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Professor Arka Majumdar
Electrical and Computer Engineering

The importance of optics is increasing in our daily lives, from medical devices to the cameras that
facilitate global communications. Because of their universal use, the size, scale and quality of
optical elements grow in importance for technological innovations. Over the last few decades, the
downscaling of complementary metal-oxide—semiconductor (CMOS) sensors thanks to Moore's
law have resulted in a dramatic reduction in the size of optical systems, including imaging and
non-imaging systems. However, most optical systems are now limited in size by the optical
element itself, not the sensor. One promising candidate for enabling further miniaturization is
metasurfaces, which are ultrathin elements comprising arrays of subwavelength-spaced scattering
elements. These metasurface elements can achieve a broad class of functionalities in a flat form
factor, transforming the phase, amplitude, and polarization of incident electromagnetic radiation.

While metasurfaces provide a large number of degrees of freedom to design complex optical



functions, their full potential and applicability have yet to be discovered. This dissertation will
investigate a variety of different metasurface designs and expand on the functionality of these
optical elements as solutions for imaging and non-imaging systems.

In the body of this dissertation, we investigated how to design dielectric metasurface
subwavelength scattering elements to optimize them for a variety of functions. The designs
discussed represent the research progress made towards developing optical sensors for imaging
and non-imaging systems that are more compact. In particular, this Thesis highlights designs
for silicon nitride based scattering elements for 1D and 2D EDOF metasurfaces in the visible
regime for full color imaging. This is followed by a more general methodology that uses EDOF
lenses in conjunction with computational imaging to eliminate broadband chromatic aberrations.
Lastly, there are proposed designs for composite metasurface visors that can overcome several
challenges of near eye augmented reality visors, including reducing bulkiness, addressing FOV
limitations, minimizing chromatic aberrations and improving the see-through quality. The
demonstrated approach may find applications in microscopy, planar cameras, medical imaging,

and augmented reality.
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Chapter 1. INTRODUCTION

1.1  MOTIVATION

The importance of optics is increasing in our daily lives, from medical devices to the
cameras that facilitate global communications. Because of their universal use, the size, scale and
quality of optical elements grows in importance for technological innovations. Over the last few
decades, the downscaling of complementary metal-oxide—semiconductor (CMOS) sensors via
Moore's law have resulted in a dramatic reduction in the size of optical systems, including imaging
and non-imaging systems. However, most optical systems are currently limited in size by the
optical element itself, not the sensor.

The large size and bulkiness of conventional optical elements present many challenges for
technological innovations, and these challenges are magnified by the growing complexity of
optical systems. Today, technological solutions often require a higher level of functionality and
efficiency in all aspects of their design. For many fields, the existing cumbersome optics present
significant barriers to progress. Indeed, there are a multitude of applications for miniaturized and
multi-functional optical systems. Aside from other components, simply reducing the size of
cameras can have many useful imaging applications, especially in the field of medical and brain
imaging which could improve health outcomes with the development of implantable microscopes,
endoscopes and angioscopes. There are also many applications in the realm of augmented or virtual
reality, which struggle with the heaviness and size of depth cameras. With advances in camera
miniaturization, augmented reality could be made much more practical for use in education and

entertainment.
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A vital first step towards miniaturization in optics was the development of the composite
compact lens for lighthouses by Augustin-Jean Fresnel. Building on Fresnel’s observations that
the function of the lens is determined by the curvature, we are able to eliminate a significant portion
of the bulk. By reshaping the surface and removing much of the curved portion of the lens, we are
left with just the amount of glass necessary to focus the image. However, while this approach
reduces the weight and amount of material required for a lens, using this older method to remove
excess material ultimately comes at the expense of the lens’s imaging performance.

In the evolution of optics technology, the development of Fresnel lenses was followed by
the design of diffractive optics, which alter lenses to interact directly with the wave character of
light. Diffractive optics are characterized by the way they act on the amplitude, or phase of an
incident beam of light, interrupting its curve at designated points. Within the family of diffractive
optics there are metasurfaces. These are a special case of phase controlling diffractive optics, with
two defining qualities: they have subwavelength periodicity, and they are compatible with binary
lithography. Because they facilitate the function of lenses by altering the texture of the surface at
a nanophotonics scale, metasurfaces are uniquely positioned to aid in the miniaturization of optics,
removing a significant barrier for innovations in the fields previously mentioned, and many more.

In the next chapter, I will expand on the qualities of metasurfaces.

1.2 METASURFACES

Dielectric metasurfaces, two-dimensional quasi-periodic arrays of subwavelength
scatterers have recently emerged as a promising technology to create ultra-thin, flat and miniature
optical elements [1]. With these sub-wavelength scatterers, metasurfaces shape optical wavefronts,
modifying the phase, amplitude, and/or polarization of incident light in transmission or reflection.

Many different optical components such as lenses [2, 3], focusing mirrors [4], vortex beam
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generators [5, 6], holographic masks [7, 8], polarization optics [9, 10] and freeform surfaces [11]
have been demonstrated using metasurfaces. While metasurfaces provide an extremely large
number of degrees of freedom to design complex optical functions, our intuition often fails to
harness all these degrees of freedom. In this dissertation, I will investigate a variety of different
metasurface designs, and expand on the functionality of these optical elements as solutions for

imaging and non-imaging systems.

1.3  THESIS OUTLINE

The research goal of my graduate work centered on the development of improved optical
metasurface systems. These advanced metasurface systems have both imaging and non-imaging
applications and outperform previous metasurface designs. In this dissertation, I am going to talk
about my development progress in three chapters. Following this introduction, chapter two starts
by exploring the limitations of these systems in terms of material of choices available, and their
varied utility. Although metasurfaces can be applied to a variety of optical elements, my research
focused on metasurfaces for lenses (metalenses). Metalenses are the optimal element for my
research because their performance can most easily be compared to other existing metasurface
designs. Chapters three and four, discuss the imaging and non-imaging applications of two optical
metasurface systems. Starting in chapter three, I detail efforts to build an extended depth of focus
(EDOF) metasurface lens in both a one- and two-dimensional (1D and 2D) domain, illustrating
design advances that improve full color imaging systems. Chapter four follows with my discussion
of metasurface design for a more complex non-imaging system such as augmented reality and

virtual reality glasses. Such applications gain clear benefits from miniaturization using
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metasurfaces. Lastly, chapter five contains my concluding remarks on all the topics discussed in

the preceding chapters.

Chapter 2. CHOICE OF MATERIAL

This section is adapted with permission from [123], Bayati, E., Zhan, A., Colburn, S.,
Zhelyeznyakov, M. V., & Majumdar, A. (2019). Role of refractive index in metalens

performance. Applied Optics, 58(6), 1460-1466. © The Optical Society.

2.1  INTRODUCTION

Metasurfaces initially relied on deep-subwavelength metallic structures and operated at mid-
infrared frequencies [1]. The large absorption loss in metals made it difficult to create high-
efficiency metasurface devices in the visible and near-infrared (NIR) wavelengths. This motivated
the fabrication of metasurfaces using dielectric materials because of the low optical loss of
dielectrics at visible and NIR wavelengths. While initial research focused on higher-index
amorphous silicon (Si) [3, 12] at NIR wavelengths, recently materials with lower refractive index,
such as titanium oxide (TiO>) [13], gallium nitride (GaN) [14], and silicon nitride (SiN) [15, 16]
have been used to create metasurfaces operating at visible wavelengths. Based on the empirical

Moss relation n*~1/E, [17] with refractive index n and the electronic bandgap E,, we expect that

a large optical transparency window necessitates the material refractive index to be lower. Hence,
to create metasurfaces at shorter wavelengths, we have to rely on materials with lower refractive
index. In decreasing the refractive index, however, it is unclear what effect there will be on the
device performance. Recently, the efficiency of a periodic meta-grating was analyzed at optical

frequency as a function of the material refractive index [ 18]. They reported that for large deflection
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angles the efficiency decreases with lower refractive index, but for low deflection angles there is
no significant difference in efficiency of transmissive thick meta-gratings made of different
materials. While this analysis with periodic structures can help qualitatively understand the
performance of a metasurface lens (metalens) with quasi-periodic arrangements of scatterers [19-
21], a systematic and quantitative evaluation of material selection for metalenses is currently
lacking. It is unclear what the minimum required dielectric contrast is to achieve high-efficiency
and high numerical aperture metalenses. Answering this is vital for understanding the capabilities,
limitations, efficiency, and manufacturability of metalenses over a specific wavelength range. We
note that, the effect of refractive index is explicit in the lens maker's formula [22] for a refractive

lens:

oot

where f is the focal length, n is the refractive index of the lens, and R and R’ are the radii of
curvature of the two spherical surfaces of the lens. The angle of refraction, and therefore the focal
length depends on the curvature of the lens surface and the material used to construct the lens.
However, for metalenses, there is no study or theoretical formula relating the refractive index to
the focal length or numerical aperture and the efficiency. In this chapter, we design and analyze
metalenses made of materials with wide range of refractive indices to estimate the relationship
between refractive index and performance of metalenses. We analyze metalenses operating in the
near infrared spectral regime (A = 1550nm) in terms of efficiency and full width at half maximum
(FWHM). We consider six different dielectric materials: Si (n = 3.43) [3], TiO2 (n = 2.4) [13],
GaN (n = 2.3) [14], SiN (n = 2.0) [15, 16], SiO2 (n=1.5) [23] and an artificial material with a
refractive index of 1.2. The index range under n=2 is of particular importance as large-scale

printable photonics technology, which is promising for low-cost manufacturing of metasurfaces,



6

requires the refractive index to be near 1.5 [24]. First, we used a forward design technique based
on rigorous coupled-wave analysis (RCWA) [25, 26] followed by finite-difference time-domain
(FDTD) simulations [3, 15]. We compare the focusing efficiency and FWHM at the focal-plane as
a function of the numerical aperture for different materials. We then employed inverse
electromagnetic design based on generalized Mie scattering theory and adjoint optimization [27]
to calculate the dependence of metalens performance and FWHM at the focal plane on refractive

indices between 1.25 and 3.5.

