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Chapter 1

Introduction

1.1 Origins of Metasurfaces

Electromagnetic metamaterials are artificially manufactured structures with the prefix
“meta” arising from the Greek word meaning “beyond”. Hence, a metamaterial possesses optical
properties unattainable in natural environments, such as negative refractive index! %3 4, epsilon-

5 6.7 and ultra-high index®. The optical response of metamaterials is dictated by the

near-zero
geometry of the unit cells, or meta-atoms, and have been employed for various uses, including the
perfect lens’, cloaking!'® !, and helicity filtering'> '*. However, due to the complexity of 3-
dimensional structures, the absence of a cost-effective manufacturing method as well as a solid
design methodology hinders further applications for metamaterials. In this case, development in

novel physics theories and hardware platforms are needed for achieving more advanced functions

at optical wavelengths.

Photonic Crystal Rayleigh Scattering

Figure 1.1 Schematics of photonic feature size and interacting wavelength. The hexagram means artificially
fabricated unit cells.



Complete monochromatic field control is enabled by independent manipulation of the
amplitude, phase, and polarization state of light, which is needed for a wide variety of scientific
and industrial applications and generally requires multiple conventional optical elements such as
lenses, polarizers, and amplitude masks. The need for multiple elements results in large systems
that can be difficult to integrate into compact optical packages. Optical metasurfaces, a 2-
dimensional version of metamaterials, as shown in Fig.l, provides a versatile platform for
manipulating optical waves. Compared to metamaterials, metasurfaces offer the wave control
within an ultrathin artificial layer, resulting in a compact and low-profile device mophorlogy. Such
2-dimensional architecture makes metasurface manufacturing compatible with the standard
lithography technique in present semiconductor industry!# 13-16, The ease of fabrication as well as
the reduced design complexity could lead to metasurfaces being utilized in the next generation of

high-performance integrated or portable photonic devices.

b .

Figure 1.2 Mechanism of metasurface for wavefront control. (a) Schematics of generalized Snell’s law. (b) Light
control by each unit cell in metasurfaces for anomalous refraction.

The metasurface concept was first proposed to provide an abrupt phase shift within an

ultra-thin layer!’, as shown in Fig.1.2 (a), and can be described by the generalized Snell’s law. By



locally manipulating the metallic resonators between two uniform media, a phase discontinuity
can be introduced at the interface, resulting in anomalous refraction. The generalized Snell’s law
can be derived from Fermat’s principle and is based on the neighboring optical paths for light
traveling between two points being equal. Considering the phase gradient, the analytical

expression for anomalous refraction can be described by:

. . 1d
n; sin(8;) — n; sin(6;) = k—of (1.1)

where 6; and 6, is the incident and transmit angle, n; and n; is the refractive index of uniform
medium labeled in Fig.1.2 (a), k, is the wavenumber in vacuum, and d¢ /dx is the phase gradient
introduced by metasurface.

The phase gradient in generalized Snell’s law can be engineered by locally exciting various
meta-atoms as shown in Fig.1.2 (b). Each meta-atom can be considered an independent point
source, emitting a secondary wavefront with the phase-delay dictated by the geometry. Wavefront
shaping is achieved by designing the geometry and layout of all the meta-atoms in the metasurface.
At an early stage of metasurfaces, the phase control mechanism was based on the excitation of two
modes in V-shape metallic resonators!’, leading to a 27 phase manipulation range for mid-infrared
light. However, the intrinsic Ohmic loss of metals in the optical spectrum significantly deteriorates
the performance of metasurface devices, hindering further applications. Such flaws will be further
amplified under the resonance mode with field enhancement effects. In the following sections, I
will introduce recently emergent low-loss dielectric metasurfaces and briefly review related

applications.

1.2 Dielectric Metasurfaces for Wavefront Engineering

Due to intrinsic Ohmic loss, metallic metasurfaces are limited with reduced efficiency in



the optical region. In contrast, dielectric materials with a low extinction ratio possess explicit
advantages for high-efficiency metasurface devices. In the past decades, a plethora of dielectrics

)18, 19,20 silicon

have been proposed for metasurface design, including titanium dioxide (TiO2
dioxide (Si02)'3, silicon nitride (Si3N4)?!"2% 23 and silicon (Si)** 2> 2, to name a few. Dielectric-

based meta-atoms provide a refractive index contrast with the surroundings, resulting in a

resonance or waveguide mode for phase manipulation with high transmission.

Period

Figure 1.3 Electrical field map of periodic metasurfaces for phase manipulation. The simulated wavefront shows
different phase responses under plane-wave illumination dictated by the diameters of silicon-based nanopillars. The
period is fixed at 0.54, Height is 0.74 and diameter is controlled at (a) 0.084, (b) 0.164 and (c) 0.24A, respectively.
All metasurfaces are embraced in a polymer surrounding environment with an index of 1.48.

Huygens metasurfaces arising from Mie resonance were first proposed?’ in 2014 based on
dielectrics. The corresponding meta-atoms comprise Si nanopillars and support magnetic and
electric resonance modes. By varying the aspect ratio of the meta-atoms, two resonance modes
will overlap, resulting in a Huygens mode with high transmission as well as 2w phase shift.
Although a Huygens metasurface can provide near-unity transmission and phase control, there are
still drawbacks. First, the optical response of Huygens metasurfaces is sensitive to the incident
angle, leading to the devices generally working under the paraxial approximation. Second,

4



Huygens metasurfaces are based on Mie resonance, which has a high-quality factor that is sensitive
to the geometry variation. Hence, such devices are also sensitive to fabrication errors, resulting in
challenging manufacturing in the visible spectrum.

Instead of using Mie resonances to provide wavefront control, another choice is to utilize
high-contrast transmit-arrays (HCTAs)?* 2% 39 composed of dielectric nanopillars. Each nanopillar
is considered as a truncated waveguide, offering control over the phase delay. In this scenario, the
meta-atoms have a high aspect ratio to prevent strong resonances so as to enhance the device
tolerance to fabrication error. Fig.1.3 demonstrates wavefront control using silicon nanopillars
with various diameters, where periodic boundary conditions are applied during simulation. Due to
the high refractive index contrast between silicon and surrounding media, the diameter of the
nanopillars will affect the group velocity of light guided in the unit cell, hence the phase response
of transmitted light. To be specific, a larger diameter leads to lower group velocity as well as a
more delayed phase response. Moreover, since the waveguide can be considered as a weak
resonator, such a solution has superior fabrication tolerance as well as broadband performance’!.
As a result, HCTAs have been proved as a promising platform for high-efficiency metasurface
devices. This has been shown through a variety of devices, including flat lenses!® 32, beam-

splitters®® 3% 35 36 holograms3”- 3% 3% 40. 41 quomented reality displays*> **, high-definition

44,45 49, 50

displays** 4, image differentiation*4"-48, and compact optical spectrometers

1.3 Design Strategy of Metasurfaces

During the metasurfaces design process, a local approximation is applied so that each meta-
atom is assumed to be non/weakly coupled. In this case, a single meta-atom becomes a secondary
point source for the subsequent wavefront and is independent of each other. A metasurface with a

specified function is achieved by a meta-atom array, where meta-atoms are assigned various
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geometrical parameters as a function of position.

In order to form a metasurface, a data library of meta-atoms, including geometries with
corresponding delayed phase, ®(g4, g,,*), will be generated by full-wave simulations. Here,
phase, @, is a function of geometrical parameters, g;. Meanwhile, a phase profile ¢(x) for
metasurfaces is designed in terms of position, x, based on the target function. The metasurface is
then accomplished by a global search in the data library at each designated position, where a loss
function defined by L(x) = |¢p(x) — ®|? is minimized. The global search will convert the target
phase profile, ¢(x), into a series of geometrical parameters in terms of position, x , which is
utilized for fabrication.

Another important parameter for metasurface design is the period, P, of each unit cell. The
lower limit for P is dictated by the fabrication resolution of meta-atoms. In most cases, the period
should be large enough to avoid coupling effects between the neighboring meta-atoms. On the
other hand, the upper limit of P is determined by the Nyquist sampling criterion. In general,

consider a target phase profile, ¢(x), the period should obey the following sampling rule:
max(%)-P < (1.1)

A detailed derivative process can be found in the Appendix A.1. Meanwhile, to suppress higher

diffraction orders from the periodic structure, the period is limited by the following equation:
yl
P <- (1.2)

where n is the refractive index of surrounding environments.
A designed meta-grating is exhibited in Fig.1.4, where the period of the meta-atoms is
chosen as 4/2. Each meta-atom can introduce a specified phase control as shown in Fig.1.4 (a).

With a certain layout, the meta-grating can deflect the incident wave to a different angle. The full-



wave simulation for the entire structure is demonstrated in Fig.1.4 (b), matching well with the
theoretical prediction. The tiny perturbations of the wavefront are generally introduced by the
weak coupling effects between the neighboring meta-atoms, which arise from the broken periodic
boundary conditions in the metasurface devices. These perturbations can be further optimized by
more advanced design strategies, such as inverse design®!: 3233455 based on machine learning or

the adjoint method.
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Figure 1.4 Electrical field map of metasurfaces for anomalous refraction. (a) The schematic of a period of
metasurface for anomalous refraction. The period includes six different meta-atoms. Each is independent and chosen
from a prior data library with designed phase responses as labeled. (b) A full wave simulation based on the structure
in (a) indicates an anomalous refraction behavior under plane-wave illumination.

1.4 Meta-optic-based Applications
In the past decades, various metasurface-based applications have been demonstrated as
counterparts or extensions of conventional optics. One of the most visible applications is the

emergence of the metasurface-based diffractive lenses!® 3!

, also named metalenses. Compared to
conventional lenses, metalenses have several advantages. First, due to the ultra-low-profile

metalenses can be readily integrated with other optoelectronic devices while significantly reducing

the form factor of the entire system. Particularly, the numerical aperture (NA) of metalenses are



irrelevant to the device thickness, so a high NA lens can be readily manufactured within a compact
volume. A metalens with the numerical aperture as high as 0.8 was reported!® in 2015, with a
device efficiency of 86% and performance comparable with the objective formed by conventional
optics. However, as a conventional lens with a free-form profile, the phase profile is defined by
the accumulated phase difference during light propagation. Large NA can only be achieved by
raising the lens thickness or combining multiple lenses, resulting in a bulky optical system. Second,
a conventional lens is generally fabricated by diamond turning or a mold polishing technique,
which is challenging for optical surfaces with large curvature and high accuracy requirements. In
contrast, metasurface fabrication is compatible with standard semiconductor manufacturing
platforms with nm-scale fabrication resolution. The well-defined meta-atoms providing a highly
accurate phase profile can effectively avoid the spherical aberrations of conventional optics.
Nevertheless, as a diffractive optic, a metalens has other inevitable drawbacks hindering
commercial applications. First, a metalens is typically designed at a single working wavelength.
Due to the non/weekly resonant meta-atoms, the phase control of metasurface remains almost
constant over a broad bandwidth. However, a hyperbolic lens working at different wavelength
requires distinguished phase profiles induced by dispersion, hence a metalens with a constant
phase profile leads to a phase discontinuity between the neighboring phase zones, except for the
designed wavelength. To compensate the phase discontinuity, one solution is to enhance the
dispersion of each meta-atom by raising the aspect ratio of unit-cells®®. Another choice is to design
multiple working wavelengths instead of broadband imaging since a red-green-blue (RGB) color
mixture is enough for full-color imaging applications®. Second, a metalens is generally fabricated
by electronic beam lithography (EBL) which is a point-by-point manufacturing platform. Such

technique is limited for massive production since the manufacturing time and cost is exponentially



14,15 " as is used in the

related to the device footprint. One solution is to use projection lithography
semiconductor industry based on ultra-violet (UV) or deep-ultra-violet (DUV) exposure. In this
case, a geometrical database including billions of unit cells needs to be compressed to a size-
suitable file for machine processing. Another promising choice is to utilize a reusable template for
nanoimprinting>’. Although the hard mask for printing is fabricated by high-resolution EBL
systems, the template can be recycled for massive manufacturing.

Metasurfaces can also produce arbitrary wavefronts for a wide variety of functionalities.
As an example, a computer-generated phase mask can be utilized to generate a 3-dimensional
hologram®. Although a phase-based spatial light modulator can be used for holograms,
metasurfaces have subwavelength unit cells effectively avoiding higher diffraction orders and
significantly increasing the quality of the hologram. Furthermore, subwavelength unit cells can
also provide ultra-high field manipulation resolution and potentially large numerical aperture,
which is preferred for the applications requiring high optical power and field accuracy, such as
hologram-based optical tweezer®.

In addition to phase control, one unique advantage of metasurfaces is the ability to engineer
the birefringence®®, which is defined by the geometry of the meta-atoms. Birefringence is an
extension of conventional optics allowing hidden information associated with polarization to be
readily explored. Birefringent meta-atoms break rotational symmetry, such as the silicon
cylindroid shown in Fig.1.5 (a), so that the optical response for orthogonal directions can be
independently defined. Each meta-atom obeys the Jones matrix correlating the spatial phase,
amplitude, and polarization states. The detailed control process can be found in Appendix A.2. By
controlling the geometrical phase dictated by the rotation of meta-atoms, a polarization conversion

process can be readily achieved as shown in Fig.1.5 (b) and (c), where the x-polarized light can be



completely converted into the y-polarizaed state. Such a phenomenon can be utilized for spatial
amplitude control since the cross-polarized output light intensity obeys Malus’s law that the
intensity is dictated by the rotation angle, 8. Furthermore, by combing the accumulated and the
geometrical phase, a fully controlled amplitude and phase response can be achieved readily. The
versatile manipulation ability of metasurfaces over light properties leads to various applications

such as vectorial field control®, chiral imaging®!, dichroism plate®?, and full-stoke polarimetry®*.
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Figure 1.5 Demonstration of birefringent property of cylindroid meta-atom. (a) The geometrical schematic of
meta-atom. The period is fixed at 0.54, Height is 0.74, diameters are chosen at 0.131 and 0.324, respectively. The
rotation angle 6 is set at 45°. All metasurfaces are embraced in a polymer surrounding environment with an index of
1.48. (b) and (c) exhibit x and y polarized electrical field map, indicating a complete polarization conversion process.

1.5 Compound Meta-optic Systems

Throughout the past few decades, numerous applications based on single-layer
metasurfaces have been proven, nonetheless, the capabilities are constrained by the lack of
engineering degrees of freedom. In order to accommodate the additional degree of freedom (DOF)
required by more complex functionalities, a compound meta-system made up of multiple
metasurfaces was created. A plethora of research has recently been conducted based on compound
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meta-systems for advanced functions, where the extra metasurface layers offer an optimization or
a functional extension of single-layer metasurface devices. For both purposes, the compound meta-
optics systems exhibit better performance while still maintaining a compact profile. Compound
meta-optic systems thus provide a flexible foundation for the development of the next generation
of metasurface devices with superior performance and novel functionality.

A compound meta-optic can leverage the functionalies of meta-systems beyond single-
layer metasurfaces. For instance, single-layer metalenses with a hyperbolic phase profile are
typically made for the paraxial approximation, which means that the performance will suffer
greatly under illumination with a large incident angle. These comatic aberrations will significantly
reduce the field of view (FOV) during the imaging process. Compound metalens in this scenario
can obtain a view-angle as wide as 30° due to the secondary metasurface providing a phase
correction®. Such optimization has been used to create metalens appropriate for machine vision
applications that require far-field imaging with a compact form factor.

Moreover, compound meta-optics offer additional engineering freedom to achieve
multifunctional devices® ® in addition to serving the performance optimization. Single-layer
metasurface are only able to provide a limited set of functions or, if any, compromise the device
efficiency due to the limited engineering freedom. Compound meta-optics, instead, which extend
the DOF by using multiple independent metasurfaces, can perform functions beyond the single-
layer counterparts. For instance, by carefully constructing the bilayer metasurface system, a
metalens is capable of operating at several wavelengths without degrading performance. A single-
layer metasurface, in contrast, might multiplex unit cells or rely on an inverse design technique,
which would degrade the device performance and efficiency.

Furthermore, the processing of multi-channel information can also be performed via a
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compound meta-optic system. Compared to single-layer metasurfaces, the structure with multiple
meta-optics offers adequate space for light travel between metasurfaces and be redistributed
serving the purpose of spatial multiplexing. As a result, compound meta-optics can perform more
sophisticated and intricate functions than single-layer metasurfaces. For instance, a compound
meta-optic including a multi-channel metalens and a multiplexed phase difference metasurface
was proposed to achieve the quantitative phase mapping® in 2020. The phase mapping resolution

of the compound meta-optic system can achieve 92.3mrad - um™!

, and the optical system can be
miniaturized into a chip-scale size.

Finally, compound meta-optics can provide distinctive and innovative functionalities
beyond single-layer metasurfaces when co-optimizing multi-element systems. For instance, using
a bilayer metasurface structure and coupling effects between metasurface layers for polarization

filtering, a high circular dichroism of 0.7 can be achieved®. In this case, compound meta-optics

offers a compact scenario for light mode filtering and selection.

1.6 Organization of the Thesis

In this dissertation, I will discuss my effort in developing compound meta-optic systems
with novel features and applications. The additional engineering freedom arising from the
multilayer metasurface architecture improves the system flexibility, resulting in multifunctional
and/or extraordinary performance. In contrast to single-layer metasurface systems, compound
meta-optics with more versatile functionalities provide a new avenue for high-quality wavefront
control as shown in Fig.1.6 (a) and (b). In addition, object classifiers based on convolutional neural
networks (CNNs) can be accelerated by applying compound meta-optics with multi-channel
information processing , as illustrated in Fig.1.6 (c). Moreover, a large-scale compound meta-

optics based on nanosphere lithography were demonstrated for image processing as shown in
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Fig.1.6 (d). Finally, in addition to the distinctive functionalities of compound meta-optics, large-
scale metasurface manufacturing is necessary for commercial applications. Hence, a scalable, cost-
effective fabrication technique was proposed on the basis of a grayscale lithography platform as

shown in Fig.1.6 (e). The detailed organization of this thesis can be described as follows.
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Figure 1.6 Various applications and novel fabrication methods for meta-optics. (a) Compound meta-optics for
3-dimensional displaying. (b) Compound meta-optics for lossless and complete field control. (c) Compound meta-
optic as an accelerator for information processing. (d) Meta-optic as an angular filter for edge signal enhancement. (¢)
Nanosphere-assisted grayscale lithography for large-scale metasurface fabrication.

In Chapter 2, I present a compound meta-optic system that is used for high-efficiency and
complete field manipulation. In comparison to a single-layer metasurface device, compound meta-
optics utilize the light redistribution behavior between layers to achieve effective amplitude control.
The additional engineering degree from the second-layer metasurface significantly prevents the
amplitude manipulation loss that would otherwise occur in single-layer scenario. For proof of the
concept, a high-efficiency beam former/splitter and a high-quality 3-dimensional hologram have
been experimentality demonstrated. Moreover, a platform for end-to-end inverse design is being
developed for additional polarization manipulation. In this case, mode division/multiplexers, mode

converters, and vectorial holograms are experimentally presented to accomplish lossless and
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complete field control.

