P is a set of target points along the focal axis, and
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I(p) = E far−field (p)E far−field (p) is the intensity computed at
633 nm. The ·¯ notation denotes the complex conjugate. We
used the equivalent epigraph form to make the optimization
formulation differentiable [43]. We found that a spacing
of 1.2 μm between two evaluations of intensity along the
optical axis is optimal to result in a ﬂat intensity proﬁle over
the desired depth of ﬁeld. Consequently, in contrast to the
depth of focus of a traditional lens, which depends on the
ratio between focal length of the device and its diameter,
the number of intensity evaluations for the EDOF minimax
problem is proportional to the diameter of the device. For
the 100-μm-focal-length meta-optic, we maximized the minimum intensity over 65 evaluations between a depth of 75
and 150 μm. For the 1-mm-focal-length meta-optic, we
maximized the minimum intensity over 422 evaluations between a depth of 0.75 and 1.25 mm. Notice that the latter
optimization has 6.5 times more points in the set P than the
former, therefore resulting in a poorer optimum. To ensure
polarization insensitivity, the designed meta-optic has C4v
symmetry. The ﬁgure of merit was optimized using the
“CCSA-MMA” algorithm [49], which is a gradient-based
optimization algorithm that can handle nonlinear constraints and ensures to converge to a local optimum. We also
designed two traditional metalenses with the same focal
lengths of the inverse-designed ones using traditional forward design method [12]. This forward design technique
is based on rigorous coupled-wave analysis (RCWA) [50]
and ﬁnite-difference time-domain (FDTD) simulation. In
the forward design method, we arrange the scatterers on a
subwavelength lattice, and spatially vary their dimensions
based on the spatial phase proﬁle of a hyperboloid metalens
[7]. We note that the reported meta-optics is one of the largest
inverse-designed nanophotonic structure reported in the
literature.
To validate our design, we fabricated both the inversedesigned EDOF meta-optics and forward-designed traditional hyperboloid metalens. The diameter for these metalenses is 1 mm and 100 μm. The EDOF and traditional
metalenses are fabricated in silicon nitride on the same
sample. We ﬁrst deposited 600-nm-thick layer of silicon
nitride using Plasma-enhanced chemical vapor deposition
(PECVD) on a 500-μm-thick fused-silica. The sample was
spun coated with a layer of 200-nm-thick positive electron
beam resist (ZEP-520A), followed by an additional layer of
conductive material (Au/Pd) to avoid charging effects
during electron beam lithography. After that, the pattern is
written using electron-beam lithography (JEOL JBX6300FS
at 100 kV), and the exposed sample was developed in amyl
acetate. Next, around 50-nm-thick aluminum was evaporated directly onto the developed sample. After performing
lift-off, the silicon nitride layer is etched through its
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thickness using an inductively coupled plasma etcher with
a mixture of CHF3 and O2 gases. In the end, the remaining
aluminum was removed in AD-10 photoresist developer.
Figure 1A and B show the scanning electron micrographs (SEMs) of the fabricated inverse-designed EDOF
meta-optics and a zoom-in SEM showing the silicon nitride
nano pillars forming the circularly symmetric EDOF metaoptics. A custom microscope setup (see Section 5.1 and
Figure 5) under illumination by a 625 nm light-emitting diode
(part number Thorlabs-M625F2) is used to measure the depth
of focus of our fabricated meta-optics. Figure 1C–F shows the
experimentally measured intensity proﬁles along the optical
