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Electrical and Computer Engineering

Miniaturization of optical components, namely, lenses for high-quality cameras are ubiqituous in
today’s world. The phone cameras which we carry around in our pocket consist of a series of
lenses that are governed by the same principles of optics that were known centuries ago. The
capability to shrink optical components for integration in larger, complex assemblies is of great
importance for size, weight and power (SWaP)-constrained applications. The oldest category of
optical lenses, refractive lenses, can be limiting in modern technology due to their volume. On
the other hand, diffractive optics have found great success particularly with added control and
tunability for light propagation. The micro- or nanostructure array that comprise a recently
established type of diffractive optical element are known as meta-optics. In particular, for
applications where reduced bulk is important, metasurfaces are a promising solution given their

ultrathin form-factor and fabrication process flows which may be compatible with semiconductor



foundry techniques. The individual meta-atoms that comprise a metasurface have sub-
wavelength periodicity. Through designing the optical response of each meta-atom unit, a
metasurface can be designed with a specific phase, amplitude, and polarization which is not
constrained by the aperture size. For the infrared wavelength bands, SWaP considerations
become more stringent as the optics scale with the wavelength.! In this dissertation, we examine
the effects of broadband imaging in a computational imaging system across the MWIR band and
show the performance by a single-wavelength hyperboloid metalens. We also demonstrate the
fabrication capabilities of centimeter-scale meta-optics with metasurfaces designed with unique
approaches including synthetic apertures and Fresnel zone phases. The effect of
photolithography fabrication for polarization-dependent meta-optics is also demonstrated
towards the end of depth estimation imaging. These applications present the unique potential of
metasurfaces to replace traditional lens counterparts in applications focused in the infrared

bandwidths including imaging, sensing, and spectroscopy.
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Chapter 1. Introduction

1.1 Motivation

The study of optics is split into fields of successive rings by operating assumptions that generally
trend with the size of the optical component. Geometrical optics follows principles of ray-tracing
and Snell’s law of reflection and refraction.? An example of refractive optics is a plano-convex
lens. The lens perimeter is defined by a radius of curvature and incident light passes through the

optical lens in straight lines (rays) determined by the relative effective indices of the system.

The material library, manufacture and production, and implementation of refractive optics is an
ubiquitous area for technology. In the 18" century, Augustin-Jean Fresnel invented the Fresnel
lens. This ultra-large refractive optic was put into lighthouses to guide ships at far distances and
his invention was enabled by modifying the radius of curvature into discrete zones. Through a
concentric lens profile with curved grooves that refract light in combination, Frensel removed
bulk material from the lens alleviating the physical weight required for optics on the order of

meters in size.

When an optical component is very small, or the wavelength of operation is comparable to the
aperture size, scalar refractive theory becomes insufficient. As early as the 1600’s Francesco
Grimaldi described the principle of diffraction to be any deviation from the rectilinear
propagation of light rays. In contrast to geometrical rays, diffraction models light as a complex
wave where each point on the wavefront is treated as an origin for secondary waves. The
Huygen-Fresnel theory demonstrates how a propagating wave shows similar characteristics to
interference, particularly when apertures are small or boundaries are sharp and diffraction
becomes apparent. In this dissertation, the devices considered are diffractive optics which are

comprised with sub-wavelength-spaced elements known as meta-atoms or scatterers.
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1.2 Meta-Optics

What happens when periodic structures are placed in distances on the order of wavelength of
light? For a normally incident plane wave, diffraction theory predicts that all light is propagated
to the 0" mode. In reality, a perfectly normal wave is impossible to achieve, but such structures
end up being highly efficient. Meta-optics are a type of diffractive optic where the structural
periodicity is smaller than the operating wavelength.? The structures, known as meta-atoms,
function as the discrete zones to modulate light. By changing the individual meta-atom geometry,
the effective index can be engineered to control the phase delay. The global arrangement of the
metasurface causes a global transformation that can be engineered in amplitude, phase, and

polarization.

In refractive optics, phase is based solely on material index and the radius of curvature. The
optics are bulky and can be difficult to manufacture, particularly with curved grooves like in
blazed and surface-relief gratings. However, refractive lenses can be completely aberration-free.
Diffraction has a theoretical resolution limit that is always limited by aberrations and extent of
phase diversity expressed through group delay and group delay dispersion.* There is a level of
engineered control available to metasurfaces, however, that is amenable for optical design.
Methods of metasurface design allow for solutions in dispersion and phase engineering, and
computational imaging techniques. In particular, PSF enginering, multifunctional encoders, and
passive polarization control to name a few.”’ Aberration-free refractive optics can stack into
achromats with high visual acuity, yet are constrained by physical limitations in speed and

volume of the refractive media.?’
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1.3 Thesis Outline

In my time in Arka’s group, I’ve had the privilege to work on many different projects related to
meta-optics and other photonic devices. In particular, I focused the bulk of my work for devices
designed in the MWIR and LWIR bandwidths. Following the meta-optics research community
across the past 5 years or so, the majority of the work has been applied to the visible range.
However, there is an increasing interest to investigate ultra-thin optics for free-space optical
communication (MWIR) and long-range chemical sensing (LWIR). I believe one of my main
contributions to the meta-optics community is a detailed investigation in the design process for
the IR bandwidths, as the established research methods were first developed for visible
applications. I hope that this dissertation may be useful for those who are entering the maturing
field of meta-optics towards the advancement of higher efficiency and robust metasurface
systems. The structure of my dissertation is as follows. In Chapter 1, I present an introduction to
meta-optics as a category of diffractive optics. In Chapter 2, I provide a general overview to
metasurfaces specifically designed for infrared bandwidths before moving onto specific
applications. In Chapter 3, I provide a detailed comparison for an inverse-designed meta-optic
against a hyperboloid lens to understand the imaging performance achievable in the MWIR for
broadband imaging. In Chapters 4 and 5, | showcase two interesting applications that capitalize
on the design tunability of the metasurface phase profile. In particular, I focus on the meta-optic
fabrication and characterization from the techniques outlined in the Introduction, discussing the
unique fabrication challenges that exist for polarization sensitive optics in the infrared
bandwidths. Finally, in Chapter 6, I close with a summary and concluding remarks on possible

directions for thermal metasurfaces in the future.
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Chapter 2. Metasurface Background

2.1 MWIR and LWIR Metasurfaces

For over the past fifteen years or so, meta-optics have been researched under the scope of
transmitarrays, flat lenses, and diffractive optics.!%'?> Community understanding of light
propagation with optical components on the length scale near the order of design wavelength
showed how abrupt phase discontinuities, from meta-atom to meta-atom, can be described
through the derivative of phase along the optical path.!® Because of the periodic structure from

an array of meta-atom scatterers, there is a constant phase gradient that can still be approximated

Ao d

®
= - However, because

through Snell’s generalized law of refraction, sin(6;) n; — sin(8;) n; = P

the phase gradient brought on by the meta-atom array is not continuous, the discrete periodicity
can be engineered through adjusting the scatterer geometry, thus changing the phase
discontinuity brought about by the boundary of each meta-atom in full 0 — 2 phase shift of an
incident wavefront through anomalous refraction that gives rise to a spatially varying wavefront,
or diffraction orders. For meta-optics in particular, these optics are defined when the periodicity
of meta-atoms is smaller than the operating wavelength. While metasurfaces were first
investigated with radio-wave frequencies, meta-optics that perform operations of lensing and
focusing light quickly followed in the visible wavelength range.'*!> Correspondingly, because of
the considerable size and weight reduction in a single metalens, the community investigated how
to design meta-optics for full-color imaging across the entire visible bandwidth. Colburn et al.
demonstrated one of the first full-color imaging techniques with a single meta-optic, by adjusting
the phase profile to have an elongated focal line, as opposed to a single focal spot along the
optical axis.!® This approach is paired with inverse-design, where the desired metalens is
optimized through computational algorithms by a figure of merit at the outset, and the designer

iterately compares the metalens performance of the optimized result.!’"!° The inverse-design
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technique was expanded to include an end-to-end approach to further increase the quality of
metasurface imaging, where the image produced by a metasurface acts as an intermediary for an
enhanced, reconstructed final image through a co-optimized metasurface and computational
backend optical system.?’?2 While community research has been primarily in the visible band,
there is great interest in thermal imaging in the MWIR and LWIR atmospheric windows,
particularly in applications of night vision, remote sensing, and atmospheric long-range

imaging.>*2*

Wavenumber

33cm™?! 33 cm™! 3.3x102cm™! 33x10° cm™! 3.3x10%cm™!
Wavelength
3 mm 0.3 mm 30 um 3 um 0.3 um