In Chapter 3, I present compound meta-optics-based accelerators for object classification.
The meta-optic system comprises two-layer metasurfaces, either creating multiple image channels
or performing optical convolution. With incoherent light illumination, the meta-optic accelerator
can be used to recognize and classify an object. Meanwhile, the meta-optic effectively off-loads
the convolution operations from digital to the optical platform, resulting in a speedup of 50% when
compared to the state-of-the-art fully digital system. Additionally, multifunctional categorization,
including the intensity and polarization states, can be readily achieved due to the flexibility of
compound meta-optics platform. Further developments and prospects for meta-optic accelerators
are also explored.

In Chapter 4, 1 present a nanosphere lithography technique used for large-scale
metasurface fabrication and applications. The large-scale metasurface was fabricated by
nanosphere lithography within a hexagonal periodic lattice, which can be used for image edge
enhancement with an all optical system. The optical edge detection mechanism is discussed and
verified experimentally. Furthermore, a number of non-periodic large-scale metasurface devices,
including metalens and meta-holograms, are fabricated and characterized in combination with a
customized grayscale exposure system, exhibiting the flexibility and robustness of the proposed
fabrication technique.

Finally, in Chapter S, I draw a main conclusion of the thesis and the work during my Ph.D.

research. In the end, I will provide my insights for the compound meta-optic platform.
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Chapter 2

Compound Meta-optics for Field Control

2.1 Introduction

Control over the amplitude, phase, and polarization state of light is critical in a variety of
scientific and industrial applications. Conventionally, this is achieved using a sequence of optical
components such as lenses, polarizers, gratings, and amplitude masks. Such an approach results in
physically large systems as well as reduced efficiency, especially when transmission loss is utilized
to manipulate the wavefront. Optical metasurfaces, on the other hand, provide a path toward
meeting the growing technical demand for compact and high-efficiency optical systems®’ 8- 6% 70,
Composed of two-dimensional arrays of subwavelength scatterers, metasurfaces can be designed
to control the transmitted phase, amplitude, and polarization of light with remarkable capability.

Forming optical components such as combined beam-former and splitter devices requires
independently manipulating the spatial amplitude and phase distributions of an electromagnetic
wave. Though have been demonstrated through a variety of methods** %3, the typical metasurface
beam splitters, without any beam shaping functionality, always suffer a low efficiency due to the
diffraction loss. Another application of amplitude and phase control is in forming three-
dimensional holograms, which can be produced with high quality if a specific complex-valued
field profile is formed*. The complex-amplitude field necessitates the loss involved in the single-
layer metasurface system, which is typically achieved by polarization conversion or absorption
loss, resulting in low efficiency in specific applications?* % 71,72,

Meanwhile, although manipulation over wavefront and polarization has been demonstrated

in the past, independent control of phase and amplitude by a single layer metasurfaces was
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achieved only at the expense of a polarization-dependent response® as illustrated in Fig.2.1 (a).
The involvement of polarizer components introduces undemanding loss, based on the specific
application”®, which can be as high as 90%. Spatial multiplexing can provide polarization-
independent manipulation by using interference between the neighboring meta-atoms, as shown
in Fig.2.1 (b). This method, however, leads to higher diffraction orders’ due to the use of a larger

supercell, limiting the diffraction efficiency in the target order.

a

Figure 2.1 Complex-field control with metasurfaces. (a) A single metasurface, in the absence of a supercell, enables
full and independent control (phase, amplitude, polarization) over one input polarization state. LP stands for linear
polarized. (b) The use of supercells enables interference to be used for independent control over unpolarized light but
results in loss to higher diffraction orders. UP stands for unpolarized. (c) Bi-layer meta-optics can be used for nearly
loss-less full field control for unpolarized light.

The compound meta-optic systems, on the other hand, provide extra design freedom for
free space light control®> 7% 76- 77. 78 This platform utilizes either the unique optical response in
each layer or the light redistribution ability during propagation, avoiding unnecessary efficiency
degradation as shown in Fig.2.1 (c). Moreover, the broken spatial symmetry along the optical axis
in compound meta-optics enables unsymmetrical manipulation between the orthogonal

polarization states, usually prohibited in single-layer meta-system. This method provides the
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possibility of complete and lossless control of the light field in a compact scenario.

In this chapter, I will discuss the wavefront control mechanism of compound meta-optics
and experimentally demonstrate a high-efficiency, independent amplitude and phase control
strategy over an optical field using a compound meta-optic. This meta-system is comprised of a
sequential metasurface separated by a distance and arranged along a common axis. The extra
freedom of design offers the compound meta-optic system the capability to perform functions
beyond individual metasurfaces. Besides, I will also discuss the theoretical model, where the
Gerchberg-Saxton (GS) algorithm was used to design the compound meta-optic system. This
model is achieved by a two-phase-only metasurface with a certain distance between, which enables
high-efficiency amplitude control by redistributing the optical beam amplitude instead of using
loss to form the desired amplitude distribution.

Moreover, I further expand this model to perform complex-amplitude manipulation for
orthogonal polarization states by employing end-to-end design optimization. In this optimized
platform, birefringent meta-atoms are used for both surfaces, enabling independent control over
orthogonal polarization states as well as polarization conversion between those states.
Redistribution of the wavefront between metasurface layers allows for nearly loss-less, complex-
valued wavefront and polarization control, which is not limited by the symmetric Jones matrix (a
more detailed discussion can be found in Appendix B.1).

As a proof of concept, I experimentally achieved high-efficiency beam-former-splitters and
three-dimensional holograms for the complex-valued field control based on the phase-only
compound meta-optic. Besides, to prove the complete manipulation ability of the further optimized
compound meta-optic platform, I also demonstrated a spatial division multiplexer (SDM), an

optical mode converter, and a vectorial hologram, which include independent control of amplitude,
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phase, and polarization.

2.2 Design Strategy of Phase-only Compound Meta-optics
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Figure 2.2 The optical compound meta-optic implementing independent phase and amplitude control over an
incident optical field. (a) Illustration of a compound meta-optic converting a uniform illumination into a three-
dimensional, complex-valued hologram. The depth of the three-dimensional hologram is visualized when the output
field is imaged at different depths by an observer facing the device. (b) The transmission characteristics of the unit
cell under normally incident plane wave illumination and periodic boundary conditions. The inset shows a schematic
of the metasurface unit cell. Each cell has a period of P=570nm and contains an amorphous silicon nanopillar with a
height of H=850nm. The nanopillar diameter is varied across the metasurface to implement the desired transmission
phase profile. All the silicon nanopillars were embraced by PDMS as the support for the compound metasurface
system.

The compound meta-optic is formed by two lossless phase-only metasurfaces separated by
a physically short distance of homogeneous dielectric, as shown in Fig.2.2 (a). Together, they
provide the desired independent amplitude and phase control. Adding additional metasurfaces
would allow more control over the optical field, for instance, multi-wavelength performance or
diffractive neural networks for multi-input multi-output applications, but only two metasurfaces
are necessary for lossless complex-amplitude control at a single wavelength. As a proof of concept,
meta-optics that combine beamforming and splitting and produce high-quality, three-dimensional
holograms are experimentally demonstrated. The efficiency of the devices is high, only limited by
the minor reflection from each metasurface, indicating the promise of optical compound meta-

optics for high-efficiency holographic displays and optical components.
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Figure 2.3 Gerchberg-Saxton algorithm-based design framework to generate a compound metasurface system
for complex-amplitude control. E, represents the desired complex-amplitude distribution at the target image plane.
E, is the field distribution at the second metasurface layer. ¢,5; and ¢y, are the retrieved phase distribution for each
metasurface layer to achieve independent amplitude and phase manipulation.

The proposed compound meta-optic devices consist of two phase-only metasurfaces, each
impressing a phase discontinuity onto an incident wave. In order to provide enough phase
manipulation at each metasurface layer, LPCVD deposited a-silicon based nanopillar on the fused
silica substrate was employed as the basic meta-atoms. The refractive index of silicon (n=3.7) was
characterized by ellipsometry (Details can be found in Appendix A.3). All the nanopillars were
embraced in the Polydimethylsiloxane (PDMS) surrounding as the support for the compound meta-
optic structure. Circular cross-sections of the nanopillars were chosen to ensure polarization
invariance. However, elliptical or rectangular cross-sections could be used if polarization control
is required. In Fig.2.2 (b), the transmission characteristics as well as the diagram of basic meta-
atoms are illustrated. Variation of the pillar diameter (D) provides control over the transmission
phase. The silicon pillar height (H = 850nm), unit cell period (P = 570nm), and illuminating
wavelength (4, = 1.3um) have been chosen to provide high transmittance for a large

transmission phase range. For these dimensions, a transmission phase coverage of 78% can be
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achieved with a transmission magnitude greater than 0.93.

The compound meta-optic system was designed by the Gerchberg-Saxton (GS) algorithm
as shown in Fig.2.3. The details of GS algorithm can be found in Appendix B.1. The first
metasurface applies a phase discontinuity onto the known incident wave. This phase shift is
designed so that the desired electric field amplitude distribution is formed at a distance equal to
the separation distance between the metasurfaces. However, the phase of this field profile is
incorrect relative to the desired output phase profile. Therefore, the second metasurface applies a
phase correction to form the desired complex-valued electric field distribution. The light
propagation behavior in the uniform medium can be derived by the angular spectrum method
(details can be found in Appendix A.4), giving an accurate prediction of the complex-valued field
along the propagation axis. Since the metasurfaces are assumed to be transparent, the amplitude
distributions of the wave transmitted by metasurface 1 and incident on metasurface 2 are known
from the incident and desired field profiles, respectively. The free parameters are the transmission
phase distributions at each plane, which are optimized using the GS algorithm that links the
incident and output field amplitude distributions.

The phase shift distribution of each metasurface is calculated as the difference between the

phase distributions of the transmitted and incident fields.

(pmsl = ¢tr1 - ¢Einc (21)

¢)m52 = ¢Eout - ¢in62 (22)

where ¢, is the phase of the incident field, ¢, is the phase profile of the transmitted field from
metasurface 1, ¢ is the phase of the field incident on metasurface 2, and ¢, is the phase

profile of the desired output field. The metasurfaces are then designed to implement ¢,,¢; and

¢ms2 as a transmission phase shift of the form e‘®Ms on the incident wave. Here, a time convention
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of ¢ is assumed.

Once the light propagation behavior was determined among the compound meta-optic
system, the phase distribution of metasurface 1 and 2 was retrieved by the algorithm exhibited in
Fig.2.3. Compared to single layer system, the extra metasurface layer offers another freedom of
design for independent amplitude and phase control, verified by the complex-amplitude target
function in the algorithm. To fabricate the metasurface, the phase shift profiles producing the
desired phase profile are sampled at the unit cell periodicity and converted to distributions of
nanopillars with the corresponding diameters according to Fig.2.2 (b). Each metasurface was then

fabricated individually and aligned to form the compound meta-optic devices.

2.3 Compound Meta-optics for Lossless and Complex-valued Field Control

Once the meta-optic system was designed, each metasurface layer was fabricated using
nanofabrication techniques developed to construct multi-metasurface devices. To be specific, an
850nm-thick layer of amorphous silicon was deposited onto a fused silica substrate by the low-
pressure chemical vapor deposition (LPCVD) method. Each metasurface pattern was defined using
electron beam lithography (EBL), and then nanopillars were formed using reactive ion etching
(RIE). The metasurfaces were subsequently enclosed in a protective layer of PDMS. Finally, the
metasurfaces were spaced by a layer of PDMS and carefully aligned using translation stages to
form the complete compound meta-optic (The alignment process is shown in Appendix B.2).

The compound meta-optics were then characterized using an unpolarized supercontinuum
laser whose beam is passed through a monochromator to select the desired wavelength. The
resulting beam overfilled the meta-optic footprint to form the desired uniform illumination. The
meta-optic performs the required spatial amplitude and phase manipulation to form the desired

complex-valued output field distribution. Intensity distributions at different depths from the meta-
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optic output were then magnified with an objective and tube lens and recorded with a camera.
Amplitude control over the incident optical field can be directly verified by imaging the output
plane of the meta-optic. If the output field phase distribution is accurate, propagation of the output
field will form the desired intensity profile at each plane in space beyond the meta-optic. However,
if the phase distribution is inaccurate, the desired intensity will not be formed at the corresponding
distance. Therefore, phase control was verified by comparing the measured intensity distribution

at a plane beyond the meta-optic output.
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Figure 2.4 Measurement results of meta-optics implementing a beamforming and splitting function. Uniform
circular illumination is manipulated to form multiple Gaussian beams at the output. (a) The phase profile of compound
metasurfaces for two Gaussian beams former. (b) and (c) The simulation and measurement results of the output
intensity from two Gaussian beams former at the second layer metasurface (left) and far-field (right). (d) The phase
profile of compound metasurfaces for three Gaussian beams former. (e) and (f) The simulation and measurement
results of the output intensity from three Gaussian beams former at the second layer metasurface (left) and far-field
(right). The intensity redistribution and beam splitting indicate well complex-amplitude control.

To demonstrate the accuracy of the compound meta-optic in providing independent phase
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and amplitude control with high efficiency, two different functions are presented. First, a combined
beamforming and splitting function is demonstrated, where a uniform illumination is reshaped to
form multiple output beams with specified amplitude profiles and propagation directions. Second,
a meta-optic to reshape a uniform illumination to form a computer-generated, three-dimensional
hologram is exhibited. The efficiency was calculated based on the images captured by the near-
infrared (NIR) camera with the background noise correction processed by subtraction of a blank
image. The reference intensity was calculated from images of the substrates without any meta-
optics. With the same integration time, the intensity distribution can be revealed by the photon
count from the camera. The efficiency of the beam-former-splitter devices was calculated as the
intensity within an area encompassing each beam in the far-field, divided by the intensity incident
on the device. For the three-dimensional hologram example, the efficiency is the intensity
contained in the transmitted field divided by the intensity incident on the device.

Using the meta-optic design process, two meta-optic devices performing optical
beamforming and splitting at a wavelength of 4, = 1.3um were designed and fabricated. In both
examples, circular uniform illumination with a diameter of 200um is reshaped to form multiple
output Gaussian beams. Each metasurface is 200um in diameter and separated by 325um of
PDMS. The first meta-optic forms the interference pattern between two Gaussian beams of
different beamwidths, propagation directions, and relative intensities. The desired output field

profile is calculated as the superposition of the two Gaussian beams as

r

2 o2
Eyye = _e_(45.5/10) elkoxsin(=2°) 4 1/0_53_(32.5/10) e lkoxsin(2°) (2.3)

which forms a fringed interference pattern. Here, r represents the radial distance from the center
of each gaussian beam. Since the exact complex-valued field distribution is formed, only the

desired Gaussian beams are produced, and undesired diffraction orders are not present. Fig.2.4 (a)
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exhibits the retrieved phase profile of two metasurface layers, respective. The comparisons of the
intensity profiles formed by the meta-optic at the output plane and far-field in simulation and
measurement are presented in Fig.2.4 (b) and (c). In each case, the measurements closely agree
with the simulated intensity distributions and form the desired Gaussian beams with little
diffractive noise. Furthermore, the transformation in amplitude and phase was performed with an
efficiency of 81% in simulation and 72% in measurement.

A second beam-former-splitter example was fabricated to produce three Gaussian beams.
The propagation directions are chosen such that the output field has variations in both planar

dimensions. The desired output field is calculated as the sum of three beams,

2
r
Eout — _(m) {eiko[xsin(2°)+ysin(0°)] ++0.75 eiko[xsin(—1°)+ysin(3°)]
+meik0[x sin(—-2°)+y Sin(—2°)]} (2'4)

Fig.2.4 (d) presents the phase distributions of both metasurfaces at different layers. The
comparisons of the intensity profiles formed by the meta-optic at the output plane and far-field in
simulation and measurements are also exhibited in Fig.2.4 (e) and (f). Here, the desired Gaussian
beams are formed at the correct relative intensities, propagation directions, and beamwidths,
verifying the accuracy of amplitude and phase control performed by the meta-optic. The device
efficiency is 79% in simulation and 65% in measurement. The lower measured efficiency
compared to the simulated results is due to the fabrication imperfection as well as the slight
alignment error. The former factor will introduce the phase mismatch between the fabricated and
designed device, leading to undesired field distribution. Although the latter factor is unavoidable
due to the limitation of mechanical parts in the alignment system, the alignment tolerance may be

further improvement by extra optimization algorithms.
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Image Component Rotation Axis Rot?it:(g):es;)lgle Center Position
Spiral y=x 20 (0,0,104)um
Stars No rotation No rotation (0,0,104)um
University of Michigan logo y 25 (—35,—35,156)um
Vanderbilt University logo x 25 (55,50,104)um

Table 2.1 Manipulation parameters of each image component to assemble the 3-dimensional hologram

The measured intensity images from each of the meta-optic devices demonstrate the
accuracy of complex-valued optical field control with high efficiency. Specifically, the intensity
measured at the output plane of the meta-optic demonstrates amplitude control since the uniform
illumination is reshaped. The intensity measured at a plane beyond the aperture (after the optical
field propagates away from the meta-optic output) demonstrates phase control since the desired
intensity will only be formed if the output phase profile is accurate. An inaccurate phase profile
would alter the propagation characteristics of the optical field so that the measured intensity pattern
would not match the desired result. This is verified in Fig.2.4, where combined beam-former and
splitters are demonstrated to form intensity distributions that closely match the expected
distributions. Even though a small number of Gaussian beams were formed with these devices,
meta-optics can be designed to produce a larger number of beams with different amplitude profiles.
The measured efficiency of the beam-former-splitter designs of 78% and 65% is higher than that
of methods that would require loss.

Another attractive application of high-efficiency amplitude and phase control is three-
dimensional holography. While phase-only metasurfaces can produce holograms, phase and
amplitude control allows for enhanced image quality, especially for three-dimensional holograms.

Such complex-valued holograms have been generated using lossy methods, most commonly
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reflection or polarization loss. Here, the meta-optic design approach was utilized to demonstrate
high-efficiency, three-dimensional holograms. Multiple computer-generated hologram approaches
can be used to display a three-dimensional scene, but one method is demonstrated here: a hologram
composed of solid flat image components more applicable to generating a realistic hologram scene.
This technique can be used to produce a faceted representation of an object, leading to the ability

to form 3D holograms of life-like scenes.
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Figure 2.5 Measurement results of meta-optics implementing a 3-dimensional hologram. A uniform plane-wave-
like illumination was used. The intensity has been normalized to respective maximums. (a) The diagram of the
compound meta-optic structure architecture forms the 3d holograms at variant depths. (b) The phase profile of the
first(left) and second(right) layer metasurface. (c) The simulated output field intensity profile from the compound
meta-optic. The output field was calculated at a variant distance from the second layer metasurface. The bottom-right
corner label indicates the distance. (d) The measured output field intensity profile from the compound meta-optic. As
a comparison, the distance between the second metasurface and the simulated field was chosen to match the
measurement results.