axis for the two traditional metalenses and two inversedesigned EDOF meta-optics. The intensity proﬁles along the
optical axis are captured using a camera and translating the
microscope along the optical axis using an automated
translation stage with an axial resolution of 1 μm (Figure 1C
and E) and 2 μm (Figure 1D and F). We clearly observe an
elongation of the focal spot along the optical axis. This
behavior can be clearly explained by showing the PSF at two
different depths (1 and 1.09 mm) for our 1 mm aperture lenses
for both EDOF and traditional metalens as shown in
Figure 1G–J. We identiﬁed the depth of focus as the range
along the optical axis, where the beam proﬁle remains
Gaussian. We measured the depth of focus to be ∼83 μm
(∼0.4 mm) for our 100 μm (1 mm) EDOF meta-optics. The
depth of focus is only 10 μm (0.1 mm) for the 100 μm (1 mm)
aperture traditional metalens. We also measured the
focusing efﬁciency of the 1 mm aperture lenses along the
optical axes (see Section 5.2 and Figure 6). We did not
observe signiﬁcant degradation of the efﬁciency in the
designed EDOF optics (efﬁciency of 47%) compared to the
traditional metalens (efﬁciency of 51%). We note that, the
center focal length of the EDOF lens is slightly different from
the designed ones, which are same as the traditional metalens. We attribute this to the fabrication imperfections,
which may affect the performance of the EDOF metalens
more than traditional metalens. However, due to the EDOF
nature, the designed focal length is within the depth of focus.
Figure 2A shows the cross-sections of the focal plane
of the 1 mm and 100 μm aperture inverse designed EDOF
and 1 mm traditional metalens to compare the PSFs. We
also ﬁt the intensities near the focal plane using a
Gaussian function to estimate the full width at half
maximum (FWHM) of the beam proﬁles. The minimum
FWHM for the fabricated EDOF meta-optics and traditional metalens with 1 mm (100 μm) aperture focal length
is 24.9μm(3.35 μm) and 20.6 μm (3 μm), respectively as
shown in Figure 2A. The diffraction-limited spot of our
1 mm aperture metalens with the same geometric parameters is 1.46 μm. We note that, in this paper, the
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diffraction limited FWHM for a lens is calculated by ﬁtting
a Gaussian function to the Airy disk with the same geometric parameters, as shown in Ref. [7]. The difference
between the diffraction limit and the experimentally
measured FWHM comes from the geometric aberration.
This aberration is expected to scale linearly with the
aperture [51]. Hence, the FWHM for 1 mm lens is almost
∼10 times larger than that of the 100 μm lens, even though
both aperture lenses have the same NA. We note that,
these aberrations could be further minimized by redeﬁning the FOM in the inverse design.
Nevertheless, the PSF for both EDOF and traditional
lenses are quite similar, unlike traditional EDOF lenses
[31]. The PSF of our EDOF metalens, however, remains
identical over an extended distance along the optical axis,
making the PSF insensitive to focal shift, e.g., due to the
wavelength change. This property enables the EDOF
meta-optics to produce similar PSFs for all wavelengths at
one speciﬁc plane. On the other hand, the PSF of a standard metalens varies signiﬁcantly with wavelength.
To quantitatively understand this behavior, the MTF
is calculated for our EDOF and a traditional metalens as
shown in Figure 2C and D. The MTF of a traditional lens
measured at the focal plane for 530 nm preserves more
spatial frequency information for green light (530 nm)
compared to red (625 nm) and blue (455 nm). On the other
hand, the MTF for our EDOF meta-optics remains same for
all three colors. In fact, not just these three colors, the