1000

~~~~~~ 10 dB/km Threshold
THz Window
LWIR Window
MWIR Window

100 SWIR Windows

B0 R | B 1 e e

Attenuation (dB/km)

0.1 —
100 GHz 10 THz

Frequency

100 THz

Figure 2.1 Transmission windows in the infrared wavelength regions. MWIR and LWIR are
known as atmospheric windows.?

In some sense, the operating bandwidth guides metasurface design. Recent demonstrations in
meta-optics show diffraction-limited single wavelength lenses, polychromatic lenses with
extended depth of focus, and broadband lenses across the visible band jointly designed with
computational enhancement. In the infrared region, there are three bands of interest: short-wave
infrared (SWIR), mid-wave infrared (MWIR), and long-wave infrared (LWIR). In the MWIR
and LWIR ranges specifically, application interests include night vision, remote sensing, and

long-range and multi-modal imaging.’*® One reason for the interest in these bandwidths is

18



because they are known as atmospheric windows, where the light transmission is very high and

thus signals can be propagated with high efficiency.?*

2.2 Design and Simulation

Towards the challenge of broadband imaging in thermal wavelengths, an optics designer must
consider the nuances across wavelength bands and where the material, resolution, and size
constraints can have the largest impact. The MWIR sits between the visible, with ubigitous
resolution and application interest, and the LWIR where pixel sizes and resolution targets are
even larger.>!? Limits between bandwidth and resolution have been established in the
literature.?!**>** For instance, a large, 1 cm apertue has been summarily investigated by our
group’s previous work in the visible, where a trade-oft between numerical aperture and
resolution was be investigated through inverse-design methods.?! In the topic space of full-color
imaging (visible) or analogous broadband imaging (infrared), there are two main solution
methods that are routinely adopted in the meta-optics community. The first approach looks to
engineer and modify the meta-atom geometry in both position and orientation through an
approach known as dispersion engineering that focuses on tuning the group delay parameter.
Developed by the Faraon group at Caltech, this method showed how the focusing operations of
metasurfaces that are dispersion engineered with specific group delay parameters can yield

different values of chromaticity beyond the traditional 1/F limit as described in their text.?

The second approach, pioneered by the Majumdar group at the University of Washington for
imaging meta-optics uses an approach that seeks to modify the optical response of the
metasurface into a computationally interpretable intermediary that is co-optimized with a

software backend for image post-processing across a wide field of input parameters, namely
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wavelengths for broadband imaging.?® First demonstrated by Colburn et al. investigated a PSF-
engineering approach with an extended depth of focus (EDOF) lens, an insight to the inverse-
design method shows that the PSF that is slowly varying across the bandwidth of interest tends to
perform best with the subsequent learned reconstruction.® This type of approach with gradient-
descent optimization or adjoint method schemes have been widely used in the meta-optics
community for achromatic metasurfaces in the visible. Additionally, Huang et al. showcased a
MTF-engineered approach that selected the Strehl ratio parameter as a figure of merit for the
optimization process of a broadband metasurface across the LWIR band.?! In this study, the
MTF-engineered (inverse design) metasurface achieved a higher theoretical Strehl ratio over a
hyperboloid counterpart with equal NA, a lens profile that is known to be the diffraction-limited
solution for forward design diffractive optical elements. In experiment, the comparison of
wavelength-averaged Strehl ratio across a considered bandwidth correlated with the broadband
imaging performance quantified by experimental MTF contrast. This approach used a custom,
Python-based module for the RCWA and optimization method powered by a deep neural network

to efficiently model effective aperture sizes in the millimeter and centimeter scale.

What is the best method for designing broadband imaging optics? Another statement can be
worded as, is there an efficient method towards designing a broadband imaging system that
involves a forward design solution? One potential disadvantage towards inverse design methods
is that the optimized solution is a blackbox insofar as the physical reasoning towards the
converged result is not known or guaranteed. On the flip side, optical designers prior to Al-
integrated design relied on heuristic, numerical, or analytic solutions developed from intuition or
the assumptions in the limits of optics and physical theory. The project that follows considers the

application of broadband imaging in the MWIR (3 — 5 pm), directly compares the inverse and
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forward design solutions with matched NA through established optimization schemes previously
reported in the literature, and presents a new approach for broadband imaging with a paired
software reconstrution model that relies on minimal training data. A signature feature of meta-
optics is chromatic aberration that arises from phase wrapping discontinuities. Because of the 1/A
dependence with focus for a traditional meta-optic, in some ways one process that an inverse-
design method seeks to address is an effective way to redistribute spatial frequency content
across a wavelength region. Through MTF-engineering, this can be clearly seen as the number of
discrete wavelengths for optimization are increased. An analysis of an optimized phase profile
shows the relationship between amplitude intensity at the focal plane and bandwidth. For an
ideal broadband optic, the focal intensity across the bandwidth of interest shows a step function
response with high, constant amplitude. In our study, we directly compare this relationship
between a forward design (hyperboloid) and inverse design (MTF-engineered), in the future
referred as “forward design” and “inverse design”. The key figure of merit for comparison is the

volumetric MTF, that is the integrated MTF area calculated across a wavelength bandwidth.

In either case, a few parameters need to be selected from the outset for the meta-optic design
including the focal length, diameter, and operating wavelength. The hyperboloid metalens is an
example of the global phase profile which determines the shape of the modulated wavefront and

thus the focusing by the equation,

o= (ST )

Where A is the operating wavelength and f is the focal length. Forward design also includes

other types of phase mask profiles including cubic, aspheric, or quadratic functions.

21



By engineering the individual meta-atoms themselves with a specific phase, amplitude or
polarization delay, a metalens can be designed directly by its phase mask. This simulation is
typically run with an rigorous coupled wave analysis (RCWA) method or with the gold standard
finite-difference time domain method. In our group, we typically use the S4 Python package for

RCWA and Lumerical FDTD or Tidy3D.

Additionally, there are other methods to optimize the metasurface phase profile such as with
Zemax. There are several application examples now for metasurfaces and other diffractive optics
that are available directly on the Ansys website. A metasurface in Zemax is modelled by a Binary
2 surface which represents the phase change of incident light across the lens surface. This phase

change follows the formula,

N
o= MZAipZi
i=1

Where A; are the even phase coefficients and p is the coordinate position term.>’

First, an phase mask from Zemax can be optimized based on the formula above based on a figure

of merit such as the RMS spot radius.
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Figure 2.2 Zemax-optimized phase mask of a metalens. Shown is a quarter slice of the phase
profile for a 12 mm diameter lens. Due to circular symmetry, the profile can be repeated to
model the complete aperture.

To comprise the metasurface, a set of scatterers is determined with rigorous coupled wave
analysis (RCWA) that consdiers a device stack of all-Silicon square pillars with a 2.5 pm

periodicity, 6.6 um height at a 10 um operating wavelength. The transmission response of the

scatterers is also shown in blue.

660nm min, 10um wavelength, 6.6um tall
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Figure 2.3 Transmission and phase response of scatterers designed for the LWIR at A = 10.0 um
with a constant 2.5 pm periodicity and 6.6 um pillar height.
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From the calculated transmission response, a set of discrete scatterers are determined to
streamline the fabrication process. The minimum feature size in the design is 660 nm, and the

scatterers are selected to achieve a full 0-2x phase shift.

Typically, to evaluate inverse-designed or optimized metalens profiles, a hyperboloid metalens is
designed to match the wavelength, focal length, and NA of the optimized meta-optic. From the
generated phase masks, these profiles are converted into arrays of subwavelength scatterers to
generate GDS files for fabrication. The GDS files are generated by the GDSII Tool Kit (Gdstk), a
Python-based module. Then, the metasurface patterns are fabricated with direct laser writing as

discussed in the next section.

2.3 Fabrication

There are two main methods for metasurface fabrication at the Washington Nanofabrication
Facility (WNF). The first method is with electron-beam lithography (EBL) which offers the
highest resolution quality. While it is expensive and it demands a slow writing speed, the
exposure quality can achieve down to 10’s of nm resolution. One detail to keep in note, however,
is that this effectively limits the maximum aperture size that is feasible to write in a shared user
facility. The maximum write area for our metasurfaces is typically around 1 —2 ¢cm?. In order to
fabricate larger apertures, laser-based photolithography is used at the expense of a maximum
