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ABSTRACT

Optical metasurfaces are a category of thin diffractive optical elements, fabricated
using the standard micro- and nano-fabrication techniques. They provide new ways
of controlling the flow of light based on various properties such as polarization,
wavelength, and propagation direction. In addition, their compatibility with standard
micro-fabrication techniques and compact form factor allows for the development of
several novel platforms for the design and implementation of various complicated
optical elements and systems. In this thesis, I first give a short overview and a
brief history of the works on optical metasurfaces. Then I discuss the capabilities
of metasurfaces in controlling the polarization and phase of light, and showcase
their potential applications through the cases of polarimetric imaging and vectorial
holography. Then, a discussion of the chromatic dispersion in optical metasurfaces is
given, followed by three methods that can be utilized to design metasurfaces working
at multiple discrete wavelengths. As a potential application of such metasurfaces,
I present results of using them as objective lenses in two-photon microscopy. In
addition, I discuss how metasurfaces enable the at-will control of chromatic dispersion
in diffractive optical elements, demonstrate metasurfaces with controlled dispersion,
and provide a discussion of their limitations. Integration of multiple metasurfaces
into metasystems allows for implementation of complicated optical functions such
as imaging and spectrometry. In this regard, I present several examples of how
such metasystems can be designed, fabricated, and utilized to provide wide field
of view imaging and projection, microelectromechanically tunable lenses, optical
spectrometers, and retroreflectors. I conclude with an outlook on where metasurfaces
can be most useful, and what limitations should be overcome before they can find

wide-spread application.
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Chapter 1

INTRODUCTION

The material in this chapter was in part presented in [1].

During the past few years, optical metasurfaces have gained a great deal of attention
for introducing a new category of thin optical elements operating based on new
underlying principles. In this chapter, we give a brief historic perspective in
an effort to put metasurfaces in the right context. Then, we briefly discuss the
recently demonstrated metasurface optical elements and systems that have capabilities
surpassing those of conventional diffractive and refractive optics. We continue with an
explanation of the operation principles of high-contrast dielectric optical metasurfaces
that form the basis for all works presented in this thesis. A short outline of the thesis

contents concludes the chapter.

1.1 Metasurfaces, a historical perspective

Optical metasurfaces are two-dimensional arrays of subwavelength scatterers that are
designed to modify different characteristics of light such as its wavefront, polarization
distribution, intensity distribution, or spectrum [2—13]. The subwavelength scatterers
(referred to as meta-atoms in this context), capture and reradiate (or scatter) the
incident light. Depending on the meta-atom design, the scattered light might have
different characteristics compared to the incident light. For instance, it might have a
different phase, polarization ellipse, angular distribution, intensity, and/or spectral
content. For most metasurfaces, the output is either the scattered light or the
interference between the scattered and the incident light. By proper selection of the
meta-atoms and their locations in the array, the characteristics of light interacting
with the metasurface can be engineered. As a result, different conventional optical
components such as gratings, lenses, mirrors, holograms, waveplates, polarizers, and
spectral filters may be realized. Furthermore, a single metasurface might provide a
functionality that may only be achieved by a combination of conventional optical
components [14] or an entirely novel functionality [15]. Typically metasurface optical
components are subwavelength thick, have a planar form factor, and can be batch-
fabricated at potentially low costs using the standard micro and nano-fabrication

processes. In the past few years, the efficiency of the optical metasurfaces has
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improved significantly by switching from metallic (or plasmonic) meta-atoms to high
refractive index dielectric ones. The combination of the relatively high efficiency,
potentially low cost, and the planar and thin form factor has generated significant
interest in metasurface optical components, and has attracted a large number of
researchers from different disciplines. The result has been the rapid expansion of the
field. Here we discuss the recent progress in the development of optical metasurfaces,
focusing on dielectric metasurfaces that modify the wavefront and/or polarization

distribution of light.

Optical metasurfaces are conceptually similar and are technically closely related to the
reflectarrays and transmitarrays which have been studied for decades in the microwave
community [16]. For example, the idea of using elements (or meta-atoms) with
different sizes and shapes has been used as early as 1993 in that community for creating
spatially varying phase profiles [17]. Early demonstrations of optical metasurfaces
which used metallic meta-atoms are similar to their microwave counterparts [18].
Another example is the use of the geometric (or Pancharatnam-Berry) phase for
controlling the wavefront of circularly polarized waves that also has been used before
in the microwave community [19, 20]. In addition, many of the properties, design
techniques, and models for metasurface components are similar to those used in the
context of diffractive optical elements (DOEs). The recognition of these similarities
can be beneficial in the design and development of metasurfaces. An example of
results that are similarly applicable to metasurfaces and DOE:s is the ray optics
treatment of the refraction, reflection, and transmission of rays upon interaction with
surfaces that impart a spatially varying phase. This topic has been well studied
in diffractive optics and the resulting relation is known as the grating equation. A
general treatment of this problem when the phase imparting surface has an arbitrary
curved shape can be found in [21]. Depending on how they are realized, DOEs
have different categories including kinoforms [22], holographic optical elements,
computer-generated holograms [23], and effective medium structures [24, 25], and
are realized using structures that are different from metasurfaces. However, similar
to metasurfaces, they impart spatially varying phase excursion and are modeled as
spatially varying phase masks. As a result, many of the techniques, theories, and
designs developed for and using DOEs are directly applicable and transformable
to metasurfaces. Some of the examples include the algorithms for the design of
phase profiles that project desired intensity patterns [23], estimations of diffraction
efficiency for quantized phase levels [26], elimination of the spherical aberrations

by proper selection of the phase profile [27], elimination of coma aberration of a
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phase profile by applying it on a curved spherical surface [28], and removal of other

monochromatic aberrations by using a stop [29] or multiple cascaded elements [30].

One of the advantages of recognizing the relation of the metasurfaces to other DOEs
is the identification of the potential advantages of the metasurfaces over conventional
DOE:s. For instance, low-cost, efficient, and relatively wideband diffractive lenses
can be realized using conventional DOEs [31], but their performance degrades
significantly with increasing their numerical apertures (NAs). As we discuss in

section 1.3, properly designed metasurfaces can outperform conventional DOE:s.

1.2 Recent developments

Figure 1.1: Recent advances in metasurfaces. (a) Optical and scanning electron
micrographs of a high-contrast grating mirror with focusing ability, adapted
from [32]. (b) Scanning electron micrograph of a plasmonic metasurface beam
deflector, adapted from [18]. (c) A geometric phase axicon with dielectric micro-
bars, adapted from [33]. (d) Microwave beam deflection with a metallic Huygens’
metasurface along with unit cell of the beam deflector, adapted from [34]. (e)
Scanning electron micrograph of a dielectric Huygens’ beam deflector. Simulated
field intensities are plotted on the right, adapted from [35]. (f) Scanning electron
micrograph of a portion of a high-contrast transmitarray lens, adapted from [36].

In the past few years, the advances and the wider accessibility of micro and
nano-fabrication technologies, along with an increased interest in dielectric high-
contrast [32, 37, 38] and plasmonic structures [ 18, 39-42] for manipulation of optical

wavefronts, have caused a surge in the research field of metasurfaces. Two of the early
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works using high contrast mirrors and plasmonic scatterers are shown in Figs. 1.1a
and 1.1b, respectively. The ultra-thin form factor of plasmonic structures, and the
great interest in the field of plasmonics itself, resulted using a single metallic layer to
manipulate light using resonance phase, geometric phase, or their combination in
most of the earlier works [3, 41, 43—48]. However, material losses and fundamental
limitations of single layer thin plasmonic metasurfaces (especially in the transmission
mode) [49-51] significantly limit their performance. Dielectric geometric phase
elements based on nano-beam half waveplates (similar to the example shown in
Fig. 1.1c) have also been investigated [33, 52] for wavefront shaping. These elements
are designed to work with one polarization, and achieving simultaneously both high
efficiency and large deflection angles is challenging because of significant coupling

between the elements.

To overcome the fundamental limitations of ultra-thin metasurfaces, Huygens’
metasurfaces were introduced [34] that allow for simultaneous excitation of modes
with equal electric and magnetic dipole moments. These structures do not have
deep subwavelength thicknesses, as shown in Fig. 1.1d, where the wavelength
is 30 mm. Despite their success in lower frequencies [53-58], in the optical
domain metallic Huygens’ metasurfaces are still limited by material losses and
often require complicated fabrication. As a result, dielectric Huygens’ metasurfaces
were explored [35, 59-64] that allowed for two longitudinal resonance modes
with dominant electric and magnetic dipole moments with the same frequency
to circumvent material losses [Fig. 1.1e]. There are, however, some challenges
that limit the practicality of dielectric Huygens’ metasurfaces. First, full 27 phase
coverage at a single wavelength, which is what matters for wavefront manipulation,
while keeping a high transmission requires changing all sizes of the resonators
(including their heights) which is challenging to achieve with the conventional
planar micro-fabrication technology. Second, the coupling between adjacent meta-
atoms is considerable in Huygens’ metasurfaces and this significantly degrades the
performance of devices with large deflection angles as they require fast varying
structures [35]. As a result, more groups started investigating the high-contrast
transmit/reflect arrays (HCAS) structures (similar to the one shown in Fig. 1.1f) that
use thicker (about 0.54 to 1) high-index layers to pattern the metasurface [14, 38,
65—74]. These structures are very similar to the blazed binary optical elements that
are at least two decades old [75-78], nevertheless, they outperform other classes
of metasurfaces in many wavefront manipulation applications. In the following,

we will briefly discuss and explain their operation principle, and review the areas
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where metasurfaces have demonstrated wavefront control capabilities beyond those

of conventional diffractive optical elements.

We should note here that the applications of optical metasurfaces in the general sense
of the word (i.e., patterned thin layers on a substrate) go beyond spatial wavefront
manipulation. Thin light absorbers [79-93], optical filters [94—106], nonlinear [107-
114], and anapole metasurfaces [115, 116] are a few examples of such elements.
However, since our work has been focused on applications of metasurfaces in
wavefront manipulation, we don’t cover these other types of metasurfaces in this

brief background.

1.3 High-contrast reflect/transmit arrays

Since HCAs are central to all the works presented in this thesis, we first briefly
discuss their operation. We are primarily interested in the two-dimensional HCAs,
and therefore we consider their case here, although much of the discussions are
also valid for the one-dimensional case. In general, these devices are based on
high-refractive-index dielectric nano-scatterers surrounded by low-index media [14,
38, 65, 67, 70-72, 76, 78]. The structure can be symmetric (i.e., with the substrate
and capping layers having the same refractive indexes) [36] or asymmetric [66,
67, 76, 78]. Depending on the materials and the required phase coverage, the
thickness of the high-index layer is usually between 0.51p and Ay, where Ay is the
free space wavelength. Typically, these structures are designed to be compatible
with conventional micro-fabrication techniques; therefore, they are composed of
nano-scatterers made from the same material structure and with the same thickness
over the device area. Various scatterers can have different cross-sections in the
metasurface plane, but the cross-section of any single scatterer is usually kept the
same along the layer thickness to facilitate its fabrication using binary lithography
techniques. For wavefront shaping, the nano-scatterers should be on the vertices of
a subwavelength lattice that satisfies the Nyquist sampling criterion [36] in order
to avoid excitation of unwanted diffraction orders. For simplicity, the lattices are
usually selected to be periodic. Figure 1.2a shows two typically used structures with
triangular and square lattices [38, 78]. For polarization-independent operation (in the
case of normal incidence with small deflection angle) the nano-scatterers should have
symmetric cross-sections such as circles, squares, regular hexagons, etc. (Fig. 1.2a).
Similar to high-contrast gratings [32, 37, 117], these structures can also be used in

reflection mode by backing them with a metallic or dielectric reflector [118—120]



[Fig. 1.2a, bottom], or by properly selecting their thicknesses [121, 122].

The first HCA diffractive devices demonstrated by Lalanne et al. (referred to as
blazed binary diffractive devices at the time) were designed to operate in an effective
medium theory (EMT) regime where only one transverse mode could be excited
in the HCA layer [76, 78]. In 2011, it was suggested by Fattal et al. [38] and later
demonstrated [65-67] that using higher index materials (silicon or amorphous silicon
(a-Si) instead of titanium dioxide (TiO,)) can result in devices with higher efficiency
for large deflection angles, despite a departure from the HCA regime (where the
lattice constant is larger than the structural cut-off [78], yet it is small enough to
avoid unwanted diffraction [65, 66]). It is worth noting that even for the lower index
materials like TiO,, the optimal operation regime seems to be where the lattice is
designed just below the structural cut-off [77]. It is worth noting that depending on
the design parameters, higher index devices (such as silicon ones) can operate in the
EMT regime [123]. One example of such devices is shown in Fig. 1.2b, where a
graded index lens was etched into a silicon wafer to focus light inside the wafer [123].
The ability of the EMT blazed binary structures to significantly outperform the
conventional échelette gratings is dominantly attributed to the waveguiding effect of
the nano-posts that results in a sampling of the incoming and outgoing waves with
small coupling between adjacent nano-posts [77]. In devices using higher refractive
index materials like silicon, the coupling between adjacent nano-posts remains small
even above the structural cut-off. In Fig. 1.2c, the simulated magnetic energy density
is plotted for @-Si nano-posts, showing that the field is highly confined inside the
nano-posts, which reduces the coupling between nanoposts. In this case, there are
multiple propagating transverse modes inside the layer [67]. In addition, due to the
larger number of resonances, the transmission phase for the nano-posts with the
higher refractive index is a steeper function of the nano-post’s size (compared to the
EMT structures) as shown in Fig. 1.2d [66, 124]. This relieves the requirements of

the nano-posts aspect ratio and makes their fabrication more feasible [66].

A second effect of the high field confinement is that the behavior of the structure
becomes more insensitive to the lattice parameters, as shown in Fig. 1.2e [67]. More
importantly, this means that the transmission phase of a nano-post is largely insensitive
to its neighboring posts; therefore, adjacent nano-posts can have significantly different
sizes without much degradation of their performance. This is in contrast to the
dielectric Huygens metasurfaces [35, 59, 61, 118, 126, 127] where the coupling

between neighboring scatterers results in significant performance degradation if
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Figure 1.2: Operation principles of HCAs. (a) Schematic illustration of some
possible HCA configurations with different nano-post shapes and lattice struc-
tures. HID: high-index dielectric, LID: low -index dielectric. (b) Scanning
electron micrograph of a graded index lens, etched directly into a silicon
wafer [123].(c) Simulated magnetic energy density in a periodic array of @-Si
nano-posts plotted in cross sections perpendicular to (left), and passing through
(right) the nano-posts’” axes. For larger nano-posts, the field is highly confined
inside the nano-posts. The scale bars are 1 um [67]. (d) Simulated transmission
phase for a-Si nano-posts operating beyond the EMT regime (left, [66]), and
TiO, nano-posts operating within the EMT regime (right, [124]). (e) Simulated
transmission amplitude and phase of a periodic array of circular @-Si nano-posts
versus posts diameter and lattice constant [67]. (f) Top: Magnetic energy dis-
tribution of optical resonances inside an a-Si nano-post that contribute to the
transmission amplitude and phase of the structure around 900 nm [125]. Bottom:
Reconstruction of the nano-post transmission and phase using the frequency
responses of the resonance modes. The left figure shows relative contributions
of the different modes. (g) near infrared (NIR) lenses fabricated with amorphous
silicon (a-Si) HCAs, and their performance as high-NA lenses with high effi-
ciency [67]. The lenses are designed to focus light emitted by a single-mode
optical fiber to a diffraction-limited spot. The lenses have NAs from ~0.5 to
~0.97, and measured focusing efficiencies of 82% to 42%. Scale bar: Twmn.
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the size of the neighboring scatterers changes too abruptly. In addition, unlike the
Huygens metasurfaces, the high transmission amplitude and full 27-phase-coverage
of the HCAs result from the contributions of multiple resonances. Such resonances
are shown for a typical a-Si nano-post in Fig. 1.2f [125]. An expansion of the optical
scattering of the nano-posts to electric and magnetic multipoles is also possible [70].
However, capturing the full physics requires the use of higher order multipoles, and
the expansion does not give much direct information about the contribution of each
resonance to each of the multipole terms, or how they can be tailored for a specific

application.

In recent years, multiple groups have demonstrated high-efficiency high-NA lenses
using the HCA platform [66, 67, 69, 72, 124, 128]. Figure 1.2g, shows one of
the early demonstrations where lenses with NAs ranging from ~0.5 to above 0.95
were demonstrated, with measured absolute focusing efficiencies from 82% to 42%

depending on the NA, while keeping a close to diffraction-limited spot.

In both EMT and non-EMT regimes, the standard design method for optical phase
masks (lenses in particular) has been to extract the transmission (reflection) coefficient
for a periodic array of nano-posts and use them directly to design aperiodic devices
that manipulate the phase profile [38, 65—67, 78]. This design process is based
on the assumptions that the sampling is local, there is not much coupling between
the nano-posts, and the transmission phase and amplitude remain the same for
different scattering angles. The validity of these assumptions starts to break at large
deflection angles and contributes to the lower efficiency of the devices at such angles.
More recently, a few methods have been proposed and demonstrated potential for
increasing the efficiency of these devices [129-131]. While periodic devices (i.e.,
blazed gratings) with measured efficiencies as high as 75% at 75-degree deflection
angles have been demonstrated, the case for non-periodic devices is more challenging,
and to the best of our knowledge, the absolute measured focusing efficiencies for
lenses with NAs about 0.8 have been limited to slightly above 75% [130]. Proper
measurement and reporting of the efficiency is a very important parameter in phase
control devices with high-gradients. A proper definition of efficiency for lenses is the
power of light focused to a small area around the focal point (for instance a disk with
a diameter that is two to three times the diffraction-limited Airy diameter). With
this definition, it is essential in experiments that a pinhole be used around the focal
spot to block the light outside this area; otherwise, the measured value would be the

transmission efficiency. It is also important to identify the illuminating beam size
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when measuring efficiencies. Using a beam smaller than the clear aperture of the
lens will effectively reduce the NA of the lens and leads to an overestimation of the
device efficiency. The type of power detector used may also significantly bias the
efficiency measurements. The light focused by a high-NA device has a wide angular
spectrum and many detectors are sensitive to the incident angle of light. Ideally, a
detector with a wide acceptance angle such as an integrating sphere should be used

in the efficiency measurements.

The discussed ability of HCAs to deflect light to large angles with high efficiencies
has been a main motivation for their unprecedented investigation and growth in
the past few years. However, a more important property of metasurfaces is their
capability to control light independently based on its various degrees of freedom
like polarization [14, 132—134], wavelength [119, 135-137], and angle [15, 138].
Furthermore, their compact and two-dimensional form factor in addition to their
compatibility with the standard micro-fabrication techniques enables new platforms
for optical elements and systems. Among these, we have developed conformal and
tunable optical elements based on metasurfaces embedded in flexible substrates [36,
125], wide field of view (FOV) cameras and retroreflectors using vertically cascaded
metasurfaces [120, 139], micro-electro-mechanically tunable lenses [140], and
compact folded optical systems like spectrometers and hyper-spectral imagers [141,
142]. These properties are what truly set metasurfaces in general, and HCAs in
particular, apart from conventional diffractive and refractive optics. As such, my

doctoral work has been focused on the development of HCAs with these capabilities.

1.4 Thesis outline

Chapters 2, 3, and 4 of this dissertation are focused on conceptually new metasurface
elements that enable the control of light based on its polarization and wavelength
degrees of freedom, and Chapter 5 includes several works on the development of

integrated optical metasurface systems.

More specifically, Chapter 2 explains how the birefringent HCA platform enables
complete and simultaneous control of polarization and phase, and how this allows
for the imaging and generation of polarization state distributions with arbitrary
complexity. Chapter 3 introduces three different methods for designing and making
multi-wavelength metasurface elements that allow for independent control of phase
based on the incident light wavelength at a few distinct wavelengths. The methods

are based on metasurfaces with multi-element unit-cells or meta-molecules, spatial
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multiplexing of different metasurfaces, or the use of birefringent meta-atoms. At
the end of Chapter 3 we will discuss how such multi-wavelength platforms allow for
the use of metasurface elements in tow-photon microscopy (TPM). In Chapter 4, we
introduce the concept of chromatic dispersion control in diffractive optical elements,
derive the physical requirements and intuition for what it means, and report the
development of an HCRA platforms that allows for partial control of chromatic

dispersion.

Chapter 5 discusses five different optical systems based on integrated optical elements.
There, we demonstrate how vertical integration of several HCTAs enables the design
and implementation of wide-FOV lenses for cameras and projection optics in
compact augmented reality (AR) headsets. Then, we demonstrate highly tunable
and compact lens doublets based on the integration of metasurface lenses into a
microelectromechanical systems (MEMS). Chapter 5 ends with the demonstration
of a flat retroreflector formed from vertical integration of an HCRA and an HCTA.
We conclude the dissertation with a discussion of potentials and challenges facing
metasurface optical elements, and an outlook towards a possible future for the field
in Chapter 6.
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Chapter 2

POLARIZATION AND PHASE CONTROL

The material in this chapter was in part presented in [133, 134].

A unique property of HCTAs is their unprecedented capability to control polarization
and phase simultaneously. In this chapter we explain why this capability to control
polarization and phase is important and how it can be achieved using the HCA
platform. We discuss the two different manifestation of this control, and present
an example application for each manifestation. The first application, which makes
use of the independent phase control for orthogonal polarizations is that of division
of focal plane polarization cameras (DoFP-PCs). The second application is that of
vectorial holograms that generate arbitrary polarization distributions by utilizing the

simultaneous polarization and phase control capability.