Figure 2: Characterization of the metasurfaces: (A) PSF of the
traditional and EDOF metalenses for 1 mm and 100 μm focal length.
(B) Correlation coefﬁcient plots for four different metalenses as a
function of wavelength. (C and D) The corresponding x–y plane cross
sections of the experimental MTFs for our EDOF metalens (C) and
traditional metalens (D) are displayed with red lines from its PSF
measured under red light, green lines under green light, and blue
lines under blue light. The MTF plots have a spatial frequency
normalized to 560 cycles/mm.

MTF of the EDOF meta-optics remains same over the
whole visible range. Additionally, the EDOF meta-optics
also exhibits a higher cutoff frequency than a traditional
metalens.

Figure 1: Scanning electron micrograph
(SEM) of (A) inverse-designed EDOF metaoptics, (B) zoom-in SEM on inversedesigned EDOF meta-optics showing silicon nitride scatterers forming the EDOF
metalens; the scale bars correspond to
10 μm (A) and 1 μm (B), (C–F) experimentally
measured ﬁeld proﬁle along optical axis for
traditional (C, D) and inverse-designed
EDOF metalenses (E, F) with focal lengths of
(C, E) f = 100 μm, (D, F) f = 1 mm, (G–J) the
PSFs of 1 mm aperture traditional metalens
(G, H) and EDOF metalens (I, J) at two
different depths correspond to (D, F). Scale
bars, 50 μm.
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Having a highly wavelength-invariant MTF across a
large optical bandwidth is necessary for applying computationally efficient deconvolution techniques to recover
high-quality, full-color images. One metric for quantifying
this invariant behavior is to calculate the correlation between PSFs. The correlation can be calculated as the inner
product between a reference PSF (here we used the PSF at
530 nm) and the PSFs at all other wavelengths in the range
of interest. To compare the performance of our inverse
designed EDOF metalens with other existing EDOF metalenses, we also calculate the correlation coefﬁcients of logasphere and cubic metalenses [31] (Figure 2B). To make a
fair comparison, all these meta-optics are designed at
530 nm wavelength. Figure 2B clearly shows that the correlation coefﬁcient of our inverse designed EDOF is higher
and far more uniform compared to other metalenses over a
broad wavelength range. We deﬁned the optical bandwidth as the range of optical wavelengths where this correlation coefﬁcient is greater than 0.5 [52]. We estimated
the optical bandwidths relative to a central wavelength
(530 nm) to be 290 nm (inverse-designed EDOF), 130 nm
(log-asphere metalens), 95 nm (cubic metalens), and 15 nm
for a standard metalens. We also calculated the fundamental limit on the achievable optical bandwidth based on
the given thickness and numerical aperture of our metaoptics [53]. This fundamental limit is only ∼20 nm for a
hyperboloid metalens, consistent with our experimental
results and signiﬁcantly lower than that achieved with our
EDOF designs.

5

3 Imaging results
A larger aperture lens collects more photons and thus can
capture images with higher SNR. Consequently, we focus
on 1 mm EDOF meta-optics for imaging. The captured image in our system can be written in the form of f = Kx + n
[54], where K is the system kernel or PSF, x is the desired
image, and n is the noise that corrupts the captured image
f . While there are several methods to estimate the image x,
we chose to use Wiener and total variation (TV)-regularized
deconvolution due to their effectiveness and generalizability to different scenes relative to deep learning-based
deconvolution methods.
Our system kernel is sampled by measuring PSFs for
our EDOF metalens at three wavelengths using separate
LED sources centered at 625, 530, and 455 nm (Thorlabs
M625F2, M530F2, M455F1). To demonstrate the imaging
capability of our EDOF system, we ﬁrst considered
narrowband LED imaging (bandwidth ∼20 nm) for three
different wavelengths. Figure 3 shows our EDOF imaging
performance compared to a traditional metalens with and
without deconvolution. Although our original image is
focused for red light as shown in Figure 3A, the images
captured under green and blue light (Figure 3B and C) are
severely distorted due to strongly defocused PSFs in these
wavelengths. On the other hand, the images which are
captured by inverse-designed EDOF metalens under green
and blue illumination (even before deconvolution) are less
blurry compared to those of a standard metalens, thanks to

Figure 3: Imaging at discrete wavelengths.
The appropriately cropped original object patterns used for imaging are shown in left side of the figure. Images were captured with the singlet
traditional metalens, the EDOF lens without, and with deconvolution (EDOF + Wiener), and with the total variation (TV) regularization. Images
were captured using narrowband (bandwidth of 20 nm) LEDs with center wavelengths at (A) 625 nm, (B) 530 nm, and (C) 455 nm wavelength.
The scale bars correspond to 100 μm.
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their symmetric and wavelength-invariant PSFs. After
deconvolution, the captured images appear even sharper
and in focus for all wavelengths. We noticed that our image
under blue light illumination is not as focused as red and
green. Although our ﬁgure of merit includes the blue
wavelength in the inverse design method, we attribute the
lower image quality for blue to its PSF correlation coefﬁcient being lower compared to other part of the visible
regime. To quantitatively estimate the imaging quality, we
calculated the structural similarity index measure (SSIM)
[55] for the captured images in Figure 3. The calculated
SSIMs between the original image and the output images
from EDOF (traditional) metalenses are 0.637 (0.492) for
the red channel, 0.503 (0.239) for the green channel, and
0.363 (0.149) for the blue channel. Thus, for all the wavelengths, our EDOF metalens provides a higher SSIM than
that of the conventional metalens. In addition to Wiener
deconvolution algorithm, we used TV-regularization [56]
for image denoising and deconvolution. TV regularization
is based on the statistical fact that natural images are
locally smooth, and the pixel intensity gradually varies in
most regions.