resolution quality in the several hundreds of nanometers. Our method for fabricating MWIR and
LWIR metasurfaces is through direct laser writing. In this introduction example, the smallest
spacing between pillars is 520 nm, with an aspect ratio of 1:10 (6.6 um height and 660 nm
minimum feature size). The design wavelength is 10 pm and the unit cell periodicity is 2.5 pm.

The square pillar features range between 660 nm to 2 um in width.
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Figure 2.4 Camera image of two fabricated metalenses. The lens diameters are 12 mm and 32
mm.

There are also other methods to fabricate metasurfaces. For instance, our group has collaborated
in the past with UCSB to fabricate centimeter-scale metasurfaces with their deep ultraviolet
stepper (DUV) lithography equipment.*® Furthermore, novel methods such as nanoimprint
lithography (NIL) and two-photon polymerization has been investigated in our group to fabricate
three-dimensional device volumes. These methods are based with UV illumination, which of
course sets a large constraint in the resolution limits.

2.1.3 Metasurface Fabrication with Direct Laser Writing
As previously mentioned, the meta-optics designed for MWIR and LWIR applications are
fabricated in house with direct laser writing. The WNF currently owns two tools for this, the
Heidelberg DWL 66+ and the Heidelberg ML A which they just recently purchased. Most of the
process development our group has achieved is with the DWL 66+, however myself and a couple
of other students have looked into the MLA which is intended to have a slightly faster write time

and lowered resolution quality. Unless otherwise stated, I will be referring to the process
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parameters with the DWL 66+ tool, however the processes are very similar between tools. There
are a few main parameters to consider when developing or optimizing a new photolithography
process. The first is the minimum feature size which is the smallest gap (or pillar) for the design.
When smallest feature size that we have been able to reliably pattern is 500 nm (this is closer to
650 nm on the MLA) with a 500 nm spacing for meta-atom pillars. Although it increases the
write time, the HiRes (2 mm) write mode is used for this operation. When the smallest feature
size is 1000 nm or greater, the 4 mm write mode can be used. For a typical MWIR lens, I found
that a 1 cm meta-optic write took about 40 minutes — 1 hour to complete, not including the file
conversion time. As myself and previous group members have found, spending a few extra
moments in the GDS preparation can expedite the Heidelberg tool time, either by inverting GDS
patterns beforehand based on photoresist tone, combined lens layouts in a single GDS file, or

organizing a GDS file into separate layers such as for metasurface and aperture patterns.

In general, the standard AZ1512 photoresist recipes made available by WNF staff worked well
for the 4 mm exposures, and the AZ 1505 recipes worked well for the HiRes exposures. More
recently, I have developed new process recipes with the AZ 701 (11 cps) photoresist for the
HiRes write mode, since this is made available with the RiteTrack equipment and allows for
higher wafer-to-wafer consistency. I recommend periodically measuring the deposited
photoresist thickness from time to time and always running a test wafer before an actual design

write.

On the tool itself, there are exposure parameters that can be user-calibrated for the individual
process run. While the WNF staff also routinely determine optimal exposure parameters, [’ve
found that there is an inconsistency when choosing to use these values directly which I believe is

a result from inevitable process drift (either from previous user writes or tool instability) and
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differences which arise due to pushing the tool’s resolution limits (300~500 nm). The four values
to calibrate include the laser power, transmission, intensity, and focus offset. With an exposure
test pattern that covers the scatterer sizes that match the metasurface design, we perform an
intensity/focus matrix exposure test which sweeps any or all of these parameters. In general, the
laser power and transmission remain relatively consistent and are determined by the type and
thickness of the photoresist. The intensity and focus settings can be swept across the full range of
values to create a 2D matrix. After inspection of the developed features, we expect to see a
parameter set that most closely matches the GDS, where increasing or decreasing these values
worsens the exposure quality. There is one other parameter that can be selected during the GDS
conversion step which is a critical dimension (CD) bias. As a heuristic, we have applied a -100

CD bias to the HiRes writes.

Focus -45 Focus -30 Focus -15 Focus 0

Intensity 80%

Intensity 90%

Intensity 100%

Figure 2.5 An example of a intensity/focus matrix exposure test. When the focus offset is
misaligned, we sometimes see a striping artifact which occurs when the laser is shifted to the
next write position. Here the optimal parameters are determined to be a focus offset of -30 and
100% intensity.
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With the AZ photoresist series, the subsequent development is straightforward with commercial
developers available at the wet benches (AZ 726 MiF / AD-10). The provided WNF recipes work

well for the all-Silicon metasurfaces.

There are two etching options that are available post development. The first method is deep
reactive ion etching (DRIE) which uses a technique known as the Bosch process that achieves
very deep aspect ratio trenches. With this process, we can use the patterned photoresist layer
directly as the etch mask and transfer the pattern directly into the bulk silicon. The other method
uses inductively-coupled plasma with Fluorine gas chemistry (ICP-F). The available selectivity
is much worse with ICP-F which leads us to additionally fabricate a hardmask from evaporated

alumina to achieve etch depths of several microns.

2.4 Experimental Characterization

One of the key characterization parameters for imaging-based metasurfaces is the point spread
function (PSF). The PSF quantifies how well the lens focuses incident light back into a point
source. For an ideal, diffraction-limited lens without aberrations, the lens produces an identical
point source. Another key parameters is the modulation transfer function (MTF). The MTF
describes how well a lens resolves contrast from an object, typically with a resolution target of
alternating bright and dark lines. For an ideal, diffraction-limited lens without aberrations, the
lens resolves details as small as the cut-off frequency, which for the MWIR range is around 250
Ip/mm.'® While refractive optics exhibit low to zero aberrations, meta-optics pose possible
advantages owing to their size and high phase tunability, particularly in SWaP-constrained

applications.
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Figure 2.6 PSF Experimental Characterization Set-up (top) and schematic of the full layout
(bottom).

Sensor

An experimental PSF characterization is shown in Figure 2.6. A tunable QCL laser is aligned to a
30 pwm pinhole to illuminate a Si metasurface with a point source intensity. The response is
transferred through a relay optics system and is re-imaged onto the LWIR camera sensor. The
purpose of the relay optics is to extend the imaging distance to reach the sensor plane as the
physical camera housing is longer in distance the metasurface focal length. A set of 8 ND filters

are used to control the QCL laser power.
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In our group, the MWIR experiments are imaged with a FLIR MWIR A6751 camera with 15 um
pixel pitch and 512x640 resolution. The QCL laser is a Daylight Solutions MiRcat tunable across

the full MWIR range.

In the LWIR, we typically use a FLIR Boson camera for measurements, however we do not own
a tunable laser source in this range. These measurements were completed when I visited at the
AFRL, where I had the opportunity to run a few individual experiments with the courtesy of their

LWIR equipment.

HP Target MO Relay Optics Sensor

Figure 2.7 Target set-up for a broadband imaging measurement (left). Schematic of the full
measurement set-up. Relay optics are used to extend the imaging distance from the meta-optic to
camera Sensor.

To provide a patterned contrast for broadband imaging, our group typically uses a hot-plate with
laser cut aluminum stencils. For specific MTF characterization, standard resolution test charts,
such as the USAF 1951 resolution target or the Siemens star target can be used to generate the

experimental MTF curve.

30



Chapter 3. Broadband Imaging

3.1 Introduction

Devices that perform remote sensing and high resolution imaging are persistent across domains
of agriculture, defense/military, and consumer electronics. Practical devices must consider size,
weight, and power (SWaP) with advancing application demands of which maintain or enhance
imaging quality in smaller and smaller form-factors. It follows that optical components with thin,
lightweight, and straightforward fabrication are considered for device with near-term and
scalable platform integration. Optical metasurfaces directly address such physical demands in
systems where traditional bulky optics are infeasible. Although, metasurface imaging quality
does not exceed refractive optics due to aberrations. In specific use cases, metasurfaces
nonetheless show commensurate ability when designed for simultaneous and multimodal
operation; particularly when a single operation, say lensing, is not the sole requirement in an
optical system.?*** While conventional, off-the-shelf optics are combined to achieve integrated
tasks like parfocal zoom and achromatic imaging, these assembles are often not practical for “in-
the-wild” applications. Metasurfaces, on the other hand, may be intentionally engineered with all
degrees of freedom of light (intensity, phase, polarization) by design. The subsequent optical
systems are much smaller and lighter because of the fundamental difference in the way