2.1 Polarization and polarimetric imaging

Polarization is a degree of freedom of light carrying important information that is
usually absent in the intensity and spectral content. Polarimetric imaging is the
measurement of the polarization state of light over a scene of interest. While spectral
and hyperspectral imaging techniques provide information about the molecular
and material composition of a scene [143, 144], polarimetric imaging contains
information about the shape and texture of reflecting surfaces, the orientation of
light emitters, or the optical activity of various materials [145, 146]. This additional
information has led to many applications for imaging polarimetry ranging from
astronomy and remote sensing to marine biology and medicine [145, 147-153].
Therefore, several methods have been developed over the past five decades to enable

mapping of the polarization state over an extended scene [153—-160].

Generally, polarimetric imaging techniques can be categorized into three groups:
division of amplitude, division of aperture, and division of focal plane [145]. All
of these techniques are based on measuring the intensity in different polarization
bases and using them to estimate the full Stokes vector or a part of it. DoFP-PCs
are less expensive, more compact, and require less complicated optics compared

to the two other categories of polarimetric imaging systems [145, 158—160]. In
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Figure 2.1: Concept of a metasurface polarization camera. (a) Top: Schematics
of a conventional setup used for polarimetry: a waveplate (quarter or half)
followed by a Wollaston prism and a lens that focuses light on detectors. Bottom:
A compact metasurface implements the functionality of all three components
combined, and can be directly integrated on an image sensor. WP: waveplate;
PD: photodetector. (b) A possible arrangement for a superpixel of the polarization
camera, comprising six image sensor pixels. Three independent polarization
basis (H/V, £45°, and RHCP/LHCP) are chosen to measure the Stokes parameters
at each superpixel. (c¢) Three-dimensional illustration of a superpixel focusing
different polarizations to different spots. The colors are used only for clarity of
the image and bear no wavelength information.

addition, they require much less effort for registering images of different polarizations
as the registration is automatically achieved in the fabrication of the polarization
sensitive image sensors. The advances in micro/nano-fabrication have increased the
quality of DoFP-PCs and reduced their fabrication costs, making them commercially
available. DoFP-PCs either use a birefringent crystal to split polarizations [161, 162],
or thin-film [159, 163] or wire-grid [153, 158, 164] polarization filters. To enable the
measurement of degree of circular polarization, form-birefringent quarter waveplates
were integrated with linear polarizers in the mid-IR [165]. Recently, liquid crystal
retarders have been integrated with linear polarization filters to enable full Stokes
polarimetric imaging by implementing circular [166] and elliptical polarization
filters [167, 168]. An issue with the previously demonstrated DoFP-PCs is that they
all have a theoretical efficiency limit of 50% due to using polarization filters [145],

or spatially blocking half of the aperture [162].

Optical metasurfaces have enabled high-efficiency phase and polarization control
with large gradients [14, 67, 71, 72, 75, 76]. In addition, their compatibility with

conventional micro-fabrication techniques allows for their integration into optical
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metasystems [120, 139, 140, 169] or with optoelectronic components. They have
also been used for polarimetry [98, 170—177], but not polarimetric imaging. An
important capability of high contrast dielectric metasurfaces is the simultaneous
control of polarization and phase [14]. Here, we show how this capability can
be utilized to demonstrate a dielectric metasurface mask for DoFP-PCs with the
ability to fully measure the Stokes parameters, including the degree of circular
polarization and helicity. In addition, since the mask operates based on polarization
splitting and focusing instead of polarization filtering, it overcomes both the 50%
theoretical efficiency limit, and the one-pixel registration error (resulting from
distinct physical areas of the polarization filters) of the previously demonstrated
DoFP-PCs [145]. In addition, unlike the previously demonstrated full Stokes DoFP-
PCs, the metasurface is fabricated in a single dielectric layer and does not require
integration of multiple layers operating as retarders and polarization filters. For
the experimentally demonstrated metasurface mask designed for an 850-nm center
wavelength, the polarization cross-talk ranges from 10% to 15% for pixel sizes from
7.2 wm to 2.4 um when using an 850-nm light emitting diode (LED) as the light
source. In addition, we use a polarization mask to demonstrate that the metasurface

DoFP-PC can be used to form polarization images over extended scenes.

There are several representations for the polarization of light [178]. Among them,
the Stokes vector formalism has some conceptual and experimental advantages since
it can be used to represent light with various degrees of polarization, and can be
directly determined by measuring the power in certain polarization bases [178].
Therefore, most imaging polarimetry systems determine the Stokes vector S =
[So, S1, 82, 83] [145], where the components are defined as Sy = 1, S| = I — I,
S» = Iys — I 45, and S3 = Ir — I.. Here [ is the total intensity, I, I, 45, and I_45
are the intensity of light in linear polarization bases along the x, y, +45-degree, and
-45-degree directions, respectively. Ir and I;, denote the intensities of the right-hand
and left-hand circularly polarized light. Usually, Si, Sz, and S3 are normalized
to So such that their value changes between -1 and +1. To fully characterize the
state of polarization, all these intensities should be determined. A conventional
setup used to measure the full Stokes vector is shown in Fig. 2.1a: a waveplate
(half or quarter), followed by a Wollaston prism and a lens that focuses the beams
on photodetectors. One can determine the four Stokes parameters [178] from the
detector signals acquired under three different conditions: without a waveplate, with
a half waveplate (HWP) inserted, and with a quarter waveplate (QWP) inserted in the
setup. An optical metasurface with the ability to fully control phase and polarization
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of light [14] can perform the same task over a much smaller volume and without
changing any optical components. The metasurface can split any two orthogonal
states of polarization and simultaneously focus them to different points with high
efficiency and on a micron-scale. This is schematically shown in Fig. 2.1a. Such a
metasurface can be directly integrated on an image sensor for making a polarization
camera. To fully measure the Stokes parameters, the projection of the input light
on three different polarization basis sets should be measured. A typical choice of
basis is horizontal/vertical (H/V), £45° linear, and right-hand-circular/left-hand-
circular (RHCP/LHCP) that can be used to directly measure the Stokes parameters.
Figure 2.1b shows a possible configuration where the three metasurface polarizing
beamsplitters (PBSs) are multiplexed to make a superpixel, comprising of six image
sensor pixels. Each image sensor pixel can then be used to measure the power in
a single polarization state. A schematic illustration of a superpixel is shown in
Fig. 2.1c. The colors are only used to distinguish different parts of the super pixel
more easily, and do not correspond to actual wavelengths. The blue nano-posts,
separate and focus RHCP/LHCP, the green ones and the red ones do the same for
+45° and H/V, respectively.

2.2 Simultaneous polarization and phase control

As seen in Fig. 2.2a, the metasurface is composed of @-Si nano-posts with rectangular
cross-sections on a low-index fused silica substrate. With a proper choice of the a-Si
layer thickness and lattice constant (650 nm and 480 nm respectively for an operating
wavelength of 850 nm), the nano-posts can provide full and independent 2 phase
control over x- and y-polarized light, where x- and y are aligned with the nano-post
axes (see Fig. 2.A1) [14]. Using the phase versus dimension graphs, one could
calculate the nano-post dimensions required to provide a specific pair of phase values,
¢ and ¢y, as shown in Fig. 2.2b. This allows for designing a metasurface that controls
x and y-polarized light independently. With a simple generalization, the same can be
applied to any two orthogonal linear polarizations using nano-posts that are rotated
around their optical axis with the correct angle to match the new linear polarizations
(e.g., the x’ — y” axis in Fig. 2.2¢). An important and interesting point demonstrated
in [14] is that this can be done on a point-by-point manner, where the polarization
basis is different for each nano-post. This property allows us to easily design the
metasurface PBS for the two linear bases of interest. Moreover, as demonstrated

in [14], an even more interesting property of this seemingly simple structure is that
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the independent control of orthogonal polarizations can be generalized to elliptical
and circular polarizations as well (with a small drawback that the output and input
polarizations will have the opposite handedness). To see this, here we reiterate the
results presented in the supplementary material of [14], as it is important to make

the design process clear.

The operation of a nano-post can be modeled by a Jones [179] matrix relating the

input and output electric fields (i.e., E°* = TE™). For the rotated nano-post shown

in Fig. 2.2¢, the Jones matrix can be written as:

el 0
ity

Ty Txy

T = = R(6) R(-9), 2.1)

Tyx Tyy

where R(6) denotes the rotation matrix by an angle 6 in the counter-clockwise
direction. Here we have assumed a unity transmission since the nano-posts are highly
transmissive. We note here that the right hand side of Equation 2.1 is a unitary and
symmetric matrix. Using only these two conditions (i.e., unitarity and symmetry),
we find Ty = Tyy, [Tyx| = V1 = |Tix|?, and Ty, = —exp(i2£Ty)Tx. As one could
expect, these reduce the available number of controllable parameters to three (|7|,
LTy, and /Ty,), corresponding to the three available physical parameters (¢, ¢y,
and ). Using these relations to simplify E®** = TE™, we can rewrite it to find the

Jones matrix elements in terms of the input and output fields:

outs outs
EQ" ES

in in
ER  ED

Tx X
Tyy

ins
Ex

out
Ex

; (2.2)

where * denotes complex conjugation. Equation 2.2 is important as it shows how one
can find the Jones matrix required to transform any input field with a given phase and
polarization, to any desired output field with a different phase and polarization. This
is the first application of the birefringent meta-atoms, i.e., complete and independent
polarization and phase control. This capability is what allows us to design and

implement the vectorial holograms discussed in the following sections.

The Jones matrix is uniquely determined by Eq. 2.2, unless the determinant of the
coefficients matrix on the left hand side is zero. In this case, the matrix rows (i.e.,
E°"* and E™) will be proportional. Since the Jones matrix is unitary (i.e., the
input and output powers are equal), the proportionality coefficient must have a unit
amplitude: E®" = exp(i¢)E™. This equation means that E®** and E™ have the same
polarization ellipse, but an opposite handedness. Now, this input/output field set

imposes only one equation on the Jones matrix elements. To uniquely determine
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the Jones matrix, a second equation is required. To get this second equation, we
use a second set of input/output fields that satisfy the same condition as the first
set: ES" = exp(i¢2)E12n. Here we are using the numeral subscripts to distinguish
between the two input/output field sets. This way, the equation for the first set
becomes E{"" = exp(i¢1)Ei1“. If ¢ and ¢, can be independently controlled, one can
see using a conservation of energy argument that E}" and EY' (as well as E‘lJllt and

Eg‘“) should be orthogonal to each other. Thus, we can write the final equation as:
[ exp(ignEim
exp(ig2) EY |

This is the second important application of the method, polarization controlled phase

Ty
Ty

in in
El X El Y
in in
E2,x EZ, y

out
El,x

out
EZ,x

(2.3)

manipulation: given any two orthogonal input polarizations (denoted by Eilrl and
Eizn), their phase can be independently controlled using the Jones matrix given by
Equation 2.3. For instance, Arbabi et. al. [14], demonstrated a metasurface that
focuses RHCP input light to a tight spot, and LHCP input light to a doughnut shape.
The cost is that the output orthogonal polarizations have the opposite handedness
compared to the input ones. This second capability allows for the design and
implementation of the metasurface polarization camera. Once the Jones matrix is
calculated from Eq. 2.3 (or 2.2, depending on the function), the two phases, ¢, and
¢y, and the rotation angle # can be calculated from Eq. 2.1. Let us emphasize here
that since this is a point-by-point design, all the steps can be repeated independently
for each nano-post, meaning that the polarization basis can be changed from one

nano-post to the next.

2.3 Metasurface mask for polarization camera

Based on the concept and technique just described, the first design step is identifying
the input polarizations at each point. For the DoFP-PC, three different sets of H/V,
+45°, and RHCP/LHCP are chosen, corresponding to the three distinct areas in the
superpixel shown in Fig. 2.1b. Then, the required phase profiles are determined to
split each two orthogonal polarizations and focus them to the centers of adjacent
pixels on the image sensor as shown schematically in Fig. 2.1c. For a pixel size of
4.8 um, the calculated phase profiles are shown in Fig. 2.2d, where the focal distance
is assumed to be 9.6 um. Since each polarization basis covers two image sensor
pixels, the phases are defined over the area of two pixels. In addition, the calculated
phases are the same for the three different polarization bases, and therefore only one

basis is shown in Fig. 2.2d. Using these phases and knowing the desired polarization
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basis at each point, we calculated the rotation angles and nano-post dimensions from
Egs. 2.3 and 2.1 along with the data shown in Fig. 2.2b.
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Figure 2.2: Meta-atom and pixel design. (a) An @-Si nano-post with a rectan-
gular cross section resting on a glass substrate provides full polarization and
phase control. (b) Design graphs used for finding the in-plane dimensions of a
nano-post. Given a pair of transmission phases ¢, and ¢,, one can find the cor-
responding nano-post dimensions a and b from the two graphs. The nano-posts
are 650 nm tall, and the lattice constant is 480 nm. (c) Schematic illustration
of a rotated nano-post, showing the rotation angle and the old and the new
optical axis sets. (d) Required phase profiles for a metasurface that does both
polarization beam splitting and focusing at two orthogonal polarizations. These
can be any set of orthogonal polarizations, linear or elliptical. The focal distance
for these phase profiles is 9.6 um, equal to the width of the superpixel in the x
direction. The lateral positions of the focal spots are x= +2.4 um and y=0. (e)
Scanning electron micrograph of a fabricated superpixel. The polarization basis
for each part is shown with the colored arrows. Scale bar: 1 um.

The metasurface mask was then fabricated in a process explained in more detail
in Appendix 2.1. A 650-nm-thick layer of @-Si was deposited on a fused silica
wafer. The metasurface pattern was defined using electron-beam lithography, and
transferred to the @-Si layer through a lift-off process used to form a hard etch-mask,
followed by dry etching. Fig. 2.2e shows a scanning electron micrograph of a
fabricated superpixel, with the polarization bases denoted by arrows for each section.
In addition to the metasurface mask corresponding to a pixel size of 4.8 um that
is mentioned above and shown in Fig. 2.2e, two other masks with pixel sizes of
7.2 um and 2.4 um were also fabricated with focal distances of 14.4 um and 4.8 um,

respectively. We used these to study the effect of pixel size on performance.
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To characterize the metasurface mask we illuminated it with light from an 850-nm
LED filtered by a 10-nm bandpass filter with different states of polarization. We then
imaged the plane corresponding to the image sensor location using a custom-built
microscope (see Fig. 2.A2 for measurement details and the setup). Figure 2.3
summarizes the superpixel characterization results for the 4.8-um pixel design. The
measured Stokes parameters are plotted in Fig. 2.3a for different input polarizations,
showing a < 10% cross-talk between polarizations and high similarity between
different superpixels. The measurements were averaged over the field of view of
the microscope that corresponds to about 120 superpixels. The standard deviations
are shown in the graph as error bars. In addition, the intensity distribution over a
sample superpixel area is shown in Fig. 2.3b. The graphs show the clear ability of
the metasurface mask to route light as desired for various input polarizations. Similar
characterization results without a bandpass filter, corresponding to a bandwidth of
about 5%, are presented in Fig. 2.A3. Slight performance degradation is observed
with a maximum cross-talk of ~ 13% since the metasurface efficiency decreases with
changing the wavelength. In addition, similar measurement results for metasurface
masks with pixel sizes of 7.2 pm and 2.4 um are presented in Figs. 2.A4 and 2.AS,
respectively. The results show a degradation of performance with reducing the
pixel size as the cross-talk is smaller than 7.5% and 13% for 7.2-um and 2.4-um
pixels, respectively. To show the ability of the metasurface mask to characterize the
polarization state of unpolarized light, we repeated the same measurements with the
polarization filter removed from the setup. Figure 2.3¢ summarizes the results of
this measurement that determines the polarization state of light emitted by the LED.
The data given in Fig. 2.7a is used to estimate the calibration matrix. As expected,
the emitted light has a low degree of polarization (<0.08). We also characterized the
polarization state of the emitted LED light using a QWP and a linear polarizer (LP),

and found the degree of polarization to be equal to zero up to the measurement error.

In addition, we measured the transmission efficiency of the metasurface mask and
found it to be in the range of 60% to 65% for all pixel size designs and input
polarizations. The lower than expected transmission is mainly due to a few factors.
First, the metasurface has a maximum deflection angle larger than 50°, which results
in lower transmission efficiency [67, 130]. Second, the relatively large metasurface
lattice constant of 480 nm does not satisfy the Nyquist sampling theorem for the
large-deflection-angle transmission masks inside the fused silica substrate [36]. This
results in spurious diffraction of light inside the substrate. Finally, the mask is

periodic with a larger-than-wavelength period equal to the superpixel dimensions.
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Figure 2.3: Characterization results of the superpixels of the DoFP metasur-
face mask. (a) Measured average Stokes parameters for different input polar-
izations (shown with colored arrows), and (b) the corresponding intensity dis-
tributions for a sample superpixel. The Stokes parameters are averaged over
about 120 superpixels (limited by the microscope field of view), and the error
bars represent the statistical standard deviations. (c) Measured average Stokes
parameters and the corresponding intensity distribution for the LED light source
without any polarization filters in the setup. All the measurements are performed
with an 850-nm LED filtered by a bandpass filter (center: 850 nm, full width at
half maximum (FWHM): 10 nm) as the light source.
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This results in excitation of higher diffraction orders especially inside the substrate
that has a higher refractive index. It is worth noting that the achieved ~ 65%
efficiency is still higher than the 50% theoretical limit of a polarimetric camera that

is based on polarization filtering.

Polarimetric imaging results and discussion

Finally, we show polarimetric imaging using the DoFP metasurface mask. We
designed and used a custom dielectric metasurface polarization target for imaging
as well. We utilized the polarization-phase control method described above, and
a fabrication process similar to the DoFP metasurface mask for the imaging target
as well. The mask converts x-polarized input light to an output polarization state
characterized by the polarization ellipses and the Stokes parameters shown in
Figs. 2.4a and 2.4b, respectively. Each Stokes parameter is +1 or -1 in an area
of the image corresponding to the specific polarization. For instance, S3 is +1 in
the right half circle, -1 in the left half circle, and O elsewhere. Using a second
custom-built microscope, the image of the polarization mask was projected onto the
DoFP metasurface mask (see Fig. 2.A2 for the measurement setup and the details).
First, we removed the metasurface mask and performed a conventional polarimetric
imaging of the projected image using a LP and a QWP. To this end, six different
images were captured with different rotations of the LP and the QWP to determine the
Stokes parameters. The results are shown in Fig. 2.4¢. Second, we removed the LP
and the QWP and inserted the DoFP metasurface mask. The Stokes parameters were
extracted from a single image captured at the focal plane of the DoFP metasurface
mask. The results are shown in Fig. 2.4d, and are in good agreement with the results
of regular polarimetric imaging. The lower quality of the metasurface polarimetric
camera image is mainly due to the limited number of superpixels that fit inside a
single field of view of the microscope. The field of view is limited by the microscope
magnification and image sensor size which are X22 and ~15 mm, respectively. This
results in a low resolution of 70-by-46 points for the metasurface polarimetric image
versus a ~2000-by-2000 point resolution for the regular polarimetric image. In
addition, to form the final image, we need to know the coordinates of each superpixel
a priori. The existing errors in estimating these coordinates that result from small tilts
in the setup, aberrations of the custom-built microscope, and etc. cause a degraded
performance over some superpixels. In a polarization camera made using the DoFP
metasurface mask, both of these issues will be resolved as the resolution can be much

higher, and the mask and image sensor are lithographically aligned.
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To extract the polarization information of the image we integrated the intensity inside
the area of two adjacent DoFP mask pixels. Then, we calculated the corresponding
Stokes parameters simply by dividing the difference between the two measured
intensities by their sum. While straightforward, this is not the optimal method to
perform this task as there is non-negligible cross-talk between different polarization
intensities measured by the pixels (Fig. 2.3). The issue becomes more pronounced
moving toward smaller pixel sizes as seen for the 2.4-um case (Fig. 2.A5). To address
this issue, a better polarization extraction method is to form a calibration matrix
that relates the actual intensities to the corresponding measured values for a specific
DoFP metasurface mask design (for instance using the data in Fig. 2.3). This allows
one to reduce the effect of the cross-talk and measure the polarization state more

precisely.

The designed small focal distances (e.g., 9.6 um for the 4.8-um pixel) result in an
upper limit of 40% for the operation bandwidth of the device due to diffractive
chromatic dispersion. To get this upper limit we assumed a constant phase profile
that doesn’t change with wavelength and used the criterion given in [139]. Therefore,
the actual bandwidth of the device is limited by the focusing and polarization control
efficiencies that drop with detuning from the design wavelength. In addition, it is
expected that the same level of performance achieved from the 2.4-um pixel in this
work, can be achieved from a ~1.7-um pixel if the material between the mask and the
image sensor has a refractive index of 1.5, which is the case when the DoFP mask is
separated from the image sensor by an oxide or polymer layer as in a realistic device.
To achieve smaller pixel sizes, better performance, and larger operation bandwidths
one could use more advanced optimization [131] or chromatic-dispersion control
techniques [119], especially since the size of a single superpixel is small and allows
for a fast simulation of the forward problem. In addition, a spatial multiplexing
scheme [136, 180-182] can be used to interleave multiple superpixels corresponding

to different optical bands, and therefore make a color-polarization camera.