Finally, our EDOF system was tested with a full-color
OLED display (SmallHD 5.5 in). The OLED monitor was
placed ∼13 cm away from our EDOF metalens, which displays some of our ground-truth images as shown in
Figure 4. The images were chosen in a way to have all the
combination of visible colors. The chromatic aberration is
clearly observed on captured images with a conventional
metalens. However, the raw images which are captured by
the EDOF metalens show less chromatic aberration, even
though they are still blurred before deconvolution. We then
computationally processed the captured images using
Wiener deconvolution and TV regularization algorithm.
The post processed images show in focus, smooth and less
aberrated images. We note that such deconvolution cannot
mitigate the chromatic aberration in the conventional
metalens as the MTFs outside green wavelength is too
distorted. We also noticed that, for the case of colorful
ﬂoating balloons (Figure 4D), the chromatic blur for blue
balloons is still there, due to the low PSF correlation coefﬁcient in this wavelength as explained earlier. Nevertheless, the achromatic performance of the inversedesigned meta-lens is signiﬁcantly better than that of the

Figure 4: White light imaging.
Images were taken from an OLED display of (A) white-black cross pattern, (B) colored rainbow MIT pattern, (C) colored letters in ROYGBVWG,
and (D) colorful ﬂoating balloons. The appropriately cropped original object patterns used for imaging are shown in the left column. The scale
bars correspond to 100 μm.
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metalens. We note that due to the narrow MTF of the
metalens over a broad wavelength range, any deconvolution operation on the post capture images signiﬁcantly
ampliﬁes the noise, making the reconstructed images
signiﬁcantly worse than the captured ones. Hence, we only
report the captured data for a metalens, and no reconstructed images are shown here.
We also characterized the imaging quality of our inverse designed EDOF meta-optics compared to other
existing EDOF metalenses such as cubic or log-aspheres,
by calculating the SSIM for “ROYGBVWG” image (see
Section 5.3, Figure 7 and Table 1). The calculated SSIMs
between the original image and the output images from
inverse designed EDOF metalenses are higher than the
SSIM values from other EDOF lenses (see, Table 1). Thus,
our inverse designed EDOF metalens indeed provide a
higher SSIM score and better imaging quality than other
existing EDOF lenses. This already shows the beneﬁt of
inverse design, which can be further improved by considering angle-dependence of the scatterers and other aberrations in the FOM.

4 Discussion and conclusion
Using an inverse design method, for the first time, we
created a 2D EDOF metalens that has a symmetric PSF,
large spectral bandwidth, and that also maintains focusing
efficiency comparable to that of a traditional metalens. The
proposed inverse designed EDOF meta-optics in conjunction with computational imaging is used to mitigate the
chromatic aberrations of traditional metalenses. Unlike
other existing EDOF metalenses (log-asphere lenses or
other variants), our inverse-designed EDOF metalens represents a highly invariant PSF across a large spectral
bandwidth to improve the full-color image quality. We
have quantified this via calculating and comparing the PSF
correlation coefficient with other EDOF metalenses over
the visible spectral range. We emphasize that this is the
largest aperture (1 mm) meta-optics ever reported for

Table : SSIM on simulation-restored images for standard and
different EDOF metalenses.
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achromatic imaging, and as such there is no fundamental
limitation on increasing aperture, like dispersion engineered meta-optics do.
While we extended the spectral bandwidth and demonstrated achromatic imaging even without post processing
algorithms, our images still need to be computationally
processed to give us in-focus and better-quality images. This
postprocessing adds latency and power to the imaging system. Additionally, we have primarily focused on chromatic
aberration corrections, and Seidel aberrations are largely
ignored. Using a more involved figure of merit and including
the angular dependence, a longer depth of focus and larger
field of view metalens can be designed, which can potentially
preclude the use of computational postprocessing. In this
work, we also emphasize the utility of rotationally symmetric
EDOF metalenses (for simplified packaging and mitigating
deconvolution artifacts), as well as larger apertures (1 mm)
compared to our previous works. A larger aperture will
enable more light collection, higher SNR and faster shutter
speed, which are crucial for practical applications. We envision that the image quality can be further improved by
codesigning the meta-optics and computational back end
[43, 57], as has already been reported to provide very highquality imaging [57]. Finally, the EDOF metalens has lower
volume under MTF curve compared to a metalens at the
design wavelength (here green). However, by sacriﬁcing this
MTF in one wavelength, we get back uniformity of the MTF
over a broader wavelength range. This suggests a fundamental trade-off between the optical bandwidth and
achievable MTFs, which to the best of our knowledge is not
studied before and will constitute a future theoretical study.