metasurfaces work from refractive lenses. In the present literature, metasurfaces operating in the
infrared are hindered by the environmental noise, material availability, and size of sensor
pixels.*’ In particular, with longer wavelengths, the requirements for pixel and therefore sensor
size are larger. Determining efficient ways to miniaturize the optical component in integrated

systems is one potential benefit for metasurfaces.
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Full-color imaging is an application space that is of sustaining interest for display, vision and
integrated electronics. In a simplified view, full-color imaging cameras use a focusing lens to
take a passive scene (trees, sky, grass) and record the spectral intensities incident onto a detector
plane and converts the photon intensity to an electronic signal that is interpreted by a
combination of red, green, and blue signal values. Full-color imaging can therefore be achieved
with a simultaneous read-out of three color channels combined with a sufficient level of
resolution to represent the real-world scenes that we have come to expect for commercial
displays and recorded images. With the extension to the thermal and infrared bandwidths, the
concept of full-color imaging is described as broadband imaging, where the wavelength range in
the visible (400 — 700 nm) is equivalent to common bandwidths of interest in the IR. For the
mid-wave infrared (MWIR), the wavelength range is 3 — 5 um, and for the long-wave infrared
(LWIR), the wavelength range is 8 — 12 um. Here, camera detectors in the infrared are
monochromatic, where a single intensity channel records spectral intensity often across the
complete MWIR or LWIR band. These detectors, such as cooled microbolometers or SLS focal
plane arrays, often possess a lower resolution quality owing to the larger pixel size and quantum

efficiency values that scale with the wavelength and detector material, respectively.

3.2 Design

3.1.2  MTF-Engineered Metalenses

The inverse-designed end-to-end optimization approach for MWIR broadband imaging consists
of a single-layer meta-optic with an aspheric phase initial condition and a computational
backend. While our group led this study, the optimization approach was done by our
collaborators at UNC. I would like to thank Debrabrata Mandal and Zihao Zou for their help

with the computational algorithm and MTF-engineered lens profiles, respectively. I also want to
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thank their advisor, Praneeth Chakravarthula for his support with this project. In general, such
optimization methods use a gradient descent approach and requires requires that the geometric
parameters of the meta-optic to be designed in such a way so that it is differentiable.?%4!:42
Therefore, our group developed a proxy model for the metasurface that is used to generate
imaging parameters and quantify the optimization result. First, a central wavelength is chosen at
4.5 um and an inverse, structure-to-phase mapping simulates the phases from a discrete set of
meta-atoms of varying widths. The widths are normalized over the periodicity of the metasurface

into a “duty-cycle”. Then, a forward, phase-to-structure mapping calculates from each duty-cycle

value the corresponding phase at a series of wavelengths between the MWIR band.
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Figure 3.1 Schematic of the proxy model generation to model the metasurface for optimization.

This effectively creates an 1D polynomial for structure-to-phase and a 2D polynomial for phase-
to-structure mapping, that can be used for subsequent simulations of PSFs and images. This
method is required because the duty-cycles which are adjusted with each optimization iteration

must be differentiable, and this approach enables the scatterers to be designed with a polynomial
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proxy. The RCWA simulations to generate the proxy polynomial functions were truncated to the
9" harmonic orders and the broadband design considers a full MWIR bandwidth, 1.2 cm

diameter aperture, and 2.5 cm focal length meta-optic.
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Figure 3.2 RCWA phase simulation with increasing harmonic orders (left). The proxy model
considers up to 9 Fourier orders where no new resonances appear in the phase. Simulated phase
mask of the MTF-engineered broadband metalens (right).

While employing a very similar approach to the past work done in the visible, we discovered that
the optimization did not improve over the initial condition with this direct wavelength scaling
approach.?! While increasing the number of discrete wavelengths to achieve a broadband
focusing phase profile, we noticed a trade-off between the bandwidth and focal intensity.
However, even approaching 100 wavelengths for optimization, a fraction of the total
wavelengths optimized over in the visible case, the simulated focal intensity drops below the
initial condition. From this result, we expect that the metasurface would function worse than the
unoptimized lens, because the loss function is typically specified in terms of maximizing the

center focal intensity.
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Figure 3.3 Comparison of the unoptimized initial focal intensity and optimized case over 100
discrete wavelengths. The initial, unoptimized focal intensity (top) results compared to the
optimized cases (bottom). The trade-off between focal intensity and bandwidth causes the focal
intensity of the optimized case to decrease below the focal intensity of the original phase profile,
therefore it is hypothesized that the optimization does not improve over the initial condition.

3.2.2 Fractional Bandwidth

One hypothesis our group considers is that the MWIR band has a much larger relative fractional
bandwidth to work over than the visible band. Though the fractional bandwidth is the same in
both cases, because the visible color sensors include a tri-color filter, the sensor effectively filters
out only three colors and our eye perceives the color discrimination of various red, green, and
blue intensities. This allows the visible metalens to operative with a smaller fractional bandwidth
between three colors in a total band between 400 — 700 nm. The fractional bandwidth is the
bandwidth range over the central wavelength, is equal, but the effect from the color filter can be

considered to produced a relative fractional bandwidth between the color filter wavelengths. On
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the other hand, the thermal band is invisible to our eye, and the sensors are monochromatic. In
this case, the image quality appears completely to our eye as brightness, and in comparison to the
visible, there is a larger relative fractional bandwidth to capture all colors to pick up this
brightness non-discriminately. Ultimately, the trade-oft between reduced bandwidth and color
filters at the present is ambiguous. In comparison to the visible case which accounts for the
presence of color filters incorporated with a camera sensor, we find that in the MWIR, the large
fractional bandwidth does not outcompete a simple hyperboloid metalens when comparing their

MTF directly.

Visible color sensors Thermal intensity sensors

J

Sensor Array

Tri-color filter (RGB) Monochromatic sensor
Image quality appears as

Through filter, sensor picks up bright
rightness

3 colors and our eye does
color discrimination

Figure 3.4 Comparison of sensors between the visible and thermal wavelength regions. The color
sensors are typically paired with a tri-color filter, thus creating a relative fractional bandwidth of
red, green, and blue compared to the equally scaled fractional bandwidth between the visible and
thermal. Thermal sensors are monochromatic, and thus all image quality and aberrations appear
to the eye as brightness.*>**

The fractional bandwidth calculation includes an evaluation of imaging performance based on the
simulated MTF area as function of spectral bandwidth. For a select number of bandwidths up to

the full MWIR range, the wavelength range is centered around 4.5 pm and sampled every 10 nm.
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The fractional bandwidth considers the span of the wavelength range divided by the center

frequency, and the monochromatic case is considered to be a bandwidth of 0.

MTF Area
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Figure 3.5 Comparison of simulated MTF performance of forward and inverse meta-optic
designs.

To calculate the PSF, the angular spectrum method is used and the broadband PSF is obtained by
integrating the non-normalized PSFs over the wavelengths across given bandwidth.**> The MTF is
computed from the FFT of the PSF. Next, to find the MTF area, the MTF values are integrated
between spatial frequency values between 0 to 100 cycles/mm across increasing bandwidths in the
10 nm intervals. Integration is performed using the numpy trapz function.** The MTF area is
normalized by the hyperboloid reference at zero bandwidth (monochromatic). This approach is
done for the hyperboloid phase profile and the four MTF-engineered phase profiles. A direct
comparison is considered to find the difference between the MTF area between the MTF-
engineered and hyperboloid at those specific bandwidth ranges.
3.3.2 MWIR Broadband Imaging
In contrast to the previous work our group has shown in the visible and LWIR, the broadband

imaging method followed in this project used a single-wavelenth hyperboloid metalens to
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demonstrate broadband imaging. The optical frontend is replaced with a forward-designed
diffraction-limited phase profile paired with a computational backend that particularly focuses on
intensity restoration for an enhanced monochromatic image. While we predicted the best optical
performance with a hyperboloid phase profile, the overall image quality remains poor for raw
image captures and does necessitate computational reconstruction. This computational
reconstruction method is created by our collaborators at UNC with the experimental data we