Using the polarization-phase control method and the platform introduced in [14], we
demonstrated a metasurface mask for DoFP-PCs. The mask is designed to split and
focus light to six different pixels on an image sensor for three different polarization
bases. This allows for complete characterization of polarization by measuring the
four Stokes parameters over the area of each superpixel which corresponds to the
area of six pixels on an image sensor. We experimentally demonstrated the ability of

the metasurface masks to correctly measure the polarization state for different input
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Figure 2.4: Polarimetric imaging. (a) Schematic illustration of target polarization
ellipse in different parts of the polarization sample. Stokes parameters of the
polarization sample: (b) the targeted polarization mask, (c) the fabricated mask
imaged using conventional polarimetry, and (d) the same mask imaged using
the metasurface polarimetric camera. The scale bars denote 100 um in the
metasurface polarization camera mask plane.
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polarizations. In addition, we used the DoFP metasurface mask to form an image of
a complicated polarization object, showing the ability to make a polarization camera.
Many of the limitations faced here can be overcome using more advanced optimization
techniques or better data extraction methods. We anticipate that polarization cameras
based on metasurface masks will be able to replace the conventional polarization
cameras for many applications as they enable measurement of the full polarization

state including the degree of circular polarization and handedness.
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2.4 Vectorial holograms

Polarization is an important property of light, with the ability to store and transfer
information. Its control has been of great interest for various applications in display
systems [183, 184], particle trapping [185, 186], laser materials processing [187,
188], and polarized Raman spectroscopy [189, 190]. Polarization has conventionally
been manipulated using naturally birefringent materials. Polarization holograms are
in general two- or three-dimensional holograms with a spatially varying degree or
direction of birefringence [191-194], encoding phase, polarization, and/or amplitude
data. Computer generated polarization holograms have mostly been utilized to store
phase information using the geometric phase and perform as polarization dependent
gratings, lenses, and holograms [192, 195-197]. While polarization holograms
can in principle be used to control the phase and amplitude [198], or phase and
polarization simultaneously [199], limited phase control levels, complex fabrication,

and large pixel sizes significantly limit their applicability for these purposes.

Computer generated polarization holograms implemented using structural birefrin-
gence and fabricated using conventional micro-fabrication techniques [33, 200—
204] overcome some of the limitations of conventional polarization hologrames,
but the level of control over polarization and phase is limited in these structures.
Metasurface HCTAs [1, 7, 11, 125, 205-207], on the other hand, enable full and
simultaneous control of polarization and phase on a subwavelength lattice and with
high efficiency [14]. While most demonstrations so far have either focused on
solely controlling the polarization [70, 132, 208] or independent control of phase for
two orthogonal polarizations [133, 209-212], another important application of the
concept and platform demonstrated in [14] and discussed in the previous sections
is the simultaneous control of polarization and phase. Although this ability has
been partially utilized to demonstrate metasurfaces that shape the beam and work as
half-wave plates simultaneously [118, 213], its full potential has not been explored

yet.

In these sections, we use the simultaneous polarization and phase control capability to
demonstrate a new category of vectorial (polarization) holograms, where the electric
field vector is controlled independently on each point of the mask. The holograms
project vectorial images in which the data is stored in the state of polarization. We
propose and employ a modified Gerchberg-Saxton (GS) algorithm that enables the
design of these vectorial holograms. Given the existence of three independent degrees

of freedom in the polarization of light for fully polarized beams, we experimentally



24

show that these vectorial holograms can store and project the data in complicated red-
green-blue (RGB) full-color images. Itis worth noting that diatomic plasmonic as well
as high-contrast dielectric metasurfaces were recently used to demonstrate vectorial
holograms [214, 215]. However, the vectorial holograms demonstrated in [214,
215] are basically spatial superpositions of multiple holograms that have specific
output polarizations (e.g., the metasurface consists of a few spatially multiplexed
holograms projecting images with different polarization states). In contrast, the
metasurface holograms demonstrated in the following sections act as a whole to
create polarization patterns of arbitrary complexity as evidenced by the encoded

RGB images.

Concept and design

Figure 2.5 shows a schematic of the metasurface, and the color-encoded polarization
hologram generated. The metasurface is illuminated by a beam with known
wavelength and polarization state. The dielectric metasurface, made up of high
index nano-posts, enables simultaneous and independent control of the output
phase and polarization [14]. Since each nano-post operates almost independently,
this full control can be implemented on a subwavelength lattice. This allows for
an unprecedented control of the vectorial electric field on the output side of the
metasurface. As we show in the following, this control can be utilized to encode the
data of a color image into the polarization state of light which the metasurface can

generate and project.

As discussed above, polarization of light can be fully characterized using the Stokes
parameters So, Sy, 2, and S3, usually defined as So = I, S = I, — I, S5 = Iy5 — 145,
and S = Ir — IL.. Here, I denotes the total light intensity, I, and I, are the partial
intensities of light linearly polarized along the x and y axes, I45 and I_45 are the
intensity in the linear bases along +45 and -45 degree axes, and Ig and I, denote

the right hand and left hand circular intensities, respectively. For fully polarized

light, the four parameters are related through the relation Sy = \/S12 + 5% + 852
This reduces the number of independent parameters to three, which in a different
representation correspond to the amplitude of the electric field along the x and y

axes and their phase difference.

As shown in Figs. 2.6a and 2.6b, the red, green, and blue components of a color
image can be mapped to the Stokes parameters Sy, S, and S5 through a simple linear

transformation that maps the color ranges to the [-1,1] interval. Figure 2.6¢ shows
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Figure 2.5: Schematic illustration of a metasurface polarization hologram, pro-
jecting a polarization pattern encoding an RGB image. The metasurface is illu-
minated with a beam of known wavelength and polarization. Each dielectric
nano-post is designed to control the polarization and phase of the output light
at the corresponding lattice site.

the distribution of the pixels of the image shown in Fig. 2.6a on the Poincare sphere.
This shows that the points cover a very large portion of possible polarization states,
denoting the capability of the method to generate images with arbitrarily complex
polarization distributions. Finally, for the actual hologram design process it is more
helpful to use the electric field representation of polarization, which is possible as
the light is fully polarized. Figure 2.6d shows the amplitudes of the electric field
along the x and y axes, |E,| and |E,|, and their phase difference, ¢ = /E, — LE,,
which are calculated form the Stokes parameters plotted in Fig. 2.6b.

To design the metasurface, we developed and used a modified GS algorithm. As
shown in Fig. 2.7, the field right before the metasurface has an amplitude of one
and is polarized along the x axis. The field right after the metasurface can have any

arbitrary polarization and phase distributions, however, it has a unity amplitude, i.e.,

\/ |Ex™|? + |E,"|?> = 1. On the hologram plane (infinity), polarization and amplitude
distributions, |E,"|, |Eyh|, and ¢ are set, while the relative phases between different
points, ZE,", are available degrees of freedom. We start the process by assigning a

uniform phase to the field in the hologram plane, and setting the initial hologram
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Original image

Amp\'itude

Figure 2.6: Mapping an RGB image data to polarization. (a) The original RGB
image. (b) The red, green, and blue components of the image in a, corresponding
to the Stokes parameters characterizing the polarization pattern. (c) A Poincare
sphere representation of the polarization pattern corresponding to the image
in a. The position of each point and its color demonstrate the polarization and
intensity of light at one point in the image. For the data to be more clear, only
about two percent of the original image pixels are used. (d) The electric field
amplitudes along the x and y axes and their phase difference, calculated from the
Stokes parameters in b. This data is directly used in the metasurface hologram
design algorithm through a modified GS algorithm.
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Figure 2.7: Vectorial hologram design schematic. Schematic of the metasurface
generating the desired polarization pattern. The required electric field vector
on the metasurface, E," and E,", is calculated directly from the modified GS
algorithm.
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fields as follows:
E.(1) = |E,"
xh() | xh| N 0.4)
E, (1) = |Ey |ej¢

At each subsequent step, the metasurface field is calculated through the following

Fourier transform relations:

hos
E i
gy = 1 0l zfi)(l)] , (2.5)

166) = NFIES O] + FIE O
where i is the iteration step, ¥[-] represents the Fourier transform operator, and (i)
is the total intensity used to normalize the field as it should have an almost unity
amplitude. The hologram fields in the next iterations should satisfy ¢ = /E, — LE,.
Therefore, in each step we can only set the phase of one polarization from the GS
algorithm, and the phase of the other polarization should be calculated using the
known phase difference, ¢. To make the process symmetric for the two polarizations,

we alternate between them in each pair of iterations, i.e.,

E (i) = |E"|exp(j .F ' [Ex"(i — 1)])
E(i) = |Ey |exp(j £F[E"(i — D]+j¢)

I is even :

(2.6)
E"(i) = |[E"|exp(j .F ' [Ey (i - 1)]-j¢)

E"(i) = |Ey"exp(j .F ' [Ey™(i - 1)])

iisodd:

In the examples used in this work, the modified algorithm converged to the final

designs in less than twenty iterations.

After determining the required field distributions on the metasurface, we need to
design a metasurface structure that can generate these field distributions with high
efficiency. As shown in Figs. 2.8a, 2.8b, and 2.8d, the metasurface is based on
high-index cuboid nanoposts with different dimensions along the x and y axes, a
and b, respectively. For proper choices of the nanoposts height and distance, the
transmission phases can be controlled independently from O to 27, while keeping the
transmission amplitude close to 1. For the operation wavelength of 850 nm, here we
have used a-Si nanoposts that are 682 nm tall and located on a square lattice with a
420-nm long lattice constant. Figure 2.8¢ shows the nanopost side lengths, a and b,

versus the transmission phases for x- and y-polarized light.
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Figure 2.8: Metasurface structure and design graphs. (a) Schematics of a uni-
form lattice of dielectric nano-posts showing the post dimensions. (b) Side-view
of the uniform array of nano-posts, showing the transmission parameters along
the x and y axes. With a proper choice of the material, lattice constant, and
post height, ¢, and ¢, can be fully and independently controlled to cover the
whole 0-27 range. (c) Chosen values of a and b as functions of ¢, and ¢,. (d)
Simultaneous control of the output polarization and phase through rotating the
nano-post with correspondingly chosen dimensions. The nano-post can generate
an output field with any arbitrary polarization and phase from any given input
polarization.

As discussed above, the metasurface structure of Fig. 2.8, has the ability to control
the phase and polarization of output light independently on a subwavelength lattice.
Specifically, when the transmittance of the metasurface is close to unity, the transmis-
sion of the nanopost shown in Fig. 2.8d can be modeled as E®" = TE™™, where the
Jones matrix T is given by Eq. 2.1. Once the input and output electric field vectors
are known at each point on the metasurface, the corresponding Jones matrix can be
calculated from Eq. 2.2. Then, the required rotation angle 6 and phase pairs, ¢, and
¢y, can be calculated using Eq. 2.1. The data in Fig. 2.8¢ can then be used to find

the nanopost that provides the required phases.
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Experimental results

Finally, in order to experimentally investigate the capability of the proposed method
and structure to generate polarization holograms, we designed and fabricated two
different polarization holograms that project the data in two color images. The
original, simulated, and measured color images are shown in Figs. 2.9a and 2.9b for
the two images. Both holograms are about 30 degrees in height, corresponding to a
diagonal NA of 0.36 for the hologram in Fig. 2.9a. The design process was exactly
similar for the two images, and started by calculating the Stokes parameters from the
RGB data, as shown in Figs. 2.6a and 2.6b, which correspond to the hologram of
Fig. 2.9a. The initial electric field distribution on the hologram was then calculated
from the Stokes parameters [Fig. 2.6d], and the modified GS algorithm was used to
calculate the required metasurface electric field distributions as well as the simulated
polarization holograms, shown in Figs. 2.9a and 2.9b, middle. Assuming an input
electric field polarized along the x axis, the corresponding nanoposts were found
through the process explained in the previous paragraph.

Original image
|

Measurement

b Original image

Si _u_Iation

Figure 2.9: Simulation and measurement results (a) and (b) The original target
image along with simulated and measured polarization holograms converted to
false-color images. Both holograms are about 30-degrees tall, corresponding to
a diagonal NA of 0.36 for the holograms in panel a.
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The process used to fabricate the devices is mostly similar to the fabrication process of
the polarization camera, and it is explained in Appendix 2.3 in more detail. In short,
a layer of @-Si was deposited on the fused silica substrate. The metasurface pattern
was defined using electron-beam lithography and reversed through evaporation and
lift-off of an aluminum oxide (Al,03) layer. This layer was used as a hard mask in

dry etching of @-Si and was dissolved after the etch step.

To measure the hologram, we used a custom-built microscope that imaged the
back-focal plane of the objective lens on the image sensor, using a simple 4- f
system. We used an LP to set the input polarization along the x axis. In addition, a
polarization analyzer composed of a QWP and an LP was used inside the 4- f system
to measure the hologram Stokes parameters. The measured Stokes parameters were
then converted back to RGB data and combined to form the measured holograms
plotted in Figs. 2.9a and 2.9b, right.

It is worth noting here that a free normalization parameter exists in the conversion of
the Stokes parameters to the RGB data that determines the light intensity correspond-
ing to white color. In addition, different linear transformations might be used for
the conversion to map specific colors to specific intensities. Here, using 8-bit color
images where the RGB values change from O to 255 for each color, we simply used
the linear relation S; = (X — 128)/128, where i can be 1, 2, or 3 and X denotes R, G,
or B, respectively. However, one might want to have a different color mapping, for
instance convert black to an intensity of zero. This might simply be possible either
through using only half of the possible existing polarization states, i.e., by setting

S; > 0, or using a more complicated mapping.

An alternative design method is possible where all the nanoposts have the same
rotation axis (i.e., all nano-posts have 6§ = 6). In that design, there is no conversion
between the two linear polarizations along the two axes of the nanoposts, which
we can call x and y without loss of generality. As a result, the input and output
x-polarized (as well as y-polarized) powers should be equal, which means that the
input polarization should be chosen based on the axes directions and the desired
hologram. In addition, the normalization step in the hologram design algorithm
would be slightly different for this method. We simulated the same polarization
holograms using this alternative method as well, and didn’t observe any significant

difference in their performance.

The unprecedented capabilities of dielectric metasurfaces in simultaneous control of

phase and polarization allow for implementation of new categories of devices with
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no conventional counterparts. Here, we discussed vectorial holograms that generate
polarization patterns of almost arbitrary complexity, designed using a modified
GS algorithm. The devices operate in the near infrared and are based on an a-Si
birefringent metasurface. The same method and structure can readily be used in other
wavelength ranges using various materials [68, 212, 216]. While the demonstrated
concepts and methods can be used to make holograms with enhanced security and
added data storage capabilities, we expect that they spur more important applications

in advanced structured illumination schemes or vectorial beam generation.

Appendix 2.1: Simulation, fabrication, and measurement details of polariza-
tion cameras

Simulation and design. To design the DoFP metasurface mask, we first calculated
the two phase profiles required for the two polarization states [Fig. 2.2d]. The phase
profiles correspond to decentered aspheric lenses that focus each polarization at
the center of one image sensor pixel. These phases are then used in Eq. 2.3 along
with the known input polarization states to calculate the Jones matrix. To find the
nano-post corresponding to each Jones matrix, the matrix is diagonalized according
to Eq. 2.1, and the two phases, ¢,/ and ¢, and the rotation angle 6 are then extracted.
The dimensions of the nano-post providing the required pair of phases is then found

using the data in Fig. 2.2b.

The polarization target used for the imaging experiments in Fig. 2.4 was designed
in a slightly different manner since in this case only the output polarization is of
interest. Assuming an x-polarized input light, the output polarization at each point
on the mask was chosen according to Fig. 2.4a. In the general case, the mask can
then be designed using the Jones matrix found from Equation 2.2. In this special
case, however, the device is a set of nano-posts acting as quarter or half wave-plates.
Therefore, we designed the nano-posts in a manner similar to [132] to make it robust

to fabrication errors.

To find the transmission amplitude and phase for the nano-posts [Fig. 2.A1] we
simulated a uniform array of nano-posts with rectangular cross-sections under
normally incident x- and y-polarized light using the rigorous coupled-wave analysis
(RCWA) technique [217]. The resulting complex transmissions were then used to
find the best nano-post that provides each required phase pair through minimizing the
Euclidean distance between [e'?~, ¢/%v] and [¢,, ty], where ¢, and ¢, are the desired

phase values, and ¢, and ¢, are complex nano-post transmissions. The optimized
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nano-post dimensions are plotted in Fig. 2.2b.

Fabrication. The fabrication process is the same for both the DoFP metasurface
mask and the polarization imaging target. The fabrication started with deposition
of a 650-nm-thick layer of @-Si on a 500-um-thick fused silica substrate. The
metasurface pattern is defined in a ~300-nm-thick ZEP-520A positive electron-beam
resist using EBL. After development of the resist, a ~70-nm-thick layer of Al,O3 is
deposited on the sample using electron-beam evaporation and lifted off to invert the
pattern. The Al,Os3 is then used as a hard mask in the reactive ion etching of the
a-Si layer. Finally, the AlO3 mask is removed in a solution of hydrogen peroxide

and ammonium hydroxide.

Measurement. The measurement setups (including part models) are schematically
illustrated in Fig. 2.A2 for different parts of the characterization process. To
characterize the DoFP super-pixel performance, light from an LED was passed
through an LP and a QWP to set the input polarization state. The six different
polarization states [Fig. 2.3a] were generated using this combination. The intensity
distribution patterns at the focal plane after the DoFP metasurface mask were then
imaged using a custom-built microscope. The data was analyzed by calculating
the Stokes parameters measured by each super-pixel, and averaging over all the
super-pixels that fit within the field of view. A 10-nm bandwidth filter with a center
wavelength of 850 nm was inserted in the path to characterize the narrow-band

operation, and was then removed to acquire the results for a wider-bandwidth source.

The imaging polarimetry experiments were performed in a similar way. For these
experiments, the polarization target was illuminated by x-polarized light out of a
supercontinuum laser source (filtered by the same 10-nm bandwidth filter). The target
was imaged onto the DoFP metasurface mask plane using a secondary custom-built
microscope (operating as relay optics). The intensity distribution at the focal plane
after the DoFP metasurface mask was then imaged and analyzed to generate the
polarization images plotted in Fig. 2.4d. For comparison, the DoFP metasurface
mask was removed and a polarization analyzer (i.e., a QWP and an LP) was inserted

into the system to form the reference polarization images plotted in Fig. 2.4c.
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Appendix 2.2: Supporting figures for polarization cameras

b @, [Rad]
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Figure 2.A1: Transmission phase of the birefringent nano-posts. (a) Schematic
illustration of an @-Si nano-post showing its dimensions. (b) Simulated transmis-
sion phases for the x- and y-polarized light at the wavelength of 850 nm. The
posts are 650 nm tall, and the lattice constant is 480 nm.

Appendix 2.3: Simulation, fabrication, and measurement details of polariza-
tion holograms

Simulation. The RCWA technique [217] was used to calculate the transmission
amplitude and phase of the rectangular nanoposts. The refractive indices of @-Si and
fused silica were assumed to be 3.6 and 1.45 at the operation wavelength of 850 nm.
The sizes of nanoposts that provide a specific phase pair plotted in Fig. 2.8c are found
through minimizing the total complex error |t — exp(i¢.)|* + |t — exp(i¢y)|*. The
holograms are designed using Eqs. 2.4-2.6, where the fast Fourier transform technique
is used to calculate the discrete Fourier transforms. The algorithm converged to the

final designs in less than 20 iterations in all cases.

Sample fabrication. The a-Si layer was deposited on the fused silica substrate using
the plasma enhanced chemical vapor deposition to a final thickness of 682 nm. The
metasurface pattern was generated using an EBPG5200 electron beam lithography
machine in a positive electron resist (ZEP-520A). An electron beam evaporated
Al,Os3 layer was used to reverse the generated pattern with a lift-off process, and was
then used as a hard mask for dry etching the @-Si layer. The Al,O3 layer was then

dissolved in a mixture of hydrogen peroxide and ammonium hydroxide.