For this example, a compound meta-optic was designed where each metasurface is a 200um
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square array of nanopillars separated by 325um of PDMS. The operating wavelength is A,=1.3um.
The output field of the compound meta-optic was engineered in amplitude and phase to form the
scene shown in Fig.2.5 (a). The large spiral, University of Michigan (M), and Vanderbilt
University (V) logos are all tilted in space but in different directions. As a result, different cross-
sections of the image come into focus when imaging at different depths from the meta-optic output
plane. The detailed geometrical parameters of the 3D hologram are exhibited in table 2.1.

The phase profile of each metasurface is exhibited in Fig.2.5 (b), respectively. Fig.2.5 (d)
shows intensity images measured at different depths in the 3D hologram, which closely match the
simulated images in Fig.2.5 (c). Specifically, the first image shows the middle of the spiral and
stars in focus, while the remaining images show different cross-sections of the logos. The full
three-dimensional nature of the hologram can be seen by scanning the focal plane through the
depth of the hologram. The compound meta-optic performs the desired complex-valued field
manipulation with a simulated efficiency of 82% and measured efficiency of 75%, significantly
exceeding the efficiency of loss-based approaches.

Similarly, the measured three-dimensional holograms shown in Fig.2.5 very closely match
the desired intensity images, demonstrating that the meta-optics can produce life-like holograms.
The images produced in Fig.2.5 (d) with phase and amplitude control avoid the image speckle
common to phase-only implementations produced with phase-retrieval algorithms. While the
fabricated meta-optics demonstrated relatively simple holograms, meta-optics can be designed to
form 3D holograms of life-like scenes. This approach also maintains the image contrast compared
to the desired phase profile simply applied to the uniform illumination. Here, we can compare the
complex-valued control provided by the meta-optic and the phase-only control from a single

metasurface. Phase-only control is achieved by an individual metasurface applying a desired phase
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profile to the incident uniform illumination. The resulting transmitted field exhibits the desired
phase profile but an incorrect amplitude profile as shown in Fig.2.6.

In the case of the solid-image three-dimensional hologram, the phase-only metasurface was
designed to implement the phase distribution of the desired output field profile. As the transmitted
field distribution propagates away from the metasurface, it forms a version of the desired hologram
image. Fig.2.6 (b) shows the hologram intensity at different depths for the cases of the simulated
phase-only control system. Compared to the phase-only results, the compound meta-optic system
exhibits higher hologram quality since both the phase and amplitude profiles of the field

distribution are manipulated to match the desired distribution.

simulated sinulated

Figure 2.6 Single-layer phase-only metasurface to produce the 3d hologram. (a) The phase profile of single layer
metasurface for hologram generation. (b) The simulated output field intensity from the metasurface. The field was
calculated at a variant distance to show a 3d hologram profile. The bottom-right corner label indicates the distance
between the hologram and metasurface.

High-efficiency amplitude and phase control over optical fields enable compound meta-
optics to explicitly perform a variety of applications without inherent losses in efficiency. In
contrast, loss-based amplitude control significantly reduces the device's efficiency. For example’?,
a measured efficiency of 6.4% was demonstrated in forming a complex-valued hologram using
polarization conversion at THz frequencies (however, intrinsic unit cell losses also contributed

since the measured efficiency for a similar phase-only version was 19.1%). Even when unit cells
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are optimized to obtain a maximum polarization conversion efficiency of 100%, the overall
efficiency of a device is less than unity and highly case-dependent due to variation of transmission
amplitude over the metasurface. Therefore, there are two main advantages of the compound meta-
optic approach in terms of efficiency. First, using polarization loss for amplitude control requires
a specific input polarization, which decreases the overall efficiency if an unpolarized source is
used. Instead, the proposed method is polarization independent and avoids this issue. Second, the
efficiency of loss-based approaches is highly case-dependent, but our work can achieve near-unity
efficiency (in the ideal case) regardless of the required amplitude control. As a result, the measured
75% efficiency of the compound meta-optic producing the 3D hologram is significantly higher

than lossy methods and is approximately independent of the desired amplitude control.

2.4 Physics Driven End-to-end Optimization for Compound Meta-optics

In this section, I will discuss the lossless and complete light control ability of compound
meta-optic over amplitude, phase, and polarization based on the end-to-end optimization method.
In this platform, birefringent meta-atoms are used for both surfaces, enabling independent control
over orthogonal polarization states as well as polarization conversion between those states.
Redistribution of the wavefront between metasurface layers allows for nearly loss-less, complex-
valued wavefront and polarization control, which is not limited by the symmetric Jones matrix (a
more detailed discussion can be found in Appendix B.3). As a proof of concept, I experimentally

demonstrated a meta-optic for optical mode manipulation®- 8% 81. 82

, including a spatial division
multiplexer (SDM), an optical mode converter, and a vectorial hologram. All the devices achieve

experimental diffraction efficiencies above 80%, showing excellent agreement with the theoretical

prediction.
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Figure 2.7 Inverse design of multi-layer meta-optics. (a) Schematic of the birefringent meta-atom. (b) and (c)
Transmission coefficient (amplitude and phase) map of the meta-atom under x and y polarized illumination,
respectively, as a function of the geometry (width and length). In these maps, the rotation angle of the meta-atom was
fixed at 0°. (d) The inverse design architecture allows for optimization of the amplitude, phase, and polarization state.
Multiple optimization targets with various propagation distances, indicated by the coordinate (d2, d3, d4), were
sampled for robustness. (¢) The error function and efficiency of the meta-optic as a function of epoch.

The experimentally demonstrated meta-optic consists of two metasurfaces with near-unity
transmission, each serving to control the phase delay and polarization conversion between the x
and y-directions. In the design process, we utilized meta-atoms comprising a-silicon nanopillars
with a height of 0.75um and a period of 0.52um, sitting on a silica substrate, as shown in Fig.2.7
(a). The design wavelength was 1.15um and the polarization-dependent transmission coefficient
map was calculated using rigorous coupled wave analysis (RCWA). The width and length of the
nanopillars varied between 0.12pum and 0.34pum and the transmission and phase maps are presented
in Fig.2.7 (b) and (c), demonstrating near-unity transmission and independent control over phase

along the x and y-axes. This data forms the data library that is used in the design process of the
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compound meta-optics.

In order to achieve full control over phase, amplitude, and polarization state of light, the
incident field is divided into two separate channels, E and E,,, with each comprising a complex-
amplitude field matrix. Based on the data library, each metasurface can independently control the
phase along the x and y direction, as well as the polarization conversion, which is determined by
the rotation angle, 6, of the meta-atom. The transmitted field of each rectangular nanopillar

comprising the metasurface follows an analytical model based on the Jones matrix given by,

[Ex,out]:[COS(Q) sin(e)Hei¢x 0 Hcos(e) —sin(B)] [Ex,in]

Ey out —sin(8) cos(B)IL 0  ei®y]lsin(@) cos(6) IlEy,in

= M (¢ by, 0) [g;:] (2.5)

where Ey in, Ey in and Ey oy, Ey oyt are the x and y polarized incident and transmitted amplitude,
respectively. ¢, and ¢,, are the phase shifts provided by the resonator for x and y polarization,

values that are dictated by the size of the resonator. 8 is the pillar rotation angle, which determines
the polarization conversion efficiency and transmitted phase for a given meta-atom in the
metasurface. M represents the operator of Jones matrix.

To design the multilayer meta-optic, I employed an end-to-end inverse-design algorithm,
as shown in Fig.2.7 (d), which is based on a physical model of light propagation within the meta-
system. In previous work®®, we designed loss-less meta-optic phase profiles based on the
Gerchberg-Saxton (GS) algorithm, which did not allow for the design of polarization states and
required prior knowledge of the desired intensity distribution at the second metasurface layer. In
this work, I utilize a stochastic gradient descent (SGD) solver®*, a common approach in machine
learning applications, to specify the output intensity, phase, and polarization at a position in space

after the last metasurface in the optic. In the forward analytical model, light propagating in free
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space is described by the angular spectrum propagation operator,
R(d) = F1H(dD)F (2.6)

where F is a Fourier transform operator, d is the propagating distance, and H (d) = exp[i-
Qrd/A) -J1 —kz — kf,] is the transfer function of light in k-space. Here, A is the effective
wavelength in the medium and k, and k,, represent the lateral wavenumbers. Light propagating

through the meta-optic is calculated by cascading the various elements and free-space regions and

is given by,
E(x, Y, Pout) = R(dz)M(bez; by2,0; )R(dﬂM(ﬁbe by1, 91)E(x, Y, Din) (2.7)

where p is the polarization state. Eq.2.7 provides the optical response of a bilayer meta-optic and

analytically connects the input electric fields E, ;, and E,, ;;, with the output fields, Ej ,,; and

E, out- This approach can be readily extended for many-layer systems, such as diffractive neural
networks®, going beyond the more traditional GS algorithm-based optimization.

To avoid overfitting in the training process, multiple output fields at various propagation
distances were optimized simultaneously. Due to the complex-valued electric fields, the error
function, defined by the mean square error (MSE), was calculated using both the real and
imaginary components of the output field as well as the polarization states at each propagation
distance. The target field profiles used to design the compound meta-optics in this manuscript are
presented in the Appendix. The error gradient of the designable parameters was then calculated by
the SGD solver, which was used to update all parameters simultaneously. The evolution of the
error function, as well as the absolute efficiency, defined by the energy in the target mode over the
input power, is presented in Fig.2.7 (e). Near-unity efficiency is achieved in roughly 50 training

cycles (epochs). In addition, an angular filter was employed at the output field from each
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metasurface as a constraint during optimization iterations as shown in Fig.2.7 (d). There are two
main purposes for this restriction. First, a k-space filter will remove light propagating at high
angles between the metasurfaces, mitigating the dependence of the optical response on the angle
of incidence. Second, the angular spectrum filter will reduce the required phase gradient of each
metasurface resulting in more gradual meta-atom changes and reduced scattering. Ultimately, the
k-space filter results in higher efficiency meta-optics, and a comparison of the optimized phase

profile with/without the angular spectrum filter is presented in Appendix B.4.

2.5 Compound Meta-optics for Lossless and Complete Field Control

To experimentally validate the design methodology, each optimized metasurface was
realized by starting with a wafer comprising a 0.75um thick silicon device layer on quartz. The
silicon device layer was patterned into nanopillars with a period of 0.52um using electron beam
lithography (EBL) followed by reactive ion etching (RIE). A polymethyl methacrylate (PMMA)
layer was spin-coated over each metasurface as a protective coating as well as serving as an index-
matching layer. The two metasurfaces were aligned using a custom alignment and bonding system
(see details in Appendix B.2) with PDMS being used as the bonding material. Alignment of the
metasurfaces was aided by fabricating an alignment mark consisting of a metasurface hologram,
designed to project an alignment symbol at the prescribed separation distance. The final alignment
was accomplished by observing the output intensity distribution of the meta-optic while tunning
the lateral position of the metasurfaces. As a proof of concept, I optimized a series of bilayer meta-
optics with an aperture size of 200um. The separation distance between layers was set at 287.5um,
which was chosen to balance the spatial resolution of the designed amplitude function and the

sensitivity to the angle of incidence”’.
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Figure 2.8 Meta-optic-based SDM to unpolarized light. (a) Schematic of the multi-layer meta-optic for SDM to
unpolarized beams. (b) and (c) Optical images of each metasurface in the meta-optic. The insets are SEM images of
metasurfaces. Scale bar: 4um. (d) and (e) Simulated and measured polarization-dependent intensity distributions after
the meta-optic. An unpolarized supercontinuum laser was used as the source. The arrows in the upper-left corner
indicate the analyzer direction, which is unpolarized (left), x-polarized (middle), and y-polarized (right). Scale bar:
50um. (f) Simulated and measured mode profile after the meta-optic as a function of lateral position. The intensity
has been normalized to the maximum value.

A meta-optic that operates as both a mode sorter and mode shaper for free-space spatial
division multiplexing (SDM)” is first designed and fabricated as shown in Fig.2.8 (a). The meta-
optic splits incident light into x and y-polarization states while, at the same time, transforming the
two wavefronts into Gaussian profiles. Specifically, the desired output field at the second

metasurface is given by a superposition of two Gaussian beams with the same beam waist,

N2
[Ex] _ e_(zs.slo) eltkoy-sin(0.03%) 2.8)
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where 4, is designed working wavelength, k is the free-space wavenumber, and r is the radial
distance from the center of the aperture. In this case, since the proposed function is polarization
independent, the rotation angle, 8, was fixed at 0° for all metasurface pixels. The optimized phase
profile for each polarization channel can be found in Appendix B.5. Both metasurface layers
exhibit a smooth profile and the optical and scanning electron microscope (SEM) images are
shown in Fig.2.8 (b) and (c), respectively. The meta-optic was characterized by imaging the far-
field beam profiles for both polarizations with the results presented in Fig.2.8 (d) and (e). The
measured beams exhibit a Gaussian profile, with each beam being composed of the desired
polarization component. The quantitative comparison of the beam intensity distribution between
the simulated and measured results are presented in Fig.2.8 (f), showing excellent agreement.
Furthermore, the diffraction efficiency, defined by the intensity in the two Gaussian beams over
the input energy, with Fresnel reflection correction, was measured to be 88.64%. As a comparison,
a single-layer metasurface with the same function has a maximum theoretical efficiency of only
5.3% (see other instances in Appendix B.3).

To explore the alignment sensitivity for compound meta-optic, the lateral alignment
sensitivity of the spatial mode division/multiplexing (SDM) device is calculated as shown in
Fig.2.9 using the angular spectrum propagation method. In the simulation, I added a misalignment
factor along the lateral direction, which led to aberration in the output field. The ideal and aberrated
output intensity are shown in Fig.2.9 (b), (c), and (d), respectively. Aberrations can be observed
when the lateral misalignment is over 1um. The vertical alignment will have a higher tolerance as
shown in Fig.2.10, where a Gaussian-like shape can still be maintained even with 3um vertical
misalignment. By comparison between the simulated and measured results, the in-situ alignment

system can provide a sub-1um alignment resolution.
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Figure 2.9 Simulated sensitivity to lateral misalignment. (a) Diagram of lateral misalignment. (b) The simulated
output field without any misalignment. (c) and (d) The simulated output field with various misalignment values along
the x and y-axis.

d
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Figure 2.10 Simulated sensitivity to vertical misalignment. (a) Diagram of vertical misalignment. (b) The
simulated output field without any misalignment. (c) and (d) The simulated output field with various misalignments
values along z-axis.

The design freedom associated with this approach can also be used to realize a meta-optic
that acts as an arbitrary mode converter, allowing for the transfer of any polarization state across

the Poincare sphere. As an example, I used the meta-optic to convert a single polarization state
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into two, while maintaining high conversion efficiency.
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Figure 2.11 Meta-optic-based mode conversion for circularly polarized light. (a) Schematic of the multi-layer
meta-optic for mode conversion to linearly polarized beams. (b) and (c) Optical images of each metasurface in the
meta-optic. The insets are SEM images of metasurfaces. Scale bar: 4um. (d) and (e) Simulated and measured
polarization-dependent intensity distributions after the meta-optic. An unpolarized supercontinuum laser was used as
the source. The upper-left corner arrows indicate the analyzer orientation, which is unpolarized (left), LCP (middle),
and RCP (right). Scale bar: 50um. (f) Simulated and measured mode profile after the meta-optic as a function of lateral
position. The intensity has been normalized to the maximum value.

Specifically, the desired output field at the second metasurface layer can be calculated as
the sum of multiple Gaussian beams as follows:

_(r)z. : in _(L)Z. .
[Ex] e \2831g) pikoy-sin(0.03") o5 4 o7 \352y/ @ikoy-sin(~0.03%)

= ) (2.9)
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Eq.2.9 divides the overall intensity into two Gaussian beams, with one being lefthand-circular-
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polarized (LCP) and the other righthand-circular-polarized (RCP), as shown in Fig.2.11 (a). The
resulting phase profile can be found in the Appendix while the optical and SEM images are
provided in Fig.2.11 (b) and (c), respectively. It is important to note that even though we
demonstrate conversion from a single state to two orthogonal states, multiple and arbitrary output
states are also achievable using the end-to-end inverse-design process (see details in Appendix
B.6), providing a powerful tool for enhancing the capacity of free-space optical communication
systems.

The simulation and characterization of the far-field intensity distribution of the mode
converter are shown in Fig.2.11 (d) and (e), with both output beams having a Gaussian-like shape.
The polarization states, characterized by a quarter waveplate combined with a linear polarizer,
demonstrate an excellent match with the theoretical predictions, with the exception of ripples
observed at the edges due to diffraction from the neighboring aperture. The agreement between
the simulated and measured results can also be found in the quantitative analysis of the intensity
distribution shown in Fig.2.11 (f). The meta-optic has a measured diffraction efficiency, with
Fresnel reflection correction, of 82.44%. The slight decrease in efficiency compared to the SDM
meta-optic may be due to the inclusion of a varying rotation angle for each metasurface pixel,
leading to additional fabrication errors.

The extra design degrees of freedom associated with multilayer meta-optics ultimately
enable loss-less polarized complex-field control, which is not possible using a single-layer
metasurface. To illustrate the full power of this approach, I demonstrate a meta-optic vectorial
hologram?® 87 in which polarization information is arbitrarily redistributed on an image plane, as
shown in Fig.2.12 (a). Specifically, a meta-optic that accepts unpolarized incident light and

redistributes the energy, based on polarization, to realize a “V” logo is exhibited. The detailed
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phase profile, as well as the rotation angle of the meta-atoms, can be found in Appendix B.5. In
Fig.2.12 (b) and (c), I present the optical and SEM images of the fabricated metasurfaces. The
polarization distribution after the meta-optic was characterized using a linear analyzer, as shown
in Fig.2.12 (d) and (e), demonstrating excellent agreement between the simulated and measured
results. The diffraction efficiency, defined by the overall transmission over total input energy, was

measured to be 83.0%.

simulated simulated simulated simulated

measured measured measured measured

Figure 2.12 Meta-optic-based vectorial hologram. (a) Schematic of the multi-layer meta-optic for the vectorial
hologram to unpolarized beams. (b) and (c) Optical images of each metasurface in the meta-optic. The insets are SEM
images of metasurfaces. Scale bar: 4um. (d) and (e) Simulated and measured polarization-dependent intensity
distributions after the meta-optic. An unpolarized supercontinuum laser was used as the source. The upper-left corner
arrows indicate the analyzer orientation. From left to right, the analyzer state is unpolarized, 15°,45°, and 75° polarized

to the x-axis. Scale bar: 50um.

The vectorial hologram devices manipulate the orthogonally polarized amplitude as well
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as polarization conversion efficiency, providing a powerful toolbox for optical systems design,
which may find applications in a variety of areas. The cascaded architecture and the ability to
redistribute light across the aperture enable opportunities in optical computing, such as neural
networks®®, where low-loss spatial control over the output field is necessary. Meanwhile, complete
control over the coherent vector field along orthogonal axes can be used for quantum

t89

entanglement® with spin and orbital angular momentum encoded in the optic. Furthermore, high-

efficiency and arbitrary spatial mode manipulation allow for optical multiplexing and division for
use in multichannel displays* and information encryption®®°!.
2.6 Conclusion

In this chapter, I have demonstrated compound meta-optics consisting of paired, lossless
metasurfaces that independently manipulate the amplitude and phase as well as the polarization
state of an optical field. Each metasurface was implemented as a high-transmission array of
amorphous silicon nanopillars and aligned, operating at near-infrared wavelengths. The distance
between the metasurfaces allows the optical wave to be reshaped, leading to high-efficiency
devices by avoiding loss-based amplitude-control mechanisms. High-efficiency field control
expands the application space of meta-optics, while maintaining a compact form factor. As
examples, I have experimentally shown that compound meta-optics can implement optical
functions such as combined beamformer and splitter, as well as form 3-dimensional holograms
with high image quality. In each case, the measured efficiency of the fabricated meta-optic devices
ranged between 65~75%. By explicitly forming the desired complex-valued field profiles, no
energy is lost to diffraction, and high-quality holograms are obtained.