collected to train the model. The model results do show improvement over the original images
captured solely with the meta-optic and sensor. Our design therefore changed from an optimized
broadband phase profile with inverse-design, to a high-quality single wavelength hyperboloid
phase profile that is in principle diffraction-limited. With the addition of a filter at the design
wavelength of the meta-optic, the captured images act as an intermediary that are enhanced with

a resotration algorithm.*®
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Figure 3.6 Overview of the proposed broadband MWIR imaging system with an all-Silicon
hyperboloid metalens. (a) Schematic description of the broadband imaging pipeline. A hot-plate
heated between 100 — 200°C produces the MWIR signal and the images captured by a fabricated

hyperboloid metalens is recorded by a monochromatic MWIR camera. (b) Comparison of the
bulk reduction from the Silicon-based metalens over a commercial off the shelf (COTS) Ge
refractive lens.*’ Side-perspective image of the ultra-thin form factor with all-Silicon fabricated
metalens. (c) SEM of the fabricated all-Si meta-atoms. (d) Schematic of a meta-atom pillar. The
height is 4 pm and the periodicity is 2 pum.

An important detail from this work is the low amount of training data used in the image
reconstruction process. One of the bottlenecks in neural network training stems from the large
amount of data typically required for training and validation, which can be both tricky from a
collection and curation standpoint. Surprisingly, the restoration model, developed by our
collaborators known as the UnSCAR model, consisted of a fewer than five image prior to train
and reconstruct the final image set.*® Importantly, we see in experimental characterization that

restoration of fine details from target objects, which also suggests that a single-wavelength
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metalens under MWIR operating conditions is sufficient to capture broadband intensity

compared to an inverse-design lens specifically designed for broadband operation.

3.3 Fabrication and Characterization

We fabricate a 20 mm aperture hyperboloid metalens with a nominal focal length of 20 mm (F/#
1) with a central focusing wavelength of 4.5 um. A 300 pm thick double-sided polished Silicon
wafer was coated with a layer of HMDS to promote resist adhesion. A layer of positive resist
(AZ 1505) was deposited (4k rpm, ~500 nm thickness), followed by a 60 s soft-bake at 100°C on
a hot plate. The resist layer was then patterned with direct-write lithography (Heidelberg
DWL66+), followed by a post-exposure bake for 60 s at 100°C on a hot plate. The resist was
developed in a commercial developer solution (AZ 726) for 60 s. Subsequently, the resist pattern
was transferred into the bulk Silicon with deep reactive-ion etching (SPTS DRIE) to a target
depth of 3 um to form the Silicon nanopillars. The residual photoresist was stripped using

oxygen plasma.

Raw image measurements are captured with a commercial FLIR sensor (A6751 InSb) and a
restoration algorithm is used for image post-processing. The set of image captures is formed by
matte-black alumium targets to pattern contrast and the image intensity is recorded on the camera

SENsor.
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Figure 3.7 Imaging Results and Characterization. (a) Broadband MWIR images with all-Silicon
hyperboloid metalens using a monochromatic detector (FLIR A6751). (b-d) Restored images
following computational reconstruction. (¢) Ground truth target images for comparison.

Figure 3.7 (a) shows a column of raw intensity images produced by the meta-optic and captured
on a commercial FLIR sensor (A6781). The chromatic blur introduced by the broadband meta-
optic from phase wrapping conditions worsen image quality through boundary degradation and
loss of high spatial frequency content. Figure 3.7 (b-d) shows the corresponding images after the
image restoration process including color refinement. The restoration model, despite image input

with chromatically degradation and blur, sufficiently restores broadband contrast from target



objects with identifiable structural boundaries such as the individual curled limbs of the octopus
stencil. The restoration of fine features showcases successful reconstruction across multiple
target classes, including the silhouette details from the Bigfoot outline, the object boundaries
from the dolfin stencil, and the wingtip contours of the flying bird targets. Similarly, the model
restores the target outlines from fish fin stencils and reconstructs a clear outline between the

women and child silhouettes with an uniform intensity.

Figure 3.7 (e) depict the ground truth comparison to the restored images and demonstrates that
the proposed restoration model effectively compensates for the chromatic blur introduced by the
meta-optic while preserving the scene-specific content such as high frequency details at target

edges and boundaries.

3.4 Discussion

In this work we investigated, to the best of our knowledge, the first systematic comparison of a
MWIR hyperboloid metalens and an inverse design counterpart with matched aperture as a
function of fractional bandwidth. Our results demonstrate that over the full MWIR bandwidth, a
hyperboloid metalens can successfully enable broadband MWIR imaging when combined with

computational image restoration.

A central finding of this work is that a broadband computational imaging system does not
necessarily require a broadband or achromatic meta-optic design. This insight is supported by an
analysis of integrated modulation transfer function (MTF) area as a function of fractional
bandwidth, which predicts that inverse design and forward design meta-optics provide
comparable imaging performance at the full MWIR bandwidth. Notably, an inverse design meta-

optic has a larger integrated MTF area compared to a forward design meta-optic with matched
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numerical aperture and focal length roughly between ~0.1 - 0.2 fractional bandwidth, while at the
extremes of the varying bandwidth range we find a specific improvement in the forward design
performance by 9% at the full bandwidth (AA =2.0 um) and 3% at the narrowest bandwidth (AA
= 0.3 um). The experimental imaging results further demonstrate that image intensity capture
from a single wavelength hyperboloid metalens can sufficiently preserve spectral intensity
information for high quality image restoration despite significant chromtic defocus. Broadband
image reconstruction is addressed with algorithmic post-processing and does not require inverse
design or multi-layer optics. We have demonstrated broadband imaging with a hyperboloid
metalens designed at 4.5 pm single wavelength that is compatible with a computational
reconstruction framework from a sparse image set. At the time of this writing, I was only able to
find one other reference that directly implemented a hyperboloid metalens for broadband

computational imaging.*®

This finding suggest two implications for experimental study. First, the question remains why the
same trend, with a seemingly wavelength-scaled approach is not found from the visible to
MWIR (200 nm to 2000 nm). The second asks the question of which approaches are available
towards achieving a broadband imaging system. In addition, it should be mentioned additional
nuances to the MWIR optimization that add contributing detail. The first is that the phase
diversity is not the same between the visible and MWIR bands. In the visible implementations of
inverse design lenses, the material platform is often SiN on a low index bulk substrate.!>* For
the MWIR design, our engineering approach constrains an all-silicon stack, where there is no
contrast difference between the metasurface layer and bulk substrate, that changes the
transmission and phase diversity in the available meta-atom geometry. Second, the application

and use cases for MWIR lenses often necessitate large aperture. It is well-understood that
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achieving a large focusing bandwidth is a direct competitor to numerical aperture constrained by
the space-bandwidth product. With these two details in mind, I do hope that further investigation
may go into quantifying which parameters may be identified as universal scalers for broadband

designs across different bandwidths of interest.

This work is being prepared for submission to Nature Communictions as a co-authored
manuscript with our collaborators at UNC, under the title, “Broadband Mid-Wave Infrared

Imaging Enabled by All-Silicon Hyperboloid Metalens™.
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Chapter 4. Synthetic Aperture Imaging

4.1 Introduction

One mode of understanding inverse design through a MTF-engineered approach is that
broadband performance is achieved through a redistribution of spatial frequencies across a
bandwidth that corresponds with lower SNR for imaging contrast.>>* A field that is well-studied
in RF and information theory is in synthetic aperture design.”! This field of study is of primary
interest for astronomy and long-range imaging, and most recently has garnered interest from
industry-motivated applications in free-space optical communication for low Earth orbit satellites
and NASA’s James Webb Telescope.’>> This approach for synthetic apertures is well-suited for
metasurface design that can be directly tuned by the lightfield parameters, namely wavelength,
polarization, and phase. There are well-established configurations for sparse aperture
configurations. The main topic investigated in the following chapter looks into sparse apertures
with various Golay configurations motivated for long-range MWIR imaging. My main
contributions to this end were in the fabrication and preliminary characterizations along with my

former group mate, Anna Wirth-Singh.

A sparse or synthetic aperture uses a collection of smaller sub-apertures that coordinate together
to give an effective result mimicking a larger, single aperture. The benefit of this technique, like
a Fresnel lens, is reduced active area of the lens. The trade-off, however, being loss of resolution