Measurement procedure. The metasurface was illuminated by an x-polarized
collimated beam from an ~850-nm laser diode. An objective lens (LMPlanFl
20x, NA=0.4; Olympus) was used to form a Fourier transform of the metasurface
hologram in its back focal plane. A 4f system (LB1471-B, =50 mm and LB1437-B,

f=150 mm; Thorlabs Inc.) was then used to image the back focal plane onto a



34

a DUT OL1 Camera

Figure 2.A2: Measurement setups for polarization camera. (a) Schematics
of the measurement setup used to characterize the superpixels of the DoFP
metasurface mask. (b) Schematics of the measurement setup used to capture
polarimetric images using the DoFP metasurface mask. (c) Schematics of the
measurement setup used to capture polarimetric images using the conventional
method. LP: Linear polarizer; QWP: Quarter wave-plate; DUT: Device under test;
OL: Objective lens; BPF: Bandpass filter; TL: Tube lens; SCL: Supercontinuum
laser; MPM: Metasurface polarization mask. (OL1: Olympus UMPlanFl 100x,
NA=0.95; OL2: LMPIlanFl 20x, NA = 0.4; OL3: Mitutoyo M Plan Apo 10,
NA=0.28; BPF: Thorlabs FL850-10; TL1: Thorlabs AC254-200-B-ML; TL2:
Thorlabs LB1723-B; LP: Thorlabs LPVIST100-MP2; QWP: Thorlabs AQWP10M-
980; SCL: Fianium WhiteLase micro.)

charge-coupled device (CCD) image sensor (CoolSNAP K4; Photometrics). A
polarization state analyzer formed from a QWP (AQWP10M-980; Thorlabs Inc.)
and an LP (LPVIS100-MP2; Thorlabs Inc.), placed inside the 4 f system was used to
measure the Stokes parameters of the holograms. The measured Stokes parameters

were numerically combined and converted to color data to form the final false-color

holograms.
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Figure 2.A3: Superpixel characterization of the DoFP metasurface mask with
4.8-um pixels. (a) Calculated average Stokes parameters for different input
polarizations (top) and the corresponding intensity distributions of a sample
superpixel (bottom). The Stokes parameters are averaged over about 120 super-
pixels (limited by the microscope field of view), and the error bars demonstrate
the statistical standard deviations. The measurements are performed with an
850-nm LED filtered by a bandpass filter (center: 850 nm, FWHM: 10 nm) as
the light source. (b) Same as a, with the bandpass filter removed from the setup.
The results shown in a are the same as the ones presented in Figs. 2.3a and
2.3b and are shown here for comparison with the results shown in b. When
using the band-pass filter, the iris in front of the LED has a larger diameter to
compensate for the lower power of the filtered light. This results in the focal
spots being tighter without the band-pass filter.
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Figure 2.A4: Superpixel characterization of the DoFP metasurface mask with
7.2-um pixels. (a) Calculated average Stokes parameters for different input polar-
izations (top) and the corresponding intensity distributions of a sample superpixel
(bottom). The Stokes parameters are averaged over more than 50 superpixels
(limited by the microscope field of view), and the error bars demonstrate the
statistical standard deviations. The measurements are performed with an 850-nm
LED filtered by a bandpass filter (center: 850 nm, FWHM: 10 nm) as the light
source. (b) Same as a, with the bandpass filter removed from the setup.
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Figure 2.A5: Superpixel characterization of the DoFP metasurface mask with
2.4-um pixels. (a) Calculated average Stokes parameters for different input
polarizations (top) and the corresponding intensity distributions of a sample
superpixel (bottom). The Stokes parameters are averaged over about 370 super-
pixels (limited by the microscope field of view), and the error bars demonstrate
the statistical standard deviations. The measurements are performed with an
850-nm LED filtered by a bandpass filter (center: 850 nm, FWHM: 10 nm) as
the light source. (b) Same as a, with the bandpass filter removed from the setup.
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Chapter 3

MULTIWAVELENGTH METASURFACES

The material in this chapter was in part presented in [135-137, 212].

3.1 Introduction

One main drawback of almost all of metasurface devices, particularly the ones with
spatially varying phase profiles like lenses and gratings, is their chromatic dispersion:
their performance changes as the wavelength is varied [218-220]. Refractive optical
elements also suffer from chromatic dispersion; however, their chromatic dispersion,
which stems from material dispersion, is substantially smaller than those of the
diffractive elements [219, 220]. An ideal refractive lens made of a dispersionless
material will show no chromatic aberration. On the other hand, the chromatic
aberration of diffractive elements mainly comes from the geometrical arrangement
of the device. Early efforts focused on making achromatic diffractive lenses by
cascading them in the form of doublets and triplets [221-224], but it was later shown
that it is fundamentally impossible to make a converging achromatic lens which has a
paraxial solution (i.e., is suitable for imaging) by only using diffractive elements [225].
Although diffractive-refractive combinations have successfully been implemented to
reduce chromatic aberrations, they are mostly useful in deep ultraviolet (DUV) and

X-ray wavelengths where materials are significantly more dispersive [27, 226].

Truly achromatic diffractive devices are very challenging to demonstrate, and therefore
many efforts have focused on demonstration of multiwavelength devices that work at a
few distinct wavelengths. For proper operation, a multiwavelength metasurface should
provide independent phase control at the desired wavelengths. Multiple resonances
of meta-atoms formed from two rectangular dielectric resonators have been used in
an effort to provide this phase coverage at three wavelengths in [227, 228]. However,
the demonstrated cylindrical lens that has a few Fresnel zones and a numerical
aperture of NA = 0.04, still exhibits multiple focal points. Multiwavelength lenses
based on plasmonic metasurfaces have been demonstrated in [229, 230]. These
devices, in addition to the low efficiency of plasmonic metasurfaces [51], have
multiple focuses and are polarization dependent. An achromatic metasurface design

is proposed in [231] based on the idea of dispersionless meta-atoms (i.e., meta-atoms
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that impart constant delays). However, this idea only works for metasurface lenses
with one Fresnel zone, limiting the size and numerical aperture of the lenses. For a
typical lens with tens of Fresnel zones, dispersionless meta-atoms will not reduce
the chromatic dispersion as we will shortly discuss. In the following we briefly
discuss the reason for chromatic dispersion of metasurface lenses, and then propose
three methods for designing multiwavelength metasurfaces. The first method is
based on correcting the lens behavior at distinct wavelengths through complete and
independent phase coverage at the design wavelengths. The second method is based
on spatial multiplexing of multiple metasurfaces designed for different wavelengths.
In the third technique, we have utilized the birefringence of asymmetric nano-posts
(like elliptical or rectangular ones) to control the phases of light with two different
wavelengths and polarizations independently. Finally, we show that this method
can be used to implement a double wavelength metasurface lens (DW-ML) that can

replace an objective lens in a TPM system.

3.2 Root of chromatic dispersion in metasurfaces

In diffractive lenses, chromatic dispersion mainly manifests itself through a significant
change of focal length as a function of wavelength [27]. This change is schematically
shown in Fig. 3.1a, along with a schematic metasurface lens assumed to be corrected
to have the same focal distance at a few wavelengths. To better understand the
underlying reasons for this chromatic dispersion, we consider a hypothetical aspheric
metasurface lens. The lens is composed of different meta-atoms which locally modify
the phase of the transmitted light to generate the desired wavefront. We assume that
the meta-atoms are dispersionless in the sense that their associated phase changes
with wavelength as ¢(1) = 2L /A like a piece of dielectric with a constant refractive
index. Here A is the free space wavelength and L is an effective parameter associated
with the meta-atoms that controls the phase (L can be an actual physical parameter
or a function of physical parameters of the meta-atoms). We assume that the full
2r phase needed for the lens is covered using different meta-atoms with different
values of L. The lens is designed to focus light at Ao [Fig. 3.1b] to a focal distance
Jo, and its phase profile in all Fresnel zones matches the ideal phase profile at this
wavelength. Because of the specific wavelength dependence of the dispersionless
meta-atoms (i.e., proportionality to 1/1 ), at a different wavelength, A;, the phase
profile of the lens in the first Fresnel zone follows the desired ideal profile needed to

maintain the same focal distance [Fig. 3.1b]. However, outside the first Fresnel zone,
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Figure 3.1: Chromatic dispersion of metasurface lenses. (a) Schematic illus-
tration of a typical metasurface lens focusing light of different wavelengths to
different focal distances (top), and schematic of a metasurface lens corrected to
focus light at specific different wavelengths to the same focal distance (bottom).
(b) The phase profile of a hypothetical aspheric metasurface lens at the design
wavelength 1y and a different wavelength A, as a function of the distance to the
center of the lens (p). (Inset) Plot of the parameter of the meta-atoms controlling
phase (named L). The Fresnel zone boundaries happen at the integer multiples
of 27 in the Ay phase curve. These zone boundaries coincide with the jumps
in the actual phase at A; and L. (c) Intensity of light at different wavelengths in
the axial plane after passing through the lens showing considerable chromatic
dispersion rising from phase jumps at the boundaries between different Fresnel
zones.
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the actual phase profile of the lens deviates substantially from the desired phase
profile. Due to the jumps at the boundaries between the Fresnel zones, the actual
phase of the lens at A; is closer to the ideal phase profile at Ay than the desired phase
profile at A;. In the inset of Fig. 3.1b the effective meta-atom parameter L is plotted
as a function of distance to the center of the lens p. The jumps in L coincide with
the jumps in the phase profile at A;. In Fig. 3.1¢, the simulated intensity profile of
the same hypothetical lens is plotted at a few wavelengths close to Ag. The focal
distance changes approximately proportional to 1/4. This wavelength dependence is
also observed in Fresnel zone plates [27, 232, 233], and for lenses with wavelength
independent phase profiles [219, 220] (the 1/4 dependence is exact in the paraxial
limit, and approximate in general). This behavior confirms the previous observation
that the phase profile of the lens at other wavelengths approximately follows the phase
profile at the design wavelength. Therefore, the chromatic dispersion of metasurface
lenses mainly stems from wrapping the phase, and the dependence of the phase on
only one effective parameter (e.g., L) whose value undergoes sudden changes at the
zone boundaries. As we show in the following, using two parameters to control
metasurface phase at two wavelengths can resolve this issue, and enable lenses with
the same focal length at two different wavelengths. With more than two control
parameters that enable independent phase control at more wavelengths, this idea can

be generalized to more than two wavelengths.

3.3 Multiwavelength metasurfaces with meta-molecules

Concept and design

The metasurface platform we use here is based on @-Si nano-posts on a fused
silica substrate [Figs. 3.2a and 3.2b. The nano-posts are placed on the vertices
of a hexagonal lattice, and locally sample the phase to generate the desired phase
profile [67]. For a fixed height, the transmission phase of a nano-post can be controlled
by varying its diameter. The post height can be chosen such that at a certain wavelength
the whole 27 phase shift is covered, while keeping the transmission amplitude high.
Each nano-post has multiple resonances that are excited and contribute to the scattered
field with various strengths [125]. Since many resonances play an important role in
the response of nano-posts, we find that explaining their response based on these
resonances does not provide an intuitive understanding of their operation. Instead,
these nano-posts can be better understood as truncated multi-mode waveguides [77,

125]. To design a metasurface that works at two different wavelengths, a unit cell
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Figure 3.2: Meta-molecule design and its transmission characteristics. (a) A
single scattering element composed of an a-Si nano-post on a fused silica sub-
strate (left). The unit cell composed of four scattering elements that provide
more control parameters for the scattering phase (center), and placement of
the meta-molecules on a hexagonal lattice with lattice constant a (right). (b)
Cross sectional schematic of a uniform array of meta-molecules, showing the
transmission amplitude and phase definitions. (c) and (d) Transmission ampli-
tude (top) and phase (bottom) as a function of the two diameters in the unit cell
for 1550 nm and 915 nm. (e) Selected values of D; (top) and D, (bottom) as
functions of phases at 1550 nm (¢;) and 915 nm (¢>). (f) Transmission amplitude
at 1550 nm (top) and 915 nm (bottom) for the selected meta-molecules as a
function of phase shifts, showing high transmission for almost all phases.
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consisting of four different nano-posts [Fig. 3.2a] was chosen because it has more
parameters to control the phases at the two wavelengths almost independently. Due to
the weak coupling between the nano-posts [67], they behave like individual scatterers
with high cross-section as shown in our previous works [14, 67, 125]. As molecules
consisting of multiple atoms form the units for more complex materials, we call these
unit cells with multiple meta-atoms meta-molecules. The meta-molecules can also
form a periodic lattice (in this case hexagonal), and effectively sample the desired
phase profiles simultaneously at two wavelengths. The lattice is subwavelength at
both wavelengths of interest; therefore, the non-zero diffraction orders are not excited.
In general, the four nano-posts can each have different diameters and distances from
each other. However, to make the design process more tractable, we choose three of
the four nano-posts with the same diameter D, and the fourth post with diameter
D1, and place them in the centers of the hexagons at a distance a/2 (as shown in
Fig. 3.2a). Therefore, each meta-molecule has two parameters, D and D», to control
the phases at the two wavelengths. For this demonstration, we chose two wavelengths
of 1550 nm and 915 nm, because of the availability of lasers at these wavelengths. A
periodic array of meta-molecules was simulated to find the transmission amplitude
and phase (see Appendix 3.1 for simulation details). The simulated transmission
amplitudes and phases for 1550 nm (|¢;| and ¢) and 915 nm (|7;| and ¢,) are plotted
as functions of D; and D; in Figs. 3.2b and 3.2¢. In these simulations the lattice
constant (a) was set to 720 nm and the posts were 718 nm tall. Since the two
wavelengths are not close, the ranges of D; and D, must be very different in order to
properly control the phases at 1550 nm and 915 nm. For each desired combination
of the phases ¢; and ¢; in the (—x, 7) range at the two wavelengths, there is a
corresponding D and D, pair that minimizes the total transmission error which is
defined as € = |exp(ig1) — 11]> + |exp(igh2) — t2|*. These pairs are plotted in Fig. 3.2d
as a function of ¢; and ¢,. Using the complex transmission coefficients (i.e., t; and
t) in error calculations results in automatically avoiding resonance areas where the
phase might be close to the desired value, but transmission is low. The corresponding
transmission amplitudes for the chosen meta-molecules are plotted in Fig. 3.2e ,
and show this automatic avoidance of low transmission meta-molecules. In the lens
design process, the desired transmission phases of the lens are sampled at the lattice
points at both wavelengths resulting in a (¢1, ¢,) pair at each lattice site. Using the
plots in Fig. 3.2d, values of the two post diameters are found for each lattice point.
Geometrically, the values of the two diameters are limited by D + D, < a. Besides,

we set a minimum value of 50 nm for the gaps between the posts to facilitate the
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metasurface fabrication.

Figure 3.3: Fabricated device images. (a) Optical microscope image of the
fabricated device. (b) and (c) Scanning electron micrographs of parts of the
fabricated device from top b and with a 30 degree tilt c.

Experimental results

A double wavelength aspheric lens was designed using the proposed platform to
operate at both 1550 nm and 915 nm. The lens has a diameter of 300 wm and focuses
the light emitted from single mode fibers at each wavelength to a focal plane 400 pm
away from the lens surface (the corresponding paraxial focal distance is 286 wm,
thus the nNA is 0.46). The lens was fabricated using standard nano-fabrication
techniques: a 718-nm-thick layer of @-Si was deposited on a fused silica substrate,
the lens pattern was generated using EBL and transferred to the a-Si layer using
Al,Os3 as a hard mask (see Appendix 3.1 for fabrication details). Optical and scanning
electron microscope images of the lens and nano-posts are shown in Fig. 3.3. The
smallest diameter of the nano-posts and gap sizes used in the design and fabrication
of the metasurfaces were 72 nm and 50 nm, respectively. For characterization, the
fabricated metasurface lens was illuminated by light emitted from the end facet of a
single mode fiber, and the transmitted light intensity was imaged at different distances
from the lens using a custom built microscope (see Appendix 3.1 and Fig. 3.A1
for measurement setup and details). Measurement results for both wavelengths are
plotted in Figs. 3.4a-3.4d. Figures 3.4a and 3.4b show the measured (left) and
simulated (right) intensity profiles in the focal plane at 915 nm and 1550 nm. The
measured FWHM is 1.9 um at 915 nm, and 2.9 um at 1550 nm. The intensity
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measured at the two axial plane cross sections are plotted in Fig. 3.4¢ for the two
wavelengths. A nearly diffraction-limited focus is observed in the measurements,
and no other secondary focal points with comparable intensity is seen. To confirm
the diffraction-limited behavior, a perfect phase mask was simulated using the same
illumination used in the measurements. The simulated FWHMs were 1.6 um and
2.75 pm for 915 nm and 1550 nm, respectively (see Appendix 3.1 for simulation
details). Focusing efficiencies of 22% and 65% were measured at 915 nm and
1550 nm, respectively. Focusing efficiency is defined as the ratio of the power
passing through a 20-um-diameter disk around the focus to the total power incident
on the lens. As expected from the lattice and lens symmetries, no measurable
change in the focus pattern or efficiency of the lens was observed as the incident
light polarization was varied. Another lens with a longer focal distance of 1000 um
(thus a lower NA of 0.29) was fabricated and measured with the same platform
and method. Measurement results for those devices are presented in Fig. 3.A2.
Slightly higher focusing efficiencies of 25% and 72% were measured at 915 nm and
1550 nm for those devices. For comparison, a lens designed with the same method
and based on the same metasurface platform is simulated using finite difference
time domain (FDTD) method with a freely available software (MEEP) [234]. To
reduce the computational cost, the simulated lens is four times smaller and focuses
the light at 100 um distance. Because of the equal numerical apertures of the
simulated and fabricated devices, the focal intensity distributions and the focal depths
are comparable. The simulation results are shown in Figs. 3.4a, 3.4b, and 3.4c.
Figures 3.4a and 3.4b show the simulated focal plane intensity of the lens at 915 nm
and 1550 nm, respectively. The simulated FWHM is 1.9 um at 915 nm and 3 pm
at 1550 nm, both of which are in accordance with their corresponding measured
values. Also, the simulated intensity distributions in the axial cross section planes,
which are shown in Fig. 3.4d, demonstrate only one strong focal point. The focusing
efficiency was found to be 32% at 915 nm, and 73% at 1550 nm. We attribute the
difference in the simulated and measured efficiencies to fabrication imperfections
and measurement artifacts (see Appendix 3.1 for measurement details).

Discussion

The efficiency at 915 nm is found to be lower than expected both in measurements
and FDTD simulations. While the average power transmission of the selected meta-
molecules is about 73% as calculated from Fig. 3.2e, the simulated focusing efficiency

is about 32%. To better understand the reasons for this difference, two blazed gratings



46

10 Z " , i ] ) 3
100 400 800 g
z[pm] 405
20 o
— |y c
g =
= L 5
20 _ z
20 |,
€ “=
< e
-20 Z, . . , . ) L10
100 400 800
z[um]
d) 10 20
z % '
5 = g =
> L > Y
10 Fuat S -20 4
_10 ¢ 20
5 g O € =2
< <
-10 z 1 1 1 -20 z 1 1 1
100 200 100 200
z[pm] z[pm]

Figure 3.4: Measurement and simulation results of the double-wavelength
lenses with meta-molecules. (a) Measured (left) and simulated (right) focal
plane intensities at 915 nm. The simulated lens has the same numerical aperture
as the measured one, but is four times smaller. One-dimensional cross sections
of the measured and simulated intensity profiles are shown in the bottom. The
red arrows denote the FWHMs which are both ~1.9 um. (b) Same results as in a
for 1550 nm. The high frequency fluctuations seen in the measured intensity are
caused by the highly non-uniform sensitivity of the phosphorous coated CCD
camera. The FWHMs are ~2.9 um and ~3 um for measurement and simulation,
respectively. (c) Intensity measured in the axial planes of the lens for 915 nm
(top) and 1550 nm (bottom). The high frequency noise of the camera at 1550 nm
is filtered to generate a smooth distribution. (d) Simulated intensity profiles in
the axial planes at 915 nm (left) and 1550 nm (right) for the four times smaller
lens.
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with different angles were designed and simulated for both wavelengths using the
same meta-molecules (see Appendix 3.1 and Fig. 3.A33). It is observed that for the
gratings (that are aperiodic), a significant portion of the power is diffracted to other
angles both in reflection and transmission. Besides, the power lost into diffractions to
other angles is higher for the grating with larger deflection angle. The main reason for
the large power loss to other angles is the relatively large lattice constant. The chosen

lattice constant of a = 720 nm is just slightly smaller than ap.x = —2 1 =727 nm,

the lattice constant at which the first order diffracted light starts to \[/frnogpagate in the
glass substrate (refractive index: n, = 1.452) for a perfectly periodic structure. Thus,
even a small deviation from perfect periodicity can result in light being diffracted to
propagating orders. Besides, the lower transmission of some meta-molecules reduces
the purity of the plane wave wavefronts diffracted to the design angle. Furthermore,
the desired phase profile of high numerical aperture lenses cannot be sampled at a
high enough resolution using large lattice constants. Therefore, as shown in this
work, a lens with a lower numerical aperture has a higher efficiency. There are a few
methods to increase the efficiency of the lenses at 915 nm: the lattice constant is
bound by the geometrical and fabrication constraint: D{ + D, + 50nm < a, hence
the smallest value of D; + D, that gives full phase coverage at the longer wavelength
sets the lower bound for the lattice constant. This limit can usually be decreased
by using taller posts, however, that would result in a high sensitivity to fabrication
errors at the shorter wavelength. Thus, a compromise should be made here, and
higher efficiency designs might be possible by more optimum selections of the post
height and the lattice constant. The lattice constant can also be smaller if less than
the full 27 phase shift is used at 1550 nm (thus slightly lower efficiency at 1550 nm).
In addition, as explained earlier, in minimizing the total transmission error equal
weights are used for 915 nm and 1550 nm. A higher weight for 915 nm might result
in higher efficiency at this wavelength, probably at the expense of 1550 nm efficiency.
For instance, if we optimize the lens only for operation at 915 nm, devices with

efficiencies as high as 80% are possible [14, 67].

Utilizing more degrees of freedom in the unit cell can be used to increase the number
of wavelengths with independent phase control. While each different diameter of
the nano-posts in the unit cell can be used to add an additional wavelength with
independent control, other geometrical parameters in the unit cell might enable
additional control. Increasing the number of wavelengths will probably result in a
decreased efficiency at each wavelength, as the transmission phase and amplitude

errors at each individual wavelength will probably increase. We reserve a more
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detailed study of these effects for later work.

The approach presented here cannot be directly used to correct for chromatic
dispersion over a continuous bandwidth; the multiwavelength lenses still have
chromatic dispersion much like normal metasurface lenses in narrow bandwidths
around the corrected wavelengths. For achieving zero chromatic dispersion over a
narrow bandwidth, the meta-atoms should independently control the phase at two
very close wavelengths. High quality factor resonances must be present for the
meta-atom phase to change rapidly over a narrow bandwidth, and such resonances
will result in high sensitivities to fabrication errors that would make the metasurface

impractical.