2.2  FORWARD DESIGN METHOD

The main building block of a metalens is a scatterer arranged in a subwavelength periodic
lattice (with a period p). Here, we assume the scatterers to be cylindrical pillars, arranged in a
square lattice, as shown in Figure 1. Since we have sub-wavelength periodicity in a metalens, only
the zeroth-order plane wave propagates a significant distance from the metasurface, and other
higher order diffracted plane waves are evanescent [28]. This makes metalenses more efficient

compared to other diffractive optics.
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Figure 1. Schematic of a metalens and its lattice structures: a lattice with periodicity p can be formed
by using cylindrical pillars (with diameter d and thickness t ) on top of a silicon dioxide substrate,
arranged in a square lattice. By varying the radius of the cylindrical pillars, we can impart different

phase-shifts.

Forward design of a metalens involves selecting the appropriate spatial phase profile for the
specific optical component, arranging the scatterers on a subwavelength lattice, and spatially
varying their dimensions. To have an arbitrary transmission phase profile, phase shifts of scatterer
should span the 0 to 2n range while maintaining large transmission amplitudes. In our simulation,

we used the phase-profile of metalens as:

by = T (T Ty T 7~ f)

We discretize this continuous spatial phase profile onto a square lattice with periodicity p , giving
us a discrete spatial phase map with different phase values. We then quantize the phase profile
with ten linear steps between 0 and 2x, corresponding to ten different pillar radii. For each value
of this new discrete spatial phase profile, we find the radius of the pillar that most closely

reproduces that phase and place it on the lattice.
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The complex transmission coefficient of a zeroth-order plane wave depends upon the lattice
periodicity p, scatterer dimensions (both the diameter d and thickness t), and refractive index n.
Using RCWA, we calculate the transmission phase and amplitude of the scatterers as a function of
duty cycle (d/p) for different materials assuming a periodic boundary condition (Figure 2). For
different refractive indices, we can find several sets of thickness t and lattice periodicities p that
provide a full 0 to 2n phase shift range under varying diameters while maintaining high
transmission amplitude (transmissivity ~1). Some resonant dips in transmission are observed,
which can be attributed to guided mode resonances [29]. Metasurface parameters, including lattice
periodicity p and thickness t, for each material are shown in Table 1. As we are comparing
different materials, we chose these parameters to maintain the same thickness to period ratio across
simulations, in this case selecting t/p ~ 1.6. For our artificial material with refractive index of
1.2, however, in order to cover the whole 0 to 2 phase shift range, we need to increase the
thickness. To keep the same thickness to period ratio, we cannot maintain sub-wavelength
periodicity. Hence, for n=1.2, we assume a thickness to period ratio of 3.6 to get the maximum
possible phase shift. We assume the substrates for all materials to be SiO> with a thickness tg,, =
A. We also note that, some of the parameters reported in this paper, will be difficult to fabricate.
However, in this paper, we primarily want to understand the dependence of the metalens

performance on the refractive index, and experimental feasibility is not considered.
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Figure 2. Amplitude and phase of the transmitted light through a scatterer: using RCWA, we

calculate the transmission properties (red: phase delay; blue: transmission amplitude) as a
function of the ratio of the pillar diameter and periodicity. We kept the thickness to period ratio,
i.e., the ratio between the thickness and the periodicity same for all materials except for n=1.2

to compare their efficiency.

Using the parameters obtained from RCWA, we designed arrays of nanopillars and
simulated the metalenses using Lumerical FDTD solutions. The pillar diameters corresponding to
resonances in Figure 2 are excluded when designing the metasurfaces to get higher efficiency. We
analyzed the performance of the metalenses in terms of FWHM and focusing efficiency for

different focal lengths (5 — 200um). The diameter of the metalenses is kept constant at 80 um.
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Table 1. Metasurface parameters including lattice periodicity p and thickness t for each refractive

index, which are used in forward design method (optical wavelength A = 1550nm.)

Refractive Si Tio, GaN SiN Sio,

index(n) m=3.43) n=24) @m=23) @®=2) @®m=15 @®=12)
Periodicity 775 790.5 759.5 930 1372 1395
(p)(nm)

Thickness 1240 1317 1240 1550 2290 5022
(t)(nm)

The FWHM of the focal spot is shown in Figure 3a as a function of numerical aperture, where
the solid black curve is the FWHM of a diffraction-limited spot of a lens with the same geometric
parameters. There is no appreciable difference in the FWHM across the range of simulated indices,
except for n=1.2, where the FWHM does not decrease at very high numerical apertures. We define
the focusing efficiency as the power within a radius of three times the FWHM at the focal plane
to the total power incident upon the lens [3, 15]. Figure 3b shows the focusing efficiency as a
function of refractive index of all materials for different numerical apertures. We find that the
focusing efficiency decreases with higher numerical apertures, as observed before [3, 15]. At low
numerical apertures (NA < 0.6), the efficiency of the metalenses is almost independent of the
material refractive index. The decrease in the efficiency with increasing numerical aperture,
however, is more drastic with lower refractive index, and the efficiency drops more quickly in

materials with refractive indices below 1.5.
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Figure 3. Performance of the metalens designed using forward design methodology: (a) The
FWHM of the focal spot is plotted as a function of numerical aperture of the lens. Inset plot
of (a) shows cross-section of the beam size for focal length of 50 um with their Gaussian fit
functions. The solid and dashed curves are the diffraction-limited FWHM, and guide to the

eye, respectively. (b) The efficiency of metalenses for all materials as a function of

refractive index for each numerical aperture using forward design method.
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2.3  INVERSE DESIGN METHOD

In the forward design method, we kept the thickness to period ratio (t/p) of the scatterers
fixed for different materials. This constraint restricts the design space and makes it difficult to
objectively compare metalenses made of different materials. Furthermore, the local phase
approximation that we make in going from RCWA to FDTD neglects the coupling between the
scatterers. Such coupling is not negligible when the material refractive index is small. We also had
to manually inspect the data from RCWA to determine the quality of the parameters and avoid
resonant dips before constructing the FDTD simulation. We can circumvent these problems by
employing an inverse electromagnetic design methodology developed by our group [27].

Recently, inverse electromagnetic design has been applied to phase profile design [7], single
scatterer design [30], beam steering [31], and achromatic metasurface optics [32, 33]. We utilize
an inverse design method utilizing adjoint optimization-based gradient descent and multi-sphere
Mie theory which describes the scattering properties of a cluster of interacting spheres. We
determine the interactive scattering coefficients for each sphere individually, similar to what Mie
theory does for a single sphere [34, 35]. In our inverse design, we do not make any assumption
about the size of our scatterers, but we fix their periodicity. Consequently, we expect to explore a
larger design-space to find well-suited parameters for our metalens. Our simulation tool also aims
to design the whole metasurface and not just the unit cell, and thus the coupling between scatterers
is already included in the design process.

Our inverse design method based on Mie scattering, however, currently only works for
spherical scatterers. Hence, in our design, we optimize the radii of different spheres. The radii and
periodicity of the metalenses are chosen to avoid any physical overlap or contact between adjacent

spheres. We run the optimization routine up to a fixed number of iterations (in this case 100) to
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obtain the final metalens. The iteration time of the inverse design method depends on both the
particle number and the expansion order of the orbital index [. The expansion order here provides
the number of spherical basis functions for each particle to include in our simulation [27]. Larger
numbers of particles and expansion orders increase the iteration time. As we are interested in sub-
wavelength structures to design metalenses, it is important to find a reasonable cut-off for the
expansion order to balance the speed of the iteration, and the accuracy of the result. The valid
cutoff expansion order (l,,,4,), Which is ultimately determined by the physical size and refractive
index of the individual spheres relative to the incident wavelength, is chosen to be 3 in our
simulations. Since these scattering properties are determined by the geometric and material
properties of the sphere in addition to the wavelength of the incident light, there is a relation
between cutoff expansion order and possible periodicity range of the scatterers. Here, the
periodicities of the metalenses are chosen in a way such that the contribution from expansion

orders greater than 3 are negligible.

Table 2. The periodicity values for ten different refractive indices, which are used in inverse

design method
Refractive index Periodicity Refractive index Periodicity
(n) (p)(nm) (n) (p)(mm)
1.25 1360 2.5 1020
1.5 1330 2.75 976
1.75 1222 3 912
2 1140 3.25 838
2.25 1122 3.5 800
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We chose ten equally spaced refractive indices between n= 1.25 to n=3.5 for the inverse
design. We assume a square periodic lattice, where the spheres with different radii are placed. For
all simulations, we assume the spheres are suspended in vacuum, and do not include a substrate.
Initially, all the spheres have identical radii. We then allow the sphere radii to vary continuously
between 150 nm and half of the periodicity to optimize the figure of merit, which is the intensity
at the designed focal point. The periodicities for all refractive indices for the inverse design method
are shown in Table 2. The final radii distribution of the optimization process for one metalens
using inverse design method is shown in Figure 4. We find that the result is mostly rotationally
symmetric as expected for a lens. We attribute the slight asymmetry near the origin to our
optimization running for a fixed number of iterations and converging at a local minimum. The
radius of the designed metalenses is 20 um, and five focal lengths between 15 ym and 100 um are
tested to provide us the same number of numerical apertures for better comparison with the forward

design.