particularly in the high-frequency details. In coordination with an optimization technique, the
traditional Golay layout can be improved upon with inverse-design to extend the bandwidth of

the sparse aperture by maximizing the volume of the MTF curve.

Sparse aperture designs traditionally consider spatial frequency in their design by adjusting the

sparsity and sub-aperture arrangement to produce a smooth PSF and corresponding MTF that
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captures a portion of the MTF that the larger aperture would have captured.?*>! This value is
quantified through the geometric-specific fill-factor, which relates the collection area of the

sparse aperture to the collection area of the filled aperture.

A Golay lens is a type of sparse aperture design where the effective aperture is comprised of six

sub-apertures. The fill-factor for a traditional Golay 6 design is,

2 2
_ 6d (1 - gsub)
FGolay 6 — Dz
encircled

Where F is the fill factor defined by the ratio between the active area of the sparse to filled
aperture regions, d is the sub-aperture diameter, &g,,;, is the obscured fraction of an individual
sub-aperture, and Dy circreq s the diameter of the aperture the encircles the whole layout.’® Each
sparse aperture design corresponds with a different fill factor which can be tuned by the
parameters described above. Adjusting the fill factor ratio directly influences the MTF as
expected since the configuration affects the light collection (SNR) and PSF value. The fill factor

for a Tri-Arm Golay is,

(Bn+ 1)(1 — 2,,)d?

FTri—Arm = D 2
encircled

Where n is the total number of sub-apertures.

Interestingly, Tri-Arm Golay configurations have also been used in telescopes like the Very

Large Array (VLA).>*>
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4.2 Fabrication and Characterization

The first Golay we fabricated had a Golay 6+1 configuration where the additional aperture was a
hyperboloid at the center of the effective aperture. Our group also designed the meta-atom library

for the sparse aperture.

Feature Size vs Transmission and Phase
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Figure 4.1 Schematic of a single meta-atom scatterer (left). The unit cell periodicity is 5.6 um
and the pillar height is 7.9 um. Transmission and phase plot of the simulated meta-atoms
(right).>®

The metalenses were fabricated on a 300 um thick, double-side polished silicon wafer. The
aperture diameter is 89 mm with 356 mm focal length, constrained only by the fabrication
method available in the university cleanroom. First, the area surrounding the sub-apertures was
coated in a 200 nm thick Cr layer to act as an aperture, blocking illumination outside the sub-
aperture metalenses. This helped to reduce noise in imaging experiments. In greater detail, the
sub-apertures were formed by first writing the pattern in negative resist (NR9G-3000-PY) using
direct-write lithography (Heidelberg DWL-66+). Then, the Cr layer was deposited on the
photoresist using electron beam evaporation (CHA Solution) and subsequently lifted off in
acetone to construct the metal mask around each subaperture. The result was bare silicon surface

within each sub-aperture area. To pattern the meta-optics, the wafer was coated with positive
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photoresist (AZ1512) and exposed using direct-write lithography (Heidelberg DWL-66+) within
the previously defined apertures. Finally, we used deep reactive ion etching (SPTS DRIE) to etch
to a target depth of 7.9 um using the photoresist as the etching mask. This formed the silicon

pillars. Any residue was removed with a final oxygen plasma step.

1. 300 pm Si wafer + PR* 2. Heidelberg lithography 3. DRIE etching f

4. Remove photoresist

Figure 4.2 Photolithography process flow with direct laser writing (left). This fabrication is
completed prior to the addition of a Cr aperture mask. Camera image of the completed Golay
6+1 metalens.

nag ® HVY +  ar WD det
1500 x  2.00kV_ 50pA | 10.0mm | Mix

Figure 4.3 SEM of the etched scatterers for a sparse aperture Golay. At 1500x magnification and
a 30° tilted perspective at 12000x magnification. Feature sizes are between 1.3 pm — 2.0 um
widths with a height of 7.9 um.
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A second project with a separate Golay design is also completed for MWIR broadband imaging.
In this work, we demonstrated a slight improvement over an unoptimized hyperboloid lens that
focuses at a single wavelength to demonstrate the principle of broadband sparse imaging with
inverse design. Two separate designs are compared through a polychromatic metalens designed
for five discrete wavelengths (Design A) and a broadband lens optimized across 1,001 separate
wavelengths (Design B). A hyperboloid metalens designed for 4.5 um single-wavelength was
used as an imaging reference. The improvement is quantified by the PSF and MTF
characteristics, showing approximately 3 times resolution improvement between the optimized
and unoptimized lenses. The Golay configuration is a Triangle; metalens with an 89-mm
diameter with 356 nm focal length across the entire MWIR range. Harnessing the capability of
large aperture, scalable fabrication with direct laser writing and the hardware/software co-
optimization feasibility for computational imaging reconstruction, we experimentally

demonstrate enhanced imaging performance for long range imaging at up to 8 m distances.
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Figure 4.4 Proposed metasurface imaging pipeline with a deep learning-based image restoration
algorithm to enhance the image from ambient noise. The metalens is designed to be broadband
across 3 — 5 microns and is designed with an optimized Tri-arm sparse aperture geometry. This
figure is adapted from our submitted paper, “Sparse Aperture Metalenses for Long-Range
Broadband Mid-Wave Infrared Imaging”.
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This work was presented in a collaboration paper with Rice University, under the title, “4 golay
metalens for long-range, large aperture, thermal imaging via sparse aperture computational
imaging”, published in Nature Communications. An additional paper in collaboration is currently
under review and titled, “Sparse Aperture Metalenses for Long-Range Broadband Mid-Wave

Infrared Imaging” that investigates expanded design techniques.

Chapter 5. Polarization Optics

5.1 Introduction

An unique advantage to meta-optics is the direct design flexibility to the polarization state of an
incident wavefront.>%>7-° These are referred to as polarization-sensitive metasurfaces. In
particular, polarization control has applications in polarimetric imaging, biometric sensing, and
atmospheric monitoring.”?*>7:69-63 In comparison to refractive optics, polarization selectivity can
be directly incorporated into a metasurface phase profile. Whereas for traditional refractive
lenses, an additional component is necessary to control the polarization state. This an added

benefit towards metasurfaces to further reduce the size of an optical assembly.

One interesting example of a polarizaiton-sensitive MWIR sensor was developed by Greg
Roberts at Caltech achieved with a volume optics approach.®* Volume optics can be difficult to
fabricate because it aims to create a 3-dimensional nanopatterned device. This can be achieved
with a two-photon polymerization process, which acts somewhat like a fancy 3D printer. At the
UW WNEF, we also have the capability to run this type of fabrication with the Nanoscribe tool.
Our group has also previously demonstrated polarization-sensitive metasurfaces for an
application known as foveated imaging. In this case, two separate degrees of focusing states are

achieved in a single-layer all-Silicon metasurface by routing the imaging into orthogonal states
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of polarization.®® The ability to modulate the functionality of a metasurface through separate

polarization states is a powerful approach to build multifunctionality into a single optical layer.

5.2 Multifunctional Design and Simulation

5.1.2 Motivation

As discussed in the earlier chapters, forward-designed metasurfaces are often worse at imaging
tasks in direct comparison to refractive counterparts due to aberrations. Starting from a design
that is in principle diffraction-limited, a metasurface can be engineered to not only capture 2D
intensity maps but axial (depth) resolution in a single, real-time snapshot. This is achieved by
calibrating the captured image intensity to the change in incident polarization. Here the absolute
imaging quality is not only considered, but the simultaneous, multi-modal resolution in the
transverse and axial directions. Additionally, we capitalize on the single-wavelength nature of the
metasurface design that detects the strong emission peak of CO», centered at 4.2 um, inherently

obscuring extraneous signal that may be present in a real-world scene.

For tasks in object detection and chemical monitoring, a camera sensor needs to be long-range
from the source (“remote”).2*%¢-%® Conventional imaging at long-range requires bulky optics for
adequate SNR and radius of curvature. Preserving image quality at low size and weight is
potentially ameliorated with a metasurface-based assembly. An ubiquitous chemical in product
manufacturing and atmospheric monitoring is carbon dioxide (CO2) which exhibits a signature
peak at 4.2 um wavelength in the mid-wave infrared (MWIR) band. Ability to accurately monitor
at long-range and in real-time is of interest for systems that enable large area, lightweight

Sensors.
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Figure 5.1 Absorption spectrum of carbon dioxide and water vapor between 0.1 — 30 um.
Positioned in the MWIR band at 4.2 um, there is a transmission window for an absorption peak
of CO,.%

5.2.2 Approach

This approach looks into metasurfaces that generate two separate (conjugate) single-helix PSFs
that encode depth information with the rate of rotation of the PSF through the Fresnel zone phase
technique.® I would like to thank my former group mate Shane Colburn for helping me with