The meta-molecule platform, used here to multiwavelength metasurfaces, can also
be used for applications where different functionalities at different wavelengths are
desired. For instance, it can be used to implement a lens with two given focal
distances at two wavelengths, or a lens converging at one wavelength and diverging
at the other. In addition, given the generality of the meta-molecule concept, it can be
applied to other areas of interest in metasurfaces, such as nonlinear [108, 109, 111]
and microwave [34, 57] metasurfaces. Here we have used only two of the degrees
of freedom of the meta-molecules, but increased functionalities at more than two
wavelengths can be achieved by making use of all the degrees of freedom. Operation
at more than two wavelengths enables applications in color display technologies or

more complex fluorescence imaging techniques.

3.4 Multiwavelength metasurfaces based on spatial multiplex-

ing
Spatial multiplexing is a simple technique that has been used for enhancing the
number of operation wavelengths [180, 235] or adding new functionalities to
optical devices [236] for a long time. In this section, we discuss multiwavelength
metasurface lenses based on spatial multiplexing with two different approaches: large
scale aperture division and meta-atom interleaving. We use dielectric transmitarrays
based on amorphous silicon @-Si to implement the two different methods, and
experimentally demonstrate lenses that focus light with wavelengths of 915 nm
and 1550 nm to the same distance. The methods introduced here can readily be
generalized to more than two wavelengths, or to devices that perform different

functions at different wavelengths, or at the same wavelength.



49

00000 gy iieesssen.
(a) co0000e e (b). .............
©o00000000OC
o000 - - 000
000 - e 000 - 0O
000 000000 - 00
o0  eo000000 00
00 - 000000 000
00 -0000000 00
000000000 - 00
00 - co00000 -000
000 - -02000¢ 00O
000000000
c000000O0

Figure 3.5: Spatial multiplexing scheme. (a) Schematic of a metasurface lens
designed to focus light with wavelength 1;, and (b) wavelength A, to a distance
f. (c) Double-wavelength metasurface lenses formed by lens aperture division,
and (d) by interleaving meta-atoms.

Concept and metasurface structure

Two metasurface lenses designed for two different wavelengths [Figs. 3.5a and 3.5b]
can be combined through dividing the metasurface aperture into macroscopic areas,
resulting in a multi-sector device as shown in Fig. 3.5¢c. A less obvious method is to
interleave the meta-atoms of the two lenses as shown in Fig. 3.5d. If the phase change
introduced by the meta-atoms is local (i.e., the coupling between the meta-atoms
is small), we can expect light scattered by each group of meta-atoms (one group
corresponds to one lens) to interfere constructively in their respective focal spot at

the design wavelength.

We use the HCTA platform for implementation of the devices. The platform consists
of @-Si nano-posts on a fused silica substrate [Fig. 3.6a] that can form a hexagonal
lattice [Fig. 3.6b]. For proper choices of the nano-posts height and lattice constant,
full phase coverage can be achieved at a design wavelength by changing the diameters
of the nano-posts [67]. The nano-posts behave like multi-mode truncated waveguides
with many resonant modes around the wavelength of interest [77, 125]. Superposition
of the scattered fields of these resonant modes can result in full 27t phase coverage,

while maintaining a high transmission amplitude. Since the structure needs to be
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fabricated with a single step electron beam lithography, the nano-post heights should
be the same at both wavelengths (which we have chosen to be 915 nm and 1550 nm
due to availability of laser sources). In addition, since the two wavelengths are
relatively far apart, we choose the 1550 nm lattice constant to be twice that of
the 915 nm [Figs. 3.7a and 3.7b]. With this choice, the two metasurfaces can be
interleaved by simply replacing one out of four 915-nm meta-atoms by a 1550-nm
one as shown in Fig. 3.7c.
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Figure 3.6: Metasurface structure with simulated amplitude and phase curves.
(@) Schematic of an @-Si cylindrical nano-post on a fused silica substrate. (b) Top
view of the meta-atoms on a hexagonal lattice showing geometrical parameters.
(c) Schematic of the simulated structure. (d) Intensity transmission, and phase of
the transmission coefficient at A = 915 nm, and (e) at 4 = 1550 nm. The lattice
constant is 360 nm for A = 915 nm, and 720 nm for the A = 1550 nm structure.
The a-Si layer is 718 nm thick in both cases.

Taking these considerations into account, we find that a post height of 718 nm,
lattice constants of 360 nm at A = 915 nm, and 720 nm at A = 1550 nm, enable full
phase coverage with high transmission at both wavelengths. The simulated intensity
transmission (|t|2) and transmission phase (Z¢) for such uniform lattices are plotted
in Figs. 3.6d and 3.6e at 915 nm and 1550 nm, respectively. For simulations, a
uniform array of meta-atoms with a given diameter is illuminated with a plane wave
at the wavelength of interest [Fig. 3.6¢], and the transmission amplitude and phase
are calculated. We have used RCWA [217] to perform the simulations.



51

(c)

Figure 3.7: Interleaved lattice schematics. (a) Schematic of the short-
wavelength metasurface lattice with a lattice constant of a. (b) Schematic of the
long-wavelength lattice with a lattice constant of 2a, overlaid on the unit-cell
boundaries of the short-wavelength meta-atoms. (c) Schematic of the interleaved
lattice resulting from replacing one out of four short-wavelength meta-atoms

with a long-wavelength one.

Figure 3.8: Fabricated device images. (a) Optical and (b, ¢) scanning electron
microscope images of the multi-sector lens. (d) Optical and (e, f) scanning

electron microscope images of the interleaved lens.
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Experimental results

For experimental demonstration, we have designed and fabricated a multi-sector and
an interleaved lens that focus light from single mode fibers at 915 nm and 1550 nm
to a focal point 400 um away from the lens surface without spherical aberrations.
The lenses are 300 um in diameter, and the single mode fiber is placed 600 um away
from the backside of the ~500-um-thick substrate of the lens (resulting in a focal
distance of 286 um, and a numerical aperture of 0.46, similar to the meta-molecule
lens). The multi-sector lens is formed by dividing two single wavelength lenses
designed for 915 nm and 1550 nm to 8 radial sectors and combining them similar
to Fig. 3.5¢, and the interleaved lens is formed from combining the two single
wavelength lenses in the manner shown in Fig. 3.7. The single wavelength lenses are
designed using the metasurface platforms described above. The smallest nano-post
diameter is set to 72 nm in all the designs. For the interleaved lens, a minimum gap
of ~50 nm is set between the adjacent nano-posts to facilitate their fabrication. This
resulted in the maximum nano-post diameters of 200 and 420 nm for the 915 nm and
1550 nm lenses, respectively, thus the highest achievable phase delay was ~1.67x at
each wavelength. The less than 27 phase coverage leads to small wavefront errors
and lowers the focusing efficiencies of the lenses. In the design process, the best
nano-post for each lattice site was chosen by minimizing the complex transmission
error defined as |exp(i¢) — t|, where ¢ is the desired phase at the lattice site and ¢ is
the complex transmission coefficient of the nano-posts. Using this design procedure,
and assuming that the lenses require a uniform distribution of nano-posts with various
phases from O to 2, we find that the incomplete phase coverage achieved here results

in a less than 3% reduction in the lens efficiency.

The devices were fabricated by depositing a 718-nm-thick layer of @-Si on a fused
silica substrate using the PECVD technique. The device pattern was written on an
electron beam resist using EBL, and was transferred to an Al,O3 layer using a lift-off
process. The Al,O3 layer served as a hard mask for etching the @-Si layer in a dry
etch process, and was removed in a solution of hydrogen peroxide and ammonium
hydroxide. Optical and scanning electron microscope images of both the multi-sector

and interleaved devices are shown in Fig. 3.8.

The lenses were characterized by measuring the intensity distributions in the focal
plane, and in many planes parallel to the focal plane using custom built microscopes
with ~ X100 magnification. Schematics of measurement setups are shown in Fig. 3.9.

Measured intensities in axial and focal planes at both wavelengths are plotted in
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Figure 3.9: Measurement setup schematics. (a) Schematics of the measurement
setup used for measuring the optical intensity distribution patterns in different
planes at 915 nm. (b) Schematics of the setup used for measuring the focusing
efficiency of the lens at 915 nm. (c) Schematics of the setup used for characteriz-
ing the devices at 1550 nm. The flip mirror, iris, and optical power meter were
used to measure the focusing efficiencies.

Figs. 3.10a-3.10d for the multi-sector lens and in Figs. 3.10i-3.101 for the interleaved
lens. The polarization of incident light was changed using the polarization controllers
shown in Fig. 3.9, and no polarization dependence was observed. Measured axial
plane intensities for the multi-sector lens are plotted in Figs. 3.10a and 3.10¢c, where
a single strong focus is observed at both wavelengths. The intensity distributions
in the focal plane are plotted in Figs. 3.10b and 3.10d, and show features that are
caused by the division of the lens aperture into multiple sectors. The high frequency
fluctuations observed in the 1550 nm focal plane measurements are caused by the
highly non-uniform responsivity of the phosphorous coated CCD used. To achieve
smoother intensity distributions in the axial plane, these high frequency fluctuations
are filtered through removing all components with spatial frequencies higher than
the free space propagation constant. For comparison, a lens designed with the
same method and NA, but with all dimensions and distances four times smaller
than the fabricated device was simulated using the FDTD method in MEEP [234].
The smaller size of the simulated device was necessary to make the simulations
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feasible with the available computational resources. Figures 3.10e-3.10h show the
simulated intensities for this device at both wavelengths in the axial and focal planes.
The illumination was linearly polarized in simulations, and the symmetry of the
structure ensures the same behavior for other incident polarizations. A very good
agreement is observed between simulated and measured focal depths and the focal
plane intensities. Focusing efficiency is defined as the ratio of the power focused by
the device, to the output power of the fiber, and is measured at 915 nm and 1550 nm
with setups schematically shown in Figs. 3.9b and 3.9¢, respectively. The pinhole
used at 915 nm has a diameter of 20 um, and the iris used for 1550 nm is 2 mm in
diameter, which translates to a ~20-um diameter in the object plane. Simulated and
measured efficiencies and FWHMs, in addition to the diffraction-limited FWHMs
are summarized in Tables 3.1 and 3.2, respectively. The diffraction-limited FWHMs
are found via simulation of a perfect phase mask at each wavelength, with the same

optical fiber illuminations that are used to design and measure the lenses.

Measurement results for the interleaved lens are plotted in Figs. 3.10i-3.101. Unlike
1550 nm, at 915 nm a second focus is observed at z ~ 220 um, with the peak intensity
approximately 1.8 times, and a power 1.2 times those of the main focus. Similar to
the multi-sector lens case, a four times smaller interleaved lens designed using the
same platform is simulated for comparison, and the simulated intensities are plotted
in Figs. 3.10m-3.10p. A weak second focus is observed around z = 50 um in the
simulations as well. It is worth noting that these devices are multi-order (similar to
multi-order gratings), and have multiple focal points (like a Fresnel zone plate lens).
These higher order focal points can be seen in all four axial plane measurements
in Figs. 3.10a, 3.10¢, 3.10i, and 3.10k. The higher order focal points have low
intensities in all cases except for Fig. 3.10i. If the "blazing" of the lens is perfect (i.e.,
the phase profile is equal to its ideal case), all of the power will be directed towards
the designed focal distance. However, if some error is introduced to the phase profile,
a portion of the power will be directed towards higher order focal points. As this
error increases, the power in the main focus will decrease. The 1550 nm nano-posts
are optically large and support many resonant modes around 915 nm, resulting in
some error in the phase of the total transmitted field at 915 nm. Besides, as we will
shortly discuss, the coupling between 1550 nm and 915 nm posts is not negligible at
915 nm. These errors result in a significant portion of the power going to the higher
order focus at 915 nm for the interleaved lens. Measured and simulated efficiencies

and FWHMs are summarized in Tables 3.1 and 3.2, respectively.
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Figure 3.10: Measured and simulated intensity profiles. (a) Intensity measured
in the axial plane and (b), in the focal plane at 915 nm for the multi-sector lens. (c)
and (d) Same measurements as a and b at 1550 nm. The high frequency intensity
fluctuations observed in the measured focal intensity at 1550 nm is caused by
the high non-uniformity in the responsivity of pixels in the phosphorous coated
CCD used in 1550 nm measurements. This nonphysical fluctuation is filtered for
the axial plane plots to acquire a smoother distribution. (e)—(h) FDTD simulated
intensities for a similar multi-sector lens with a four times smaller size and focal
distance. (i)—(l) Similar results to a-d, but for the interleaved lens. (m)—(p) FDTD
simulated intensities for a four times smaller interleaved lens. Scale bars: 4 um.

To determine the origin of the focus observed at z ~ 220 um, we use paraxial
imaging equations by considering the fiber tip as an object and the focal plane
intensity as its image. We find that the effective object distance from the lens is
1003 wm using the f; = 286 um focal distance, and the 400 um image distance.
Therefore, the focal distance corresponding to the focus observed at z ~ 220 um
is f3 = 180 wum. We represent this focal distance by f3, because there is also a
secondary focal distance f> = 485 um arising from the 1550 nm nano-posts, as they
also form a lens at 915 nm. The focal distance of the lens formed from 1550 nm
nano-posts is given by f> = % X 286 um = 485 um at 915 nm [135]. We note that
we have 1/f3 = 1/ f1 + 1/ f,. This means that the equivalent transmission mask of
the lens contains a term proportional to exp{—i 27”(% + %)\/m}. This term is
the result of the addition of two phase profiles generated by the 915-nm and 1550-nm

nano-posts, and indicates coupling between these nano-posts (this term cannot exist if
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915 nm and 1550 nm posts operate completely independently). Therefore, at 915 nm
the coupling between the interleaved nano-posts cannot be completely neglected.
For an improved design, this coupling can be taken into account if unit cells formed

from combining the two nano-post groups are analyzed together [135].

Table 3.1: Measured and simulated efficiencies for the multi-sector and inter-
leaved lenses

Wavelength 915 nm 1550 nm
Measured | Simulated | Measured | Simulated

Multi-sector | 37 1% 40.6% 30 +£1% 36.8%
Interleaved 10 £0.5% 27% 58 £1% 75.8%

Table 3.2: Measured, simulated, and diffraction-limited FWHM focal spot sizes
for the multi-sector and interleaved lenses

Wavelength 915 nm

Measured Simulated | Limit
Multi-sector | 1.85+£0.05 um | 1.7 um 1.6 um
Interleaved | 1.85+0.05 um | 1.7 wm 1.6 um
Wavelength 1550 nm
Measured Simulated | Limit
Multi-sector | 3.3+0.2 um 3 um 2.75 pm
Interleaved 3.3+0.2 um 3 um 2.75 pm

Discussion

The efficiency of the interleaved lens at 915 nm is significantly lower than 1550 nm,
both in measurements and simulations. Two factors play important roles in this
difference between the efficiencies at the two wavelengths. First, the interleaved

lens has an effective lattice constant of 720 nm [Fig. 3.7¢], which is close to
Amax = \EL”

8
will be propagating in the glass substrate at 915 nm (here n, = 1.452 is the refractive

A =727 nm, the lattice constant above which higher diffraction orders

index of glass). Therefore, the non-periodicity of the lens structure results in higher
order diffractions propagating inside the substrate. In contrast, this lattice constant
is subwavelength enough at 1550 nm such that no higher diffraction orders are
present. Second, the 915-nm nano-posts are optically small at 1550 nm, whereas the
1550-nm nano-posts are optically large and support many resonances around 915 nm.
Therefore, while adding the 915-nm nano-posts to the 1550-nm lens results in a
relatively small phase error at 1550 nm, introducing the large 1550-nm nano-posts

to the 915-nm lens changes the phase profile significantly, and for some nano-post
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diameters it also reduces the transmission amplitude. In addition, the measured
efficiency for the interleaved lens at 915 nm (10%) is lower than the simulated value
of 27%. The transmission phase of the device at 915 nm is more sensitive to errors
in the nano-post diameters because of the larger aspect ratio of the nano-posts, and
fabrication errors have degraded the phase profile of the lens and its efficiency by

directing a significant portion of power to the higher order focus around 220 pum.

Efficiencies of the multi-sector device at the two wavelengths are closer to each other
than the interleaved lens. The sum of simulated efficiencies at 915 nm and 1550 nm
for these devices is always less than 100%. The interleaved design, in contrary,
can have a sum of efficiencies at 915 nm and 1550 nm that is higher than 100% as
evidenced by the simulation results. This is because the high-index nano-posts can
have an optical cross-section significantly larger than the geometrical area of the
metasurface pixel that they occupy. Besides, the efficiency of the interleaved lens
can be increased, and its sensitivity to fabrication errors can be decreased using
the meta-molecule concept and a concurrent design of the nano-posts for the two
wavelengths [135]. In addition, the division of the aperture to multiple macroscopic
sectors changes the shape of the input aperture of the lens and thus the shape of its

focal spot. The interleaved design on the other hand, does not cause this issue.

The demonstrated multiwavelength lenses can be used in applications where simul-
taneous operation at a few discrete wavelengths is required, such as two photon
fluorescence microscopy. While conventional refractive achromatic lenses could
have a better performance (specifically a higher efficiency) in such applications, they
are bulky, more expensive to fabricate, and harder to customize. Besides, multiple
metasurfaces can be monolithically integrated in order to correct various aberrations,
add functionalities, or be directly integrated with electronics to form compact electro-
optical systems [139]. Nevertheless, multiwavelength lenses are demonstrated here
only as a proof of concept example for the general method of spatial multiplexing of
metasurfaces for implementing multiwavelength multifunctional optical devices. The
introduced methods can be directly applied to designing metasurfaces with different
functionalities at different wavelengths. For instance, a metasurface can be designed
to operate as a lens at one wavelength, and as a grating at the other one. It can also
be applied to making metasurfaces that perform multiple functions simultaneously at
a single wavelength. It would be very challenging, if at all possible, to fabricate such

devices with the conventional refractive optics platform.

We have shown that by spatially multiplexing metasurface lenses that are designed
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for operation at two different wavelengths, we can realize lenses that simultaneously
operate at both wavelengths. We designed, fabricated, and characterized DW-MLs
based on macroscopic aperture division (i.e., the multi-sector lens), and meta-atom
interleaving. Although here we used this concept to demonstrate double-wavelength
lenses, the idea can be readily generalized to devices with more operation wavelengths,
or devices that perform different functions at different wavelengths, or even at the
same wavelength. Therefore, spatial multiplexing introduces a simple route towards

multiwavelength and multi-functional metasurfaces.

3.5 Double-wavelength metasurface lens based on structurally

birefringent nano-posts

Concept and design

In this section we demonstrate DW-MLs that focus two wavelengths of light with
perpendicular linear polarizations to the same focal distance, as schematically shown
in Fig. 3.11b (e.g., the x-polarized light at a wavelength A; and y-polarized light
at a different wavelength A, are focused to the same distance). We experimentally
demonstrate lenses with large NAs values up to 0.7 and high efficiencies at both
wavelengths (7 ~ 65% — 92%) with nearly diffraction-limited operation. In the next
section, we demonstrate how a similar DW-ML can be used as an objective lens
for TPM. In addition to lenses, this concept can be applied to other metasurfaces to
independently control the wavefronts at two different wavelengths for orthogonal

polarizations, and provide different functionalities at those wavelengths.

We have previously shown that metasurfaces based on a-Si nano-posts with elliptical
cross sections [Fig. 3.11(c)] can independently control the phases of two orthogonal
polarizations at a single wavelength in 2 [14]. These metasurfaces are composed of
nano-posts placed at the vertices of a uniform lattice like the one shown in Fig. 3.11(d).
For proper choices of the lattice constant (~ 0.54) and the height of the nano-posts
(~ 0.61), the phase of light for two linear polarizations oriented along the nano-post
axes can be controlled independently by changing the ellipse diameters [14]. We have
also demonstrated broadband operation of non-deflecting metasurfaces (e.g., spatially
varying wave plates) composed of elliptical nano-posts [132], but the approach is
not applicable to the metasurfaces operating based on light deflection (e.g., lenses).
In this section, we show that the two control parameters (i.e., the axis lengths) of
nano-posts with elliptical cross-sections can be utilized to independently control

the wavefronts of optical waves with two different wavelengths and orthogonal
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Figure 3.11: DW-ML concept based on birefringent nano-posts. (a) Normal
chromatic dispersion of a metasurface lens, resulting in different focal distances
for different wavelengths (schematically shown by red and blue rays), and (b)
schematics of a metasurface corrected to focus light with two different wave-
lengths and orthogonal linear polarizations to the same focal distance. (c) An
a-Si nano-post with elliptical cross-section exhibiting birefringence. (d) A meta-
surface formed by arraying elliptical nano-posts in a periodic lattice.

polarizations. For instance, the phase profile of the device can be independently
controlled for x-polarized light at a wavelength 4, and for y-polarized light at a
different wavelength ;. The behavior of the device for cross polarized light (e.g.,
y-polarized light at 4;) will be governed through the regular chromatic dispersion of

diffractive devices (see for instance [135, 219]).