Figure 4. Final radii distribution of a metalens using inverse design method. Spheres are arranged
in a square lattice with periodicity p. Radii of spheres are allowed to range from 150 nm to the half

of the periodicity.
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The FWHM of the focal spots of the metalenses are shown in Figure 5a as a function of
the numerical aperture, where the solid black curve is the FWHM of a diffraction-limited spot of
a lens with the given geometric parameters. Like the forward design method, there is no
appreciable difference in the FWHM across the range of simulated indices, except at n=1.25, where
the FWHM does not decrease at very high numerical apertures. At lower numerical apertures,
however, we observe FWHM's smaller than those a diffracted-limited spot. We emphasize that
this is not truly breaking the diffraction limit, but rather we attribute this to a larger proportion of
the light intensity being located within side lobes as opposed to within the central peak. By shifting
power from the central peak to the side lobes, beam spot sizes that are less than the diffraction-
limited spot size are possible [36]. This shifting of light to the side lobes may have arisen from
the defined figure of merit, in which we did not enforce a condition on the beam spot size and side
lobe intensity ratio. The efficiencies of these metalenses are plotted as a function of their refractive
indices in Figure 5b, where the different numerical apertures are specified with different colors.
We find that the focusing efficiency decreases with increasing numerical aperture. According to
Figure 5b, there is no significant difference in the focusing efficiency of high and low refractive
index materials for low numerical apertures in the range of NA = 0.2 — 0.37 (50— 100 um focal
length). For longer numerical apertures, however, such as 0.62 and 0.8, larger refractive index

materials provide higher focusing efficiency.
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17
2.4 DISCUSSION

A consistent behavior is observed between forward design (Figure 3) and inverse design
(Figure 5) regarding the relation between the focusing efficiency of metalenses and their refractive
index. For lower numerical apertures, there is no significant difference in focusing efficiency of
metalenses with refractive indices in range of 1.25 to 3.5. However, for higher numerical apertures,
achieving higher focusing efficiency metalenses is feasible by increasing their refractive index.
On the other hand, focusing efficiencies for metalenses with different numerical apertures using
the inverse design method are much smaller than the ones in forward design method. To understand
why we have such a reduction in focusing efficiency, we calculated the transmission phase and
amplitude of the spherical scatterers as a function of duty cycle (d/p) for SiN as a sample material,
assuming a periodic boundary condition (Figure 6) and found that they cannot provide a full 0 to
2n phase shift range under varying diameters of sphere while maintaining high transmission
amplitude. As these spheres are the main building block of metalenses in inverse design method,
we cannot achieve high focusing efficiency for metalenses based on spherical scatterers. However,
these results show that, the same trend between forward design (Figure 3) and inverse design
(Figure 5) regarding the relation between the focusing efficiency of the metalenses with the
refractive index is not due to the actual phase or scatterer geometry, but inherently dependent on
the refractive index. Also, the FWHM of the focal spots from the inverse design method are smaller
than those in the forward design method. We attribute this to our choice of figure of merit, for

which we did not enforce a condition on the beam spot size.
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Figure 6. Amplitude and phase of the transmitted light through a spherical scatterer: using

RCWA, we calculate the transmission properties (red: phase delay; blue: transmission amplitude)

as a function of the ratio of the sphere diameter and periodicity.

The performance of a metalens is related to that of a metasurface beam deflector, whose
performance as a function of material refractive index was recently analyzed at optical frequencies
[18]. It was shown that while over 80% efficiency can be obtained using high contrast materials
such as Si and Ge, for large-angle (> 60°) beam deflection, the efficiency drops quickly for low
index materials, such as SiN. However, no significant difference in efficiency for modest
deflection angles (< 40°) was observed for different materials. Such behavior is justified by
coupled Bloch-mode analysis [18, 37]. This finding is consistent with our result that for high
numerical aperture metalenses, higher refractive index materials provide higher efficiency but at
low numerical apertures there is no significant difference in performance.

We have evaluated low-loss dielectric materials with a wide range of refractive indices for
designing metalenses using both forward and inverse design methodologies. We found reasonable

agreement between both methods in terms of the focusing efficiency and the FWHM of the focal
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spots on the material refractive indices. We found that for low numerical apertures (NA < 0.6),
the efficiency of the metalenses is almost independent of the refractive index. For higher numerical
apertures, however, high-index materials provide higher efficiency. The relationship between
refractive index and metalens performance is significant in choosing appropriate material, based
on considerations like ease and scalability of manufacturing, or better tunability. In addition, we
show that, even with very low refractive index (n < 2), we can achieve reasonable efficiency in a

metalens, which will be significant for enabling fabrication with printable photonics technologies.
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Chapter 3. EDOF METASURFACE SYSTEMS

The material in this chapter was in part presented in [124-125],

[124] Bayati, E., Pestourie, R., Colburn, S., Lin, Z., Johnson, S. G., & Majumdar, A. (2020).
Inverse designed metalenses with extended depth of focus. ACS photonics, 7(4), 873-878.
Copyright 2020. American Chemical Society.

[125] Bayati, E., Pestourie, R., Colburn, S., Lin, Z., Johnson, S. G., & Majumdar, A. (2021).
Inverse designed extended depth of focus meta-optics for broadband imaging in the

visible. Nanophotonics.

3.1 1D EDOF METALENSES

Metasurfaces provide an extremely large number of degrees of freedom to design complex
optical functions, however, our intuition often fails to harness all these degrees of freedom. One
promising solution is to employ computational techniques to design metasurfaces, where the
design process starts from the desired functionality, and the scatterers are designed based on a
specified figure of merit. Such design methodologies, often referred to as inverse design, have
been employed to design high efficiency periodic gratings [38, 39], monochromatic lenses [40,
41], PSF-engineered optics [42] and achromatic lenses [43-45]. The inverse design is important
because it could outperform the conventional approach for the design of metasurfaces, specifically,
when desired function is not possible to design with conventional method. Till date, however, there
are limited experimental demonstrations of inverse-designed aperiodic metasurfaces exhibiting
superior performance to optics designed by traditional methods. For example, recently
demonstrated inverse-designed cylindrical lenses exhibit high efficiency [46], though the

efficiency is not higher than that of a traditional refractive lens.
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Extended depth of focus (EDOF) lenses represent an important class of optical elements,
with significant utility in microscopy [47] and computational imaging [48]. This class of lenses
differs from an ordinary lens, as the point spread function (PSF) of the lens remains the same over
an extended distance along the optical axis. EDOF lenses not only enable novel functionalities,
such as bringing objects at different distances away from the lens into focus but also alleviate the
stringent requirements on aligning lenses on top of a sensor. While for an ordinary lens the gap
between the lens and the sensor plane needs to be very close to the focal length, with EDOF lenses,
the gap can vary to a degree without sacrificing the performance of the imaging system. In recent
years, metasurfaces have been employed to implement two-dimensional EDOF lenses [49, 50].
Existing EDOF lenses, however, have several problems. One of the most prevalent classes of
EDOF lenses is created via a cubic phase mask positioned at the exit pupil [47]. Such an approach
generates an Airy beam, which propagates through free space without significant distortion. The
resulting PSF, however, does not resemble a point, and images captured with this element are
therefore blurry. Computational reconstruction is required to undo the distortion. Another option
could be to use a log-asphere lens or other variants [51]. For these lenses, however, different parts
of the lens focus at different depths, significantly limiting the focusing efficiency. In one
dimension, several works theoretically explored cylindrical EDOF lenses [52-55], although to the
best of our knowledge no experimental demonstration has previously been reported.

In this section, we design and fabricate an EDOF cylindrical metasurface lens (metalens)
using an inverse electromagnetic design methodology. Unlike existing implementations of
diffractive or refractive EDOF lenses, the reported metalens creates a lens-like PSF, without
introducing significant blur like many other EDOF lenses. We designed the EDOF lens to have

three times the depth of focus of an ordinary metalens. The design is experimentally validated by
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fabrication and optical characterization. We found reasonable agreement between the simulated
and experimental results in terms of the focusing efficiency and the FWHM of the focal spots. The
depth of focus of the inverse designed metalens is extended by a factor of ~1.5-2 over that of the
traditional metalens. We also did not observe any degradation of the efficiency in the designed

EDOF lenses.

3.1.1 Inverse Design and Validation

The depth of focus Af of an ordinary lens with diameter D and focal length f, for optical

wavelength 4 is given by

We aim to demonstrate an EDOF metalens with a depth of focus of three times this value. We
specify our figure of merit (FOM) as the intensity at eight linearly spaced points along the optical
axis which cover an interval of length 3 X Af and that are centered around the focal length. We
use max-min multi-objective optimization [56] to maximize the intensity uniformly on the
segment. We optimize the EDOF lens FOM by adjusting the widths of 150 nano-stripes positioned
at the center of each lattice cell. The material of the metasurface is assumed to be silicon nitride
(n~2). The lattice periodicity and thickness of the metasurface are kept constant at 443 nm and 600
nm, respectively. The choice of these parameters is dictated by the ease of fabrication, such as the
total area of fabrication and reproducibility of the feature sizes. To ensure the fabricability of the
designed metasurface, we constrain the minimum width of the stripes to 100nm. Lenses with three
different focal lengths (66.66 pm, 100 um, 133.33 pum) are designed. To channel most of the light
into the main lobe, i.e., to reduce the sidebands in the focal length we ran the inverse design with

different initial conditions, which resulted in several different geometries. We then chose the
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design with the least power in the sidebands. In contrast to a traditional lens, the inverse problem
of designing an EDOF lens has multiple solutions to Maxwell’s equations that could be good
candidates for the EDOF design. Our inverse design framework enables us to set the problem
without constraining ourselves to just one of these solutions. Note that if our design method was
based on optimizing a phase mask instead of solving for the geometry of our scatterers directly,
we would be limited to a single solution, which would be suboptimal in the sense that it limits the
degrees of freedom. We note that, however, an inverse design method, where the refractive index
of each voxel in the structure are used as degrees of freedom can potentially provide a better
solution, albeit with significantly increased computational time. As such, the inverse design
method employed here provides a good trade-off between an improved design and computational

complexity.