Additionally, polarization control can be achieved through an anisotropic nanopillar cross-

section. Assisted with an end-to-end optimization method based on a state-of-the-art machine
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learning platform, the manipulation efficiency of the compound meta-optic system can be further
enhanced to over 80%. Compound meta-optics could lead to improved performance in three-
dimensional holography, compact holographic displays, custom optical elements, vectorial field
control, and other applications requiring detailed control over the phase, amplitude, and
polarization distributions of an optical field, which can pave a new avenue for the next generation

of the nanophotonic platform.

41



Chapter 3

Meta-optic Accelerators for Object Classifiers

3.1 Introduction
Digital neural networks (NNs) and the availability of large training datasets have allowed

for rapid progress in the performance of machine-based tasks for a wide range of applications,

92, 93 94, 95

including image analysis , sound recognition , and natural language translation®®. The
enhanced capability has, however, come at a computational cost as increased complexity and
accuracy have necessitated the need for ever larger deep neural networks (DNNs)”’. The ever-
increasing computational requirements of DNNs have resulted in unsustainable growth in energy
consumption and restrictions in real-time decision-making when large computational systems are
not available.

One alternative to DNNSs is the use of optical processors that have the advantages of ultra-
fast processing times and low energy costs’® %> 1% These systems can be employed as stand-alone
processors and/or as front-end accelerators for digital systems as shown in Fig.3.1. In either case,
optical systems are most impactful when used for the linear matrix-vector multiplications!?!: 102
that comprise the convolution operations in DNNs. These operations are often the most
computationally burdensome components typically comprising more than 90% of the required

floating-point operations (FLOPs) in popular CNNs!%: 194 There are both free-space!?> 196197 and

leS, 109

chip-base approaches to optical processors but in either case, the computational advantage

is achieved via the massively parallel and low-power processing that is possible with optics. In the
case of image analysis, free-space approaches are attractive as spatial multiplexing can be readily

d75, 110, 111

achieve as well as the fact that an optical front-end can potentially be integrated directly
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50,112

with an imaging system

4 -
Digital process

Max pooling Flatten
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-

Prediction

Input

Figure 3.1 The Schematic of a convolutional neural network. The optical front-end performed object capturing as
well as convolution process based on the optical operations.

The most traditional approach to free-space based optical image processing is the use of 4f
optical correlators where spatial filters!!? !4 115. 116 "either passive or dynamic, are placed in the
Fourier plane of a 2-lens optical system. Recorded spatial features are then fed to a lightweight
digital NN back-end for classification. An alternative approach is the use of diffractive neural
networks which utilize cascaded diffractive elements as convolutional layers'!”> 18 119 Tmage
classification is realized through redistribution of optical energy on the detector plane requiring
minimal digital processing. The tradeoff is the need for several diffractive layers as well as
coherent illumination, precluding use with ambient lighting. While these approaches have shown
benefits in terms of processing speed and energy consumption, they necessitate enlarged imaging
systems. Furthermore, none of these approaches utilize the additional information channels, such
as polarization, that are available when utilizing an optical front-end®* 20,

In this chapter, I demonstrate the use of meta-optic based optical accelerators that serve as

the convolutional front-end for a hybrid image classification system as shown in Fig.3.2. Spatial
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multiplexing is achieved by using a multi-channel metalens for image duplication and a
metasurface-based convolutional layer. This system has the advantage of being compact while the
use of metasurfaces allows for additional information channels, in this case, polarization, to be
accessed enabling both image and polarization-based classification. The hybrid network utilizes
end-to-end design such that the optical and digital components are co-optimized while also
incorporating statistical noise resulting in a robust classification network. I experimentally
demonstrate the classification of the MNIST dataset with an accuracy of 93.1% as well as 93.8%
accurate classification of polarized MNIST digits. Due to the compact footprint, ease of integration
with conventional imaging systems, and ability to access additional information channels, this type

of system could find uses in high-dimensional imaging, information security, and machine vision.

um
Co : L ~ch, an
l’0/(,1,,-0,)'7e/

Multi-channel
metalens

Figure 3.2 Schematic of the meta-optic accelerator. The meta-optic enables multi-channel signal processing for
replacing convolution operations in a digital neural network. Summing is achieved by each kernel being recorded by
a single pixel on the photodetector.
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3.2 Meta-optic Accelerators for Convolutional Neural Network
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Figure 3.3 Components of the meta-optic system. (a) The phase profile of the multi-channel metalens was achieved
using spatially multiplexed meta-atoms. (b) Optical image of the fabricated multi-channel metalens. The inset is an
SEM image of the lens. Scale bar: 2um. (c¢) Experimental focal spot profile of the multi-channel metalens under
illumination at a wavelength of 1.3um. (d) Polarization conversion efficiency as a function of the meta-atom rotation
angle. (e) Optical image of kernel resolution test chart. The left-side bar shows the number of meta-atoms in each
kernel pixel. Inset is an SEM image of the meta-atoms. Left scale bar: 30pum. Right scale bar: 4um. (f) Optical
transmission of the kernel resolution test char under tungsten lamp illumination. An orthogonal analyzer was used to
image the transmission map. Scale bar: 30pm.

The meta-optic accelerator is made up of two metasurfaces, a platform due to the fact that
it offers precise wavefront, complex-amplitude, and polarization state manipulation in an ultra-
thin form factor. Metasurfaces have also been utilized as standalone systems for all-optical image
processing, namely, edge detection, through manipulation of the non-local, angle-dependent
response. In the meta-optic accelerator's design, the first metasurface is a multi-channel metalens
that duplicates an object into nine images. The multi-channel metalens was created using 9 meta-

atoms per super-cell to create images at 9 spatial locations. The lens was created with a hyperbolic
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phase profile where the phase delay of each resonator, 7, in the supercell is given by,

¢ = (f —F2+ @ —a)?+ (v — b)?) (3.1)

where f'is the focal length, 4 is the working wavelength, and x and y are the spatial positions on
the lens. a and b correspond to the displacement of each unique focal spot, i, from the center of
the lens. The resulting phase profile, for a 2.4 mm diameter metalens, is shown in Fig.3.3 (a). The
metalens was realized using cylindrical silicon nanopillars with a period of 0.6pm and a height of
0.88um (See meta-atoms details in Appendix C.1). The width of each meta-atom was chosen such
it provides the phase profile given by Eq.3.1.

All the metasurfaces fabrication is completed by the EBL-based standard lithography
technique. The fabrication process is described as follows. First, plasma-enhanced chemical vapor
deposition was used to deposit an 880nm thick silicon device layer on a quartz substrate. PMMA
photoresist was spin-coated on the silicon layer followed by evaporation of a 10nm thick Cr
conduction layer. EBL patterning was performed and after removing the Cr layer, the exposed
pattern was developed. A 50nm Al>O3 hard mask was deposited via electron beam evaporation,
followed by lift-off. The silicon was then patterned using reactive ion etching, and a 1pm thick
layer of PMMA was spin-coated to encase the nano-pillar structures in a protective and index-
matching layer.

An optical image of the meta-lens is shown in Fig.3.3 (b) with the inset showing the
individual meta-atoms. The experimentally recorded focal spots demonstrate diffraction-limited
performance, as shown in Fig.3.3 (c¢). While spatial multiplexing is used here to create the multi-
channel lens, it is worth noting that the design method is not unique. As additional channels are
added, a spatially multiplexed lens will suffer from higher-order diffraction and resolution

reduction due to a larger super-cell structure. One way this can be overcome is through the use of
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complex-valued amplitude control that eliminates the need for spatial multiplexing, which will be
discussed in a later section.

The second metasurface serves as a multifunctional kernel layer that provides the vector-
matrix multiplication operations. The kernels are based on Pancharatnam-Berry metasurfaces that
can encode polarization and/or amplitude information for convolution with the image. The
transmission of each rectangular nanopillar comprising the metasurface follows an analytical

model based on the Jones matrix given by

[Ex,out] _ [ cos(6) sin(e)] [ei¢x 0 ] [cos(H) —sin(Q)] [Ex,in]

—sin(@) cos(@)Il 0 ei®y]lsin(0) cos(6) (32

Ey,out Ey,in
Here Ey in, Ey in and Ey oy, Ey oy are the x and y polarized incident and transmitted amplitude.

¢ and ¢, are the phase shifts provided by the resonator for x and y polarization. 6 is the pillar

rotation angle. The kernel pattern is discretized to allow for a memory-efficient architecture and
one that is compatible with a dynamically reconfigurable system where pixelization is necessary
due to practical limits on control electronics. In order to control the weights in each kernel, linearly
polarized illumination was utilized, combined with an orthogonal polarizer serving as an analyzer
that is placed in front of the camera. The rotation angle of each meta-atom, @, dictates the
percentage, or weight, of the incident light that has had its polarization vector rotated by 90°, thus

passing the analyzer. To achieve amplitude manipulation, spatial variations in ¢, and ¢,, are not
needed and were fixed as |¢>y — ¢x| = 1 to simplify the model. In the case of x-polarized incident

light, the intensity of y-polarized transmitted light is given by,
Iy,out = sin(29)2 Ly in (3.3)

where Iy in, Iy in and Iy oy, Iy ou¢ are the x and y polarized incident and transmitted intensities,

respectively. The use of pillar rotation for controlling kernel weight has the advantage of being
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broadband while also allowing for precise control over the weight, as rotation is readily controlled
in the lithography process. Fig.3.3 (d) displays the transmission, Ty, = I, 5yt /I in as a function
of rotation angle and wavelength, revealing a 320nm bandwidth where there is less than a 10%
variation in transmission. In this approach, either the camera pixel size or the kernel size,
determines the maximum areal density of neurons. In the case of the kernel, the meta-atoms in
each pixel of the kernel are designed as being periodic. Thus, as the number of meta-atoms in each
uniform pixel is reduced, there will be a deviation in the weight as the boundaries of the pixels,
where periodicity is broken, play a larger role. In Fig.3.3 (e) and (f), I characterize the role of pixel
size on the accuracy of the designed weight using 33 pixel kernels and find that a minimum pixel
size of 0.2 pixels / A2 is possible based on a maximum weight error of 10% where A is the working

wavelength.
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Figure 3.4 Characterization of metasurface-based kernel resolution. (a) The field profile of the test kernel. The
white lines indicate the extracted data in (b). The data were extracted according to different meta-atoms numbers in
each kernel element. (b) The quantitative description of kernels as a function of meta-atoms number is each kernel
element. The top labels indicate the meta-atoms arrangements in a single kernel pixel.

The quantitative analysis of kernel accuracy as a function of size can be found in Fig.3.4.
The kernel comprised weights of 0, 0.5, and 1 arranged in a checkboard layout as shown in Fig.3.4

(a). Under the illumination of a tungsten lamp, the transmission was measured using a camera. The
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weight of each kernel, measured along the white lines, is displayed in Fig.3.4 (b). It was found that
the metasurface weight error is less than 10% when the number of meta-atoms in each kernel is
larger than 5X5. Hence, illumination at a wavelength of 1.3um yields a minimum pixel size of
3umX3pum (5X5 meta-atoms) or ~1x10° pixels/mm?. This can be compared to state-of-the-art
spatial light modulators (DLP650LNIR, Texas Instruments Inc.) where pixel sizes are on the order
of 10.8umx10.8um yielding 9% 103 pixels/mm?. Understanding the minimum metasurface pixel
size is important for reconfigurable metasurface kernel layers as weight must be accurately

controlled regardless of the kernel pattern.
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Figure 3.5 Workflow of the meta-optic accelerator design and testing process. (a) The metalens, with 9
independent channels, splits the image. In training, these images are recorded on the camera and used for training the
optical kernel layer and digital systems. Once the kernel layer is trained, it is inserted into the system, and the images
are then projected onto that layer generating 9 feature maps that are recorded on the camera (b) The digital loop
comprises an iterative training process in which the Jones matrix is used for forward propagation. (c) The probability
histogram is the final output for image classification.

In order to design the weights and geometry of the kernel layer, an end-to-end design was
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employed where both the digital and optical systems are co-optimized as shown in Fig.3.5. The
system was designed for the classification of 24x24 pixel MNIST digits using the 9 unique
channels provided by the metalens, each channel comprising 3X3 pixel kernels with a stride of 3.
We employ a shallow digital neural network comprising 2 fully connected layers with a ReLU
function in between. In this architecture, 50% of the overall FLOPs are implemented by the meta-
optic accelerator. An optical front-end imposes unique constraints on the design of hybrid neural
network structures as there are several noise sources in the analog signal being input and output,
from the optical system. The main sources of noise in our system come from stray light, detector
noise, image misalignment due to variations in the optical system, aberrations from off-axis
imaging system and fabrication imperfections in the metalens and kernel layers. To better
understand these noise sources, and validate the designs for statistically relevant data sets, I used
the imaging system in Appendix C.2 to project the 24x24 pixel MNIST digits as the design
reference. The SLM was imaged, using the meta-optic without kernel layer, onto an InGaAs focal
plane array that was triggered by the SLM such that large numbers of images could be recorded in

an automated fashion.
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Figure 3.6 Comparison between conventional and optical neural networks. (a) and (b) The weight evolution for
conventional and optical neural networks, respectively. (c) The loss evolution for conventional and optical neural
networks as a function of training epochs.



To account for noise in the projection, imaging, and detector systems the 10,000 training
images from the MNIST dataset were projected and recorded using the metalens as the imaging
optic, without the kernel layer, as shown in Fig.3.5 (a). The optically recorded data were used as
the training data in the end-to-end design loop. In the training process, I incorporated 10% spatial
intensity fluctuation in the kernel layer and random image rotation within +3 degrees. The feature
maps, which correspond to the convolution of the metasurface kernel layer with each of the 9
images, were fed into the trainable model to form a mean-square-error (MSE) loss function as
shown in Fig.3.5 (b). The backward propagation comprised a stochastic gradient descent (SGD)
based algorithm driven by the loss function to update the physical parameters (¢, ¢, and ) of
metasurface kernel layer for each iteration. The physical model, based on the Jones matrix, is used
in forward propagation during design, and thus the evolution of the kernel weight is continuous
with rotation angle, 8. Without the use of the physical model, one would have to clamp the weights
in order for the transmission to be restricted to the physically attainable range of 0 to 1. Ultimately,
the continuous weight evolution enabled by the physical model was found to result in more
accurate classification by avoiding local minimum during the training of the network as shown in
Fig.3.6.

The detailed architecture of the designed hybrid neural network is depicted in Fig.3.7. In
order to develop the machine learning platform, training data was first generated by projecting,
and imaging, the 10,000 training images from the MNIST data library. The 9 optical images
generated from the multi-channel metalens were recorded at 512x640 resolution and then each
image was down-sampled to 24x24 pixels. In training of the digital and optical components of the
network, an Adam optimizer was utilized with the learning rate set as 0.001. Training occurred

over 50 epochs to obtain stable accuracy. Here we proposed two kinds of models, where modell
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is utilized for amplitude-only object classification while model2 is used for multi-functional
(amplitude and polarization) image recognition, which will be discussed in the next section. For
both models, we employ shallow neural network architectures with minimal numbers of digital
layers, among which, ~50% of the overall FLOPs are moved into the optical layer. The FLOPs of

each layer in the neural network were calculated in the following table 3.1. The highlighted area
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Figure 3.7 The digital neural network architecture used in the manuscript. (a) The neural network for amplitude-
only object recognition. (b) The neural network process for polarized object classification. The label above indicates
the input neuron numbers of each layer. (c) The size and stride number of kernel for convolution.

Once training of the system was complete, the metasurface kernel layer was fabricated by
the EBL-based standard lithography process as discussed previously. The metasurface kernel layer
was then imaged using uniform illumination and compared to the theoretical design, both of which

are included in Fig.3.8 (a) and (b). The fabricated and designed kernels show agreement with a
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standard deviation of less than 10%, which matches the noise level in the training model. The
kernel layer was then placed in the image plane of the metalens for recording convoluted images
from the testing dataset. Fig.3.8 (c) shows the feature map produced for a digit of “0”. Each kernel
pixel comprises an 11x11 (6.6umx6.6um) meta-atom array. Summing of each kernel could be
achieved optically via alignment of each kernel with an individual pixel on the camera. However,
in this work, summing is performed digitally as the kernel layer is magnified when imaged onto

the camera such that each kernel comprises multiple camera pixels.

Operations FLOPs

Convolution 2 X Channel X Kernel shape X Output shape = 10368
5 Max pooling (Height / Stride) X Depth x (Width / Stride) = 144
S
= Fully connected layer 1 2 X Input size X Output size = 10080

Fully connected layer 2 2 X Input size X Output size = 700

E Convolution 2 X Channel X Kernel shape X Output shape = 10368
S
= Fully connected layer 2 X Input size X Output size = 9216

Table 3.1 FLOPs of proposed neural network architecture

In order to characterize the system’s performance, 1000 digits, not in the training set, were
recorded using the meta-optic. The theoretical and experimental confusion matrices for this testing
dataset are shown in Fig.3.8 (d) and (e), respectively. The theoretical training model's overall
accuracy was 94.7%, while the experimental accuracy was 93.1%. To validate the significance of
the optical convolution layer, two types of reference experiments were performed, one with no

convolution layer and one with random kernel values, both based on the same neural network

53



architecture as used with the meta-optic front-end. The removal of the convolution layer resulted
in a model accuracy of 79.2%, while random kernel values resulted in an accuracy of 79.7%,

illustrating the significance of end-to-end design and the meta-optic front-end.
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Figure 3.8 Classification of MNIST digits. (a) Transmission (weights) of the ideal kernels after the training process.
(b) Measured transmission of the fabricated channels. An incoherent light source, filtered at 1.3um, was used for
illumination. (c¢) The nine feature maps were recorded on the camera. (d) and (e) is the theoretical and measured
confusion matrices for MNIST object classification, respectively. (f) The acceleration by optical convolution in neural
networks as a function of input image resolution. The state-of-the-art camera baseline indicates the image recording
speed by Phantom TMX 7510.

Although this proof-of-concept demonstration involves low-resolution images, the small
minimum pixel size of the kernel layer along with the parallel nature of the optical operations
means that this architecture could be a powerful tool for high-speed and large-scale image

processing applications. In Fig.3.8 (f) I benchmark system performance based on both the all-
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digital and hybrid networks recording images with a state-of-the-art camera (Phantom TMX 7510)
and the same network architecture and hardware platform. The hybrid network is accelerated due
to the passive and parallel convolution operations provided by the metasurface with gains
increasing with raising of image resolution. Moreover, the versatility of the system can be further
improved by the incorporation of dynamically tunable metasurfaces as the kernel layer such that

the optical front-end can be reconfigured or temporally multiplexed.