Figures 3.12a and 3.12b show simulated transmission amplitude (top) and phase
(bottom) at 915 nm and 780 nm for x and y-polarized light, respectively (ellipse
diameters 2a and 2b, and the axis directions are shown in Fig. 3.11d). Here, the
meta-atoms are assumed to be 553 nm tall, the lattice constant is 500 nm, and the
wavelengths are chosen to match available laser sources in our lab. The RCWA
was used for the simulations [217]. The nano-posts operate as truncated multimode
optical waveguides with multiple resonances around the operation wavelengths [67,
77, 125]. The ellipticity, results in an effective birefringence and a phase difference
for light polarized along the two axes of the ellipse [14]. Therefore, the two ellipse
diameters provide two phase control parameters that enable independent control
of phase for light polarized along the two axes [14]. Figure 3.12 shows that the
independent phase control is possible even if the two orthogonal polarizations of light
have different wavelengths. Using the simulated transmission amplitude and phase

data, we find the corresponding ellipse diameters that provide any desired phase
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pairs at both wavelengths, ¢; and ¢,, while keeping both transmission amplitudes
high. To simultaneously achieve the desired phases and high transmission amplitudes
at both wavelengths, we minimize the total complex amplitude error defined as
€ = lexp(igy) — t1]> + |exp(ips) — t2|>. Here ¢; and ¢, are the desired phases at
the two wavelengths, and #; and #, are complex transmissions of nano-posts at
the two wavelengths for the corresponding orthogonal linear polarizations. The
corresponding values of the chosen diameters are plotted in Fig. 3.12¢ as functions of
the phases at the two wavelengths. As Fig. 3.12¢ shows, the axis length 2a dominantly
controls the phase of x-polarized light, and the phase of y-polarized light is mostly
controlled by the axis length 2b. Amplitudes and phases of these chosen nano-posts
are plotted in Figs. 3.12d and 3.12e, showing that this independent phase control is
achieved with very high accuracy and high transmission. Using this independent
control, any two arbitrary phase profiles for orthogonal linearly polarized light at the

two wavelengths can be realized.

Experimental results

We designed, fabricated, and characterized five lenses with the same diameter of
200 um and NAs ranging from 0.12 to 0.7 that simultaneously work at 915 nm and
780 nm, for x and y-polarized light, respectively. The fabrication process was similar
to [14]: a 553-nm «a-Si layer was deposited on a fused silica substrate using PECVD.
The metasurface pattern was generated with an EBL system. A ~70-nm Al,O3 layer
was deposited using electron beam evaporation, and was lifted off, leaving a hard
mask defining the nano-posts. The hard mask was used to etch the @-Si layer in a
dry etching step, and was then removed. SEM images of the fabricated devices are

shown in Fig. 3.13.

Figure 3.14 shows schematics of the measurement setups used to characterize the
devices. A custom built microscope with a ~ X100 magnification, shown schemat-
ically in Fig. 3.14a, was used to perform the intensity distribution measurements.
Figure 3.15 summarizes the measurement results for the five lenses. Axial and focal
plane intensities are plotted in Figs. 3.15a and 3.15b for 780 nm and 915 nm, respec-
tively. At both wavelengths and for all lenses, one single focus is observed close to the
designed distances of 100, 200, 400, 600, and 800 wm. As denoted by Fig. 3.15¢, all
lenses have a nearly diffraction-limited focus (measured FWHMs at both wavelengths
and for all NA values are less than 7% larger than their diffraction-limited values).
The measured FWHMs in the axial plane are plotted in Fig. 3.15d, along with the

theoretical values calculated from 2rw? /A, with w denoting the diffraction-limited
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Figure 3.12: DW-ML simulation and design graphs. (a) Transmission amplitude
(top) and phase (bottom) of the meatasurface at 915 nm for x-polarized light
versus ellipse diameters. (b) The same plots as a, but for y-polarized light at
780 nm. (c) Optimal values of diameters 2a and 2b that provide phase pairs
(¢1, ¢2) for complete phase coverage at the two wavelengths. (d) Transmission
amplitude, and (e) phase at both wavelengths for the corresponding optimal

diameters shown in c.
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Figure 3.13: SEM images of fabricated DW-MLs. (a) Scanning electron micro-
graph of a fabricated device viewed normally, and (b) at a tilt angle.
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Figure 3.14: Measurement setup schematics. (a) Schematic of the measurement
setup used for measuring intensity profiles, and (b) focusing efficiencies.

transverse FWHM. Efficiency was defined as the measured power in focus, divided
by the total power incident on the lens. The setup used to measure the efficiencies
is schematically shown in Fig. 3.14b. Since the diameter of the collimated beam
(~2.3 mm, using the 1/e” intensity definition) is much larger than the size of the
metasurface lenses, for efficiency measurements the beam was partially focused
using a lens with a focal distance of 200 mm to have a diameter of ~134 pm at
the metasurface lenses (such that 99% of the beam power passes through the lens
aperture). The radius of curvature of the beam at the metasurfaces is ~16 mm,
which is much larger than the focal distances of the metasurface lenses, making the

curvature of the beam almost negligible. The measured efliciencies are plotted in
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Fig. 3.15e for both wavelengths, and are seen to be above 65% for all NAs at both

wavelengths. Similar to our previous works [67], efficiency generally decreases with
increasing NA. A set of fabricated pinholes were used to filter out-of-focus light
for efficiency measurements. Diameters of the used pinholes were 6, 6, 10, 15, and
20 pum for different lenses in decreasing NA order. We attribute the lower efficiency

at 780 nm to higher sensitivity of its phase to fabrication errors.
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Figure 3.15: Co-polarized measurement results of the DW-ML. (a) Measured
axial (left) and focal (right) plane intensities for y-polarized light at 780 nm.
Results are in increasing focal distance order from top to bottom. (b) Same
measurement results as in a for x-polarized light at 915 nm. (c) Measured
FWHMs in the focal plane versus NA. The corresponding theoretical diffraction
limits at both wavelengths are denoted via dashed lines. (d) Measured axial
plane FWHMs along with their corresponding theoretical values. (e) Measured
efficiencies of the metasurface lenses at both wavelengths. Dashed lines show
eye-guides.

We have also characterized the operation of the devices under illumination with
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cross-polarized light (i.e., y-polarized light at 915 nm, and x-polarized light at
780 nm). In cross-polarized operation, the devices also exhibit Fresnel phase zones
but these zones are not optimized for focusing to a tight spot. Indeed, the cross-
polarization measurement results summarized in Fig. 3.16 show that the devices
focus cross-polarized light as well, but with lower efficiency, higher distortions, and
to focal distances different from the corresponding co-polarized values. It is worth
noting that these devices operate as diffractive lenses with different phase profiles
for x- and y-polarized light. Also, for each polarization they follow the regular
chromatic dispersion of diffractive lenses, and therefore their focal distance changes
with wavelength proportional to 1/4 [23, 135, 219]. Since cross-polarized light is
focused to a different focal distance, it can be considered as loss when the device
focuses unpolarized light. When the devices are used for imaging applications, the
excitation and the collected paths need to be passed through polarizers. Otherwise,
the image will exhibit elevated background and/or imaging artifacts depending on

the exact lens design.

Discussion

The high-NA and high efficiency, in addition to the fact that the working wavelengths
can be arbitrarily close, make this platform attractive for single and multi-photon
fluorescence microscopy where the two working wavelengths (i.e., the excitation
and emission wavelengths of the fluorophores) are not very far [237]. In addition,
these lenses can be used for light collection in cases where the sample is tagged with
two different fluorophores with close emission spectra. It should be noted, however,
that the efficiencies of the lenses will be 50% lower for unpolarized light, as the
cross-polarized light will be focused to a different focal distance than the co-polarized
light [Figs. 3.15 and 3.16]. Besides, the lenses discussed here are aspherical and
suffer from aberrations for off-axis imaging and focusing. This problem can be
solved by designing lens doublets that are corrected for the off-axis monochromatic

aberrations [139].

The maximum distance between the two operating wavelengths of the proposed
metasurface platform is limited by practical considerations. The nano-posts height
should be large enough to provide the required 2z phase at the longer wavelength.
This results in higher sensitivity of the phases of nano-posts at the shorter wavelength
to fabrication errors, which in turn decreases device efficiency at that wavelength.
This lower efficiency at the shorter wavelength is already observed in this work. Thus,

the maximum wavelength distance is limited mostly by practical considerations and
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Figure 3.16: Measurement results under illumination with cross-polarized
light. (@) Measured axial (left) and focal (right) plane intensities for x-polarized
light at 780 nm. Results are in increasing co-polarized focal distance order from
top to bottom. We have verified that no other points of comparable intensity are
present in areas not shown in the axial measurements. (b) Same measurement
results as in a for y-polarized light at 915 nm. (c¢) Measured FWHMs in the
focal plane (focal distances labeled in a and b) versus NA. The corresponding
theoretical diffraction limits at both wavelengths are denoted via dashed lines.
(d) Measured efficiencies of the metasurface lenses at both wavelengths for
cross-polarized light. Dashed lines show eye-guides.
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the achievable fabrication tolerances.

In conclusion, birefringent elliptical nano-posts can be used to independently control
optical wavefronts at two different wavelengths with orthogonal linear polarizations.
This control can be utilized to generate any desired wavefronts at both wavelengths,
resulting in an optical behavior at each wavelength independent from the other one.
Using these meta-atoms, we demonstrated double-wavelength metasurface lenses
that focus x and y-polarized light at 915 and 780 nm, respectively, to the same focal
distance. Lenses with NA values up to 0.7 were experimentally demonstrated to have
nearly diffraction-limited operation and efficiencies above 65%. This method can
also be combined with the demonstrated meta-molecule concept [135] to achieve
more phase control parameters, and chromatically corrected lenses at four or more

wavelengths.

3.6 Two-photon microscopy with a double-wavelength metasur-

face objective lens

TPM is widely used for deep tissue imaging in various areas of life sciences [238-241].
The method utilizes the lower scattering of near-IR light inside tissues, the higher
transverse and lateral resolution, and the lower level of background fluorescence in
two-photon excitation to form high-quality images hundreds of microns deep inside
tissues [240, 241]. Development of compact low-weight TPMs for in vivo imaging of
brain activity has been of great interest in recent years [242-247]. For compactness
and low-weight, most of these systems use graded index objective lenses with optical

qualities inferior to the conventional refractive objectives.

Dielectric metasurfaces enable high-end optical elements with high efficiencies,
and with a thin and light-weight form factor. Metasurface devices integrated in
thin layers [36, 248] and on membranes [140] have milligram and microgram
weights. Therefore, the weight of optics will not be a significant factor in the
total weight of systems that employ metasurface optics. In addition, because of
their novel capabilities [14, 15, 125, 210, 249-253] and manufacturability with
conventional nano-fabrication techniques, metasurfaces have attracted a great deal
of attention in the past few years, especially for imaging applications [71, 139,
254]. Fluorescence microscopy is an especially suitable area for meta-lenses as the
fluorescence bandwidth is usually limited and predetermined. Despite this, meta-

lenses have not previously been employed for single- or multi-photon fluorescence
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microscopy. The reason lies in the fact that they are conventionally designed for a
single operation wavelength, while in fluorescence microscopy the focal positions
at the excitation and emission wavelengths can be far apart due to the chromatic
dispersion [23, 119, 219, 232]. This can significantly reduce the excitation—collection

efficiency in the system.

Here we propose and experimentally demonstrate TPM with a DW-ML working as
the objective lens. We use a birefringent dichroic dielectric metasurface platform to
make the DW-ML that is designed to have the same focal distance at the excitation
and emission wavelengths, similar in concept to the DW-MLs discussed in previous
chapter. We show that the DW-ML forms images that are qualitatively comparable

to those taken with a refractive objective.
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Figure 3.17: Schematic illustration of TPM with a metasurface objective lens.
(@) Schematic of a TPM employing a metasurface objective lens. A pulsed laser
source is focused inside a sample using the excitation optics and a metasurface
objective. The same metasurface lens along with the collection optics collects
the light that is emitted by the sample through a two-photon fluorescence process.
DM: Dichroic mirror. (b) Schematic illustration of a conventional metasurface
lens focusing light with different wavelengths to distinct focal lengths, and the
DW-ML designed to focus 820-nm x-polarized light and 605-nm y-polarized
light to the same focal distance of f.

A simplified schematic of a TPM employing the DW-ML is shown in Fig. 3.17a.
"Long-wavelength" light from a high—peak power pulsed laser is collimated using
the excitation optics, passes through a dichroic mirror and is focused inside the
fluorescent sample using the DW-ML. At the focal point inside the fluorescent
sample, "short-wavelength" photons are emitted upon the absorption of pairs of
the long-wavelength photons. The DW-ML collimates the emitted fluorescent light
which is then reflected off the dichroic mirror and detected by a photodetector through
the collection optics. The DW-ML should be designed to focus both the excitation

and emission wavelengths to the same distance. To achieve this goal, we use the
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birefringent dichroic meta-atom technique discussed in the previous section. This is
schematically shown in Fig. 3.17b, where the DW-ML focuses horizontally polarized
light at the long wavelength, and vertically polarized light at the short wavelength to

the same focal distance, f.

Considering the available pulsed laser, the TPM setup, and the fluorescent molecules
used, we chose the operation wavelengths to be 820 nm for excitation and 605 nm for
emission (see Appendix 3.3 and Fig. 3.A4 for specifics of the measurements and the
TPM setup). To implement the DW-ML, we used p-Si because it has a high-index
and a low loss at the chosen operation wavelengths. The metasurface is composed of
p-Si nano-posts with a rectangular cross section, located at the vertices of a square
lattice on a fused silica substrate. As schematically shown in Fig. 3.18a, the structure
is covered by an SU-8 polymer capping layer which provides mechanical robustness
and protects the metasurface. The asymmetric structure of the nano-posts generates
structural birefringence, resulting in different transmission phases and amplitudes
for x- and y-polarized light [14]. For proper choices of the nano-post height and
the lattice constant, the two phases along the two meta-atom axes can be controlled
fully and independently. As we have previously shown, the same holds true if the
two orthogonal polarizations have similar [14] or different [137] wavelengths. To
provide the full 27 phase coverage at both wavelengths, the nano-post height was
chosen to be 407 nm, and the lattice constant was set to 310 nm. The transmission
amplitude and phase at both wavelengths are plotted in Fig. 3.AS5 as a function of the
widths of the nano-posts, wy and wy. Using this data, we have found the post sizes
that minimize the weighted complex transmission errors for the two wavelengths
(see Appendix 3.3 for more details). The chosen values for w, and w, are plotted in

Figs. 3.18b and 3.18c versus the required phases at 820 nm and 605 nm.

Using the data in Figs. 3.18b and 3.18¢, we designed the DW-ML with a diameter
of 1.6 mm, and an NA of 0.5 (with a focal distance f ~1.386 mm at 820 nm and
605 nm wavelengths). The 0.5 NA value is chosen to match that of the conventional
objective lens used in the TPM measurements. The lens is designed to focus light at
both wavelengths to a tight spot without spherical aberrations. Fig. 3.19a shows an
SEM image of a part of the fabricated DW-ML, before capping with the SU-8 layer.

An optical image of the finished device is shown in the inset of Fig. 3.19a.

To characterize the DW-ML we used a measurement setup and procedure similar to the
ones used in our previous report [137]. The lens was illuminated by a collimated laser

beam, and the optical intensity distribution was captured in several planes parallel
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Figure 3.18: Meta-atom design for TPM. (a) Schematic illustration of the meta-
atom, consisting of a polycrystalline silicon (p-Si) nano-post with a rectangular
cross-section sitting on a fused silica substrate and covered by an SU-8 layer.
Top and side views of the nano-posts showing the dimensions and illumination
conditions. Tuning the nano-post dimensions, w, and w,, allows for independent
control of transmission phase of x-polarized light at 820 nm and y-polarized light
at 605 nm. (b) The chosen values of w, and (c) wy versus the required phases for
the two wavelengths. The nano-posts height is 407 nm and the lattice constant
is 310 nm.

to the focal plane using a custom-built microscope (for details of the measurement
procedure and setup see Appendix 3.3 and Fig. 3.A6). For characterization at
the two wavelengths of interest we used two different light sources. An 822-nm
laser diode was used as the excitation close to 820 nm, and a supercontinuum laser
with a bandpass filter centered at 600 nm and a 10-nm FWHM was used for the
measurements close to 605 nm. The measured intensity distributions in the axial and
focal planes are shown in Fig. 3.19b and 3.19¢ for the long and short wavelengths,
respectively. The measured FWHMs in the focal plane are ~0.93 um and ~0.68 pum
at 822 nm and 600 nm. They are both close to their corresponding diffraction-limited
values of 0.85 um and 0.62 um. The DW-ML shows similar focal lengths at both
wavelengths, with maximum intensities in the 1376 um and 1380 um planes at
822 nm and 600 nm, respectively. These values are close to the designed focal
distance of ~1386 wm. The long depth of focus and the elevated background in
Fig. 3.19¢ (for the 600-nm case) are caused by the considerable bandwidth of the
source, and the diffractive chromatic dispersion of the metasurface lens [119, 255].
Resulting from this chromatic dispersion, the difference between the focal distance
at the side wavelengths of 595 nm and 605 nm (corresponding to the measurement
bandwidth) is about 20 wm. This causes a significant portion of the total light power

to be out of focus in each plane around the focal distance.
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Figure 3.19: Characterization of the metasurface lens. (a) SEM image of a
portion of the fabricated DW-ML. Inset: Optical image of a few fabricated lenses.
Scale bar: 2 mm. (b) Measured light intensity in the axial (left) and focal (right)
planes for x-polarized 822-nm illumination. (c) Same results as b for a y-polarized
light source with a center wavelength of 600 nm and FWHM of approximately
10 nm.

To measure the focusing efficiency, we used the setup shown in Fig. 3.A6b. To block
the out-of-focus light, irises with ~1.1 mm and ~0.55 mm diameters (for 822 nm
and 600 nm wavelengths, respectively) were placed in front of the photodetector in
the image plane of the microscope. These correspond to 10-um and 5-um diameter
apertures in the focal plane of the DW-ML, respectively. The focusing efficiencies,
defined as the ratio of the power passing through the irises to the total incident
power, were measured to be 61% and 27% at 822 nm and 600 nm, respectively. We
should mention here that the 10-nm bandwidth of the 600-nm measurement source

resulted in the reduced measured efficiency through the enhanced depth of focus.

The measured 27% "broadband" efficiency would correspond to a single-wavelength
efficiency of ~45% around 600 nm (see Appendix 3.3 for discussion and simulation

results of the efficiency).

Finally, we characterized the operation of the DW-ML by using it as the objective

in a TPM for imaging a fluorophore-coated polyethylene microsphere ~90 um in

diameter (see Appendix 3.3 and Fig. 3.A4 for the microscope setup and details).

3.20a shows a regular image of the microsphere captured with the conventional
objective. The two-photon fluorescent images captured by the DW-ML and the

conventional objective are shown in Figs. 3.20b and 3.20c¢, respectively.

The two images are qualitatively similar and almost all fluorescent clusters visible
in Fig. 3.20c¢ can also be seen in Fig. 3.20b. The exact focal planes in the two

setups might be slightly different, and this may account for some of the discrepancies
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Figure 3.20: TPM with the DW-ML. (a) Regular microscope image of a fluores-
cent polyethylene microsphere. (b) Two-photon fluorescent microscope image
of the microsphere in a captured using the DW-ML, and (c) captured using a
conventional refractive objective. Scale bars: 10 um.

between the two images. In addition, there are some important differences that are
innate to the use of the DW-ML. The collected photon count is about 15X lower for
the DW-ML (the colormaps in Figs. 3.20b and 3.20c are in the same unit), while the
excitation beam power for the DW-ML was ~4.7x larger than for the conventional
objective. A few factors contribute to the effectively lower efficiency of the DW-ML
for the combined excitation—collection process. First, the excitation efficiency is
lower because of the lower focusing efficiency of the DW-ML at 820 nm (~61%). The
collection efficiency is also limited by the 45% focusing efficiency close to 605 nm.
For the unpolarized light emitted by the fluorophores, the collection efficiency is
reduced to half of this value (~22.5%). In addition, the chromatic dispersion of the
DW-ML results in lower peak intensity in focus, which further reduces the two-photon
fluorescence rate (see Appendix 3.3). Finally, the broad emission bandwidth of
the fluorescence emission and the chromatic dispersion result in a lower collection
efficiency, arising from the emitting molecule being out-of-focus because it has a

wavelength other than 605 nm.

As discussed above, a few different factors determine the efficiency of TPM with the
DW-ML. The single-wavelength focusing efficiencies at the excitation and emission

spectra limit the collected power. As previously demonstrated [137], using a high-
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index material with lower loss that has a larger index contrast with the capping
layer results in higher focusing efficiencies. Moreover, employing more advanced
optimization and design methods [256] can help realize higher focusing efficiencies.
The diffractive chromatic dispersion of the DW-ML is another factor that decreases
both the peak excitation intensity and the collection efficiency. We should note that
the absolute value of chromatic dispersion (that is the absolute change in the focal
distance for a given change in the operation wavelength) is linearly proportional
to the focal distance. Therefore, a metasurface lens with the same NA but shorter
focal distance has a wider operation bandwidth [139]. Moreover, the resolution and
the collection efficiency only depend on the numerical aperture, not the absolute
physical aperture size or the focal distance. Therefore, metasurface lenses are more
suited for two-photon applications with shorter focal distances and smaller apertures
(keeping the NA constant). Such characteristics are very attractive for miniaturized
TPMs [242-247]. Moreover, the ability to independently control the function of the
DW-ML at the two operation wavelengths allows for integration of the lens and the
dichroic mirror in the same device. One method of implementing this is through
separating the excitation and collection paths by designing the lens to collimate the
emitted light in an off-axis direction. This can further reduce the total weight, size,

complexity, and cost of the TPM.

The DW-ML can be tuned using various techniques [36, 140, 248, 257] to enable axial
scanning for fast three-dimensional scanning. In addition, the singlet DW-ML has
large off-axis geometric aberrations that limit its field of view significantly. To mitigate

this problem, the corrected metasurface doublet scheme can be employed [139, 169].