these designs. The Fresnel zone phase considers a phase profile,

& l &

(Y susd) imte)

Where u is the normalized radial coordinate, ¢,, is the azimuth angle at the entrance pupil plane,

Yr (U, @) = {kpu

and L, € are parameters that adjust the PSF rotation speed and size. Adjusting L and € create a
number of successive zones where the phase is changing and thus rotates the PSF. The full phase

profile of the metasurface also includes a focusing term,

2
Vpey) =~ G =22+ Y2+ 2~ f

Where x, y are the radial coordinates, x; sets the focusing off-set from the center, f is the focal
length, and A is the design wavelength. Together, the full phase profile for a single rotating PSF

is the combination of the two terms,
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Y = + ll}fx

And the full depth estimation lens is an addition of two conjugate PSFs, displaced by an offset

distance from the center of the optical axis,

Ymeta = Vx + lpy

Where 1, sets the PSF focusing off-set to some distance y;, by an analogous .. In this case,
we look to investigate the depth sensitivity captured by a single aperture as it is affected by the
lens diameter. For the same defocus range with increasing aperture size, it is expected that the
depth sensitivity will increase quadratically. Put another way, we hypothesize that at a given
object distance, the depth estimation error is inversely proportional to the square of the aperture

diameter. This proportionality is reported in a published work by Shen et al,

dp 9  wD? 1
aZObj aZObj A4 Zgbj

Where D = 2R is the diameter of the metasurface aperture and the defocus parameter of the in-

focus diffraction spot is,

_T[
$=7

(7 3)
— — | R?
Zobj Zf
Where R is the radius of entrance pupil, z,y,; is the actual object depth, and z; is depth of the in-
focus object plane

When the object distance is held constant, the proportionality can be expressed as,

DZ

0p o 95 = = —
obj
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Where the rate of rotation is inversely proportional to the aperture diameter.®

Here the mean absolute error, MAE, of the estimated depth is similarly proportional to the

decrease of the square in aperture size and the increase at a given object depth.

From the Fisher information of a single-helix PSF, one can calculate the lower limit of the

estimation error from resolvable object depth,

1 N Ny (QPSF(u,v;r) 2
=3 3 ()
Oon u=1 v=1 z

Together with the Fisher information and minimum error of depth estimation, an inequality
bound for the mean absolute error, MAE, is used to determine how the varying lens aperture can
perform to some minimally achievable depth accuracy at further distances. Therefore, the
hypothesis is that based on the inverse relationship between estimated error, NMAE and the
square of aperture, both of which are proportional to object depth, z,, ;, our method seeks to
explore this relationship experimentally. Our test designs include a set of alignment and
calibration lenses with small aperture sizes to ensure our design pipeline is running as intended.
The full design comparison considers a series of aperture sizes ranging from 0.5 mm to 4 cm.
This is easily extendable by changing the size of the phase mask, while keeping the phase terms

the same.
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Figure 5.2 Decoupled phase components of the depth sensing metasurface. The total phase
(right) is a combination of the single-helix spiral term (left) and a finite-conjugate focus term
(middle).

5.3.2 RCWA Simulation
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Figure 5.3 RCWA simulation of MWIR polarization-sensitive meta-atoms (left). Total phase
profile of a single-helix PSF at A = 4.0 um (right). The periodicity is 1.6 um with Fresnel zone
parameters, L =8 and € = 0.8.

In comparison to the previous work our group as considered with foveated imaging, the
polarization-selectivity for the depth-estimation apertures no longer consider a constant

polarization state in one configuration, but require a 0-2n phase shift in both configurations. To
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this end, the scatterers were simulated with RCWA and a total of 25 unique scatterers were
selected to sample this range.

5.3 Fabrication
To impart polarization sensitivity to single-layer meta-optics, the meta-atoms must have shape
asymmetry. Rectangular pillars are one simple approach to achieve this. We note that due to the
method of exposure with direct laser writing, meta-atom features can lose their intended shape
profile, resulting in cylindrical or rounded edges. This effect is exacerbated with smaller meta-
atom sizes. To help retain the rectangular shape profile, optical proximity correction (OPC)
attributes are preliminarily added to the meta-atom pattern files. This fabrication solution does
not require additional processing steps to correct for the unavoidable spreading of the beam dose

through the photoresist which smears fine feature details.

Meta-atom Meta-atom with OPC
..“;ie
-1 0.5 um Overlap
-—ip
1.1 um

Figure 5.4 OPC addition with mouse-bite serifs. The size and overlap positions are adjusted to
match the intended meta-atom size as closely as possible.

5.1.3  Optical Proximity Correction
Calibration to process drift is necessary for achieving high fidelity features within the 500 nm — 2

um feature sizes for the MWIR and LWIR wavelengths with photolithography methods in a
shared fabrication facility. During the initial design phase, I looked into additional ways to
improve the fabrication robustness of polarization-sensitive scatterers. For this, I would like to

thank my former group member, Zheyi Han for sharing with me some test results of previously
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fabricated lenses with the same photolithography tool. First, to identify the optical proximity
correction serifs is necessary to improve the final designs. The aspect ratio desired for the
scatterers is also important. Through the addition of an alumina hardmask, the etching process
can be prolonged due to a higher selectivity between the alumina and silicon material, compared

to photoresist as a masking layer.

This process was carried out for a set of eight, unique rectangular meta-atom shapes with
polarization sensitivity, where the minimum feature size was 500 nm. The serif attribute selected
were mouse-bite patterns placed at the edge of each corner of the meta-atom pattern. An
additional process sweep is made to understand the optimal size and placement of these serifs so
that the compensating factor results in geometry fidelity and not additional feature resolution.

Thus, the process can be split into three steps,

(1) Determine if the problem is reproducible in exposure (find consistent exposure
parameters)
(2) Run a process sweep for the required meta-atom sizes to determine exposure offset

(3) Run a process sweep for the optical proximity correction serifs based on the tool features

Ideally, steps (2) and (3) can be run simultaneously if the exposure settings are consistent.
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Figure 5.5 OPC test array with a constant serif size of 100 nm and overlap distance of 50 nm.
There are a total of 8 unique scatterer with varying width and length sizes. The etch depth is 3
pm.

Once the exposure parameters are known, there are two main pathways to transfer the pattern
into the bulk silicon layer. The first is with deep reactive ion etching (DRIE), which uses an
etching method known as the Bosch process. Additionally, inductively-coupled plasma (ICP)
etching can be done. This process is desirable when the metasurface is fabricated with a
hardmask. The common hardmask material we have looked into was alumina, but any material

with a high selectivity to the silicon etch layer would be sufficient with a calibrated recipe.

In a pinch, understanding the direct contributions of a particular tool allows for a temporary

adjustment to GDSII parameters. What this means is that a physical bias can compensate for
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feature deviations due to the exposure process, where laser power or focus may be misaligned to
the standard operating specifications. In these cases, a small test pattern can be used to quantify
this difference. Because a known look-up table is used when mapping the phase to scatterers, the
test pattern can be quickly generated for the required geometry values, or a discrete, linearly
spaced pattern can be used to approximate such values. For asymmetric geometry, I found that
using the direct values is often valuable, because the more that the values deviate from square
pillars, the size variation becomes more severe. Once the feature differences are known, this
factor can be easily added into the GDSII writing phase and loaded again into the laser writer as

a one-step solution for a particular device pattern.

With a poor fabrication run, a polarization-sensitive meta-atom ends up with a deviated shape,
often becoming rounded or circular. When the corners are too large, the serif feature is actually
exposed into the resist. This shows up in the final etched pattern. Adding in an array of serif
features to the intensity/focus matrix test is an efficient way to find appropriate size serif

attributes.
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Figure 5.6 SEM characterization of meta-atoms where the serif size is too large. In this case, it
leads to a rounded profile that is transferred into the bulk silicon layer after etching.
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Figure 5.7 Optical microscope image of a fabricated all-Silicon meta-optic with added serifs.

5.4 Discussion

5.1.4 Preliminary Characterization

The first measurement test performed included a set of 1 mm apertures. However, I quickly
found that the contrast was extremely low and the extent of polarization change was difficult to
determine in experiment. Therefore, I redesigned the apertures to include a more comprehensive
set of test lenses for characterization. Particularly for the infrared-wavelength metasurfaces, there
can be a high degree of process variability in the photolithography fabrication step, even though