3.3 Meta-optic Accelerators for Multifunctional Classification

One of the unique strengths of metasurfaces, compared to conventional lenses or diffractive
optical elements, is their ability to provide user-specified amplitude and phase functions while also
being sensitive to the polarization state and wavelength of light. This allows for access to additional
information carriers that are normally lost when recording an image on a camera, allowing one to
discriminate based on normally hidden features in the physical world such as vectorial polarization,
phase gradients, or spectrally complex signals. To demonstrate this ability, a polarized MNIST
dataset with 8000 images was created comprising four digits (1, 4, 5, 7) with each digit having two
orthogonal polarization states, as shown in Fig.3.9 (a).

In this case, a single fully connected digital layer, without ReLU, was utilized for
classification (see Fig.3.7 model2). Polarization classification is possible due to the fact that the
meta-atoms, outlined in Fig.3.3 (d), have a transmitted intensity that is dependent on the incident

polarization state, given by,

I

yout = €05(20)% - L, iy + 5in(20)* - L 1, (3.4)

where Iy in, I, in and I, ,,,¢ are the x and y polarized incident and transmitted intensities, and 6 is

the meta-atom rotation angle.
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Figure 3.9 Demonstration of multi-functional object classification. (a) and (b) illustrate the digits for classification,
which carry both amplitude and polarization information. (c) and (d) is the transmission profiles of the fabricated
metasurface channels under incoherent, 1.3um wavelength, illumination with orthogonal linear polarization states. (e)

and (f) are feature maps for identical digits with x and y-polarization, respectively. (g) and (h) are the theoretical and
measured confusion matrices, respectively.

While the output signals between the x and y polarized channels are correlated, the
mechanism for polarization recognition is independent of object classification and the latter
requires feature map analysis provided by the convolution process. In the case of polarization, the
birefringence of the meta-atoms enables the conversion of the polarization state to an intensity

value. The intensity arising from the polarization state is constant across the channel and is
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completely independent of the spatially varying amplitude value. Hence, both functions,
polarization and amplitude classification, can be integrated into a single meta-optic for
multifunctional analysis. The optical kernel layer was designed following the training procedure
outlined in Fig.3.5 with the system tasked with classifying eight output states comprising the four
distinct digits, each with x and y polarization states.

The metasurface kernel layer was formed from rectangular nanopillars using the same
geometry and fabrication process as described previously. In Fig.3.9 (c) and (d) the transmitted
intensity, Iy, 5y, 18 provided for a uniformly illuminated kernel layer with both x and y-polarization
states and Fig.3.9 (e) and (f) provide the feature maps for an identical digit with x and y-
polarization states. Both the uniformly illuminated kernels and feature maps demonstrate the
contrast in the convolution for orthogonal polarization states. Fig.3.9 (g) and (h) provide the
theoretical and experimental confusion matrices, respectively, for 1000 test images not in the
training dataset. The theoretical accuracy of classification was 94.8% shown, while the
experimental accuracy was 93.8%, showing excellent agreement. It is worth mentioning that in the
confusion matrix, the neural network system has a 100% accuracy on polarization state recognition.
A more complex, non-orthogonal signal recognition design can also be found in Appendix C.3 to

demonstrate the robustness and flexibility of the proposed meta-optic platform.

3.4 Complex-amplitude Manipulation for Object Classifier

In section 3.2, I demonstrated a 3 X 3 multi-channel metalens based on spatial
multiplexing of the unit cells. In this case, higher diffraction orders will be problematic as the
number of channels is increased. To create arbitrary numbers of channels while eliminating higher
diffraction orders, complex-valued amplitude control of the output field is necessary. A complex-

amplitude metalens with 25 output channels is exhibited in Fig.3.10. The complex-valued field
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profile can be described by the following equation,

Fla(e,y), oG] =Srexp| i Z(F-JP+G-a+0-b)?)] G5

where f'is the focal length, 4 is the working wavelength, and x and y are the spatial positions on
the lens. a and b correspond to the displacement of each unique focal spot, i, from the center of

the lens. F is the complex-amplitude field composed of @ (amplitude) and ¢ (phase) information.
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Figure 3.10 The complex-amplitude manipulation method for multi-channel metalens. (a) The design process
for multi-channel metalens with arbitrary information channels. (b) The schematics of metasurface profiles to
construct the complex-amplitude profile in (a). Scale bar: Sum. (¢) The reconstructed complex-amplitude profile based
on calculated meta-atoms data library. Scale bar: 50um. (d) The calculated focal spot profile of the multi-channel
metalens based on complex-amplitude values in (c¢). Scale bar: S0pm.

In Fig.3.10, I present the design and simulation of a 5 X 5 multi-channel metalens based
on this method. The ideal complex-amplitude field for the multi-channel metalens is shown in
Fig.3.10 (a). To reconstruct this field, the nanopillars discussed in section 3.2 were employed and

the phase, as well as rotation angle of each meta-atom, is dictated by the equations in Appendix
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A.2. The required geometrical data for the metasurface is then extracted from the data library and
exhibited in Fig.3.10 (b). The reconstructed complex-amplitude field, displayed in Fig.3.10 (c),
shows an excellent match with the designed target field. The focal spot profile was calculated
based on the angular spectrum propagation method? and is shown in Fig.3.10 (d), demonstrating

independent multi-channel imaging.

3.5 Comparison between Hybrid and Diffractive Neural Networks
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Figure 3.11 Bandwidth verification of meta-optic system and comparison to diffractive neural networks. (a) A
schematic of hybrid neural network. (b) The Strehl of the imaging system in terms of the illumination bandwidth.

Insets show point spread function (PSF) of the imaging system in terms of illumination bandwidth. (c) A schematic
of a simple diffractive neural network. (d) The performance of diffractive layer as a function of input aperture size.
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In the hybrid neural network system, I used a bandpass spectral filter in front of a tungsten
lamp as the illumination source to verify that our system works under incoherent light illumination.
The filter bandwidth was 30nm. The bandwidth of the system is limited by the multi-channel lens
since the kernel layer is broadband, as shown in the thesis. The performance of the metalens based
on the illumination bandwidth was calculated, as shown in Fig.3.11 (a). Here, the calculation is
based on the angular spectrum propagation method, where the point spread function of a metalens
was calculated under the illumination of various bandwidths, with each wavelength being equally
weighted. It is worth mentioning that the diameter of our metalens is fixed at 2.4mm with an f/#
of f/3 and moving to a smaller aperture or larger f/# would increase bandwidth. Fig.3.11 (b)
presents the Strehl ratio of the lens for different illumination bandwidths, where a ratio of ~0.5
was achieved using the present configuration. Importantly, while the Strehl number is reduced
with increased bandwidth, the end-to-end design method mitigates aberrations as they are taken
into account in the training/design. Thus, it is likely possible to increase bandwidth further.

Besides, there are several advantages of a discrete kernel neural network as described
below. First, a discrete kernel allows for memory-efficient system architecture. Ideally, the neural
network will have as few trainable parameters as possible. However, if arbitrary kernels (formed
by a diffractive layer) are used, the system needs to design the phase control at each neuron to
form the diffractive layer, which will drastically increase the data volume as the aperture size
increases. Secondly, discrete kernels are needed if the system is dynamically reconfigured. Even
in the case of a diffractive network, pixelization will be needed, due to practical limits on control
electronics, to dynamically control the pattern of the metasurface. Furthermore, as outlined in the
manuscript, as the size of the metasurface pixels is reduced, their transmission will deviate from

the local phase approximation also placing a limit on the practical size of reconfigurable
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metasurface pixels.

Compared to a diffractive neural network, the advantage of our proposed method can also
be described in the following aspects. First, the proposed system has alignment tolerance due to
end-to-end optimization. I incorporate 10% noise fluctuation and +3° rotation error in the training
process, which makes the system less sensitive to the image position. However, the multilayer
diffractive structure has a high sensitivity to the interlayer alignment process. According to our
previous research as well as recent publications from other groups, misalignment of even a single
unit cell will lead to a large difference in the far-field intensity distribution, even for a simple 2-
layer system, making it difficult to scale a high-quality diffractive neural network into the visible
spectrum. Secondly, our proposed method can be employed with broadband illumination due to
the end-to-end optimization process, while a diffractive neural network, especially for a large
aperture, will only work under narrow band (laser) illumination. To quantitatively demonstrate
this, I calculate the performance of a simple diffractive neural network under different illumination
bandwidths, as shown in Fig.3.11 (c). In this architecture, the first layer will provide a specific
neural weight, which will converge all the intensity into a spot, identical to a lens, hence we can
use Strehl ratio to account for the performance. During the calculation, the f/# of the diffractive
system was fixed as 2 for each layer and the system was designed at a wavelength of 1.3pum.
Fig.3.11 (d) shows the performance of the corresponding system working at a wavelength
(1.315um) with a 15nm deviation from the designed wavelength as a function of aperture size.
With an increase in aperture size, the performance will deteriorate drastically, making a diffractive

neural network unsuitable for broadband illumination at practical aperture sizes.

3.6 Further Optimization for Optical Frontend

The complex-amplitude control approach can also be applied to the optical convolution
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process, which can further improve the complexity and robustness of the proposed hybrid neural
network system. The complexity of the neural network, described using FLOPs, dictates the
robustness and complexity of the classification task. The stride number is related to the system
complexity, which in the approach described in section 3.2 is limited to the kernel size due to the
spatial multiplexing method employed. Although robustness was optimized during the training
process, the complexity of the system could be further enhanced by reducing the stride number of
the optical convolution operations. This can be achieved using complex-valued amplitude
manipulation in the kernel layer providing for control over image overlap and the ability to achieve
arbitrary stride values.

The reduced stride number (stride number less than kernel size) requires entanglement of
the neurons, necessitating complex-amplitude control in the kernel layer. In this case, the
metasurface-based kernel layer should be separated from the photodetector plane by a certain
distance, such that the modulated signal can have interaction. Fig.3.11 (a) shows an example of
digital convolution, where a 4 X 3 pixel array forms a simple image being convoluted witha 3 X 3
kernel. The stride number was set as 1, resulting ina 6 X 5 output image. To achieve this operation
optically, we designed a single channel kernel layer with the complex-amplitude field based on the

following equation,

Fla(e,y), ¢Co )] = Xlexp|i- 2 (f =2+ G—a)? + U —b)?)|-wi  (3.6)

Where w; represents each value in the kernel matrix, a; and b; correspond to the displacement of
each unique focal spot from the center of the lens which dictates the stride number in the
convolution process. The designed complex-amplitude field is shown if Fig.3.11 (b). This
manipulation process is similar to the multi-channel metalens discussed in section 3.4, however,
by controlling the displacement of each focal spot and transmission of each independent channel
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(the value of kernel pixel in this case), we can achieve optical convolution with stride number less
than the kernel size. Optical measurement of this optical convolution process is exhibited in
Fig.3.11 (c) including the measured input image, focal spot profile, and convolution results,
showing an excellent match with the digital operation result. The significance of small stride
number is also shown in Fig.3.11 (d). During the convolution process, with the same number of

neurons, the complexity of the operations (FLOPs) is significantly increased when reducing the

stride number, leading to a more robust neural network.
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Figure 3.12 Complex-amplitude manipulation method for low stride number convolution. (a) The digital
convolution process with a designed kernel. (b) The designed complex-amplitude profile to operate optical
convolution. (c) The convolution process performed by optical operations. All data in (c) was optical measured based

on fabricated devices. (d) The FLOPS of convolution as the function of stride number as well as the input image
resolution.
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3.7 Conclusion

In this chapter, I have demonstrated a meta-optic accelerator for multi-functional image
classification. The technique is enabled by the unique design freedom afforded by metasurfaces,
including the creation of multi-channel lenses to duplicate information and polarization-sensitive
kernel layers, which allow for discrimination based on both the spatial intensity profile and the
polarization state of the object. The use of polarization demonstrates how optical front-ends are
able to access additional information channels normally lost in traditional imaging systems.
Furthermore, by implementing end-to-end design, we improved the robustness of the system to
common noise sources, ultimately yielding ~94% experimental classification accuracy, which
closely matches the theoretical prediction.

The proposed meta-optic accelerators can be massively parallel and serve to bridge the gap
between the natural object and digital neural network analysis. The approach can allow one to
harness the strengths of both free-space and electronic or optical chip-based architectures.
Moreover, the ability to operate with incoherent illumination enables machine-vision applications
with passive ambient lighting which is incompatible with diffractive neural networks. End-to-end
optimization also provides a robust platform that can balance the trade-off between bandwidth as
well as the aperture size for a meta-optic system. Ultimately, these advantages allow meta-optic
accelerators to achieve superior processing speed while also lowering power consumption and thus
could lead to advances in a wide range of compact, low-power, and high-speed computer vision

systems.
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Chapter 4

Nanosphere Lithography based Large-scale Metasurfaces

4.1 Introduction
The flexibility of meta-optics in dictating the electromagnetic response has led to numerous

metasurface-based optical elements such as beam deflectors!?! 12217 holograms3® 3% 40| image

125, 126 18, 31, 127

processors*®: 123 124 hiosensors and metalenses . The emergence of multi-element

compound meta-optics offers even more flexibility in realizing complex optical assemblies®? 7> 78,
However, the current conventional fabrication techniques are generally slow and result in optics
that are difficult, or expensive, to manufacture at the scale of their refractive optic counterparts.
Advances in affordable and scalable fabrication techniques are needed for wider-scale adoption of
metasurfaces and associated optical systems.

Electron-beam lithography (EBL) is the most widely used fabrication technique for visible
and near-infrared metasurfaces as their feature size is typically beyond the limitation of
conventional ultra-violet (UV) contact mask photolithography systems!?®. While EBL provides
extremely high patterning resolution, the serial exposure process limits throughput and ultimately
relegates the applicability to prototype level devices. Stepper-based lithography, on the other hand,
has been proven as one of the most powerful manufacturing platforms in the semiconductor
industry. These systems, through the use of focusing optics, allow for both parallel exposure and
subwavelength patterning resolution. Nevertheless, the complexity of the optical system in
steppers, as well as the need for high-quality optical components, immersion optics, and highly
accurate mechanical components, results in high system cost'?’. In addition, the millions, or even

billions of unit cells comprising a metasurface, result in extremely large patterning files that require
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algorithmic reduction based on structural symmetries'3% 15, While this reduction will work with
high symmetry structures such as metalenses, it will not suffice when there is little, if any,
underlying symmetry such as in holograms.

Self-assembly methods, on the other hand, provide a promising direction for large-scale
device fabrication. These methods depend on a material’s peculiar chemical or physical properties
during bottom-up growth, for instance, block copolymer!®!, DNA nanostructure!3?, and
nanotubes'3? can be used to realize distinctive shapes that can be utilized directly as the desired
structure or as templates for further fabrication. Among these techniques, it has been demonstrated
that self-assembled nanospheres can serve as a means for high-resolution optical lithography!3+
135, 136, 137, 138, 137, with each sphere serving as a lens. Under illumination from a UV light source,
each nanosphere will generate a photonic jet which can be used to expose an underlying photoresist.
This technique can provide stepper-level spatial resolution while taking advantage of the self-
assembled hexagonal lattice to locate the unit cells.

In this chapter, I demonstrate the fabrication techniques for both periodic and non-periodic
large-scale metasurface based on nanosphere self-assembly. For the former case, I will present the
applications of compound large-scale metasurface systems for image processing such as edge
detection, which can be applied to the integrated machine vision platform. The non-periodic large-

scale metasurface fabrication technique, on the other hand, is also exhibited to indicate the

flexibility of the proposed lithography method.

4.2 Nanosphere Self-assembly Method
In this section, we will introduce the technique of nanosphere self-assembly technique,
which is fundamental to the large-scale metasurface fabrication technique in the following sections.

To achieve the nanosphere self-assembly, the liquid-air interface self-assembly setup was used as
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shown in Fig.4.1 (a), where the nanosphere solution was injected and self-assembled over the water

surface!3% 140,

d T

syringe

nanosphere DI water |

substrate

drain

Figure 4.1 Schematics of nanosphere self-assembly process. (a) The liquid-air interface nanosphere self-assembly
setup. (b) SEM image of self-assembled nanosphere array. Inset shows the optical image of the corresponding sample.

Firstly, the commercially available (EPRUI Biotech Co.) polystyrene nanosphere aqueous
solution (10wt% and 3% CV) was mixed with an equal volume of methanol. Ten minutes of
sonication was used to fully mix the solution before being injected onto the surface of the water
using a syringe at a speed of Sul/min. Then a Tygon tube with a diameter of 0.55mm was connected
to the syringe needle, with the tube just touching the DI water surface, forming a meniscus onto
which the nanospheres are deposited. Due to their hydrophobic surface, polystyrene nanospheres
float on the surface of the water bath. Instead of using surfactant to accelerate the self-assembly
process, which may cause nanospheres to fall from the surface, we used a flat gas nozzle to blow
nitrogen onto the surface during self-assembly at a rate of SL/min. The small perturbation on the
water surface can help reorient the nanospheres into a large-scale hexagonal close-packaged

monolayer'*. The monolayer can fill most of the area of a 90mm diameter dish after around 15
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minutes of self-assembly. The self-assembly process is finished by slowly draining the water to
transfer the monolayer onto the substrate which has previously been placed in.

Due to size variation of the nanospheres, defects are unavoidable, leading to stress in the
monolayer. In order to release the stress, during the transfer process the substrate was tilted by a
10° angle, which also helps to avoid formation of a multilayer structure!*?. Fig.4.1 (b) shows an
SEM image of a transferred nanosphere monolayer and the inset corresponds to an optical image
where the different colors correspond to domains with different crystal orientations. The size of
the nanosphere lattices is ~2cm x 2cm in the samples presented in this paper. However, past
demonstrations have shown scaling to sizes of 10cm x 10cm by using larger water baths, indicating

the potential to fabricate wafer-scale devices.

4.3 Image Processing based on Large-scale Compound Meta-optic

Imaging processing is a critical and rapidly advancing technology for various science and
engineering disciplines, with ever more complex digital tools opening the door to new avenues in
biological imaging, three-dimensional reconstruction, and autonomous cars. Edge-based
enhancement is particularly useful for data compression, object inspection, microscopy, and
general computer vision. Edge-based enhancement is accomplished using spatial differentiation,
which can be based on either electronic or optical architectures. Although digital circuits are able
to perform complex data processing, there are limitations due to computation speed and power
consumption. Optical analog computation, with the ability to process information directly using
the optical signal, provides an alternative approach to performing large-scale and real-time data

processing with minimal, if any, power consumption.

68



100

a ; = b
output

Y axis(um)

-100
-100

-50 0

X axis(um)

50 100 -0.30 -0.15 0.00 0.15 0.30

100

Y axis(um)

-100
-100

-50

0 50 100 -0.30 -0.15 0.00 0.15 0.30
X axis(um) kx

Figure 4.2 The diagram of edge detection based on non-local metasurface. (a) Edge detection process where
metasurface serves as a k-space filter. (b) and (c) Image signal intensity distribution in real space (left) and k-space
(right). (b) indicates a solid area signal from the pattern, while (c) exhibits the edge signal. The intensities have been
normalized to respective maximums.