5 Methods
5.1 Confocal microscopy setup
A confocal microscopy setup under illumination by a 625 nm lightemitting diode (part number Thorlabs-M625F2) is used to measure
extension of depth of focus for our fabricated metalenses. Figure 5
shows the confocal microscopy setup that we have used to experimentally measured ﬁeld proﬁles along the optical axis for the two
traditional metalenses and two inverse-designed EDOF metalenses.

5.2 Experimental performance of the metalens
Color
channel

Red
Green
Blue

Inverse
designed
EDOF

Conventional
metalens

Cubic
metalens

Logasphere
Metalens

.
.
.

.
.
.

.
.
.

.
.
.

We define the focusing efficiency as the power within a circle with a
radius of three times the minimum full-width half maxima (FWHM) at
the focal plane to the total power incident upon the metalens [7]. We
plot the focusing efﬁciency of the metalenses along the optical axis
(Figure 6). We expect the focusing efﬁciency to remain the same along
the depth of the focus (for our EDOF metalens), and then drop off as we
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Figure 7: Simulated imaging performance after deconvolution.
Deconvolved images captured by the EDOF imaging system, using
the simulated images and PSFs.
Figure 5: Confocal microscopy setup used to measure the
metalenses.
longitudinally move away from the depth of focus. Clearly, for the
EDOF metalens, the efﬁciency remains high over a longer depth as
expected. We did not observe signiﬁcant degradation of the efﬁciency
in the designed EDOF lenses compared to that of an ordinary lens.

5.3 Comparison with other potential EDOF lenses in
terms of SSIM and imaging quality
In order to see how imaging results of our inverse-designed EDOF lens
outperform the standard and other potential EDOF lenses, we also
characterized the imaging quality of our inverse designed EDOF
metalens compared to other existing EDOF metalenses such as cubic
functions or log-aspheres, by calculating the SSIM for “ROYGBVWG”
image. The SSIM calculations are sensitive to the subject’s translation,
scaling, and rotation, which are difficult to eliminate in an experimental setup. Hence, we utilize the simulated PSFs and phase functions (cubic functions and log-aspheres) with the same geometric
parameters to perform imaging and post processing for our
“ROYGBVWG” image as it is shown in Figure 7. The calculated SSIMs
between the original image and the output images from inverse
designed EDOF, conventional, cubic and log-asphere metalenses are
shown in Table 1 for the red, green, and blue channel. Clearly, our
inverse designed EDOF metalens provides a higher SSIM score and
better imaging quality than other existing EDOF lenses.

Figure 6: Experimentally measured focusing efficiency of 1 mm
EDOF and traditional metalenses as a function of distance along the
optical axis.

Author contribution: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.
Research funding: The research is supported by NSF-1825308
and DARPA (Contract no. 140D0420C0060). A.M. is also
supported by a Washington Research Foundation distin
guished investigator award. R. P. is supported in part by IBM
Research, the MIT-IBM Watson AI Laboratory, and the U.S.
Army Research Ofﬁce through the Institute for Soldier
Nanotechnologies (under award W911NF13-D-0001). Part of
this work was conducted at the Washington Nanofabrication Facility/ Molecular Analysis Facility, a National
Nanotechnology Coordinated Infrastructure (NNCI) site
at the University of Washington with partial support
from the National Science Foundation via awards
NNCI-2025489 and NNCI-1542101.
Conﬂict of interest statement: The authors declare that
they have no conﬂict of interest.