3.1.2 Experimental Demonstration

To validate our metasurface design, we fabricated the cylindrical metalenses in silicon
nitride. A 600-nm-thick layer of silicon nitride was first deposited on a 500-um-thick fused-silica
substrate using plasma-enhanced chemical vapor deposition (PECVD). The sample was then spin-
coated with electron-beam resist (ZEP-520A) and then the metalens’ patterns were exposed via
electron-beam lithography. 8-nm of Au/Pd as a charge dissipation layer was sputtered on the resist
prior to exposure to prevent pattern distortion due to electrostatic charging. After the lithography
step, the charge dissipating layer was removed by type TFA gold etchant and the resist was
developed in amyl acetate. A 50 nm layer of aluminum was then evaporated onto the sample. After
performing lift-off, the sample was etched using an inductively coupled plasma etcher with a
mixture of CHF3 and O; gases, and the remaining aluminum was removed in AD-10 photoresist

developer. To demonstrate the extension of the depth of focus, we fabricated two sets of lenses:
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one set of ordinary metalenses designed via the forward design method and another set of EDOF
metalenses developed using our inverse design method. The forward design method of a metalens
involves selecting the appropriate spatial phase profile for the specific optical component,
arranging the scatterers on a subwavelength lattice, and spatially varying their dimensions.
Whereas, in the inverse design, no a priori knowledge of the phase distribution is assumed, and
the metalens is designed via optimizing the FOM. Figs. 7A, B show the scanning electron
micrograph (SEM) of the fabricated EDOF metalens (using inverse design method) and traditional
metalens (using forward design method), respectively. Figs. 7C, D show a zoomed-in SEM of the
inverse-designed EDOF metalens, which shows silicon nitride nano-stripes forming the cylindrical
EDOF metalens. We fabricated three metalenses corresponding to three different focal lengths, in
each set. The fabricated lenses were measured using a confocal microscopy setup under

illumination by a 625 nm light-emitting diode (part number Thorlabs-M625F2), see Fig. 7E.
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Figure 7. Scanning electron micrograph (SEM) of (A) inverse-designed EDOF metalens, (B)
traditional metalens; (C) and (D) Zoom-in SEM on inverse-designed EDOF metalens which shows
silicon nitride stripes forming the cylindrical EDOF metalens; The scale bars correspond to 10 pm

(A-B) and 1 um (C-D), (E) Confocal microscopy setup used to measure the metalenses.
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Figs. 8A-F show the simulated and experimentally measured field profiles for the three
inverse-designed EDOF metalenses. The field profiles are simulated using 2D finite-difference
time-domain (FDTD) simulation with an axial sampling resolution of 50 nm. 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 2 um. We find that the
simulated field profiles from the designed structures match quite well with the experimentally
measured focusing behavior. A clear elongation of the focal spot along the optical axis is observed.
We also characterized the performance of inverse-designed EDOF metalens under oblique
incidence angles (5°, 10° and 15°) using FDTD simulation (see section 3.3.1 and Figure 15). While
we clearly observe the effect of off-axis aberrations, the extended depth of focus remains the same
for different angles. We emphasize, however, that as the inverse design figure of merit did not
explicitly handle nonzero incident angles, we do not expect such aberrations to be mitigated in our
design. We fit the intensities near the focal plane using a Gaussian function to estimate the full-
width-half-maxima (FWHM). Figs. 8G-O show the Gaussian fit focal spot at the center focal plane,
and at two ends of the line along which the beam profile starts to become double Gaussian. We
identified the depth of focus as the range along the optical axis, where the beam profile remains
Gaussian. The minimum FWHM for fabricated EDOF metalenses with three different focal lengths
(66.66 um,100 pm,133.33 um) which are shown in Figs. 8H, K, N are 1.07 um, 1.7 pm, 2.32 um,
respectively. In Fig. 9 we plot the cross-sections of the focal plane of the EDOF and traditional
metalens to compare the PSFs. Clearly the PSF for both lenses look similar, although the FWHM

is slightly larger for the EDOF metalenses.
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Figure 8: Simulated intensity along the optical axis of the designed EDOF metalenses with focal
lengths of (A) 66.66 pm, (B) 100 pm, and (C) 133.33 pm. Experimentally measured field profile

along optical axis for EDOF metalenses with focal lengths of (D) 66.66 pum, (E) 100 pm, and (F)
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133.33 um. (G-O) show cross-section of the beam size in different distance from the EDOF

metalenses with a Gaussian and a double Gaussian fit.

Traditional metasurface lens

C

EDOF metasurface lens

A . | |B
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Figure 9: PSF of the traditional and EDOF metalenses for three different focal lengths: (A)

66.66 pm, (B) 100 um, and (C) 133.33 pm.

By plotting the FWHM as a function of the distance along the optical axis, we estimated
the focal length of the metalenses (Figs. 10A-C). We then estimated the focusing efficiency of the
lenses along the optical axes. We define the focusing efficiency as the power within a circle with
a radius of three times the FWHM at the focal plane to the total power incident upon the metalens.
The FWHM at the focal plane is calculated as the minimum FWHM from the Figs. 10A-C. We
plot the focusing efficiency of the metalenses along the optical axis (Figs. 10D-F). We expect the
focusing efficiency to remain the same along the depth of the focus, and then drop off as we
longitudinally move away from the depth of focus. Clearly, for the EDOF metalens, the efficiency
remains high over a longer depth as expected. Table-3 summarizes the performance of all the
metalenses, in terms of FWHM, focal length, efficiency, and depth of focus. We find a reasonable
agreement between the simulation and experimental results. Additionally, we clearly observed an
extended depth of focus in the inverse-designed metasurfaces compared to the ordinary

metalenses. We note that, in simulation we sample along the optical axes more finely compared to



29

the experiment, which determines a larger error bar in experimentally measured depth of focus.
We also observe no significant efficiency degradation between the ordinary metalenses and the
EDOF metalenses. Other potential EDOF alternatives (e.g., axicons, log-aspheres, or cubic
functions) also exist for 1D lenses; however, different regions of these lenses focus at different
depths, significantly limiting the focusing efficiency. We designed and simulated these EDOF
cylindrical lens metasurface alternatives to compare their performance with our inversed designed
structure. To make a fair comparison with one of our lenses, other 1D EDOF lenses are designed
to have central focal spot at 100 um and a depth of focus of 30 um (see the section 3.3.2 and Figure
16 for the simulated field intensity along the optical axis of these elements and corresponding
PSFs). The focusing efficiencies of 1D log-asphere, axicon, and cubic lens were 12.16%, 8.6%
and 14.47%, respectively. These efficiencies are significantly lower than that of our inverse
designed EDOF lens.

We demonstrated inverse designed EDOF cylindrical metalenses for the first-time. While
several theoretical designs exist for cylindrical EDOF lenses, to the best of our knowledge no
experimentally demonstrated EDOF cylindrical lenses have been reported before. While we
extended the depth by a factor of ~1.5 — 2, the depth of focus can be further extended albeit at the

cost of reduced efficiency.
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Figure 10: Performance of fabricated ordinary and EDOF metalenses as a function of distance

along the optical axis. Measured FWHM of ordinary and EDOF metalenses as a function of

distance corresponds to 66.66 pm (A), 100 pm (B), and 133.33 pum (C) metalenses. Measured

focusing efficiency of 66.66 pm (D), 100 um (E), and 133.33 pum (F) metalenses as a function

of distance along the optical axis.
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Table 3: Comparison between the ordinary and EDOF metalenses for 66.66pum, 100um,

133.33um metalenses, respectively

Lens Properties Ordinary Metalens EDOF Metalens
Simulation Experiment Simulation Experiment
FWHM (pm) 0.95 0.97 0.96 1.07
1.1 1.13 1.3 1.7
1.2 1.36 2.25 2.32
Depth of Focus 12(£0.05) 12(+2) 17(£0.05) 16(+2)
(nm) 14(£0.05) 16(+2) 30(£0.05) 30(+2)
18(£0.05) 22(+2) 44(%0.05) 44(12)
Efficiency 19.1 18.6 16.8 16.34
(%) 22.26 21 19.3 20.12
24.18 24.65 22.21 23.48
Focal Length 67(1£0.05) 70(%2) 64.2(£0.05) 70(+2)
(pm) 102(£0.05) 102(£2) 99.7(+0.05) 104(£2)

136(40.05)

138(+2)

129.8(+0.05)

134(+2)
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3.2 2D EDOF METALENSES

In the previous section we demonstrated inverse designed EDOF cylindrical metalenses
for the first-time. We focused on 1D cylindrical lenses for the simplicity of design, cylindrical
lenses are similar to spherical lenses in the sense that they converge or diverge light, but they have
optical power in only one dimension and will not affect light in the perpendicular dimension.
Consequently, they are not suitable for 2D imaging. Additionally, there are many other relevant
factors for high-quality imaging including geometric aberrations, getting commensurate PSFs for
different incident angles and good efficiency which are not specified in our figure of merit.
However, we believe that the demonstrated inverse design method can incorporate a more
complicated figure of merit to create a metasurface more suitable for imaging. In this section, we
will be to extend our inverse design concept to 2D lenses and demonstrate imaging over a broader
optical bandwidth than what is possible using a traditional metalens using a more complex figure
of merit. Going beyond an extended depth of focus, the inverse design techniques can be used to
engineer the PSF for other functionalities with potentially far-reaching impacts in computational

imaging and microscopy.