Traditionally, analog image differentiation has been performed using Fourier methods
based on lenses and filter systems. However, the use of multiple conventional lenses, such as those
found in 4f Fourier filtering, results in a large form factor that is not compatible with compact
integrated systems. One option for significantly reducing the optical system size is to employ
nanophotonic materials such as metasurfaces and photonic crystals for optical image processing.
For example, it has been shown that multiple metasurfaces can be used to perform a range of
mathematical operations, and there have been several theoretical proposals for image
differentiation using single-layer nanophotonic materials. Furthermore, image differentiation has
been experimentally demonstrated using photonic crystals, the spin Hall effect, surface plasmon-
based devices, and the Pancharatnam-Berry phase. However, these past experimental approaches
have been restricted to 1D and some require additional refractive elements (prisms or lenses) for

either plasmon coupling or performing a Fourier transform, which negates the advantage of the
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thin and flat elements.

In this section, I will introduce a metasurface-based method to perform the edge
enhancement named differentiation over the pure optical signal as shown in Fig.4.2 (a). This
differentiator consists of a @-Si nanopillar photonic crystal with an angular-dependent optical
response, which can transmit the light with a high incident angle while blocking the low-k
components. The proposed nanophotonic differentiator can be directly integrated into an optical
microscope and onto a camera sensor, demonstrating the ease with which it can be vertically
integrated into the existing imaging system. Such compact volume factor with cost-effective merit

opens a new door for optical analog image processing in applications involving computer vision.
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Figure 4.3 Simulated optical response of non-local metasurface. (a) and (b) The TE and TM modes based
transmitted optical response of metasurface in terms of incident angle and wavelength. Inset shows the schematic of
optical metasurface. (c) The transmittance and phase response of non-local metasurface as a function of incident angle.
Dash line represents TE mode while solid line shows the TM mode response. For TM mode, the transmittance line
indicates a high-k filter.

To perform the edge enhancement operations with nanophotonic, we need to understand

the components of an image from the angular spectrum perspective (k space). Considering we
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have an image with the amplitude distribution as a star and uniform phase profile, shown in Fig.4.2
(b) left, we can obtain the information distribution in k space by performing the Fourier transform
over the spatial image. In this case, most of the signal comprising the solid area of the star focuses
on the center of the k space map as shown in Fig.4.2 (b) right, indicating the light from the image
with a low divergent angle forming the main solid area. However, if we extract the edge
information of the original image with the same Fourier transformation operation, as exhibited in
Fig.4.2 (c), the results indicate that the edge signal mainly comes from the light with a high
divergent angle. It is worth noting that we only consider the original image with uniform phase
distribution. Therefore, coherent illumination is required for the abovementioned optical image
processing. In this case, a photonic structure that can only transmit the signal with high-k
components is required for the edge enhancement operation.

To achieve the required angular-dependent optical response, we used a 2D photonic crystal
composed of cylindrical Si nanopillars with a hexagonal lattice on a silicon dioxide substrate as
shown in Fig.4.3 (a). The nanopillars have a height of 480nm, diameter of 340nm, and period of
740nm. Fig.4.3 (a) and (b) also exhibit the simulation transmission coefficient amplitude |t(4, 8)|
as a function of the wavelength, A, as well as the incident angle, 8,;,, along the I' — X direction
(¢ = 0°, where ¢ is the azimuthal angle in the horizontal plane) for TE and TM indecent state. It
is worth noting that no polarization conversions occur for the transmitted light. At the normal
incident, the transmission coefficient amplitude remains low for both TE and TM modes. However,
with oblique incidence, the TM light starts to transmit the photonic crystal while the TE mode light
stays blocked. This is because the dipole resonant frequency under TE mode remains unchanged
as a function of incident angle, exhibiting angular-independent optical response. This resonance

results in no transmitted light for TE mode input due to the impedance mismatch over the photonic
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crystal surface. However, under TM mode illumination, with increase of the incident angle, the
resonance mode begins to couple to free space, becoming quasi-guided with a finite lifetime,
resulting in a rapid change in transmittance. Such angular-dependent properties offer the
possibility to perform isotropic (2D) image edge enhancement with optic-only operations by a

nanophotonic device.
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Figure 4.4 Fabrication of large-scale non-local metasurface. (a) The fabrication process based on nanosphere self-
assembly technique. (b) The optical image of self-assembled nanosphere array. The diffracted color indicates various
polycrystalline domains in the sample. (c) and (d) The SEM of fabricated non-local metasurface under tilted (c) and
top-down (d) perspective. Scale bar: 1pum.

A large-scale photonic crystal based on nanosphere lithography technique was fabricated
as shown in Fig.4.4, forming a polystyrene nanosphere array embedded in a hexagonal lattice over
a silicon-on-silica substrate. The diameter of nanosphere was chosen as 740nm to match the period
of the design. The polystyrene array was then treated with oxygen plasma to downscale the
diameter and used as the etch mask during RIE to define the Si pillars. Fig.4.4 (b) presents an

optical image of fabricated ~lcmX1cm image differentiator. The color variation corresponds to
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different orientation domains, which does not affect the transmission at different incident angles.
The SEM images in Fig.4.4 (c) and (d) show high-quality Si resonators and a well-defined
hexagonal lattice over a large area. Such large-scale devices can be applied to traditional optical

systems by integration into a camera sensor.
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Figure 4.5 Large-scale image differentiator using nanosphere lithography. (a) Schematic of the transmission
measurement setup for large-scale metasurface. The large-scale differentiator was placed directly in front of the
camera for the measurements. (b) The captured intensity map when the filter is at normal and 30° incidence angle.
Scale bar: 1um. (¢) Schematic of the imaging set-up for differentiation. The large-scale device is placed in front of a
near-infrared (NIR) camera sensor. (d) Optical image of a plastic flower mould (left), which was used as a 3D
macroscopic imaging target. The Bright-field (middle) and differentiated results (right) for the same target was
captured without/with metasurface differentiator, respectively. (e) The same imaging results as in (d) on a second
target.
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The differentiator was characterized by the angular response measurement, where the
device was mounted in front of a camera sensor as shown in Fig.4.5 (a). A randomly polarized
laser at the wavelength of 1450nm was used as the input signal. The differentiator presents a high-
k filter property since a dark and bright field was observed under normal and oblique incident light,
respectively, as shown in Fig.4.5 (b). In order to mimic a configuration for computer vision
applications, the large-scale spatial differentiator was placed directly in front of a NIR camera
detector after the imaging lens, as shown in Fig.4.5 (c). For imaging targets, transparent
centimeter-sized plastic flower moulds were used (Fig.4.5 (d) and (e)) due to their curved surfaces,
which scatter light at large angles. Fig.4.5 (d) and (e) show the imaging results with and without
the differentiator for two separate objects. Compared to the bright-field images, the edges of the
flowers are revealed when applying the differentiator. Although we have not placed the
differentiator directly on the sensor in this case, there is nothing that would prevent this level of

integration in creating a monolithic edge-detecting sensor for computer vision applications.

4.4 Non-periodic Large-scale Metasurface Manufacture and Applications

Previous demonstrations of nanosphere lithography have demonstrated periodic structures
such as perfect reflectors'®, absorbers!#* 45 146 and photonic crystals!4” 48, Adjusting the
substrate surface tomography allows for aperiodic structures to be realized but only in relation to
the position of the unit cells while the resonators remain the same!*. To date, there has been no
demonstration of a technique that is capable of fabricating metasurfaces with non-periodic phase
profiles, such as those needed for lenses or holograms, using cost-effective self-assembly-based
techniques.

Here, I will demonstrate a novel manufacturing technique based on grayscale nanosphere

lithography that allows for metasurfaces with arbitrary, non-periodic phase profiles to be fabricated
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in a cost-effective and scalable manner. To achieve non-periodic phase control, we combine
nanosphere lithography with illumination from a spatial light modulator!>% 51 152 that allows for
the dose, and thus exposure size, to be spatially controlled as shown in Fig.4.6. Furthermore, in
the method, the resonator size was encoded into an 8-bit grayscale pattern rather than defining the
geometric parameters of each individual resonator. This significantly reduces the geometric data
required to write a structure leading to dramatically reduced pattern file sizes, enabling structures
without an underlying symmetry. As a testbed for the technique, we fabricated a series of large-
scale (diameter of Imm) metalenses working at a wavelength of 1.7um, demonstrating diffraction-
limited focusing and above 83% relative efficiency. I also illustrate how this technique can be used

for realizing non-symmetric large-scale metasurface holograms within minimal mask sizes.
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Figure 4.6 Self-assembly assisted large-scale metasurface fabrication platform. (a) A grayscale pattern is
generated by the DMD system using a 365nm I-line UV light source which is transmitted by a projection system
comprising an objective lens. The system illuminates nanospheres that have been self-assembled on the substrate and
serve to focus the light. The grayscale intensity level is used for intensity manipulation over the substrate surface to
accurately control the effective exposed area under each nanosphere. The exposed results are nonperiodic according
to the exposure dosage control from grayscale pattern. (b) The photonic jet phenomenon, within a polystyrene
nanosphere and exposure of the photoresist below. The diameter of nanosphere is 800nm in this simulation.

The fabrication approach presented here utilizes nanosphere lithography to form etch
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masks for patterning silicon nanopillar unit cells. The processes start with generating a monolayer
of self-assembled polystyrene nanospheres. The self-assembly process has been described in
section 4.1, where the liquid-air interface self-assembly method was utilized. The wafer on which
the metasurface will be fabricated, and onto which the spheres will be transferred, is placed within
the water bath at the start of the process. The wafers comprise a quartz handle, a silicon device
layer grown via low-pressure chemical vapor deposition (LPCVD), and a spin-coated photoresist
layer. Transfer of the self-assembled nanosphere lattice is accomplished by slowly draining the
water bath. Although the diffracted color indicates various polycrystalline domains in the
nanosphere monolayer, in past work, it has been demonstrated, in the case of weakly coupled unit

cells, the polycrystalline domain structure does not significantly affect metasurface performance.
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Figure 4.7 Schematic of grayscale lithography setup based on intensity control using a DMD
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Once the nanosphere array is transferred, it then serves as a lens array for exposing the
photoresist beneath. The focal spot from the nanosphere was used as the exposure pattern resulting
in a circular exposure profile, but past work has demonstrated the use of patterned masks for
realizing more complicated geometries'®. Importantly, the size of the area exposed is dictated by
the illumination dosage, which is a function of exposure intensity and time. To control the exposure
area, and thus resonator size, I utilize a digital micro-mirror device (DMD) as a spatial light
modulator. The effective exposure intensity is controlled via the duty cycle of the micro-mirrors,
which yields 8-bit depth and 1.6um spatial resolution. The spatial resolution dictates the resolution
at which the grayscale pattern can be modulated, which is four nanospheres in the current system.
A higher resolution could be achieved by either using either a DMD with more pixels or reducing
the illumination area using higher numerical aperture (NA) projection optics. Appendix D.1 shows
the detailed fabrication procedure for the nanosphere lithography platform.

The detailed schematic of the grayscale lithography system based on a digital micromirror
device (DLP6500, Texas Instruments Inc.) is exhibited in Fig.4.7. The source lamp wavelength is
fixed at 365nm, and the intensity can be controlled with 8-bit depth based on a grayscale pattern
generated from a computer. The image will pass through a tube lens (TTL200, Thorlabs) and be
deflected by a beam splitter (BSW21, Thorlabs). With a 5X demagnification by an objective lens
(MY5X-822, Thorlabs), the grayscale pattern is illuminated over the nanosphere surface. In order
to ensure the exposed pattern can be focused on the surface plane, the exposure is monitored by a
charged-coupled-device (CCD) camera (DCU223M, Thorlabs) combined with a tube lens
(AC254-100-C-ML Thorlabs). A calibration of the imaging system is applied to make sure the
image plane from DMD is placed at the sample plane.

The dose-to-exposure size calibration curve, dictating the grayscale pattern for device

77



fabrication, on the other hand, was generated by depositing AlO3 into the exposed photoresist
patterns and measuring the diameter as a function of the grayscale level (0 to 255). The calibration
curve, presented in Fig.4.8 (a), was fitted by a quadratic polynomial curve and the mean square

deviation of the diameter, which was found to be below 5%, is included as the error bars.
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Figure 4.8 Fabrication results for large-scale metalenses based on grayscale lithography. (a) The relationship
between the exposure dose, represented by grayscale level of the pattern, and the diameter of the Al>O3 hard mask
after the lift-off process. Insets are SEM images of the hard mask with different exposure doses. Scale bar: 500nm. (b)
The variation of transmission and phase shift with the diameter of the silicon nanopillars. The inset depicts the
simulated unit cell arranged in a hexagonal lattice. (c) The grayscale pattern corresponds to the /75 metalens. Scale
bar: 200um. (d) Optical image of the fabricated f/5 metalens. Scale bar: 200um. Inset is a tilted SEM image showing
the silicon nanopillars. Scale bar: 2.5um.

As a testbed for the accuracy of this fabrication method, we first focus on the realization
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of metasurface-based lenses as their performance can be quantitatively benchmarked against

theoretical performance. The metalenses were designed with a hyperbolic phase profile, given by,

P(x,y) =k x (f —x?+y2+£?) (4.1)

where ¢ is the phase shift at a particular position, k is the wavenumber, and f is the focal length
of designed metalens. This phase profile is converted into the grayscale pattern G (x,y), where
G(x,y) = fit {Dy[¢p(x,y)1} is the grayscale level, fit~! is the inverse function of the fitted
curve in Fig.4.8 (a) and Dy is the diameter of the nano-post corresponding to the required phase.
Dy is acquired from extracting the phase delay from full-wave simulations of hexagonal lattices
of silicon nano-posts as a function of diameter, as presented in Fig.4.8 (b). The shaded area in
Fig.4.8 (a) illustrates the required diameter range for achieving a 2w phase shift, based on the full-
wave simulations, indicating that it is well within the grayscale patterning range. From Fig.4.8 (a)
and Fig.4.8 (b), we can generate the required grayscale exposure pattern, G (x, y), which is shown
in Fig.4.8 (c) for an f/5 metalens with a diameter of 1mm. This pattern was used for exposure of
the S1805 photoresist below the self-assembled nanosphere array. The detailed fabrication process
can be found in the Appendix. An optical image of the fabricated metalens is shown in Fig.4.8 (d)
and an SEM image is in the inset.

In order to characterize the performance of fabricated metasurfaces, I customized an optical
measurement setup with details shown in Appendix D.2. The optical measurement results for each
metasurface device are exhibited in Fig.4.9 to indicate the fabrication quality. To evaluate the
performance of each metalens, the theoretical focal spot profile was calculated based on a
hyperbolic phase profile, generating diffraction-limited focal spots with full-width half maxima

(FWHM) of 9.06pum and 5.66um for f/5 and f/3 lenses, respectively (Fig.4.9 (a)). The measured

79



spot profiles closely match these theoretical curves, demonstrating diffraction-limited focusing.
The focal spot profile along the axial axis was also recorded, which was found to closely match
the theoretical performance with the results presented in Fig.4.9 (b) and (c). These measurements

demonstrate that the designed hyperbolic phase profile has been accurately realized across the

metalens.
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Figure 4.9 Experimental characterization of fabricated metalenses. (a) The measured and calculated focal spot
profiles of fabricated metalenses with f/5(left) and f/3(right). Insets show the corresponding focal spot intensity
distribution recorded by a NIR camera. (b) The measured (left) and experimental (right) focal spot profile along for
optical axis for a metalens with f/5. (c) The measured (left) and simulated (right) focal spot profile along for optical
axis for a metalens with f/3. (d) The imaging results of the USAF1951 standard test sample for the f/5 metalens (e)
The imaging results of the USAF1951 standard test sample for the /3 metalens.

The phase profile accuracy can be further verified by the imaging performance, which was
characterized by imaging the standard 1951 United State Air Force (USAF) test chart (Thorlabs
Inc.). The image from the metalens, recorded in combination with a tube lens, is shown in Fig.4.9

(d) and (e) and demonstrates minimal distortion. The increase in the numerical aperture of the f73
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lens results in an improvement in the image quality and resolution, with the ability to resolve group
4, element 6 (line width of 17.54pum), to group 5, element 5 (line width of 9.84um). These results
indicate the capability to fabricate large-scale metalenses in a single exposure shot. In this
approach, the smallest f/# metalens that can be fabricated can be controlled via the magnification
of the projection lens in combination with the DMD resolution.

The efficiency of the metalenses is the product of two factors, the relative focusing
efficiency, defined as the intensity within the focal spot over all light passing through the metalens,
and the transmission efficiency of the metalens. The fabricated metalenses were found to have
relative focusing efficiencies of 88% and 83% for metalenses with f/5 and f/3, respectively, with a
theoretical efficiency as high as 96% for the f/5 metalens. The drop in experimentally relative

efficiency is ultimately induced by the presence of defects during self-assembly.

4.5 Robustness Analysis of Nanosphere Lithography

In the case of nanosphere self-assembly, defects arise due to the size variation of
polystyrene nanospheres as well as incomplete self-assembly when the lattices are being formed,
resulting in point defects and dislocations. To evaluate the drop in efficiency induced by these
defects, we added a 5% random phase shift to each pixel to represent the standard deviation in the
size of the nanospheres. Second, to represent point defects, 5% of the pixels, stochastically
distributed, had their phase delay set to represent air. These defect levels result in relative focusing
efficiencies that were found to best match the experimental efficiencies, as described in the next
section. The images of the simulated and fabricated phase profiles are shown in Fig.4.10 (a) and
(b), respectively, for comparison. The fabricated lenses have a lower point defect density with 2%
of the spheres missing but also contain dislocations that have not been included in the simulated

lenses.
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Figure 4.10 Roles of defects in metalens performance. (a) Phase shift profile of the designed metalens with a 5%
defect density. Scale bar: 15um. (b) SEM image of fabricated large-scale metalens. The imaged area is chosen to be
close to (a) for comparison. Scale bar: 15um. (¢) The simulated focal spot profile of an ideal metalens (solid line) and
one with 5% defect density (dash line), both are f/5. (d) Simulated imaging performance of ideal metalens with f/5.
Scale bar: 250um. (e) Simulated imaging performance of a metalens with the same parameters as (d) but with 5%
defect density as well as a 5% phase variation. Inset: comparison of the magnified region from (d) and (e). Scale bar:
250pm. (f) The simulated focusing efficiency of a metalens with f/5 in terms of defect density. All lenses have a
working wavelength of 1.7um. Circles indicate the defects' density level in simulations.