References
[1] N. Yu and F. Capasso, “Flat optics with designer metasurfaces,”
Nat. Mater., vol. 13, no. 2, pp. 139–150, 2014.
[2] A. Zhan, S. Colburn, C. M. Dodson, et al., “Metasurface freeform
nanophotonics,” Sci. Rep., vol. 7, p. 1673, 2017.
[3] S. M. Kamali, E. Arbabi, A. Arbabi, and A. Faraon, “A review of
dielectric optical metasurfaces for wavefront control,”
Nanophotonics, vol. 7, pp. 1041–1068, 2018.
[4] S. Colburn, A. Zhan, E. Bayati, et al., “Broadband transparent
and CMOS-compatible ﬂat optics with silicon nitride
metasurfaces,” Opt. Mater. Express, vol. 8, no. 8,
pp. 2330–2344, 2018.
[5] A. Arbabi, Y. Horie, A. J. Ball, M. Bagheri, and A. Faraon,
“Subwavelength-thick lenses with high numerical apertures and
large efﬁciency based on high-contrast transmitarrays,” Nat.
Commun., vol. 6, no. 1, pp. 1–6, 2015.
[6] M. Khorasaninejad, W. T. Chen, R. C. Devlin, J. Oh, A. Y. Zhu, and
F. Capasso, “Metalenses at visible wavelengths: diffractionlimited focusing and subwavelength resolution imaging,”
Science, vol. 352, no. 6290, pp. 1190–1194, 2016.
[7] A. Zhan, S. Colburn, R. Trivedi, T. K. Fryett, C. M. Dodson, and
A. Majumdar, “Low-contrast dielectric metasurface optics,” ACS
Photonics, vol. 3, no. 2, pp. 209–214, 2016.

E. Bayati et al.: Inverse designed extended depth of focus meta-optics

[8] P. R. West, J. L. Stewart, A. V. Kildishev, et al., “All-dielectric
subwavelength metasurface focusing lens,” Opt. Express, vol.
22, pp. 26212–26221, 2014.
[9] K. E. Chong, I. Staude, A. James, et al., “Polarizationindependent silicon metadevices for efﬁcient optical wavefront
control,” Nano Lett., vol. 15, pp. 5369–5374, 2015.
[10] X. Ni, A. V. Kildishev, and V. M. Shalaev, “Metasurface holograms
for visible light,” Nat. Commun., vol. 4, p. 2807, 2013.
[11] G. Zheng, H. Mühlenbernd, M. Kenney, G. Li, T. Zentgraf, and
S. Zhang, “Metasurface holograms reaching 80% efﬁciency,”
Nat. Nanotechnol., vol. 10, pp. 308–312, 2015.
[12] A. Zhan, S. Colburn, C. M. Dodson, and A. Majumdar, “Metasurface
freeform nanophotonics,” Sci. Rep., vol. 7, p. 1673, 2017.
[13] S. Colburn, A. Zhan, and A. Majumdar, “Metasurface optics for
full-color computational imaging,” Sci. Adv., vol. 4, p. eaar2114,
2018.
[14] S. Colburn, A. Zhan, and A. Majumdar, “Varifocal zoom imaging
with large area focal length adjustable metalenses,” Optica, vol.
5, pp. 825–831, 2018.
[15] M. Born and E. Wolf, Principles of Optics: Electromagnetic Theory
of Propagation, Interference and Diffraction of Light, 7th,
Cambridge, Cambridge University Press, 1999.
[16] E. Arbabi, A. Arbabi, S. M. Kamali, Y. Horie, and A. Faraon,
“Multiwavelength polarization-insensitive lenses based on
dielectric metasurfaces with meta-molecules,” Optica, vol. 3,
pp. 628–633, 2016.
[17] F. Aieta, M. A. Kats, P. Genevet, and F. Capasso,
“Multiwavelength achromatic metasurfaces by dispersive phase
compensation,” Science, vol. 347, pp. 1342–1345, 2015.
[18] O. Avayu, E. Almeida, P. Prior, and T. Ellenbogen, “Composite
functional metasurfaces for multispectral achromatic optics,”
Nat. Commun., vol. 8, p. 14992, 2017.
[19] W. T. Chen, A. Y. Zhu, V. Sanjeev, et al., “A broadband achromatic
metalens for focusing and imaging in the visible,” Nat.
Nanotechnol., vol. 13, pp. 220–226, 2018.
[20] S. M. Wang, P. C. Wu, V. C. Su, et al., “A broadband achromatic
metalens in the visible,” Nat. Nanotechnol., vol. 13, pp. 227–232,
2018.
[21] M. Khorasaninejad, Z. Shi, A. Y. Zhu, et al., “Achromatic metalens
over 60 nm bandwidth in the visible and metalens with reverse
chromatic dispersion,” Nano Lett., vol. 17, pp. 1819–1824, 2017.
[22] W. T. Chen, A. Y. Zhu, J. Sisler, Z. Bharwani, and F. Capasso, “A
broadband achromatic polarization-insensitive metalens
consisting of anisotropic nanostructures,” Nat. Commun., vol.
10, p. 355, 2019.
[23] E. Arbabi, A. Arbabi, S. M. Kamali, Y. Horie, and A. Faraon,
“Controlling the sign of chromatic dispersion in diffractive optics
with dielectric metasurfaces,” Optica, vol. 4, pp. 625–632, 2017.
[24] W. T. Chen, A. Y. Zhu, and F. Capasso, “Flat optics with
dispersion-engineered metasurfaces,” Nat. Rev. Mater., vol. 5,
pp. 604–620, 2020.
[25] F. Presutti and F. Monticone, “Focusing on bandwidth:
achromatic metalens limits,” Optica, vol. 7, no. 6, pp. 624–631,
2020.
[26] J. S. Park, S. Zhang, A. She, et al., “All-glass, large metalens at
visible wavelength using deep-ultraviolet projection
lithography,” Nano Lett., vol. 19, no. 12, pp. 8673–8682, 2019.