Most fluorophores have higher emission efficiency if the two-photon excitation
wavelength is slightly shorter than twice their emission spectrum peak. However, it
is very challenging to design high efficiency DW-MLs where the two wavelengths
are far apart using the birefringent meta-atoms utilized here. In such cases the
meta-molecule method [135], the spatial multiplexing technique [136, 181, 258], or

the topological optimization method [256] might be more promising.

In conclusion, we used the birefringent dichroic dielectric metasurface platform
to realize a DW-ML. Using the DW-ML as the objective lens, we demonstrated
TPM with image qualities comparable to a conventional microscope objective. The
effect of the large diffractive chromatic dispersion of the DW-ML was considered
and discussed. As a proof of concept, this work demonstrates the capabilities and

limitations of the dielectric metasurface platform in multi-photon microscopy. With
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the great interest in the development of more compact TPMs, we believe metasurfaces

can play a significant role in this field.

Appendix 3.1: Additional information and discussion for meta-molecule based
devices

Simulation. To find the transmission amplitude and phase of a multi-element
metasurface, the RCWA technique was used [217]. A normally incident plane wave
at each wavelength was used as the excitation, and the amplitude and phase of the
transmitted wave were extracted. Since the lattice is subwavelength for normal
incidence at both wavelengths, only the zeroth order diffracted light is nonzero. This
justifies the use of only one transmission value at each wavelength to describe the
behavior of meta-molecules. The lattice constant was chosen as 720 nm, and the
a-Si posts were 718-nm tall. Refractive indices of 3.56 and 3.43 were assumed for

a-Si at 915 nm and 1550 nm, respectively.

The paraxial focal distance of the two lenses were calculated to be 286 um and 495 um
for the lenses that focus light from the fiber to 400 um and 1000 um, respectively, by
fitting a parabola to the phase profiles of the lenses. For a fitted parabola y = ax?,
the paraxial focal distance can be calculated using f = 27/2aA. The corresponding

numerical apertures can then found to be 0.46 and 0.29 for the two lenses.

The perfect phase mask (that also served as the goal phase profile for the designed
devices) was calculated from the illuminating field and the aspherical desired phase
profile using the method described in supplementary information of [67]. The
illuminating field was calculated by propagating the output fields of single mode
fibers at each wavelength using the plane wave expansion (PWE) method up to the
metasurface layer. The perfect phase mask was then applied to the field, and the result
was propagated using the PWE method to the focal point. The diffraction-limited
FWHM was then calculated from the intensity profile at the focal plane.

Full wave simulation of a full lens was done using FDTD in MEEP [234]. A lens with
a diameter of 75 um and a focal length of 100 um was designed with the same method
as the fabricated device. The lens focuses the light emitted from a single mode fiber
(with mode diameters of 10.4 pm at 1550 nm and 6 um at 915 nm) placed 150 um
away from a 125 um thick fused silica substrate (all of the geometrical dimensions
were chosen 4 times smaller than the values for the experimentally measured device).
The distances to fibers were chosen such that more than 99% of the total power

emitted by the fiber passes through the lens aperture. At both wavelengths, the light
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from the fibers was propagated through air, air-glass interface, and through glass up
to a plane about a wavelength before the metasurface using a PWE code. Electric and
magnetic field distributions at this plane were used as sources for FDTD simulation
of the lenses, and fields were calculated at about a wavelength after the metasurface
using MEEP. The PWE code was used again to further propagate these fields to the
focal plane and beyond [Figs. 3.4d]. The focusing efficiencies were calculated by
dividing the power in a 20-um-diameter disk around the focus, to the total power

incident on the lens.

Sample fabrication. A 718-nm-thick hydrogenated a-Si layer was deposited on a
fused silica substrate using the PECVD technique with a 5% mixture of silane in
argon at 200 °C. An EBPG5000+ EBL system was used to define the metasurface
pattern in the ZEP-520A positive resist (~300 nm, spin coated at 5000 rpm for 1
minute). The pattern was developed in a resist developer for 3 minutes (ZED-N50
from Zeon Chemicals). An approximately 100-nm-thick Al,O3 layer was deposited
on the sample using electron beam evaporation, and was lifted off reversing the
pattern. The patterned Al,O3 hard mask was then used to dry etch the @-Si layer in a
3:1 mixture of SFg and C4Fg plasma. After etching, the mask was removed using a

1:1 solution of ammonium hydroxide and hydrogen peroxide at 80° C.

Measurement procedure. Devices were measured using a fiber placed ~1100 um
away from the metasurface (500 wm substrate thickness plus 600 um distance between
the fiber and the substrate), and a custom built microscope with ~ X100 magnification
(Fig. 3.A1). At 915 nm, a fiber coupled semiconductor laser with a single mode
fiber with an angled polished connector was used for illumination. Fiber tip angle
was adjusted to correct for the angled connector cut. A X100 objective lens (x100
UMPIlanFI NA=0.95, Olympus) and a tube lens (AC254-200-B-ML, Thorlabs) with
a focal distance of 20 cm were used to image intensity at planes of interest to a CCD
camera (CoolSNAP K4, Photometrics). A calibration sample with known feature
sizes was measured to find the pixel-size transferred to the object plane. The objective
was moved with a translation stage to image different planes around the focus. The
plotted axial plane intensities are upsampled 2:1 in the axial direction (4 um adjacent
measurement planes distance to 2 um) to achieve a smoother graph. For focusing
efficiency measurement at 915 nm, a 20-um-diameter pinhole was placed in the focal
plane of the metasurface lens to only let the focused light pass through. The pinhole
was made by wet etching a 20 um hole in a thick layer of chrome deposited on a
fused silica substrate. A power meter (PM 100D, with photodetector head S122C,
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Thorlabs) was then used to measure the power after the pinhole, and the output power
of the fiber. The efficiency was calculated as the ratio of these two powers. The
reported measured efficiency is therefore a lower bound on the actual efficiency as
it does not include reflection from the substrate, and two reflections from the two
sides of the pinhole glass substrate. A similar setup was used for measurements at
1550 nm: a tunable 1550 nm laser (Tunics-Plus, Photonetics) was used with a single
mode fiber for illumination. The same x100X objective was used with a 20-cm tube
lens (AC254-200-C-ML, Thorlabs) to image the intensity in the object plane to a
camera (Digital CamIR 1550, Applied Scintillation Technologies). The camera has
a significantly non-uniform sensitivity for different pixels which leads to high noise
level of the images captured by the camera (as seen in Fig. 3.4b). The nonphysical
high frequency noise of the images (noise with frequencies higher than twice the
free space propagation constant) was removed numerically to reduce the noise in
the axial intensity patterns. The intensity pattern was also upsampled in the axial
direction from the actual 4 um distance between adjacent measurement planes, to
2 um to achieve a smoother intensity profile. To find the focused power, the focal
plane of the lens was imaged using the microscope to a photodetector. A 2-mm iris
in the image plane (corresponding to 20 wm in the object plane) was used to limit the
light reaching the photodetector. The input power was measured by imaging the fiber
facet to the photodetector using the same setup and without the iris. The efficiency

was obtained by dividing the focused power by the input power.

Discussion of deflection efficiency of blazed gratings designed with the proposed
meta-molecule platform. To understand the reasons behind the low efficiency of
the lenses at 915 nm, two double wavelength blazed gratings were designed using
the proposed meta-molecule scheme. One grating with a small deflection angle
(5 degrees) and another one with a larger angle (20 degrees) were simulated at 915 nm
using MEEP, and power loss channels were analyzed in both cases (Fig. 3.A3). Both
gratings were chosen to be 2 meta-molecules wide in the y direction, so that periodic
boundary conditions in this direction can be used in FDTD. The 5-degree grating
is 322 lattice constants long in the x direction, while the 20-degree one is 146
lattice constants. The lengths are chosen such that the grating phases at 915 nm
and 1550 nm are both almost repeated after the chosen lengths [Fig. 3.A3a]. An
x-polarized plane-wave normally incident from the fused silica side was used as
excitation in both simulations, and the transmitted and reflected electric and magnetic
field intensities were calculated about a wavelength apart from the meta-molecules.

The transmitted fields were further propagated using a plane wave expansion program,
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and the resulting fields in an area of length 30 wm around the center can be seen in
Figs. 3.A3b and 3.A3c for 5-degree and 20-degree gratings, respectively. The field
distributions outside of the areas shown here look similar to the ones shown. In both
cases, a dominant plane wave propagating in the design direction is observed, along
with some distortions. Angular distribution of power in transmission and reflection is
analyzed using the Fourier transform of the fields. The resulting power distributions
are shown in Figs. 3.A3d and 3.A3e for 5 degrees and 20 degrees, respectively.
While the average power transmission of meta-molecules used in both gratings (found
from the data in Fig. 3.2e) is slightly above 73%, only 36% and 22% of the incident
power is directed to 5 and 20 degrees for the corresponding gratings. The actual total
transmitted powers are 56% and 50% for the 5- and 20-degree gratings, showing
that an additional ~20% of the power gets reflected as a result of the introduced
aperiodicity. Because of the relatively large lattice constant, even a small aperiodicity
can result in generation of propagating modes in the substrate, thus the reflection
is considerably higher for the gratings than for a perfectly periodic lattice. From
the 56% transmitted power in the 5 degree grating, 20% is lost to diffraction to
other angles. From Figs. 3.A3b and 3.A3c we can see there are distortions in the
transmitted field. These distortions, mainly due to the low transmission amplitude of
some of the meta-molecules and their phase errors, result in the transmitted power
being diffracted to other angles. Also, it is seen that power loss to other angles both
in reflection and transmission is higher for larger grating angles. This is due to the
need for finer sampling of the wave front for waves with steeper angles. The lower
efficiency for gratings with larger angles results in lower efficiency of lenses with

higher numerical apertures which need bending light with larger angles.



77

Appendix 3.2: Supporting figures for meta-molecule based devices
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Figure 3.A1: Measurement setups. (a) Schematic of the measurement setup
used to capture the focus pattern and the intensity distribution in different planes
around focus. The laser source, fibers, tube lens, and camera were different
in the 915-nm and 1550-nm measurements. (b) The measurement setup for
measuring the efficiency of the lenses at 915 nm using a 20-um pinhole in
the focal plane. (c) The setup for measuring focusing efficiency of the lens at
1550 nm using a 2-mm iris in the image plane of a ~ X100 microscope.

Appendix 3.3: Additional information and discussion for TPM

Simulation. The transmission amplitude and phase of the nano-posts [Fig. 3.A5]
were acquired by simulating a uniform array of nano-posts on a square lattice using
the RCWA technique [217]. The p-Si nano-posts were 407 nm tall, the lattice constant
was 310 nm, and the refractive index of p-Si was 3.7231+0.0078i at 820 nm, and
3.9984+0.0282i at 605 nm. For the SU-8 layer, we used refractive index values of
1.58 and 1.595 at 820 nm and 605 nm, respectively. A normally incident plane-wave

was used as the excitation.

Sample fabrication. A 458-nm thick layer of hydrogenated @-Si was deposited
on a 1-mm-thick fused silica substrate using PECVD. The layer was then annealed

in a furnace to form the 407-nm-thick p-Si layer. The metasurface patterns were
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Figure 3.A2: Measurement and simulation results for the lenses with a lower
NA. (a) and (b) Measured intensity in the focal plane of a double wavelength
lens (1000-um focal length, 300-um diameter) at 915 nm a, and 1550 nm b.
At 915 nm the lens actually focuses the light 980 um away from its surface, so
the focal spot shown here is imaged at ~980 um away from the surface. The
error in focal distance is probably due to the approximation made in the mode
diameter of the fiber (see Fig. 3.A1S1), which affects the focusing distance of
a low-NA lens more than that of a high-NA lens. (c) Intensity measured in the
axial planes of the lens for 915 nm. (d) The same axial plots for 1550 nm. (e)
and (f) Simulated focal plane intensity of a lens with the same NA as the one
shown in (a—d) but with a diameter of 75 um at wavelengths of 915 nm (e),
and 1550 nm (f). (g) and (h) Simulated intensity profiles in the axial planes at
915 nm and 1550 nm, respectively, calculated for the same lens described in e.
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Figure 3.A3: Double wavelength blazed gratings based on the meta-molecule
design. (a) Schematic of the simulated grating. The 5 degree grating is 322 meta-
molecules long, while the 20-degree one is 146 meta-molecules long. Periodic
boundary conditions were used in side boundaries and perfectly matched layers
were used to terminate the simulation domain in top and bottom directions. (b)
and (c) Real part of the electric field a few wavelengths after the 5-degree b, and
20-degree c gratings. (d) and (e) Distribution of transmitted and reflected power
in different angles for the 5-degree d, and 20-degree e gratings.
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generated with EBL in a positive electron-beam resist. An Al,O3 layer was deposited
on the generated pattern after development, and was used to reverse the pattern
through lift-off. The patterned Al,O3 layer was then used as a hard mask in the dry
etching process of the p-Si layer. Finally, a ~2-um-thick layer of SU-8 was spin
coated on the metasurface, and a gold aperture was deposited around the lens to

reduce the background light.

Measurement procedure. The setup in Fig. 3.A6 was used for the DW-ML
characterization measurements. A collimated beam was used to illuminate the
DW-ML and the intensity distribution was imaged at multiple planes around the
focal plane and parallel to it. These images were compiled to form the axial intensity
distribution profiles of Figs. 3.19b and 3.19¢. The two-photon image in Fig. 3.20b is
captured by replacing the objective lens in a TPM by the DW-ML. The DW-ML was
oriented in such a way that the excitation axis of the metasurface (corresponding to
the 820-nm wavelength) overlapped with the polarization direction of the excitation
laser. The details of the TPM are shown in Fig. 3.A4. Both the DW-ML and the
refractive objective are used to image a polyethylene microsphere about 90 um in
diameter and coated with a fluorophore (UVPMS-BR-0.995 10-90m um, Cospheric).

Effects of chromatic dispersion on efficiency. In this section we first study the
effect of the finite bandwidth of the light used to characterize the DW-ML at 605 nm.
Second, we estimate the effect of the bandwidth of the pulsed laser on the excitation
efficiency of the two-photon imaging. In both cases, we model the lens as a
transmission mask with constant amplitude and phase over the bandwidth. This
model results in an upper-bound for the efficiency, as it only takes the diffractive
chromatic dispersion into account, and overlooks the wavelength dependence of the

nano-posts over the bandwidth of the pulse.

To estimate the apparent reduction in measured efficiency due to the finite bandwidth
of the 600-nm source, we simulated the focusing of the DW-ML at 41 wavelengths
(580 nm to 620 nm, at 1-nm separations). This bandwidth was chosen to completely
cover the pass-band of the used filter. The simulation was performed through
modeling the DW-ML as a complex transmission mask, and propagating the fields
after the DW-ML using a PWE code. To get the total intensity in the focal plane,
the weighted intensities (using the transmission values of the bandpass filter) were
added for all the wavelengths. The integral of this total intensity in a disk with
a 5-um diameter was divided to the total power before the DW-ML to achieve a

~38% focusing efficiency. In addition, we calculated the efficiency at the center
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wavelength of 600 nm to be ~63%. Therefore, we estimated the experimental single
wavelength focusing efficiency to be ~45%. As expected from our previous work,
the experimental focusing efficiency at the shorter wavelength is more sensitive to

fabrication errors [137].

The excitation efficiency in the two-photon process is proportional to the intensity
squared. To estimate the ratio of the peak intensity squared for the DW-ML and the
conventional objective lens, we simulated both cases using the method explained
above. We modeled the DW-ML by its transmission mask at 820 nm, and modeled the
objective as a perfect aspheric phase mask. The pulsed laser has a $120 fs width, and
assuming a bandwidth-limited Gaussian pulse, we find that it has a 9 nm bandwidth.
We calculated the electric field distribution in the focal plane for both the DW-ML
and the conventional objective for all the wavelengths. Since the exact waveform
of the pulse after passing through the setup is not known, we calculated the peak
intensity ratio in two extreme cases. First, we assumed that all different wavelengths
add up in phase in the focal plane (corresponding to a case with the shortest possible
pulse width and the largest peak-to-average power ratio). Second, we assumed that
the pulse is completely broadened (with a peak-to-average power ratio of one). To
model this, we added the simulated intensities of different wavelengths in the focal
plane. With equal input powers for the DW-ML and the conventional objective, the
peak intensity ratios in the two cases were ~12.7 and ~4.9, respectively. In reality,
the ratio must be between these two values because the pulse reaching the focal point

is broadened due to dispersion, yet it’s not completely incoherent.

Using these pieces of data, we can estimate the contribution of different factors to the
lower excitation-collection efficiency of the DW-ML compared to the conventional
objective. As observed in Figs. 3.20b and 3.20c, the collected power with the
DW-ML is about 0.06 of the collected power with the objective. In addition, the
excitation laser power with the DW-ML is about 4.7 times larger than the objective.
The collected power is proportional to the peak excitation intensity squared, and the
collection efficiency. Therefore we can write
P s P

IP
OL \2
PCol ~ __Col PExc IP )’ (31)
DW-ML Tpw-ML ‘Dw-ML ‘DW-ML

where the subscripts determine the utilized lens (OL denoting the conventional
objective lens), Col and Exc denote collection and excitation, and 17 is the peak

intensity for the lenses calculated with equal excitation powers. Using this equation
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IP
and the 22.5% collection efficiency of the DW-ML, we can estimate the 2~ ratio
DW-ML

to be ~9.1. This ratio falls well within the 4.9-12.7 range that was calculated.

Appendix 3.4: Supporting figures for TPM
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Figure 3.A4: Schematics of the TPM setup. PLS: Pulsed laser source, Spectra-
Physics InSight DS +. GSM: Galvanometer scanning mirror, Cambridge Tech
6215H. SL: Scan lens f=54 mm, Thorlabs LSM54-1050. TL1: Tube lens
f=200 mm, Thorlabs ITL200. DMT1: Dichroic mirror, reflects >805 nm,
Thorlabs DMSP805L. DM2: Dichroic mirror, reflects 500-700 nm, Chroma
T600/200dcrb. OL: Objective lens 20x/NA=0.5, Zeiss EC Epiplan-Neofluar
(this objective is replaced by the DW-ML). CL1: Collection lens f=100 mm,
Thorlabs AC508-100. CL2: Collection lens f =50 mm, Thorlabs LA1119. CL3:
Collection lens f =30 mm, Thorlabs LA1085. SPF1: Short-pass filter <680 nm,
Chroma ET680SP-2P8. SPF2: Short-pass filter <700 nm, Thorlabs FESH0700.
PMT: Photomultiplier tube, Hamamatsu R3896. TL2: Tube lens f=75 mm,
Thorlabs AC508-075. Camera: AmScope HD205-WU. The camera is only used
to find the part of the sample that is of interest and bring it in focus.
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Figure 3.A5: Simulated transmission phase and amplitude of a uniform array
of nano-posts. (a) Simulated transmission phase of a uniform array of nano-posts
at 605 nm, and (b) at 820 nm. (c) Simulated transmission amplitude of a uniform
array of nano-posts at 605 nm, and (d) at 820 nm. Material loss contributes to

the lower transmittance at 605 nm.
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Figure 3.A6: Schematics of the setups used to characterize the DW-ML. (a)
Schematics of the setup used to capture the intensity distribution patterns of
Fig. 3.19. Laser: ~822-nm laser diode for measurements at 820 nm, and Fianium
WhiteLase Micro supercontinuum laser for characterization at 605 nm. BPF:
Band-pass filter with a center wavelength of ~600 nm and FWHM of 10 nm (used
only with the supercontinuum), Thorlabs FB600-10. LP: Linear polarizer, Thor-
labs LPVIS100-MP2. OL: Objective lens 100x/NA=0.95, Olympus UMPIlanFl.
TL: Tube lens f=20 cm, Thorlabs AC254-200-B-ML. Camera: Photometrics
Coolsnap K4. (b) Schematic of the setup used to measure the focusing efficiency
of the DW-ML. L;: Lens. f =200 mm, Thorlabs AC254-200-B-ML. OPD: Optical
power detector, Thorlabs PM100D with photodetector head Thorlabs S122C. L,
is only used to partially focus light such that it has a ~550-um FWHM at the
DW-ML plane. This way, more than 99% of the input light power passes through
the lens. The iris diameter is 1.1 mm for 820 nm and 0.55 mm at 605 nm.




85
Chapter 4

CONTROLLING THE DIFFRACTIVE CHROMATIC
DISPERSION WITH METASURFACES

The material in this chapter was in part presented in [119].

Diffraction gratings disperse light in a rainbow of colors with the opposite order than
refractive prisms, a phenomenon known as negative dispersion. While refractive
dispersion can be controlled via material refractive index, diffractive dispersion is
fundamentally an interference effect dictated by geometry. In this chapter, we show
that this fundamental property can be altered using dielectric metasurfaces, and we
experimentally demonstrate diffractive gratings and focusing mirrors with positive,
zero, and hyper negative dispersion. These optical elements are implemented using a
reflective metasurface composed of dielectric nano-posts that provide simultaneous
control over phase and its wavelength derivative. In addition, as the first practical
application, we demonstrate a focusing mirror that exhibits a fivefold reduction
in chromatic dispersion, and thus an almost three-times increase in operation
bandwidth compared to a regular diffractive element. This concept challenges the
generally accepted dispersive properties of diffractive optical devices and extends

their applications and functionalities.