The theoretical focal spot intensity profiles were calculated according to the Fresnel
diffraction equation with the ideal phase profile taken as a reference. By adding a 5% defect density,
as well the 5% phase shift noise into the ideal metalens phase profile, one can observe a drop of
focusing efficiency to around 90% with minimal effect on the FWHM of the focal spot as shown
in Fig.4.10 (¢). The penalty in focusing efficiency is due to a transmission drop corresponding to
light scattering from the defects. This scattering reduces the intensity of the image, as can be
observed from the simulated images in Fig.4.10 (d) and (e). At the present defect density, the
metalens has the same resolving power with a small decline in the signal-to-noise ratio. The global

relationship between focal efficiency and defect density was calculated and exhibited in Fig. 4.10
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(f). The focal efficiency can remain over 80% with a defect density of up to 10%. In the actual
device, the point defect density is 2% which should result in a relative focusing efficiency of 95%.
The difference between the measured (88%) and theoretical expectations most likely results from
two factors. The first factor is the additional defects due to dislocations in the nanosphere lattice.
The second factor is that the finite aperture of the projection system will blur the pattern profile,
especially for the sharp intensity variation from the input pattern, which introduces a small phase

aberration across the phase zone boundaries.
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Figure 4.11 Projected pattern from a projection system with f/3. (a) The intensity profile of the intended pattern
and the pattern projected onto the nanospheres. (b) The focal spot profile after the nanosphere array based on the
projected pattern. The f/# and period of each nanosphere are set as 0.5 and 800nm. (c) SEM image of the developed
photoresist. The photoresist was exposed to a large dose to reveal the diffracted pattern between nanospheres.

To demonstrate the effects of a sharp intensity variation in the projected pattern, I chose a
step profile as the input pattern and calculated the steps in the projection process as shown in
Fig.4.11 (a). We set the f/# of the projection system as f/3. Due to the finite aperture of the
projection lens, the boundary of the step profile is blurred due to loss of some high spatial
frequency information. Based on this imaging process, we also calculated the focal spot profile
behind the nanosphere array with a blurred incident pattern from the projection system. Fig.4.11
(b) shows the profile from the nanosphere array that is projected onto the photoresist. Due to the

blurring effects, the intensity of nanosphere focal spot will vary continuously over the step
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resulting in a smooth transition of the meta-atom diameter between different phase zones. This
variation will introduce a small aberration to the phase profile across the phase zone boundaries
compared to the theoretical design, leading to a slight drop in efficiency. The aberration will be
more pronounced for high numerical aperture metalenses with more zones. However, this is a
relatively small aberration for our devices, evidenced by the fact that the f/5 lens retains 88%
relative efficiency.

There are also diffracted waves introduced by the periodic arrangement of nanospheres.
This results in sidelobes adjacent to the main focal spot from each nanosphere. However, the
intensity ratio of the main spot and the side lobe is more than 10, and thus these side lobes will not
drastically affect the exposure due to the nonlinear reaction of photoresist to the dosage (an
intensity threshold must be exceeded for exposure). This effect can be observed in Fig.4.11 (c) for
the highest dosage employed in patterning, where dark spots appear between each primary
exposure. The secondary exposure from the diffracted light is not sufficient to completely remove

the photoresist during the development, thus there is no influence on the device morphology.
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Figure 4.12 Zero-order complex transmission coefficient for unit cells with different periods and diameters. (a)
The transmission as a function of period and diameter. The height of the pillars is fixed at 850nm. (b) The phase delay
as a function of period and diameter. Periodic boundary conditions were used in the simulation. (¢) The complex-
transmission coefficient of unit-cells with fixed nanopillar diameter at 360nm as a function of lattice period.

The measured transmission efficiency was found to be 75% for both metalenses which can
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be compared with a theoretical value of 97%. The drop in the experimental transmittance is due to
variations in the local period during the self-assembly process. Especially at a larger period, there
is a transmission dip for certain rod diameters that will reduce efficiency. Fig.4.12 demonstrates
the complex transmission coefficient of meta-atoms in terms of the period. Each meta-atom was
arranged in a hexagonal lattice in these simulations. The low-transmission area that occurs when
the period is increased to around 1um is due to the destructive interference between the scattered
light, manipulated by silicon pillars, and leaked light that is directly transmitted through the array,
not interacting with the pillars. At small periods, most of the incident light is concentrated in silicon
pillars. However, as the period is increased (decreasing pillar density), the directly transmitted
light leads to an interference effect with the light at is concentrated within the pillars. When the
phase difference between the directly transmitted light and the light interacting with the pillars is
close to m then destructive interference occurs, resulting in a low transmission area in Fig.4.12 (a).
Note that the interference only occurs when the unit-cell diameter is close to 360nm as this
corresponds to a 7 phase delay, as shown in Fig.4.12 (b). In the actual metasurface fabrication, the
leaked light should be impressed since high-efficiency light manipulation is preferred for device.
This issue can be solved with the assistance of additional surfactants during the self-assembly

153, 154

process or use of the Langmuir-Blodgett (LB) effect to obtain a more uniform nanosphere

array!5% 136,

One technical issue associated with large-scale metasurfaces is the large amount of
geometrical data needed for lithography masks. While data size reduction can be realized when
patterning structures with underlying symmetry, such as metalenses, there is no general technique

for metasurfaces lacking such symmetry. In order to demonstrate the flexibility of our proposed

method for arbitrary large-scale meta-optics fabrication, a Fresnel hologram was designed with the
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phase profile shown in Fig.4.13 (a).
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Figure 4.13 Demonstration of holograms. (a) The ideal phase profile of the Fresnel hologram. Scale bar: 300um.
(b) Optical image of fabricated hologram. Scale bar: 300um. (c) Simulated hologram at the image plane. Scale bar:
300um. (d) Measured hologram at the image plane. Scale bar: 300pum.

This hologram lacks the structural symmetry needed for compression and results in a
1GB/mm? GDSII file based on 72 nodes being used to define each circle. Encoding the phase
information into a single grayscale pattern results in a decrease in the patterning file to 0.4MB/mm?.
The hologram was designed using the Gerchberg-Saxton algorithm resulting in a metasurface with
only phase variations. An optical image of the fabricated hologram is shown in Fig.4.13 (b), which
also demonstrates the highly aperiodic structure of the metasurface. The hologram was designed
to correspond to the Vanderbilt University logo comprising a star with the letter V in the middle,

the simulation of which is shown in Fig.4.13 (c). This hologram was measured using a normal
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incident laser with the zeroth transmitted image captured by an objective lens. The resulting
hologram is shown in Fig.4.13 (d) and demonstrates low background noise, indicating the high

quality of the fabricated metasurface.

4.6 Conclusion

In this chapter, I discussed the nanosphere lithography technique for large-scale
metasurface fabrication and relevant applications. To be specific, the metasurface-based imaging
process, edge detection to be specific, has been demonstrated without any additional digital process.
With the assistance of nanosphere lithography method, large-scale (wafer scale) periodic lattices
with designed angular optical response can be readily achieved, which can serve as the optical
signal processor for machine vision applications in the future. Meta-optics with a more complex
k-space response could also be realized by employing multilayer architectures and inverse design
for more complex optical analog computing and image filtering.

Moreover, I have developed a novel manufacturing method for nonperiodic, large-scale
metasurfaces by combining grayscale lithography with nanosphere self-assembly. This technique
allows spatially varying subwavelength nanostructures to be realized with metalenses being used
as a proof of concept here, demonstrating diffraction-limited focusing performance. Although
defects are unavoidable in self-assembly processes, the relative focusing efficiency of these lenses
remained over 83%. Compared to conventional manufacturing platforms such as EBL and UV
stepper-based lithography, our proposed method represents a cost-effective technique for large-
scale device fabrication. Moreover, no reduction in mask size is necessary due to the encoding of
structural variation in a grayscale pattern. The reduction in cost and patterning time associated
with this technique could lead to new commercial markets where metasurface-based optics are

viable.
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Chapter 5

Conclusion and Outlook

5.1 Summary

This dissertation explores the wavefront manipulation ability of compound meta-optic
platforms, where multiple metasurface elements were used to extend the engineering freedom. Due
to the additional design flexibility, the compound meta-optics can loosen the constraints of
traditional single-layer metasurface systems so as to multiplex various functionalities in the entire
system. On the same time, compound meta-optics still keep a compact volume factor, allowing for
integration with other optoelectronic parts to create an ultra-thin hybrid system. Furthermore, the
emergence of a cost-effective manufacturing platform also leverages the potential for future
commercial applications. The impacts of this thesis can be discussed from the following several
aspects.

In Chapter 2, I presented a compound meta-optic system for complex wavefront control.
Single-layer metasurface devices for amplitude control typically suffer inevitable efficiency
degradation. However, a compound meta-optic system uses a secondary metasurface to shape the
diffracted wavefront in order to achieve an independent amplitude and phase control, where phase-
only manipulation is applied for the light redistributed between metasurface layers for amplitude
manipulation. As a result, compound meta-optic devices offer high-quality and lossless control
over field phase and amplitude. To prove the concept, I experimentally demonstrated a beam-
former, splitter, and three-dimensional holograms with high field quality. In either case, the
measured efficiency of the fabricated meta-optic devices ranged from 65% to 75%.

Furthermore, the birefringent property of meta-atoms was further included for polarization
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manipulation in order to regulate the field thoroughly. A stochastic gradient descent based end-to-
end optimization algorithm was developed for compound meta-optic system design. As proof of
the concept, I experimentally demonstrated a mode division/multiplexer, a mode converter, and a
vectorial hologram. The diffraction efficiency for each device reaches around 80%.

In Chapter 3, I demonstrated a meta-optic accelerator for multi-functional image
classification. The technique is enabled by the unique design freedom afforded by metasurfaces,
including the creation of multi-channel lenses to duplicate information and polarization-sensitive
kernel layers, which allow for discrimination based on both the spatial intensity profile and the
polarization state of the object. The use of polarization demonstrates how optical front-ends are
able to access additional information channels usually lost in traditional imaging systems.
Furthermore, by implementing end-to-end design, we improved the system's robustness to
common noise sources, yielding ~94% experimental classification accuracy, which closely
matches the theoretical prediction. The proposed meta-optic accelerators can be massively parallel
and serve to bridge the gap between the natural object and digital neural network analysis. This
approach can allow one to harness the strengths of both free-space and electronic or optical chip-
based architectures.

Moreover, the ability to operate with incoherent illumination enables machine-vision
applications with passive ambient lighting, which is incompatible with diffractive neural networks.
Meanwhile, the end-to-end optimization also provides a robust platform to balance the trade-off
between bandwidth and the aperture size for a meta-optic system. Ultimately, these advantages
allow meta-optic accelerators to achieve superior processing speed while also lowering power
consumption and thus could lead to advances in a wide range of compact, low-power, and high-

speed computer vision systems.
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In Chapter 4, I presented a large-scale metasurface manufacturing technique based on
nanosphere lithography, which is applied to image processing applications. The periodic
metasurface, which results in non-local effects between meta-atoms, functions as a high-« filter.
Hence, only the light signal with a high incident angle can be filtered out with laser illumination,
leading to an edge enhancement effect. Meanwhile, this large-scale metasurface device can be
readily integrated with other conventional optics, which paves the avenue for small-footprint
machine vision applications.

Besides, I also exhibited a novel manufacturing platform for non-periodic large-scale
metasurfaces by combining grayscale lithography with nanosphere self-assembly method. This
technique allows spatially varying subwavelength nanostructures to be realized with metalenses
being used as proof of the concept here, demonstrating diffraction-limited focusing performance.
Although defects are unavoidable in self-assembly processes, the relative focusing efficiency of
these lenses remained over 83%. Compared to conventional manufacturing platforms such as EBL
and UV stepper-based lithography, the proposed method represents a cost-effective technique for
large-scale device fabrication. Furthermore, no reduction in mask size is necessary due to the
encoding of structural variation in a grayscale pattern. The decreased cost and patterning time
associated with this technique could lead to new commercial markets where metasurface-based

optics are viable.

5.2 Prospects

The topic of metasurface-based optics has advanced rapidly in recent years. Dielectric
metasurfaces can enhance the capabilities of optical systems by mimicking conventional optics in
an ultra-compact form factor. The planar architecture further makes metasurfaces a flexible

platform for tailoring functionalities by defining the meta-atoms that can be used for various
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applications. To date, metasurfaces have been applied to imaging, molecular sensing, quantitative
phase mapping, and image processing and have shown flexibility in phase, amplitude, and
polarization manipulation. Besides, multi-functional meta-optic devices are also developed as a
result of the endeavor to multiplex multiple functionalities into a single device without increasing
the device’s footprint and manufacturing cost. The emergence of compound meta-optics further
provides additional engineering freedom allowing for denser functionalities and superior
manipulation abilities.

Meta-optics with planar structures can be easily integrated with other conventional optics
to create hybrid systems that offer novel optical functionalities, albeit constrained by diffraction
aberrations. In this situation, inverse designing the meta-optic system using an end-to-end
optimization platform can considerably improve the device's performance. Besides, a massive,
cost-effective manufacturing approach is still needed in order to commercialize metasurface
devices in the future. Nowadays, the parallel exposure lithography technique in the semiconductor
industry has been explored for meta-optics commercial manufacturing. However, as the optics
market is not comparable to that of chips, the fabrication cost is still questionable. In this
dissertation, I covered the extra engineering freedom that compound meta-optics offer and their
applications in creating sophisticated systems. In addition, I illustrated a cost-effective approach
for fabricating metasurfaces. Despite these advances presented in this thesis, there are still plenty
of ways to improve the capabilities and functionalities of meta-optic systems. Hereby, I will list
some potential opportunities and challenges for compound meta-optics in the future.

One of the significant challenges for compound meta-optics is to further extend
engineering freedom. In this dissertation, I have demonstrated that compound meta-optics are

capable of complete and lossless field control at a single wavelength. Further increasing the layer
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number can barely leverage the freedom of design since multiple planar optics are essentially linear
systems. Compound meta-optics, however, still exhibit superior potential as the next-generation
multi-functional platform compared to the single-layer metasurface. For instance, single-layer
metasurfaces that use angular multiplexing for multi-channel information processing suffer
comatic aberration that limits the field of view (FOV). Instead, compound meta-optics could
provide wavefront correction by the secondary metasurface to mitigate device aberration.

The precision of the alignment process, particularly for large-scale devices, presents
another challenge for compound meta-optics. In this dissertation, I have shown a sub-pum
resolution based on an in-situ alignment setup. Nevertheless, such an alignment procedure has a
high cost and low efficiency, making it unsuitable for industrial applications. A potential solution
is to develop a monolithic fabrication technique to lessen misalignment from manual intervention.
Simultaneously, the optimization algorithm can be improved to enhance the alignment tolerance
of each layer. In this scenario, a more memory-efficient algorithm should be developed since the
calculating system is severely hampered by billions of meta-atoms present in metasurfaces.

Apart from the challenges, metasurface devices can be utilized for various applications due
to their multifunctional capabilities. One of the most intriguing areas is optical signal processing.
In this paper, I discussed the use of compound meta-optics to accelerate the neural network system.
However, the hybrid system is still limited by the digital operations, which are used to provide the
nonlinear activation function for signal sorting since a typical metasurface device barely exhibits
nonlinear effects at low power excitation. The emergence of volatile phase change materials, such
as vanadium dioxide (VO2), offers a chance for all-optical neural network architectures with
nonlinear activation operations. Future efforts might be devoted to integrating meta-optics with

other phase change materials and optoelectronic components to form more advanced optical neural
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network architectures.

Finally, the commercialization of metasurfaces, in my opinion, still possesses tremendous
potential, for which a more affordable, parallel manufacturing platform should be developed. In
this thesis, I presented a fabrication method based on nanosphere-assisted grayscale lithography,
while the nanosphere mask cannot be recycled. Besides, nanosphere dislocation is inevitable
during self-assembly, leading to defects in metasurfaces. One potential solution to overcome these
limitations is to combine interference and grayscale lithography, where the incident angles of
multiple laser beams can precisely dictate the lattice of metasurfaces. This approach can be

potentially applied to the widespread production of metasurface devices.
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Appendix A
Fundamentals of Metasurfaces

A.1 Sampling Rule for Metasurfaces

The sampling of metasurfaces obeys the Nyquist criterion, which requires that the
minimum sampling rate should be twice the maximum object spatial frequency, which means for
the single zone with phase variation from 0 to 27, there must include at least two meta-atoms.

Assume the metasurface has a lattice constant of P, then it should satisfy the following equation:

max(¢p(x +P) —p(x)) <m (A.])

When P is small enough, the numerical differentiation can be calculated as follows:

P - max (Ilgi_r)r(l) M) = P - max (%) <7 (A.2)

A.2 Jones Calculus for Birefringent Metasurfaces
Polarization conversion is a unique property of metasurfaces arising from the birefringent
meta-atoms structure. By designing anisotropic meta-atoms, cylindroids, for instance, the phase
response along the orthogonal direction can be independently controlled by the length of elliptical
axes. The control process of birefringent meta-atoms can be described by the Jones calculus.
Consider a polarization-sensitive input electrical field, the output field can be represented by the

following equation:

i I st | s | i R

Ey out sin(8) cos(6) 0 ePy]l—sin(0) cos(O)IEy in

where Ey in, Ey in and Ey oy, Ey oy are the x and y polarized incident and transmitted amplitude.
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¢ and ¢,, are the phase shifts provided by the resonator for x and y polarization. 6 is the pillar

rotation angle, which is the variable of a rotation matrix:

_ [cos(6) —sin(H)]
R(®) = [sin(@) cos(0) (A4)
Therefore, the output field can be analytically represented by:
[Ex Out] elbxcos?(0) + e'®vsin2(0) i (ei®x — e'®v)sin(26) [Ex in]
= ' (AS5)

Ey.out %(eid’x —ei®)sin(20)  ei®xsin2() + e'*vcox?(6) | LEvin

If we only consider x-polarized light input and y-polarized output, the transmission can be

simplified as follows:

E

vour = (€9 — ®7)sin(0)cos(0)Ey (A6)

After a simple algebraic transformation, we can get,

Ey

oue = 5€%5[1 — e ®y=9)|5in(20)E, 1 (A7)
If the condition ¢, — ¢, = 7 is satisfied for arbitrary ¢,, then the final transmission is described

by,

E

y,out = ei¢x5in(20)Ex,in (AS)

Eq.A8 demonstrates the amplitude and phase of the output field can be independently controlled

by ¢, and the rotation of angle meta-atoms, 8, leading to a complex-valued manipulation.

A.3 Refractive Index of Silicon
The optical properties of silicon used in the paper were characterized by the ellipsometry

method. Two kinds of silicon are involved: low-pressure (LPCVD), and plasma-enhanced
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(PECVD) chemical vapor deposited silicon. The refractive index, as well as extinction ratio, are

shown in Fig.A.1, which exhibits lossless performance at the working wavelength designed in this

paper.
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Figure A.1 Optical properties of low-pressure (LPCVD) and plasma-enhanced (PECVD) chemical vapor
deposited Si films.