9

[27] J. N. Mait, G. W. Euliss, and R. A. Athale, “Computational
imaging,” Adv. Opt. Photonics, vol. 10, pp. 409–483, 2018.
[28] S. Colburn and A. Majumdar, “Simultaneous achromatic and
varifocal imaging with quartic metasurfaces in the visible,” ACS
Photonics, vol. 7, pp. 120–127, 2019.
[29] L. Ledesma-Carrillo, C. M. Gómez-Sarabia, M. Torres-Cisneros,
R. Guzmán-Cabrera, C. Guzmán-Cano, and J. Ojeda-Castañeda,
“Hadamard circular masks: high focal depth with high
throughput,” Opt. Express, vol. 25, pp. 17004–17020, 2017.
[30] J. Ojeda-Castaneda, J. E. A. Landgrave, and H. M. Escamilla,
“Annular phase-only mask for high focal depth,” Opt. Lett., vol.
30, pp. 1647–1649, 2005.
[31] L. Huang, J. Whitehead, S. Colburn, and A. Majumdar, “Design
and analysis of extended depth of focus metalenses for
achromatic computational imaging,” Photon. Res., vol. 8, no. 10,
pp. 1613–1623, 2020.
[32] N. George and W. Chi, “Extended depth of ﬁeld using a
logarithmic asphere,” J. Opt. Pure Appl. Opt., vol. 5, no. 5,
p. S157, 2003.
[33] D. Sell, J. Yang, S. Doshay, R. Yang, and J. A. Fan, “Large-angle,
multifunctional metagratings based on freeform multimode
geometries,” Nano Lett., vol. 17, no. 6, pp. 3752–3757, 2017.
[34] N. Schmitt, N. Georg, G. Brière, D. Loukrezis, S. Héron, S. Lanteri,
and S. Vézian, “Optimization and uncertainty quantiﬁcation of
gradient index metasurfaces,” Opt. Mater. Express, vol. 9, no. 2,
pp. 892–910, 2019.
[35] A. Zhan, T. K. Fryett, S. Colburn, and A. Majumdar, “Inverse
design of optical elements based on arrays of dielectric
spheres,” Appl. Opt., vol. 57, no. 6, pp. 1437–1446, 2018.
[36] F. Callewaert, S. Butun, Z. Li, and K. Aydin, “Inverse design of an
ultra-compact broadband optical diode based on asymmetric
spatial mode conversion,” Sci. Rep., vol. 6, no. 1, pp. 1–10, 2016.
[37] A. Zhan, R. Gibson, J. Whitehead, E. Smith, J. R. Hendrickson, and
A. Majumdar, “Controlling three-dimensional optical ﬁelds via
inverse Mie scattering,” Sci. Adv., vol. 5, no. 10, 2019,
Art no. eaax4769.
[38] Z. Lin, B. Groever, F. Capasso, A. W. Rodriguez, and M. Lončar,
“Topology-optimized multilayered metaoptics,” Phys. Rev.
Appl., vol. 9, no. 4, 2018, Art no. 044030.
[39] Z. Lin, V. Liu, R. Pestourie, and S. G. Johnson, “Topology
optimization of freeform large-area metasurfaces,” Opt. Express,
vol. 27, no. 11, pp. 15765–15775, 2019.
[40] H. Chung and O. D. Miller, “High-NA achromatic metalenses by
inverse design,” Opt. Express, vol. 28, no. 5, pp. 6945–6965,
2020.
[41] E. Bayati, R. Pestourie, S. Colburn, Z. Lin, S. G. Johnson, and
A. Majumdar, “Inverse designed metalenses with extended
depth of focus,” ACS Photonics, vol. 7, no. 4, pp. 873–878, 2020.
[42] R. Pestourie, C. Pérez-Arancibia, Z. Lin, W. Shin, F. Capasso, and
S. G. Johnson, “Inverse design of large-area metasurfaces,” Opt.
Express, vol. 26, no. 26, pp. 33732–33747, 2018.
[43] Z. Lin, C. Roques-Carmes, R. Pestourie, M. Soljačić, A. Majumdar,
and S. G. Johnson, “End-to-end nanophotonic inverse design for
imaging and polarimetry,” Nanophotonics, vol. 10, no. 3,
pp. 1177–1187, 2021.
[44] Z. Li, R. Pestourie, J. S. Park, Y. W. Huang, S. G. Johnson, and
F. Capasso, Inverse design enables large-scale high-