3.2.1 Introduction

As we mentioned in the previous sections metalenses 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 [58], including metalenses, where the severe chromaticity mainly comes from its fixed

phase discontinuities at Fresnel zone boundaries [57].
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In recent years, several approaches have been proposed to eliminate the chromatic
aberrations of metalenses [59-60]. For example, multiplexing different unit cells designed for
several discrete wavelengths can enable high-quality polychromatic metalenses [59-60]. In another
design, multilayer metasurfaces capable of focusing discrete colors of red, green, and blue have
been proposed to alleviate chromatic aberrations [60]. 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 [61-65], 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 [66-
67]. For example, in Ref. 62 [62] the reported achromatic metalenses have a diameter of
200pum (~100um) and a 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 high-throughput manufacturing [66, 68].
Another approach to mitigate chromatic aberrations is to employ meta-optics in conjunction with
computational postprocessing [69-72]. 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. A CPM
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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-to-noise ratio (SNR)
is low. Using rotationally symmetric extended depth of focus (EDOF) lenses, the image quality
can be improved [73], as recently demonstrated by logarithmic-aspherical [74] 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 [73]).
Additionally, many of these EDOF lenses are designed such that segmented regions of the lens
focus at different depths, which contributes to haze and a large DC component in the modulation
transfer function (MTF).

In this section, we employ 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 nano-photonics and meta-optics and have been employed to design high efficiency
periodic gratings [75, 76], monochromatic lenses [77, 78], PSF-engineered optics [79] and
achromatic lenses [80-82] to name a few. In this work, we report a 2D EDOF meta-optics with
four-orders 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 290nm 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
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creates a lens-like PSF, without introducing significant blur and maintaining high focusing

efficiency.

3.2.2 Design

We performed a large-scale optimization of meta-optics using the framework reported
before [83] and extended to three-dimensional Maxwell’s equations [84, 85]. 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 [86]. To overcome
this limit and significantly accelerate the simulation and optimization problems, we use a hybrid
multi-scale photonic solver, which relies on a locally periodic approximation [87] where the
nanoscale is approximated by a surrogate model, and the macroscale is solved by a convolution
with the analytical free space Green’s function [83]. In the present work, 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 [88]. We considered two parameterizations of the unit-cell
geometry with a period of 400 nm: for the 100-xm-focal-length meta-optic, a cylindrical pillar of
silicon nitride (SiN) on top of silica with a diameter varying from 100 nm 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 [89]. The figure of merit to
be maximized is the minimum intensity along the focal axis and the depth of field was designed
for an incident plane wave at 633 nm. We found that a spacing of 1.2 ym between two evaluations

of intensity along the optical axis is optimal to result in a flat intensity profile over the desired
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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-ym-
focal-length meta-optic, we maximized the minimum intensity over 65 evaluations between a
depth of 75 ym and 150 pm. For the 1-mm-focal-length meta-optic, we maximized the minimum
intensity over 422 evaluations between a depth of 0.75 mm and 1.25 mm. Note that the latter
optimization is 6.5 times more constrained than the former, therefore resulting in a poorer
optimum. To ensure polarization insensitivity, the designed meta-optic has C4v symmetry. We
also designed two traditional metalenses with the same focal lengths of the inverse-designed ones
using traditional forward design method. This forward design technique is based on rigorous
coupled-wave analysis (RCWA) 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. 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 inverse-designed EDOF meta-optics and
forward-designed traditional hyperboloid metalens. The diameter for these metalenses is Imm and
100 pm. 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- pm -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
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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 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.

Figs. 11A-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 meta-optics. A custom microscope setup (see section 3.3.3 and
Figure 17) 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. Figs. 11C-F show the
experimentally measured intensity profiles along the optical axis for the two traditional metalenses
and two inverse-designed 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 um (Figs. 11C, E) and 2 um (Figs. 11D, F). We
clearly observe an elongation of the focal spot along the optical axis. 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 um (~0.4 mm) for our 100 um (1 mm) EDOF meta-optics. The depth
of focus is only 10 pum (0.Imm) for the 100 um (1mm) aperture traditional metalens. We also
measured the focusing efficiency of the 1 mm aperture lenses along the optical axes (see section
3.3.4 and Figure 18). 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%).
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Figure 11. Scanning electron micrograph (SEM) of (A) inverse-designed EDOF meta-optics,
(B) Zoom-in SEM on inverse-designed EDOF meta-optics showing silicon nitride scatterers
forming the EDOF metalens; The scale bars correspond to 10 pum (A) and 1 pm (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 um, (D, F) f = 1 mm.

Fig. 12A. shows the cross-sections of the focal plane of the 1 mm and 100 pum 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 pm) aperture focal length is 24.9 pm (3.35 pum)
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and 20.6 pm (3pm), respectively as shown in Fig. 12A. The diffraction-limited spot of our Imm
aperture metalens with the same geometric parameters is 1.46 pum. We note that, in this work, the
diffraction limited FWHM for a lens is calculated by fitting a Gaussian function to the Airy disk
with the same geometric parameters. 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 [90]. This is why the FWHM for 1mm lens is almost
~10 times larger than that of the 100um 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. 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 Figs. 12C, 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 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.
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Figure 12. Characterization of the metasurfaces: (A) PSF of the traditional and EDOF metalenses

for Imm and 100 pm focal length. (B) Correlation coefficient plots for four different metalenses

as a function of wavelength. (C-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.

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
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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 log-asphere and cubic metalenses (Fig. 12B). To
make a fair comparison, all these meta-optics are designed at 530 nm wavelength. Fig. 12B 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. 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), and15 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 meta-optics [91]. 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.

3.2.3 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 [44], 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.
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Our system kernel is sampled by measuring PSFs for our EDOF metalens at three
wavelengths using separate LED sources centered at 625 nm, 530 nm and 455 nm (Thorlabs
M625F2, M530F2, M455F1). To demonstrate the imaging capability of our EDOF system, we
first considered narrowband LED imaging (bandwidth ~20nm) for three different wavelengths.
Fig. 13 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 Fig. 13A,
the images captured under green and blue light (Fig. 13B, 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 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) [93] for the captured images in Fig. 13.
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 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.
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Original Image Conventional lens EDOF lens Raw EDOF + Wiener EDOF + TV-Regularized

Figure 13. 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 20nm) LEDs
with center wavelengths at (A) 625 nm, (B) 530 nm and (C) 455 nm wavelength. The scale bars

correspond to 100 pm.

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 the Fig. 14. 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
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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 (Fig. 14D), 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 inverse-designed meta-lens is significantly better than that of the 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 3.3.5, Figure 19 and Table 4). 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. 4). 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.
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Original Image Conventional lens EDOF lensRaw  EDOF + Wiener EDOF + TV-Regularized

Figure 14. 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 pm.
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3.2.4 Discussion

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 (I mm) meta-optics ever reported for
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 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 signal-to-noise ratio and faster shutter speed, which are crucial for

practical applications. We envision that the image quality can be further improved by co-designing
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the meta-optics and computational back end [94, 95], as has already been reported to provide very

high-quality imaging [94].

3.3 MATERIAL AND METHODS

3.3.1 Comparison with other potential EDOF lenses

Other potential EDOF alternatives (e.g., axicons, log-aspheres, or cubic functions) also
exist for 1D lenses; however, different regions of these lenses focus at different depths,
significantly limiting the focusing efficiency. We designed and simulated these EDOF cylindrical
lenses via the forward design method. The forward design method of these metalenses involves
selecting the appropriate spatial phase profile (e.g., axicons, log-aspheres, or cubic functions) for
the specific optical component, arranging the scatterers on a subwavelength lattice, and spatially
varying their dimensions. To make a fair comparison with one of our inverse-designed lenses,
other 1D EDOF lenses are designed to have central focal spot at 100 um and a depth of focus of
30 um. The field intensity profiles of these EDOF lenses are simulated using 2D finite-difference
time-domain (FDTD) simulation with an axial sampling resolution of 50 nm (Figure 15). The
focusing efficiencies of 1D log-asphere, axicon, and cubic lens were 12.16%, 8.6% and 14.47%,
respectively. Even though, these 1D EDOF lenses can also provide an EDOF, their efficiency is
significantly lower than that of our design, which is 20.12%. In this paper, the focusing efficiency
is defined as the power within a circle with a radius of three times the FWHM at the focal plane to
the total power incident upon the metalens Since FWHM, however, is not well defined for cubic
lenses, we also calculated the focusing efficiency for this EDOF lens by taking the ratio of the

intensity integrated within the aperture area of the device at the focal plane to that at the plane of
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metalens instead of a circle with a radius of three times the FWHM. Using this definition, we got
67% focusing efficiency for EDOF 1D cubic lens.

In addition of focusing efficiency, The FWHM of these 1D log-asphere, axicon and cubic
lenses are 1.75um, 1.25um and 1.7um, respectively which are calculated using their corresponding
Gaussian fit at the cross sections of the focal planes. These FWHM are comparable to our inverse-
designed metalens. Thus, our inverse design approach produces a metalens with comparable

FWHM of other existing EDOF lenses but maintains a higher focusing efficiency.
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Figure 15: Simulated field intensity along the optical axis of alternative EDOF lenses with a focal

length of 100 um and depth of focus of 30 um. We simulated intensity profiles for a log-asphere
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(A), axicon (B), and a cubic phase mask (C). (D-F) Cross sections at the focal plane of these EDOF

lenses with a corresponding Gaussian fit. The focusing efficiency of 1D log-asphere, axicon and
cubic lenses were calculated using these cross sections are 12.16%, 8.6% and 14.47%,

respectively.