the features are much larger than are necessary in the visible. This detail becomes especially
important when characterizing meta-optics with polarization sensitivity because the asymmetry

in the feature size is what impacts the polarization selectivity. This will directly impact the
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intensity and SNR that emerges during characterization. From a set of 1 mm test apertures, we
characterized the polarization sensitive meta-optics and found that there is a low contrast without
the use of a metal aperture. The metal aperture improves imaging contrast to scatter reflections in

the bulk layer and block stray light through the system.

Figure 5.8 Polarization-multiplexed metasurface (left) and single-helix phase metasurface (right).
The aperture size is 6 mm with an /10 F-number.
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Figure 5.9 Signal intensity with varying polarization angle (left) and the PSF characterization of
the two lobes of the polarization-multiplexed metasurface. The fabricated lens is shown in the

figure above with an added metal aperture.
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To further address the low signal contrast that constrained my preliminary characterization tests,
I designed a set of decoupled functionality lenses were designed to troubleshoot the fabrication

and characterization fidelity.

1= Spilie

B2 D
4° split 1° split

10000 pm
||

Figure 5.10 GDS of depth estimation apertures with decoupled functionality. Lens A:
hyperboloid. Lens B1/B2: dual beam deflector with varying deflection angles. Lens C: beam
rotator. Lens D: dual beam rotator.

Here, “Lens A” is the typically hyperboloid phase profile,

2
o(x,y) =7n(\/x2 +y?+ f? —f)

Where A is the design wavelength and f is the focal length.
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“Lens B” refers to the beam deflector which is the hyperboloid phase profile with an asymmetric
focus in the x-coordinate. The deflection angle can be computed directly from the focal length.
“Lens C” is the beam rotator which is based on the Fresnel zone phase term for a single-helix

PSF,

U (u, @) = {l(pul (Z_Tl)g <uc< (é)g,l =1, ...,L}

Where u is the normalized radial coordinate, ¢,, is the azimuth angle in the entrance pupil plane,

and [L, €] are tunable design parameters that adjust the lobe confinement.

“Lens D” is the full design phase with a conjugate pair of single-helix PSFs at orthogonal
polarization states.

5.2.4 Optimized Process Parameters
Due to the low SNR in the imaging measurements, I was unable to fully characterize the depth
estimation apertures in experiment at my time at UW. However, I believe this is mostly due to
technical error from fabrication and process drift than in the design itself which has been based
on similar accounts in the published literature.”®’! In particular, the photolithography process
variability provided an additional challenge to decouple the fabrication and characterization
deviations from the simulated design. However, this additionally allowed me to develop a robust

OPC calibration scheme for polarization-sensitive metasurfaces in the MWIR.

The current optimized process parameters are summarized in Table 1. In the cleanroom, the
infrared (M/LWIR) metasurfaces use a Heidelberg DWL 66+ tool, as the typical aperture sizes
(several centimeters) are infeasible to write with E-beam lithography. For typical MWIR
fabrication, we use the Hi-Res write mode which, by manufacturer specifications is capable of

resolving down to 300 nm features. From the metasurfaces that I have fabricated, the material is
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all-silicon with a positive-tone photoresist, however negative photoresists are also possible.
While I was not able to achieve the 300 nm benchmark, during my time in the WNF cleanroom,

we were able to pattern ~500 nm features consistently.

Table 5.1 Fabrication parameters for polarization-sensitive meta-atoms

Attribute Description of Fabrication
Material Platform All-Si
Pillar Height Fixed height (1 pum — 10 pm)

Minimum feature size 500 nm

Maximum aperture size | 8 cm (4 in. wafer)

Etching scheme Positive photoresist + DRIE

All-silicon based photolithography enables direct pattern-transfer of metasurface features from
the photoresist to silicon substrate in a single-step exposure and development; without the use of
a hard mask. Lithography with electron-beam (EBL) or deep ultraviolet (DUV) is capable of
defining features with higher resolution, however the required fabrication process incurs
material, etch depth, and aperture size constraints.”*”® Indeed, the facile processing scheme with
direct-write lithography allows for large-aperture fabrication, only limited by the downstream

fabrication equipment available at the UW cleanroom.

Our group has successfully demonstrated polarization-selective meta-optics operating in the
LWIR range with feature sizes greater than 1.5 um. For translating this work into the MWIR, the
meta-atom feature sizes are reduced and the photolithography is achieved with a different write
mode capable of the highest resolution. This alternate write mode increases the overall write time

as compared to the LWIR process, and a new set of fabrication parameters are established.
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The fabrication process operates on 525-um thick double-sided polished silicon wafers. All
wafers are primed with HMDS vapor to promote resist adhesion directly before spin-coating
photoresist. Positive tone AZ1505 photoresist is spun to a thickness of ~500 nm and the
metasurface pattern is exposed into the resist with a Heidelberg DWL66+ direct laser writer. The
photoresist is developed with AZ726 MiF commercial developer and the pattern is transferred

into the silicon substrate with deep reactive ion etching (DRIE) to the specified etch depth.
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Chapter 6. Concluding Remarks

In the final chapter of this dissertation, I summarize my findings of meta-optics in the infrared
and discuss possible directions for future work. I have proposed the strong advantages of
metasurface adoption for SWaP-C applications and demonstrate examples of such cases in the
infrared bandwidth ranges. However, one of the key applications in broadband imaging must
address the challenge of chromatic aberrations. This is primarily approached with a
computational imaging system to improve the raw imaging performance. Further, while an all-
silicon platform is viable with key benefits in cost, fabrication complexity, and availability, one
also must balance the reduction in transmission efficiency and contrast as costs to the overall
performance. While there have been successful accounts of broadband, or full-color imaging
through dispersion-engineering methods, there is still no gold standard example that achieves a
large bandwidth, large aperture size, and appreciable NA at the time of this writing. Therefore, it
is technology that does not necessitate the maximum resolution quality or imaging performance
where meta-optics have a strong advantage to compete with traditional components owing

largely to their form-factor and high degree of tunability.

I began this dissertation with a general overview of where meta-optics are categorized as a type
of subwavelength diffractive optical element. In the case of transmissive metasurfaces, by
designing the phase and amplitude response of the individual meta-atom scatterers, we are able
to create a multitude of unique phase profiles from imaging to spectroscopy applications. To
address the need of broadband imaging, a metalens can be designed directly or its phase mask
can be optimized from a objective function set by the designer from the outset. This ends up
being a successful approach in computational imaging systems for visible wavelengths. In the

MWIR range, we showcase a direct comparison between the forward and inverse design cases
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and demonstrate broadband imaging with a traditional hyperboloid metalens. This work also
extends to the LWIR, where broadband intensity capture can be leveraged for thermometry
applications to reconstruct 2D and 3D temperature maps. We then summarized our work with the
fabrication of sparse apertures that follow an inverse design method to optimize the spatial
frequency distribution and achieve a high-quality imaging system with a large, 89-mm diameter
meta-optic. After providing several examples of forward and inverse designed meta-optics paired
with computational reconstruction algorithms, we highlight the our work related to polarization-

sensitive meta-optics towards the single-wavelength application of CO; sensing.

From my experience, the significant advantages of meta-optics are in their fabrication and design
engineering utility. Search for any mainstream commercial simulation software we can find
recent application examples for metasurfaces over the past five years. In addition, the advent of
agentic Al may expedite the metasurface design process, either in discrete steps like RCWA
simulation or the for end-to-end workflow. While it was not highlighted in this dissertation, I
comment that multi-layer metasurfaces or hybrid assemblies may also be a promising direction
to continue in the infrared bandwidths to address the particular challenge of small size and high

imaging performance systems.”*">

I encountered the field of meta-optics by happenstance. While the research has certainly matured
over the past 10-15 years, it is still an exciting time to be a part of the meta-optics community. In
particular, there is a growing interest in meta-optics at infrared wavelengths in the defense and
aerospace industries. I’ve also had the opportunity to learn about metasurface integration in the
private sector. As design and simulation tools become increasingly robust and integrated with Al
tools, I hope that the nanofabrication and characterization techniques I have additionally

attempted to highlight in this dissertation is useful to future researchers.
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