10

[45]
[46]

[47]
[48]

[49]

[50]

[51]

E. Bayati et al.: Inverse designed extended depth of focus meta-optics

performance meta-optics reshaping virtual reality, 2021, arXiv
preprint arXiv:2104.09702.
R. Pestourie, Assume Your Neighbor is Your Equal: Inverse Design
in Nanophotonics, Ph.D. thesis, Harvard University, 2020.
C. Pérez-Arancibia, R. Pestourie, and S. G. Johnson, “Sideways
adiabaticity: beyond ray optics for slowly varying metasurfaces,”
Opt. Express, vol. 26, no. 23, pp. 30202–30230, 2018.
J. P. Boyd, Chebyshev and Fourier Spectral Methods, North
Chelmsford, Massachusetts, Courier Corporation, 2001.
R. Pestourie, Y. Mroueh, T. V. Nguyen, P. Das, and S. G. Johnson,
“Active learning of deep surrogates for PDEs: application to
metasurface design,” npj Comput. Mater., vol. 6, no. 1, pp. 1–7,
2020.
K. Svanberg, “A class of globally convergent optimization
methods based on conservative convex separable
approximations,” SIAM J. Optim., vol. 12, pp. 555–573, 2002.
V. Liu, and S. Fan, “S4: a free electromagnetic solver for layered
periodic structures,” Comput. Phys. Commun., vol. 183,
pp. 2233–2244, 2012.
A. W. Lohmann, “Scaling laws for lens systems,” Appl. Opt., vol.
28, no. 23, pp. 4996–4998, 1989.

[52] G. Osnabrugge, R. Horstmeyer, I. N. Papadopoulos, B. Judkewitz,
and I. M. Vellekoop, “Generalized optical memory effect,”
Optica, vol. 4, pp. 886–892, 2017.
[53] F. Presutti and F. Monticone, “Focusing on bandwidth:
achromatic metalens limits,” Optica, vol. 7, pp. 624–631,
2020.
[54] J. W. Goodman, Introduction to Fourier Optics, Englewood,
Colorado, Roberts and Company Publishers, 2005.
[55] P. Getreuer, Tvreg: Variational Imaging Methods for Denoising,
Deconvolution, Inpainting, and Segmentation, Los Angeles,
California, UCLA Department of Mathematics, 2010.
[56] L. I. Rudin, S. Osher, and E. Fatemi, “Nonlinear total variationbased noise removal algorithms,” Phys. Nonlinear Phenom.,
vol. 60, nos 1-4, pp. 259–268, 1992.
[57] E. Tseng, S. Colburn, J. Whitehead, et al., “Neural nano-optics for
high-quality thin lens imaging,” 2021, arXiv preprint arXiv:
2102.11579.
[58] N. Nacereddine, S. Tabbone, and D. Ziou, “Similarity
transformation parameters recovery based on Radon transform.
Application in image registration and object recognition,”
Pattern Recogn., vol. 48, pp. 2227–2240, 2015.