3.3.2 Simulated performance under oblique incidence

In order to see how sensitive our inverse-designed EDOF lenses are to different incident
angles, we also characterized the performance of the inverse-designed EDOF metalens under
oblique incidence angles (5°, 10° and 15°) using FDTD simulation (Figure 16). While we clearly
observe the effect of off-axis aberrations, the extended depth of focus remains the same for
different angles. We emphasize, however, that as the inverse design figure of merit did not
explicitly handle nonzero incident angles, we do not expect such aberrations to be mitigated in our

design.
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Figure 16: Simulated normalized field profile intensity of our inverse designed EDOF metalens
with a focal length of 100 um under oblique incidence. FDTD simulations were run for incidence
angles of (A) 5 °, (B) 10 °, (C) 15 °. While we clearly observe the effect of off-axis aberrations in

our simulation, there is a notable extension of depth of focus for different angles.

3.3.3 Confocal microscopy setup

A confocal microscopy setup under illumination by a 625 nm light-emitting diode (part
number Thorlabs-M625F2) is used to measure extension of depth of focus for our fabricated
metalenses. Fig. 17. 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.
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Figure 17. Confocal microscopy setup used to measure the metalenses.
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3.3.4 Experimental performance of the EDOF 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. We plot the focusing efficiency of the metalenses along the optical axis (Fig. 18).
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 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.
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Figure 18. Experimentally Measured focusing efficiency of 1mm EDOF and traditional metalenses

as a function of distance along the optical axis.
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3.3.5 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 Fig. 19. 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. 4. 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.

Original Image Conventional Metalens Cubic Log-asphere Inverse desighed EDOF

Figure 19. Simulated imaging performance after deconvolution. Deconvolved images captured

by the EDOF imaging system, using the simulated images and PSFs.



Table 4. SSIM on Simulation-Restored Images for standard and different EDOF metalenses
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Color channel Inverse Conventional Cubic Metalens Log-asphere
designed EDOF Metalens Metalens

Red 0.639 0.292 0.3062 0.4537

Green 0.7903 0.4691 0.6543 0.7170

Blue 0.4863 0.3449 0.4776 0.5718
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Chapter 4. AR METASURFACE SYSTEM

4.1 INTRODUCTION

Augmented reality (AR) technology has recently attracted considerable attention and could
revolutionize technologies ranging from applications in the military and navigation, to education
and entertainment. Using these devices, we can effectively integrate computer-generated virtual
information into the real world. AR can be implemented in various ways, including smartphone
displays, head-up displays (HUDs), and head-mounted displays (HMDs) [96]. Among the various
approaches, see-through head-mounted near-eye displays (AR glasses) have been of primary focus
because of their potential to provide an extremely high sense of immersion. One of the most vital
components in a head-mounted display (HMD) is a near-eye visor (NEV). Current
implementations of NEVs can be broadly classified into two categories: reflection-based, where
light from a display placed near the eye is reflected off a freeform visor to enter the eye [97-98];
and waveguide-based, where light is passed through a waveguide and projected to the eyes using
a grating [99-101]. While reflective visors can provide higher efficiency and transparency, they
are often bulky and suffer from a small eye-box, and in general need to be placed far away from
the eyes to achieve a wide field of view (FOV). Waveguide-based NEVss can provide a much more
compact form-factor with sufficient eye-box expansion, although they often have lower FOV and
efficiency. They also suffer from strong chromatic aberrations in both the image passed through
the waveguide as well as in see-through mode as the gratings are diffractive in nature. The core of
a waveguide NEV consists of the input and output couplers. These can be either simple prisms,

micro-prism arrays, embedded mirror arrays [102], surface relief gratings [103], thin or thick
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holographic optical elements (HOEs) [101], or diffractive optical elements (DOEs) [100]. The out-

coupling efficiency of the gratings is, however, low, making the energy-efficiency of these
waveguide-based visors poor relative to reflection-based visors. A closer look at reflective visors
reveals that the trade-off between size and FOV of the NEV primarily originates from the fact that
current NEVs rely on geometric reflections and refractions to bend light.

Unlike conventional diffractive optics, the subwavelength scatterers in a metasurface
preclude higher-order diffraction, resulting in higher efficiency as all the light can be funneled into
the zeroth order [104]. As diffraction can bend light by an angle more than reflection and
refraction, it is possible to bring a metasurface closer to the eye, while maintaining a wide FOV.
Recently, the first silicon metasurface freeform visor was designed by our group [105], providing
a large field of view for virtual reality (VR) applications (77.3° both horizontally and vertically)
when placed only 2.5 cm away from the eye. This metasurface visor, however, severely distorts
the real-world view, has strong chromatic aberrations and is not transparent for AR applications.
In addition to our group, several other metasurface-based visor designs have been reported in the
literature for achieving large FOV, lighter designs and better see-through quality, including
designs based on combinations of a metalens and dichroic mirrors [106-107], Pancharatnam-Berry
phase metalenses [108], and a compact light engine based on multilayers-metasurface optics [109].

In this chapter, we propose a metasurface freeform optics-based NEV, that will circumvent
real-world distortions and eliminate chromatic aberrations, as needed for an immersive AR
experience. For this purpose, we propose to use a composite metasurface: one of the metasurfaces
reflects light from the display to project the virtual world to the user’s eye while the second
metasurface circumvents the distortion of the real-world due to the first metasurface. The first

metasurface is designed to have multi-chrome operation, which two metasurface together
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preserves the color information in transmission. The resultant display FOV of the composite
metasurface NEV is more than 77° both horizontally and vertically which is better than current
existing AR visors and also it has acceptable see-through quality over the visible range (less than

a wavelength RMS wavefront error).

4.2  THEORY AND DESIGN

First, we design and model the single metasurface NEV that can guide light from a display
at the HMD to the human eye via ray optical simulation (ZEMAX-OpticStudio). The size of the
visor is assumed to be 4 cmx4 cm to maintain a compact form-factor comparable to that of
ordinary sunglasses while still having a large field of view when placed only 2.5 cm away from
the eyes. The display is placed between the visor and the eye: 1cm away and 1.5 cm upwards from
the visor with an angle of 45° with respect to the optical axis. The display is initially assumed to
be monochromatic (540 nm). The eye model which we use here for simulation is the widely
accepted model proposed by Liou & Brennan [110]. Here, it is assumed that the eye is looking out
through an optical system, so the retina is the image surface. We model the visor phase-mask with
Zernike standard polynomials [111]. We find that the first 6 Zernike terms converge in a reasonable
time and are sufficient to guide light from the display to the human eye in an acceptable manner.
A schematic of a ray tracing simulation from our reflective metasurface is shown in Fig. 20A. The
first metasurface (near the eye) will be partially reflective, and the design principle will follow the
ray tracing approach of sending light from each point on the display to the eye. The virtual display
FOV from our simulation is estimated to be 77.3° along both vertical and horizontal directions.
Fig. 20B illustrates the reflective phase-mask obtained from the Zernike standard polynomials

from the first metasurface of our visor.
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After designing the single metasurface near-eye visor, we design a pair of metasurfaces,
where the second metasurface (located further from the eye) corrects any distortion of the real-
world scene caused by the first metasurface. The gap size between two metasurfaces is assumed
to be 500 pum which is fixed to facilitate future fabrication on both sides of a glass wafer. The
corrective phase-mask of the second metasurface is also designed using Zernike standard
polynomials. This phase mask is designed to minimize the RMS wavefront error [112] for light
transmitted through two metasurfaces to ensure good see-through quality. Without using the
corrective phase-mask the RMS wavefront error for light on the retina after passing through both
metasurfaces is 14.8X. Such wavefront errors represent the see through-quality, and with greater
than wavelength rms error leads to a highly distorted view. However, after using the second
metasurface to correct the distortion from the first metasurface, the RMS wavefront error is
reduced to 0.9A. We also calculated the RMS wavefront error of a freeform visor developed in
[113] to compare to our see-through quality. The RMS wavefront error of the freeform visor is
1.17A, which is better than a single metasurface but worse than our corrected composite
metasurface visor.

Fig. 20 shows the optimized metasurface NEV phase profiles, where the first metasurface
(Fig. 20B) distorts the light field, but in conjunction with the second metasurface (Fig. 20C), the
optical wavefront error is minimized. Once the phase-functions are optimized, we implement them

using metasurfaces, which is explained in more detail later in the paper.
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Figure 20. Metaform Visor (A) Schematics of metasurface NEV and its ray tracing simulation in

ZEMAX. (B) Reflective phase-mask from first metasurface of our visor. (C) Corrective phase-

mask for second metasurface of our visor. The size of the visor is assumed to be 4 cmx4 cm.