A.4 Angular Spectrum Propagation Method

The light propagation behavior in free space can be theoretically described by the angular
spectrum expansion method, for which a complex amplitude U(x, y, z) will be decomposed into a
series of plane waves A(fy, fy;z) with various spatial frequency fy and f, by Fourier
transformation. The complex amplitude can be retrieved from the inverse Fourier transformation
over angular spectrum components. Therefore, consider a coherent light propagates in free space

from z|,—, to z|,—, , the angular component at z|,_, can be described as:
Afy fr; 0) = [ Ulx,y, 0)e~2rUxx+ /v dxdy = F{U(x,y,0)} (A9)
Ulx,y;0) = ﬂ_ooooA(fX' fr; O)eizn(fxx+fyy)dfxdfy = FH{A(fx fv; 0)} (A10)

Consider one of the components within the angular spectrum, which is a plane wave propagating
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along a particular direction, the propagation behavior correlated to spatial frequency can also be

described by direction cosine a,8,y. According to the definition of spatial frequency: a =

Afx, B = Afy and y = /1 — a? — 2, the plane wave with a specific spatial frequency can be

described as:
. . a B
A(lefY; 0) — aelZTL’(fXx-l-fyy) — aelZn(Zx+;y) =A (ﬁ E. 0) (All)

where a is the amplitude of the plane wave. Therefore, the angular spectrum at z|,_, and z|,—,

can be written as:
A (%% 0) = [~ Ux,y, O)e_izn(%”gy)d%d% = F{U(x,y,0)} (A12)
A (%,%; Z) = ff_oooo U(x,y, z)e_izn(%“gy)d%dg =F{U(x,v,2)} (A13)
Hence, the interested complex amplitude at z|,_, in free space is:

Uy;2) = 17 A(5.5:2) eizn(%’”%y)d%d% =F{a(3.5:2)} (19

For every point in free space, the complex amplitude must obey the constriction of the Helmholtz

equation:
VZU + k*U =0 (A15)
where k = 27”(6!3( + yy + fz) is the wavenumber in free space. Apply constriction (A15) to

(A14), A (%, % ; z) must obey the following equation:

Ea( )+ @ -G b -0 o

dz?

which has the eigensolution:

97



A5 5e) =4 (5 50) e (A1)

Therefore, provided the complex amplitude U(x, y; 0), the field U(x,y, z) after light propagating

by a distance of z can be derived by:
o 2T 1 _a?= iz(Cx B
U(x,y,z) = ff_ooA(%,g; 0) i 7 VI a* F7 circ(y/a? +,82)e‘2"(1x+1y)d%d§ (A18)
2T
Ux,y,2) = F1 {T{U(x, Y, 00} x e AV cive((fa? ¥ 32)} (A19)

where circis the circular region function, which can omit the evanescent components during light

propagation.
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Appendix B

Compound Meta-optics for Field Control

B.1 Gerchberg-Saxton Algorithm

The Gerchberg-Saxton (GS) algorithm, proposed by Gerchberg and Saxton in 1972, is a
kind of iterative phase retrieval algorithm for computer-generated hologram applications. The
algorithm shown in Fig.B.1 retrieves the phase distribution at a specific plane while generating the
hologram at the designed plane, which is the Fresnel hologram. Compared to Fraunhofer hologram
requiring Fourier transform to obtain the desired amplitude distribution, Fresnel hologram can
utilize the light propagation behavior in free space to generate the field without any extra optics

involved, which can be applied to redistribute the incident field intensity.

_7:_1

|Einc Iei¢1 > (eizTnV 1=a®=f%2 o circ\fa? +ﬁ2) IEZ |ei¢2
A A [
|Eincl l Initiate ¢, \ YES
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- -1 T [

|E5 |et®s F x (e“‘zTV 1@t o cireyJa? +32) L |Edes|el¢2

Figure B.1 The schematics of Gerchberg-Saxton algorithm to generate phase-only hologram.

In order to achieve the Fresnel hologram by GS algorithm, a uniform amplitude with a

random phase distribution was used as the input field as shown in Fig.B.1. The light propagation

99



between two planes with a certain distance z can be described by the angular spectrum propagation
process, where the light field will be converted into an angular spectrum by Fourier transformation,
with modulation by the transfer function over a series of plane waves, light distribution can be
spatially reconstructed by inverse Fourier transformation (see details in Appendix A.3). The
amplitude of revamped field was then replaced by the desired value as the constraint while
maintaining the phase distribution. Then, a backpropagation operation was performed over the
reconstructed light resulting in a retrieved phase profile as well as the non-useful amplitude
distribution, which the amplitude of incident field will further replace. After tens of iterations, the
amplitude distribution of the output field will match well with the designed value, while the
retrieved phase became the target to generate the desired hologram.

Since the hologram generated by GS algorithm is based on light propagation and the
constraint over the amplitude distribution at the target plane, the hologram phase distribution
cannot be well controlled. Therefore, such hologram always suffers speckles due to the
interference from the undesired phase distribution, leading to non-uniform and low-quality field
distribution. However, an extra metasurface layer can correct the undesired phase distribution in
the compound optic system, resulting in fully complex-amplitude control and high-quality

holograms.

B.2 In-situ Alignment System for Compound Meta-optics

During the alignment process of compound meta-optics, the bottom metasurface layer was
mounted on a rotation stage held by a vacuum pump. The top layer was attached to a glass slide
suspended by an XYZ translation stage, as shown in Fig.B.2 (a) and (b). A drop of uncured PDMS
was applied in between as an index-matched layer. The samples were then illuminated from the

bottom by a collimated supercontinuum laser that was passed through a monochromator set at the
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designed working wavelength. The far-field images after the bilayer metasurface were recorded
by a near-infrared (NIR) camera through an imaging system consisting of a 20X objective and a

tube lens. The holograms were then aligned by tuning the XYZ translation and rotation stage.
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Figure B.2 In-situ bilayer metasurfaces alignment setup. (a) Schematic of the meta-optic assembly, alignment,
and characterization process. Each metasurface is fabricated individually and then aligned to form the meta-optic
device. (b) Top: an optical image of the manufactured meta-optic device, where the two metasurface layers are being
aligned. Bottom: a scanning electron microscope (SEM) image of a portion of one metasurface, showing the array of
silicon nanopillars. Scale bar: 3um. (c¢) The alignment hologram is used to assist the vertical and lateral alignment
process.

Accurate alignment between the two metasurfaces (< lum lateral misalignment) is
necessary to obtain the desired complex-valued field transformation. To achieve this, we
developed hologram alignment marks formed by silicon arrays fabricated near each of the two
metasurfaces. The array near metasurface 1 was designed using the GS algorithm to create a cross-
shaped intensity pattern at the desired distance of metasurface 2 as shown in Fig.B.2 (¢). As a
result, the hologram transfers location information from layer 1 to the same plane as layer 2. The
nanopillar array near metasurface 2 contains a pattern of low transmission nanopillars tracing the
alignment hologram outline. Since the alignment hologram was fabricated through the EBL system,
the displacement error, dictated by the stitching error from the exposure system, can be below

20nm. The two metasurfaces are accurately aligned by positioning layer 2 so that the low-
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transmission outline is not visible when illuminated by the alignment hologram. After spatial
alignment was achieved with the alignment marks, the alignment was further adjusted until the
desired intensity image was formed at a distance beyond the meta-optic output. Misalignment
introduces phase error to the output field distribution, and the output field phase defines the
propagation behavior of the wave, so the alignment improves as the observed intensity image

improves.

B.3 Methods for Birefringent and Complex-valued Field Control
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Figure B.3 Comparison of the birefringent manipulation abilities of different methods. (a) The target field for
different polarization channels. (b) The manipulation results are based on the polarization conversion process from a
single-layer metasurface. (c) The manipulation results are based on the spatial multiplexing method from a single-
layer metasurface. (d) The manipulation results from a bilayer meta-optic system. All the amplitude profile is
normalized to their maximum.

A comparison of different methods for birefringent complex-field control is shown in

Fig.B.3. Here, I designed a polarization multiplexed multi-channel hologram device. The target
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hologram is shown in Fig.B.3 (a) and comprises a “V” logo for x-polarized illumination and a star
logo for y-polarized illumination.

Fig.B.3 (b) illustrates the simulated hologram results formed by the polarization conversion
method, where an exact complex-valued field is provided by a single-layer metasurface. By
controlling the birefringent property of meta-atoms, shown in the manuscript, the complex-valued

transmission coefficient for each meta-atom is given by,

E

y,our = (€'%7 — e1®x)sin(8)cos(6)Ey. i (B1)

where 6 is the rotation angle of the nano-pillar meta-atom, ¢, and ¢,, are the phase delay induced

by the meta-atom along the x and y-axis. The amplitude and phase of the field can be independently
manipulated using this method. However, the optical response is polarization sensitive, and due to
the polarization conversion process, and the required polarizers, the efficiency drops to 7.3%.
The spatial multiplexing method can provide polarization-insensitive control as shown in
Fig.B.3 (c). In this method, the supercell structure, which includes independent unit cells in
neighboring lattices, was used to achieve complex-valued control. The transmissive coefficient for

each supercell is given by,
Eoue =75 (€' + '9x)Ey, (B2)

Here, independent amplitude and phase control for unpolarized light can be achieved. However,
the supercell architecture will generate higher diffraction orders resulting in low device efficiency.

The compound meta-optic utilizes light redistribution during propagation, which can
provide independent control over amplitude and phase while maintaining an overall device
efficiency of over 90% as shown in Fig.B.3 (d). Moreover, the meta-optic is polarization

insensitive, providing more design freedom for optical systems.
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B.4 Role of k-space Filter in the End-to-end Optimization Platform

MS1-phase-x-pol MS1-phase-y-pol MS2-phase-x-pol

With k-space filter

Without k-space filter

Figure B.4 Comparison of compound meta-optic phase profiles. The phase profiles for spatial mode
division/multiplexing with (upper row) and without (bottom row) a k-space filter used during the optimization process.

Fig.B.4 shows the phase profile for spatial division/multiplexing after optimization with
(upper row) and without (bottom row) the k-space constraints. The k-space constraint filters out

light with a large divergent angle, leading to a smoother phase profile.

B.5 Target Fields of Meta-optics for Complete Field Control
In order to simulate the optical response to unpolarized light, the light was divided into two
orthogonal linear-polarized states with equal intensity. For each state, the optical response of the

meta-optic was calculated using the following equation,

E(X,Y, Pout) = R(dz)M(quz» by2, 92)73(511)M(¢x1' by1, 91)E(x, Y, Din) (B3)

where p is the polarization state, R is the light propagation in free space, M is the metasurface

manipulation dictating the phase discontinuity and polarization conversion process, and £'is the
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complex-valued output field containing all polarization states. The optical response to each linear-
polarized input was calculated separately. Since the input light is incoherent due to orthogonality,
no interference occurs between the two output fields. Hence, the final field was calculated by

summing the optical intensity of the two independent light sources.
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Figure B.S Target fields for spatial mode division/multiplexing. The target field comprises multiple complex-
valued profiles at different propagation depths, d, from the second metasurface. The output field was separated into
different polarization channels. d; = 0, d, = 2000um, d; = 2500um.
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Figure B.6 Target fields for the spatial mode converter. The target field comprises multiple complex-valued
profiles at different propagation depths, d, from the second metasurface. The field was separated into different
polarization channels. Only an x-polarized plane wave was used as the input field. Polarization conversion was used
in the design process. d; = 0, d, = 2000pum, d; = 2500um.
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Figure B.7 Target fields for the universal vectorial hologram. The target field comprises multiple complex-valued
profiles at different propagation depths, d, from the second metasurface. The field was separated into different

polarization channels according to input field states. Polarization conversion was used in the design process. d; = 0,
d, = 1254,.

B.6 Arbitrary Mode Conversion Using Compound Meta-optics
Here, we demonstrate a multi-channel mode converter, which can convert an x-polarized
plane wave into multiple channels with arbitrary polarization states. The target amplitude for the

mode converter is described as follows:

-

().88—(1”/15)L())2
e~ (1/2020)*
158—(1’/25%)2

e iko (xsin(—2°)+ysin(3°)) e iko(xsin(3°)+ysin(0°)) e in/2

ikg (xsin(—2°)+ysin(3°)) e iko(xsin(3°)+ysin(0°))

e iko(xsin(—zo) +ysin(—2.5°)) e i3m/4

e eiko(xsin(—2°)+ysin(—2.5°))

Eq.B4 gives the analytical description of the complex-valued target field for the compound

meta-optic, which consists of three independent Gaussian beams with different deflection angles.

106



Phase-x-pol Phase-y-pol Theta

12
b=
(9}
2]
=
Figure B.8 Phase profiles for the multi-channel mode converter.
Output at dy Output at d, Output at d
D
: C
<
[_‘ . . H
o
2
8 C C
Q - . .

Figure B.9 Comparison of the multi-channel mode converter's target and simulated intensity profiles.

Each Gaussian beam carries an independent polarization state, including linear, circular,
and elliptical polarizations. Fig.B.8 shows the optimized phase and rotation angle profiles of the

metasurfaces arising from the end-to-end inverse design platform described in the manuscript. The
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comparison of the target and optimized output intensity profiles are provided in Fig.B.9, which

exhibits excellent agreement. The theoretical diffraction efficiency is 95.9%.
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Appendix C

Meta-optic Accelerators for Object Classifiers

C.1 Meta-atoms for Meta-optic Accelerators
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Figure C.1 The simulation results of meta-atoms used in the manuscript. (2) The schematics of birefringent meta-
atom composed of silicon nanopillar on glass. The height was fixed at 880nm with a period of 600nm at a working
wavelength of 1.3um. 6 is set as 0 to extract the fundamental mode response under TE and TM excitation. (b) The
amplitude and phase profile as a function of the width and length of silicon nanopillar. The input light is polarized in
TE mode (along y-axis). (¢c) The amplitude and phase profile under TM mode (along x-axis) excitation.

In order to design the metasurface, the a-silicon based nanopillars were chosen as the basic

meta-atoms. The complex transmission coefficient of nanopillar meta-atoms was calculated using

rigorous coupled wave analysis (RCWA) with a schematic of the unit cell displayed in Fig.C.1 (a).

The height and period of the silicon structure were fixed at 880nm and 600nm, respectively, with
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a material index of 3.62 and an illumination wavelength of 1.3um. Considering the subwavelength
period, only the fundamental (zeroth) transmission mode (both TM and TE) was extracted from
the simulation. During the parameter (width and length) scanning, the rotation angle, 6, was set as
0, which forms the birefringent optical response map shown in (b) and (c). The dash lines in (b)
and (c) indicate the isotropic optical response (polarization insensitive), which was used for the

multi-channel metalens design.

C.2 Optical Characterization Setup for Meta-optic Accelerators

P2

Tube lens

SLM

MS1 MS2 Analyzer

Camera

Tungsten
Lamp

Figure C.2 The characterization setup of optical neural network. P means the polarizer. MS is the metasurface.

For proof of the concept, the proposed compound metasurface system was characterized
based on a customized optical setup, as shown in Fig.C.2. A commercial liquid-crystal-based SLM
(PLUTO-2.1-Phase-only, Holoeye) was used to create the optical images using illumination from
an incoherent light source (66997-100Q-R085, Newport) with a band-pass filter (FB1300-30,
Thorlabs). The SLM modulates the polarization state of the light, which is converted into

amplitude control by using a polarizer and analyzer before and after the SLM. The multi-channel
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metasurface system was then used to project and modulate the image, whose feature map was

recorded by the camera using a tube lens and a polarizer placed in front.

C.3 Meta-optic Accelerators for Complex Signal Recognition
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Figure C.3 Demonstration of complex polarization states classification. (a) The data library is trained for the
multifunctional neural network. The amplitude information contains four categories. Each category includes two
different polarization states, one is linear and another is circular-polarized. (b) The tested confusion matrix is based
on the pre-trained neural network. (c) The pre-trained metasurface kernel layers are represented by the phase and
rotation map.

A more complex, non-orthogonal signal classification can also be achieved using this
approach as shown in Fig.C.3. Here, four different amplitude objects were employed with each

object having two different polarization states, linear and circularly polarized. Apart from intensity
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control, a metasurface kernel also needs to convert the polarization state into a unique intensity
value, where phase manipulation along orthogonal directions is necessary. Hence, during the end-
to-end optimization process, I designed not only the rotation angle of meta-atoms but also the
width and length, indicating phase control, in the unit cell. The confusion matrix is presented in
Fig.C.3 (b) and demonstrates 95% accuracy. Fig.C.3 (c) also gives the pre-trained parameters of

the metasurface kernel layer containing the phase and rotation map.
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Appendix D

Nanosphere Lithography based Large-scale Metasurfaces

D.1 Nanosphere Lithography Procedure
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Figure D.1 Schematic of the nanosphere self-assembly assisted grayscale lithography process. (a) Illustration of
each fabrication step. (b) Side-view SEM image of bilayer photoresist structure. Scale bar: 400nm. (c) SEM cross-
section of the undercut structure resulting from the bilayer photoresist. Scale bar: 400nm.

The detailed fabrication process based on nanosphere lithography is exhibited in Fig.D.1.
Starting with amorphous silicon (850nm) on a quartz substrate, the bilayer layer photoresist
comprising LOR 1A (Kayaku Advanced Materials, Inc.) and Microposit S1805 was spun coat
successively at 6000 rpm for 45s as shown in Fig.D.1 (b). The bilayer photoresist creates an
undercut structure, shown in Fig.D.1 (c), that makes it easier to lift off the hard mask material.

After spin coating, a 2-minute soft bake at 230C° and 115C° was used to cure the bottom and top

layers. The nanosphere monolayer was then self-assembled and transferred onto the substrate as a
nano lens array for exposure. The designed pattern, either grayscale or uniform, was then

illuminated over the nanosphere surface, with the exposed area under each nanosphere controlled
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by the illumination intensity. The total exposure time was fixed at 1.25s. The nanosphere array
was then removed from the substrate by immersing it in deionized (DI) water with sonication. A

2-minute post-bake at 115C° is performed to strengthen the photoresist before developing in

Tetramethylammonium hydroxide-based developer (Microposit MF-319). Next, 40nm of Al2O;
was thermally deposited at a rate of 0.5 A/s as the hard mask. The final device was completed

using reactive ion etching (RIE) to form silicon pillars.

D.2 Optical Characterization Setup for Large-scale Metasurfaces

Supercontinuum
laser

collimator = S metasurface
monochrometer objective lens

camera
b target
Supercontinuum
laser :
collimator =
monochrometer metasurface tube lens
camera

Figure D.2 Optical characterization setup. (a) The characterization setup for focal spot profile and hologram
measurements. (b) The setup for imaging performance characterization with the USAF 1951 target sample.

In order to gauge the accuracy and precision of the fabrication technique, the optical
properties and image performance of metalenses with f/5 and f/3 were characterized at a
wavelength of 1.7um. To achieve this characterization, we customized an optical measurement
setup with the detailed diagram shown in Fig.D.2. This setup was built using a 20X objective
(Mitutoyo Plan Apo, NA=0.4) for focal spot, hologram, and imaging performance characterization.

[lumination was provided by a supercontinuum laser (Fianium WhiteLase) passing through a
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monochromator (Cornerstone 130 1/8m). The light intensity was recorded by a NIR camera (Xeva-
1.7-640) with background noise subtraction. Before recording the lateral focal spot profile and
hologram, a standard test chart (USAF1951, RIDSIN, Thorlabs) was imaged to characterize the
magnification of the optical system. To characterize the focal spot profile along the optical axis,
the metalens was mounted on a translation stage with a step size of 10pum. With around 150 image
slices obtained, the light intensity passing through the center of the focal spot at each image slice
was rearranged along the propagating axis to form the profile image. The imaging characterization

is based on the same optical system, with the USAF1951 standard test chart as the imaging target.
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