We also evaluate the modulation transfer function (MTF) and the grid distortion cause by
the NEV to estimate the image quality. The MTF of the system along the tangential and sagittal
plane is shown in Fig. 21A., exhibiting a value greater than 0.3 at 33 cycles/mm, which is a
sufficient resolution for a human visual system and satisfying the Nyquist resolution for a 15um
pixel size. The grid distortion is less than 5.9% which is sufficient for human intelligibility (Fig.
21B.). Additionally, we simulate an image of the green crossbars (based on our operating
wavelength design) in Zemax to evaluate the see-through quality before and after using the second
phase-mask, as shown in Fig. 21C. The projected image of the crossbars is shown in the right side
of Fig. 21C, which is the image reproduced on the retina after passing through the phase-masks

and the eye model. The image distortion is clearly observed without our corrective phase-mask.
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Figure 21. (A) MTF of the NEV calculated in ZEMAX on tangential and sagittal plane. (B) Grid
distortion of the NEV corresponds to 10mm x 10mm display size. Highest calculated distortion
is 5.9% at the corners. The corresponding operation wavelength here is 540 nm. (C) Image
simulation of the green cross bars passing through NEV using Zemax. The left figure is the
original image that is seen in real world. The right figure is the simulated image as seen by the

person using NEV before and after adding corrective phase-mask.
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So far, we assumed the NEV to be made of bilayer, ideal phase masks. In practice, these
masks will be implemented using metasurfaces. The proposed stack of metasurfaces is shown in
Fig. 22A. The partially reflective metasurface is designed by placing silicon nitride nano-scatterers
on a partially reflective distributed Bragg reflector (DBR) with two layers of silicon nitride and
two layers of silicon oxide [104]. The resulting phase and amplitude of the reflected light as a
function of pillar diameter (duty cycle) are shown in Fig. 22B. Note that the amplitude of the
reflected light is ~30%, whereas the phase covers the full 0-2r range. Engineering high reflective
silicon nitride metasurfaces without DBR is not trivial (due to the low refractive index of SiN)
over the whole 0-2m phase range and using DBR layers helps us to increase this reflection
efficiency up to 30% for the first metasurface while maintaining the full 0-2n phase range. The
second metasurface will be a transmissive one, whose transmission parameters are shown in Fig.
22C. The sharp resonances observed in the phase and amplitude correspond to guided mode
resonances and are excluded when designing the final metasurface by selecting pillar diameters
off resonance. The design process involves selecting the appropriate spatial phase profile for the
specific optical component, arranging the scatterers on a subwavelength lattice, and spatially
varying their dimensions. Inset figure of Fig. 22B. and 22C. shows cylindrical post formation
including their substrates. The DBR structure in Fig. 22B. is designed for 540 nm wavelength so
their thickness is 67.5 nm for SiN and 90 nm for oxide. The metasurface periodicity p and thickness
¢t for both metasurfaces here are set to 443 nm and 700 nm respectively. The periodicity and
thickness are chosen to maximize the transmission efficiency for second metasurface while
maintaining the full 0-2n phase coverage. All the simulations that we have done so far were for
normal incident angle as shown in Fig. 22. However, based on our design schematic and display

position in Fig. 20., our reflective metasurface will experience an angle of incidence from 40° to
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50°. It is necessary for us to get the whole 0-27 phase coverage at these angles as well which is

presented in more detail in section 4.5.1 (Fig. 25).
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Figure 22. Metasurface (MS) implementation of the phase-masks: (a) schematic of the
metasurface stack; the simulate phase and amplitude response of the (B) light reflected from the

first metasurface and (C) light transmitted through the second metasurface. These plots are

calculated using rigorous coupled wave analysis.

4.3  MULTI-WAVELENGTH METASURFACE

One of the major issues facing metasurfaces is their strong chromatic aberrations. For
example, a metalens will produce a focused image at one wavelength and an unfocused image at
another [105]. A successful AR visor, however, must produce focused images at multiple

wavelengths, specifically red, green, and blue in order to display images for all perceivable colors.
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Much work has been done to produce multiwavelength achromatic metalenses (MAM) including
multiplexing different functionalities in a single metasurface [106] or dispersion engineering
[107], but until recently previous methods either have not been shown to work in the visible
spectrum or have limitations on device size and the phase shift that can be imparted. Furthermore,
such approaches have worked well for high-contrast scatterers (like silicon scatterers working in
the infrared with refractive index n~3.5), as the light remains tightly confined inside the scatterer,
and thus the coupling between different scatterers is minimized. Unfortunately, our application at
visible wavelengths precludes silicon as the material of choice, and we have to rely on silicon
nitride (n~2) and silicon dioxide (n~1.5), both of which are transparent and low index materials
relative to silicon. The method described in Ref. [108], however, showed that it is possible to
produce a metalens that operates at discrete wavelengths with large differences in the required
phase shift at each wavelength. Our metasurface design employs this same method and
demonstrates that guided mode resonances (GMR) can give rise to numerous 0-2m phase shift
cycles observed for the duty cycle range for pillars using silicon nitride.

Our metasurface visor has a target phase profile at each wavelength that is position
dependent. The pillar at any position on the visor must match the desired phases of all three
wavelengths (R (700 nm), G (540 nm), B (460nm)) at that position simultaneously. Typically, for
a monochromatic metasurface, when the phase shift of a pillar is chosen, the phase that it imparts
at other wavelengths is then determined as well. Said another way, for a given phase shift, there is
typically only one corresponding pillar size at each wavelength that imparts that phase shift.
However, by scatterer design, we can have multiple pillar sizes at each wavelength that impart the
desired phase shift. This enables us to better match phase profiles at different wavelengths as we

can keep the phase shift at one wavelength fixed while selecting a different pillar size that may
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better match the phase profile at another wavelength. This one-to-many relationship between phase
and pillar size is achieved by choosing pillar parameters such that the imparted phase shift spans
0-2m multiple times over the range of possible pillar sizes (Fig. 23.). The greater number of 0-2n
cycles at each wavelength, the better we can design a metasurface that matches the phase profiles
of all wavelengths. This approach is aided by the occurrence of GMR, which cause sudden, abrupt
phase shifts that increase the number of pillar sizes available to fulfill a target phase shitft.

Using rigorous coupled wave analysis (RCWA) [109], reflection coefficients and phases
for pillars ranging in diameter from 10 to 90 percent of the periodicity were calculated for each
wavelength. The lattice periodicity p and thickness ¢ at all wavelengths here are set to 443 nm and
1500 nm, respectively, to achieve multiple 0-2r cycles at all three wavelengths. Pillars with
reflection coefficients below 0.3 at any wavelength were removed from consideration as we want
to strike a balance between transmission and reflection to maintain a partially reflective visor. For
each discretized position in a phase mask, the remaining pillars were assigned an error weight
calculated as the square of the difference between the phase mask at that position and the pillar's
phase shift at that phase mask's wavelength. The metasurface in our proposed structure was then
designed by selecting pillars with the smallest cumulative error (€) across the three phase masks

at each position, which is given by:

E(X, Y, I') = Z \/(d)(x, Y AL) - f(T', ﬂ~i))2

Where (x,y) is the position on the phase mask, 4; is the design wavelength, r is the pillar radius,
and n is the number of wavelengths (here n = 3). The desired phase is given by ¢ and the
calculated phase shift for each pillar is given by f. The final radii distribution of our multi-

wavelength reflective metasurface visor is shown in Fig. 23A. We emphasize that, in this method,



64

we are primarily designing a metasurface that works at certain specific wavelengths, and true
broadband operation is not expected. Hence, we need to rely on a display that supports only
discrete wavelengths, such as a laser-based display [120].

We then validated our design of a reflective metasurface visor by importing the phase
profiles that is provided by our final optimized scatterer distribution into the NEV structure via ray
optic simulation which is shown in Fig.20. Table 5 provides the modulation transfer function
(MTF) for three colors at 33 cycles/mm (via Zemax). The MTFs for the multiwavelength
metasurface are comparable to that of the monochrome design, exhibiting minimal degradation in
performance. This clearly demonstrates that the multi-color metasurface does not degrade the
performance of the visor compared to monochromatic metasurface one. We also analyzed the
bandwidth of the light-source for the display, and we found that the MTF does not fall very quickly,
and at least works for over a ~20 nm bandwidth. We define the bandwidth by the range of
wavelengths over which the MTF exceeds 0.3 at 33 cycles/mm (Section 4.5.2). Hence, in some
cases, we also can use a narrowband light emitting diodes (LEDs), such as an organic LED, instead

of a laser for the display.
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Figure 23. A) Final radii distribution of our multi-wavelength reflective metasurface visor using
our optimization method. The diameters of nanopillars are changing from 46 nm to 398 nm. B)
Phase of the reflected light through a scatterer using RCWA as a function of duty cycles of
nanopillar at wavelengths of 460, 540, and 700 nm. As the pillar width changes, the corresponding
phase undergoes multiple 0-2x phase cycles. The sharp phase jumps reflect the excitation of guided

mode resonance (GMR).
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Table 5. AR visor performance in terms of MTF before and after RGB optimization

Wavelength 460 540 700
(nm)

Single

wavelength  0.61 0.49 0.53
metasurface

visor

(cycles/mm)

multi-

wavelength  0.51 0.47 0.49
metasurface

visor

(cycles/mm)

Once we finalize the multi-wavelength reflective visor design, we then optimize the design
for the second metasurface at the central wavelength. We found that while the second metasurface
is designed to negate the effect of the first metasurface, such negation happens over the full
wavelength range simulated. As can be seen in Fig. 24, the RMS wavefront error is minimal over
a broad optical bandwidth (simulated for different angles).

Additionally, we simulate an image of the white crossbars in Zemax to evaluate the see-
through quality, as shown in Fig. 24.B. The projected image of the crossbars is shown in the right
side of Fig. 24B, which is the image reproduced on the retina after passing through the metasurface
layers and the eye model. We can clearly observe that the rainbow effect caused by chromatic

aberration of these metasurfaces are negligible.



67

N

>

RMS Wavefront Error (1))
3))

—

o
3]

0.55 0.6 0.65 0.7
Wavelength(um)

(] =]
i Y
(3]
o
(3

o

Figure 24. A) RMS wavefront error in visible range calculated for the transmitted light through

the visor (light that passes through two metasurfaces) in five different incident angles. B) Image
simulation of the white cross bars passing through NEV using Zemax. The left figure is the original

image that is seen in real world. The right figure is the simulated image as seen by the person using

NEV.

Our work explored the possibility of using a metasurface to design and create a compact
near-eye visor which provides a large field of view and also reasonable see-through quality for an
immersive AR experience. The proposed metasurface visor does not suffer from chromatic
aberrations, while providing a large display field of view (>77° both horizontally and vertically),
and good (>70% transmission and no distortion) see-through quality.

The current visor includes two layers of metasurfaces which have different phase masks.

The scatterers in the metasurface near the eye (which is reflecting the virtual world to the eye) are
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designed to have 30% reflectivity and multi-chrome behavior, whereas the scatterers in the
metasurface further from the eye (which helps improve the see-through quality) are designed to
have close to 100% transmission. The main idea behind our multi-chrome behavior is that we start
with the desired phase profiles for each color, and then find the scatterer distribution that provide
the phase profiles closest to the desired one.

In this work, we focused on design and simulation of the whole AR metasurface visor due
to the complexity of design. Additionally, there are many other relevant factors for high-quality
immersive AR experience including large eye-box, high efficiency, broadband operation and
tunability (to mitigate VAC) which are not specified in our current architecture. However, we

believe that the demonstrated multi-layer metasurface visor is capable of addressing those issues.

4.4  METASURFACE-BASED AR FABRICATION

In the previous section, we proposed composite metasurface visor that can overcome the
bulkiness, FOV limitations, chromatic aberrations, and see-through quality of existing NEVs.
Using our proposed structure, we can make the eye-wear devices flat and ultra-thin and close to
eye, while maintaining a large FOV for virtual world. However, there are some challenges with
the current design, including small eye-box, scattered light from possible back reflection and large
area fabrication. The eye-box for our current visor is 2.5mmx2.5mm (denoting exit pupil diameter
without any expansion) which is lower than current waveguide-base visors [121], although there
are some solutions to increase the eye-box by multiplexing different phase-masks into one
metasurface [122]. In addition, there could be some additional noise due to the back reflected light

from second metasurface. However, our second metasurface is designed to be fully transmissive
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(>98%). To mitigate the impact of this possible < 2% back reflection from the second metasurface
in future work, we can apply an antireflection coating incorporated with our scatters or instead
employ a modified scatter design to maximize this to > 99 % transmission. A complete stray light
analysis is warranted to establish the efficacy of our method for building NEV. A full-wave stray
light analysis of the actual NEV, however, is not feasible owing to its large size. Hence, we instead
used a combination of RCWA and ray optics simulation in this paper, which together show little
effects from the stray light.

Another remaining issue is fabrication. While the fabrication of the current design is
challenging, fabrication methods already exist that show that such large-area fabrication using
Deep Ultra-Violet (DUV) Lithography is possible with high throughput. We also have simulated
the tolerance of the metasurfaces to lateral misalignment in terms of acceptable RMS wavefront
error range (Section 4.5.3). Two metasurfaces will be fabricated on opposite sides of a 500-pum-
thick quartz substrate. Silicon-nitride film will be deposited on both sides of the substrate using
plasma-enhanced chemical vapor deposition (PECVD). One of the challenging tasks will be to
align two metasurfaces during fabrication on both side of a quartz substrate. To solve this, we will
also create registration alignment marks on both side of the substrate using photolithography and
ABM aligner. The reflective metasurface (Metasurface I) pattern will be exposed via electron-
beam lithography on one side of the sample. After the lithography step, a layer of aluminum will
be evaporated onto the sample. After performing lift-off, the sample will be etched using an
inductively coupled plasma etcher, and the remaining aluminum will be removed in photoresist
developer. To protect the patterns from mechanical damage during the processing of the other side
of the sample, a thick layer of SU-8 polymer will be spin-coated over the nanoposts, yielding a

rigid planarized layer that will encapsulate and protect the nanoposts. The corrective metasurface
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(Metasurface II) will be fabricated on the other side of the substrate using the same processing

steps as used for the fabrication of metasurface 1.

4.5 MATERIAL AND METHODS

4.5.1 Angle dependency

All the RCWA simulations for the phase and amplitude calculation (in reflection and
transmission mode) were performed under normal incidence as shown in Fig.22. However, based
on our design schematic and display position in Fig. 20., our reflective metasurface will experience
an angle of incidence from 40° to 50°. It is necessary for us to get the whole 0-2n phase coverage
at these angles as well. As it is shown in Fig. 25., at these angles we still get multiple wraps of 0-
2n phase change which is ideal for our multi-wavelength design approach. Here, the operation

wavelength for angle dependency simulation is 540 nm.
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Figure 25. Angle dependency RCWA simulation from 0 to 2w for one wavelength (540 nm). Duty
cycle is defined as the ratio of the post diameter to the periodicity. Parameters of pillars are the

same for Fig.22.

4.5.2 Bandwidth Tolerance

As we mentioned previously in this chapter, we have primarily designed a metasurface that
works at certain specific wavelengths, and true broadband operation is not expected here.
However, we also analyzed the bandwidth of the light-source for the display, and we found that
the MTF does not fall very quickly, and at least works for over a ~20 nm bandwidth. We define
the bandwidth by the range of wavelengths over which the MTF exceeds 0.3 at 33 cycles/mm (Fig.

26.). Hence, we can use an LED instead of a laser for the display.
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Figure 26. The MTF of the blue, green and red color for the reflective visor at 33 cycles/mm in
tangential plane. MTFs above 0.3 at 33 cycle/mm are our evaluation point for acceptable

bandwidth.

4.5.3 Fabrication Tolerance

While the fabrication of the current design is challenging, fabrication methods already exist
that show that such large-area fabrication using DUV Lithography is possible with high
throughput. One of the challenging tasks will be to align two metasurfaces during fabrication on
both side of a quartz substrate. Here, we have simulated the tolerance of the metasurfaces to lateral
misalignment. In this test simulation, the operation wavelength is 540nm and the angle of
incidence is assumed to be normal. We are looking for changes in RMS wavefront error in see
through mode. We found out that up to 100pum misalignment, error remains below one wavelength,

which is still close to our current RMS at normal incident angle.
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Figure 27. Analysis of lateral tolerance in terms of the RMS wavefront error in the transmitted
light. Up to ~100pum misalignment, error remains below one wavelength. The operation
wavelength here is 540nm and the angle of incidence is assumed to be normal. The blue box
represents the first metasurface (Reflective phase-mask), and the green represents the second
metasurface (Corrective phase-mask). The arrow mark shows us which side of the metasurface is

up compared to our eye view.



Chapter 5. CONCLUDING REMARKS

In this dissertation, I have explained the motivation for designing metasurfaces, and
subsequently detailed what characterizes them. I have also shared the design and fabrication
processes, showing how metasurfaces can be built into optical systems for both imaging and non-
imaging applications. Based on my individual and collaborative research, I have been able to
demonstrate that metasurfaces have great potential to aid in the downscaling of optical elements,
particularly in complex optical systems. The potential for downscaling comes from metasurface
facilitation of miniaturization and multi-functionality, two characteristics that are significant on
their own, and increase in significance due to their interrelated nature. I have also discussed some
of the limitations to the metasurface optical systems, and explored some possible solutions to
address chromatic aberrations, improve efficiency, and address the occurrence of image quality
reductions.

In the body of this dissertation, I investigated how to design dielectric metasurface
subwavelength scattering elements to optimize them for a variety of functions. These designs
represent the research progress made towards developing optical senses for imaging and non-
imaging systems that are more compact. In particular, I presented designs for silicon nitride based
scattering elements for 1D and 2D EDOF metasurfaces in the visible regime for full color imaging.
I also explained how a more general methodology such using EDOF lenses in conjunction with
computational imaging can be applied to eliminate chromatic aberrations at discrete wavelengths.
Additionally, I proposed a design for a composite metasurface visors that can overcome several
challenges of near eye augmented reality visors, including reduced bulkiness, addressing FOV

limitations, reducing chromatic aberrations and improving the see-through quality.

74
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We began this dissertation by evaluating low-loss dielectric materials with a wide range of
refractive indices for designing metalenses using both forward and inverse design methodologies.
We found reasonable agreement between both methods in terms of the focusing efficiency and the
FWHM of the focal spots on the material refractive indices. We found that for low numerical
apertures (NA < 0.6), the efficiency of the metalenses is almost independent of the refractive
index. For higher numerical apertures, however, high-index materials provide higher efficiency.
The relationship between refractive index and metalens performance is significant in choosing
appropriate material, based on considerations like ease and scalability of manufacturing, or better
tunability.

After exploring the limitations of metasurface lenses in terms of material of choices
available, we then shifted towards detailing some of our own contributions in the area of full-color
imaging with metasurfaces. We demonstrated inverse designed EDOF cylindrical metalenses for
the first-time, for various applications in computational imaging and microscopy. We showed that
EDOF lenses can alleviate the need for stringent alignment requirements for imaging systems. We
then summarized our work on developing a 2D EDOF metalens using inverse design method 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
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range. We emphasize that this is the largest aperture (I mm) meta-optics ever reported for
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 metalens
can be designed, which can potentially preclude the use of computational postprocessing. In this
work, we also emphasized 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 signal-to-noise
ratio, and faster shutter speed, which are crucial for practical applications. We envision that the
image quality can be further improved by co-designing the meta-optics and computational back
end, as has already been reported to provide very high-quality imaging.

Finally, in the previous chapter, we detailed our work on using metasurfaces for a more
complex optical system such as Augmented and Virtual Reality visor. we proposed composite
metasurface visor that can overcome the bulkiness, FOV limitations, chromatic aberrations, and
see-through quality of existing NEVs. Using our proposed structure, we can make the eye-wear

devices flat and ultra-thin and close to eye, while maintaining a large FOV for virtual world.
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