4.1 Introduction

Most optical materials have positive (normal) dispersion, which means that the
refractive index decreases at longer wavelengths. As a consequence, blue light
is deflected more than red light by dielectric prisms [Fig. 4.1a]. The reason why
diffraction gratings are said to have negative dispersion is because they disperse
light similar to hypothetical refractive prisms made of a material with negative
(anomalous) dispersion [Fig. 4.1b]. For diffractive devices, dispersion is not related
to material properties, and it refers to the derivative of a certain device parameter with
respect to wavelength. For example, the angular dispersion of a grating that deflects
normally incident light by a positive angle 6 is given by d9/dA = tan(6)/A (see [219]
and Appendix 4.2). Similarly, the wavelength dependence of the focal length (f) of
a diffractive lens is given by df/dAd = —f /A [23, 219]. Here we refer to diffractive
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devices that follow these fundamental chromatic dispersion relations as "regular".
Achieving new regimes of dispersion control in diffractive optics is important both
at the fundamental level and for numerous practical applications. Several distinct
regimes can be differentiated as follows. Diffractive devices are dispersionless
when the derivative is zero (i.e., d§/d4 = 0, df/dA = 0 shown schematically in
Fig. 4.1c), have positive dispersion when the derivative has opposite sign compared
to a regular diffractive device of the same kind (i.e., d9/d1 < 0, df/dAd > 0) as
shown in Fig. 4.1d, and are hyper-dispersive when the derivative has a larger absolute
value than a regular device (i.e., |[d8/dA| > |tan(6)/2], |df/dA| > | — f/A4]) as seen
in Fig. 4.1e. Here we show that these regimes can be achieved in diffractive devices

based on optical metasurfaces.

Similar to other diffractive devices, metasurfaces that locally change the propaga-
tion direction (e.g., lenses, beam deflectors, holograms) have negative chromatic
dispersion [23, 135, 219, 259]. This is because most of these devices are divided in
Fresnel zones whose boundaries are designed for a specific wavelength [135, 233],
as discussed in 3. This chromatic dispersion is an important limiting factor in many
applications and its control is of great interest. Metasurfaces with zero and positive
dispersion would be useful for making achromatic singlet and doublet lenses, and the
larger-than-regular dispersion of hyper-dispersive metasurface gratings would enable
high resolution spectrometers. We emphasize that the devices with zero chromatic
dispersion discussed here are fundamentally different from the multiwavelength
metasurface gratings and lenses recently reported [74, 135-137, 181, 227-229,
233, 235, 260], similar to the ones discussed in 3. Multiwavelength devices have
several diffraction orders, which result in lenses (gratings) with the same focal length
(deflection angle) at a few discrete wavelengths. However, at each of these focal
distances (deflection angles), the multi-wavelength lenses (gratings) exhibit the
regular negative diffractive chromatic dispersion (see [135, 233], Appendix 4.2 and
Fig. 4.A1).

4.2 Theory

Here we argue that simultaneously controlling the phase imparted by the meta-
atoms composing the metasurface (¢) and its derivative with respect to frequency
w (¢ = 0¢/0w which we refer to as chromatic phase dispersion or dispersion
for brevity) makes it possible to dramatically alter the fundamental chromatic

dispersion of diffractive components. This, in effect, is equivalent to simultaneously
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Figure 4.1: Schematic illustrations of different dispersion regimes. (a) Positive
chromatic dispersion in refractive prisms and lenses made of materials with
normal dispersion. (b) Regular (negative) dispersion in typical diffractive and
metasurface gratings and lenses. (c) Schematic illustration of zero, (d) positive,
and (e) hyper dispersion in dispersion-controlled metasurfaces. Only three wave-
lengths are shown here, but the dispersions are valid for any other wavelength in
the bandwidth. The diffractive devices are shown in transmission mode for ease
of illustration, while the actual devices fabricated in this chapter are designed to
operate in reflection mode.
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controlling the "effective refractive index" and "chromatic dispersion" of the meta-
atoms. We have used this concept to demonstrate metasurface focusing mirrors
with zero dispersion [261] in NIR. Using the concept introduced in [261], here we
experimentally show metasurface gratings and focusing mirrors that have positive,
zero, and hyper chromatic dispersions. We also demonstrate an achromatic focusing
mirror with a highly diminished focal length chromatic dispersion, resulting in an

almost three-times increase in its operation bandwidth.

o +(f2+r2)°5/c
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Figure 4.2: Phase and group delays in focusing. Schematics of focusing of a light
pulse to the focal distance of a flat lens. The E vs ¢ graphs show schematically
the portions of the pulse passing through the center and at a point at a distance r
away from center both before the lens, and when arriving at focus. The portions
passing through different parts of the lens should acquire equal group delays
and arrive at the focal point in phase for dispersionless operation.

First, we consider the case of devices with zero chromatic dispersion. In general
for truly frequency independent operation, a device should impart a constant delay
for different frequencies (i.e., demonstrate a true time delay behavior), similar to
a refractive device made of a non-dispersive material [219]. Therefore, the phase

profile will be proportional to the frequency:
o(x, y;w) = wT(x,y), 4.1)

where w = 27r¢/A is the angular frequency (A: wavelength, c: speed of light) and

T(x, y) determines the function of the device (for instance T'(x, y) = —x sin 6y/c for
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Figure 4.3: Required phase and group delays and simulation results of
dispersion-engineered metasurfaces based on hypothetical meta-atoms. (a)
Required values of group delay for gratings with various types of chromatic dis-
persion. The dashed line shows the required phase delay for all devices, which
also coincides with the required group delay for the dispersionless gratings. The
gratings are ~90 um wide, and have a deflection angle of 10 degrees in their
center wavelength of 1520 nm. (b) Required values of group delay for aspheric
focusing mirrors with various types of chromatic dispersion. The dashed line
shows the required phase delay for all devices. The mirrors are 240 um in diam-
eter, and have a focal distance of 650 um at their center wavelength of 1520 nm.
(o) Simulated deflection angles for gratings with regular, zero, positive, and hyper
dispersions. The gratings are 150 um wide and have a 10-degree deflection
angle at 1520 nm. (d) Simulated focal distances for metasurface focusing mirrors
with different types of dispersion. The mirrors are 500 um in diameter and
have a focal distance of 850 um at 1520 nm. All gratings and focusing mirrors
are designed using hypothetical meta-atoms that provide independent control
over phase and dispersion (see Appendix 4.1 for details). (e) Intensity in the
axial plane for the focusing mirrors with regular negative, (f) zero, (g) positive,
and (h) hyper dispersions plotted at three wavelengths (see Fig. 4.A3 for other

wavelengths).
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a grating that deflects light by angle 6y; T'(x, y) = —m /c for a spherical-
aberration-free lens with a focal distance f). Since the phase profile is a linear function
of w, it can be realized using a metasurface composed of meta-atoms that control
the phase ¢(x, y; wg) = T(x, y)wo and its dispersion ¢’ = d@(x, y; w)/0w = T(x, y).
The bandwidth of dispersionless operation corresponds to the frequency interval
over which the phase locally imposed by the meta-atoms is linear with frequency w.
For gratings or lenses, a large device size results in a large |7'(x, y)|, which means
that the meta-atoms should impart a large phase dispersion. Since the phase values
at the center wavelength 1y = 27¢/wgo can be wrapped into the 0 to 2x interval,
the meta-atoms only need to cover a rectangular region in the phase-dispersion
plane bounded by ¢ = 0 and 2 lines, and ¢’ = 0 and ¢/, lines, where ¢y, is the
maximum required dispersion which is related to the device size (see Appendix 4.5
and Fig. 4.A2). The required phase-dispersion coverage means that, to implement
devices with various phase profiles, for each specific value of the phase we need

various meta-atoms providing that specific phase, but with different dispersion values.

Considering the simple case of a flat dispersionless lens (or focusing mirror) with
radius R, we can get some intuition to the relations found for phase and dispersion.
Dispersionless operation over a certain bandwidth Aw means that the device should
be able to focus a transform limited pulse with bandwidth Aw and carrier frequency
wo to a single spot located at focal length f [Fig. 4.2]. To implement this device,
part of the pulse hitting the lens at a distance r from its center needs to experience a
pulse delay (i.e., group delay 7, = d¢/dw) smaller by (\/r? + f% — f)/c than part
of the pulse hitting the lens at its center. This ensures that parts of the pulse hitting
the lens at different locations arrive at the focus at the same time. Also, the carrier
delay (i.e., phase delay t, = ¢(wp)/wo) should also be adjusted so that all parts of
the pulse interfere constructively at the focus. Thus, to implement this phase delay
and group delay behavior, the lens needs to be composed of elements, ideally with
sub-wavelength size, that can provide the required phase delay and group delay
at different locations. For a focusing mirror, these elements can take the form of
sub-wavelength one-sided resonators, where the group delay is related to the quality
factor Q of the resonator (see Appendix 4.7) and the phase delay depends on the
resonance frequency. We note that larger group delays are required for lenses with
larger radius, which means that elements with higher quality factors are needed. If
the resonators are single mode, the Q imposes an upper bound on the maximum
bandwidth Aw of the pulse that needs to be focused. The operation bandwidth can

be expanded by using one-sided resonators with multiple resonances that partially
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overlap. As we will show later in the chapter, these resonators can be implemented

using silicon nano-posts backed by a reflective mirror.

To realize metasurface devices with non-zero dispersion of a certain parameter £(w),

phase profiles of the following form are needed:

$(x, y;w) = WT(x, y, §(w)). (4.2)

For instance, the parameter £(w) can be the deflection angle of a diffraction grating
6(w) or the focal length of a diffractive lens f(w). As we show in the Appendix 4.4,
to independently control the parameter £(w) and its chromatic dispersion 9¢/dw
at w = wyp, we need to control the phase dispersion at this frequency in addition to
the phase. The required dispersion for a certain parameter value & = £(wy), and a
certain dispersion 0¢/0w|,=w, is given by:

I¢(x, y; w)
ow

T (x,y,£)
o0&

This dispersion relation is valid over a bandwidth where a linear approximation of

|w=w0 = T()C, Y, é:O) + af/aw|w=w()w0 |§=f()' (43)

&(w) is valid. One can also use Fermat’s principle to get similar results to Eq. 4.3 for

the local phase gradient and its frequency derivative (see Appendix 4.6).

We note that discussing these types of devices in terms of phase ¢(w) and phase
dispersion d¢ /0w, which we mainly use in this chapter, is equivalent to using the
terminology of phase delay (z, = ¢(wp)/wop) and group delay (f, = 0¢/dw). The
zero dispersion case discussed above corresponds to a case where the phase and group
delays are equal. Figures 4.3a and 4.3b show the required phase and group delays for
blazed gratings and focusing mirrors with various types of dispersion, demonstrating
the equality of phase and group delays in the dispersionless case. In microwave-
photonics, the idea of using sets of separate optical cavities for independent control
of the phase delay of the optical carrier, and group delay of the modulated RF signal
has previously been proposed [262] to achieve dispersionless beam steering and
resemble a true time delay system over a narrow bandwidth. For all other types of
chromatic dispersion, the phase and group delays are drastically different, as shown
in Figs. 4.3a and 4.3b.

Assuming hypothetical meta-atoms that provide independent control of phase and
dispersion up to a dispersion of —150 Rad/um (to adhere to the commonly used
convention, we report the dispersion in terms of wavelength) at the center wavelength
of 1520 nm, we have designed and simulated four gratings with different chromatic

dispersions (see Appendix 4.1 for details). The simulated deflection angles as
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functions of wavelength are plotted in Fig. 4.3¢. All gratings are 150 um wide,
and have a deflection angle of 10 degrees at their center wavelength of 1520 nm.
The positive dispersion grating exhibits a dispersion equal in absolute value to the
negative dispersion of a regular grating with the same deflection angle, but with an
opposite sign. The hyper-dispersive design is three-times more dispersive than the
regular grating, and the dispersionless beam deflector shows almost no change in its
deflection angle. Besides gratings, we have also designed focusing mirrors exhibiting
regular, zero, positive, and hyper dispersions. The focusing mirrors have a diameter
of 500 wm and a focal distance of 850 um at 1520 nm. Hypothetical meta-atoms with
a maximum dispersion of —200 Rad/um are required to implement these focusing
mirror designs. The simulated focal distances of the four designs are plotted in
Fig. 4.3d. The axial plane intensity distributions at three wavelengths are plotted in
Figs. 4.3e—4.3h (for intensity plots at other wavelengths see Fig. 4.A3). To relate
to our previous discussion of dispersionless focusing mirrors depicted in Fig. 4.2, a
focusing mirror with a diameter of 500 um and a focal distance of 850 um would
require meta-atoms with a maximum group delay of ~24 Ay /c, with 4p=1520 nm. To
implement this device we used hypothetical meta-atoms with maximum dispersion
of ~-100 Rad/wm which corresponds to a group delay of ~24 1y/c. The hypothetical
meta-atoms exhibit this almost linear dispersion over the operation bandwidth of
1450 nm to 1590 nm.

4.3 Metasurface design

An example of meta-atoms capable of providing 0 to 27 phase coverage and different
dispersions is shown in Fig. 4.4a. The meta-atoms are composed of a square cross-
section @-Si nano-post on a low refractive index silicon dioxide (SiO;) spacer layer
on an aluminum reflector that play the role of the multi-mode one sided resonators
mentioned above. They are located on a periodic square lattice [Fig. 4.4a, middle].
The simulated dispersion versus phase plot for the meta-atoms at the wavelength
of 1o = 1520 nm is depicted in Fig. 4.4b, and shows a partial coverage up to the
dispersion value of ~ —100 Rad/um. The nano-posts exhibit several resonances
which enable high dispersion values over the 1450 nm to 1590 nm wavelength range.
The meta-atoms are 725 nm tall, the SiO; layer is 325 nm thick, the lattice constant
is 740 nm, and the nano-post side length is varied from 74 to 666 nm at 1.5 nm
steps. Simulated reflection amplitude and phase for the periodic lattice are plotted in

Figs. 4.4¢ and 4.4d, respectively. The reflection amplitude over the bandwidth of
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Figure 4.4: High-dispersion silicon meta-atoms. (a) A meta-atom composed of
a square cross-section a-Si nano-post on a silicon dioxide layer on a metallic
reflector. Top and side views of the meta-atoms arranged on a square lattice are
also shown. (b) Simulated dispersion versus phase plot for the meta-atom shown
in aat 4p =1520 nm. (c) Simulated reflection amplitude, and (d) phase as a
function of the nano-post side length and wavelength. The reflection amplitude
and phase along the dashed lines are plotted on the right. (e) and (f) Scanning
electron micrographs of the fabricated nano-posts and devices.
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interest is close to one for all nano-post side lengths. The operation of the nano-post
meta-atoms is best intuitively understood as truncated multi-mode waveguides with
many resonances in the bandwidth of interest [77, 125]. By going through the
nano-post twice, light can obtain larger phase shifts compared to the transmissive
operation mode of the metasurface (i.e., without the metallic reflector). The metallic
reflector keeps the reflection amplitude high for all sizes, which makes the use of
high quality factor resonances possible. As discussed before, high quality factor
resonances are necessary for achieving large dispersion values, because, as we have
shown in Appendix 4.7, dispersion is given by ¢’ ~ —Q/Ay, where Q is the quality

factor of the resonance.

Using the dispersion-phase parameters provided by this metasurface, we designed
four gratings operating in various dispersion regimes. The gratings are ~90 um
wide and have a 10-degree deflection angle at 1520 nm. They are designed to
operate in the 1450 to 1590 nm wavelength range, and have regular negative, zero,
positive, and hyper (three-times-larger negative) dispersion. Since the phase of the
meta-atoms does not follow a linear frequency dependence over this wavelength
interval [Fig. 4.4d, top right], we calculate the desired phase profile of the devices at 8
wavelengths in the range (1450 to 1590 nm at 20 nm steps), and form an 8x1 complex
reflection coefficient vector at each point on the metasurface. Using Figs. 4.4¢ and
4.4d, a similar complex reflection coefficient vector is calculated for each meta-atom.
Then, at each lattice site of the metasurface, we place a meta-atom whose reflection
vector has the shortest weighted Euclidean distance to the desired reflection vector
at that site. The weights allow for emphasizing different parts of the operation
bandwidth, and can be chosen based on the optical spectrum of interest or other
considerations. Here, we used an inverted Gaussian weight (exp((1 — 19)?/20°?%),
o = 300 nm), which values wavelengths farther away from the center wavelength
of 4p = 1520 nm. The same design method is used for the other devices discussed
in the chapter. The designed devices were fabricated using standard semiconductor
fabrication techniques as described in Appendix 4.1. Figures 4.4e and 4.4f show
scanning electron micrographs of the nano-posts, and some of the devices fabricated
using the proposed reflective meta-atoms. Figure 4.A6 shows the chosen post side
lengths and the required as well as the achieved phase and group delays for the
gratings with different dispersions. Required phases and the values provided by the

chosen nano-posts are plotted at three wavelengths for each grating in Fig. 4.A6.
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Figure 4.5: Simulation and measurement results of gratings in different dis-
persion regimes. (a) Simulated deflection angles for gratings with different
dispersions, designed using the proposed reflective meta-atoms. (b) Measured
deflection angles for the same grating. (c) Measured deflection efficiency for
the gratings under TE, and (d) TM illumination. (e)—(h) Comparison between
FDTD simulation results showing the intensity distribution of the diffracted wave
as a function of normalized transverse wave-vector (k,/ko, ko = 2n/Ay, and
Ao =1520 nm) and wavelength for different gratings, and the measured peak
intensity positions plotted with black stars. All simulations here are performed
with TE illumination. The green lines show the theoretically expected maximum
intensity trajectories.
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4.4 Experimental results

Figures 4.5a and 4.5b show the simulated and measured deflection angles for gratings,
respectively. The measured values are calculated by finding the center of mass of the
deflected beam 3 mm away from the grating surface (see Appendix 4.1 and Fig. 4.A8
for more details about the measurement). As expected, the zero-dispersion grating
shows an apochromatic behavior resulting in a reduced dispersion, the positive grating
shows positive dispersion in the ~1490—1550 nm bandwidth, and the hyper-dispersive
one shows an enhanced dispersion in the measurement bandwidth. This can also be
viewed from the grating momentum point of view: a regular grating has a constant
momentum set by its period, resulting in a constant transverse wave-vector. In
contrary, the momentum of the hyper-dispersive grating increases with wavelength,
while that of the zero and positive gratings decreases with it. This means that the
effective period of the non-regular gratings changes with wavelength, resulting in
the desired chromatic dispersion. Figures 4.5e—4.5h show good agreement between
simulated intensities of these gratings versus wavelength and transverse wave-vector
(see Appendix 4.1 for details) and the measured beam deflection (black stars). The
change in the grating pitch with wavelength is more clear in Fig. 4.A6, where the
required and achieved phases are plotted for three wavelengths. The green line is the
theoretical expectation of the maximum intensity trajectory. Measured deflection
efficiencies of the gratings, defined as the power deflected by the gratings to the
desired order, divided by the power reflected from a plain aluminum reflector (see
Appendix 4.1 and Fig. 4.A8 for more details) are plotted in Figs. 4.5¢ and 4.5d for
TE and TM illuminations, respectively. A similar difference in the efficiency of the
gratings for TE and TM illuminations has also been observed in previous works [67,
125].

As another example for diffractive devices with controlled chromatic dispersion, four
spherical-aberration-free focusing mirrors with different chromatic dispersions were
designed, fabricated and measured using the same reflective dielectric meta-atoms.
The mirrors are 240 um in diameter and are designed to have a focal distance
of 650 wm at 1520 nm. Figure 4.A7 shows the chosen post side lengths and the
required as well as the achieved phase and group delays for the focusing mirrors
with different dispersions. Figures 4.6a and 4.6b show simulated and measured focal
distances for the four focusing mirrors (see Figs. 4.A9, 4.A10, and 4.A11 for detailed
simulation and measurement results). The positive dispersion mirror is designed with

dispersion twice as large as a regular mirror with the same focal distance, and the
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Figure 4.6: Simulation and measurement results for focusing mirrors with dif-
ferent dispersion regimes. (a) Simulated focal distance for focusing mirrors with
different dispersions, designed using the reflective meta-atoms (see Fig. 4.A9
for axial plane intensity distributions). The mirrors are 240 um in diameter and
have a focal distance of 650 um at 1520 nm. (b) Measured focal distances of
the same focusing mirrors (see Figs. 4.A10 and 4.A11 for axial plane intensity
distributions). (c) Simulated and (d) measured focal distance deviation from
its design value of 850 um as a function of wavelength for the dispersionless
and regular mirrors (see Figs. 4.A12 and 4.A13 for extended simulation and
measurement results). (e) Measured efficiency for the regular and dispersionless
mirrors normalized to the efficiency of the regular device at its center wave-
length of 1520 nm. (f) Measured intensity in the axial plane of the dispersionless
metasurface mirror at five wavelengths (left). Intensity distributions measured in
the desired focal plane (i.e., 850 um away from the mirror surface) at the same
wavelengths are shown in the center, and their one dimensional profiles along
the x axis are plotted on the right. (g) Same plots as in f but for the regular mirror.
Scale bars: 2.
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hyper-dispersive mirror has a negative dispersion three and a half times larger than a
regular one. The zero dispersion mirror shows a significantly reduced dispersion,
while the hyper-dispersive one shows a highly enhanced dispersion. The positive

mirror shows the expected dispersion in the ~1470-1560 nm range.

As an application of diffractive devices with dispersion control, we demonstrate a
spherical-aberration-free focusing mirror with increased operation bandwidth. For
brevity, we call this device dispersionless mirror. Since the absolute focal distance
change is proportional to the focal distance itself, a relatively long focal distance
is helpful for unambiguously observing the change in the device dispersion. Also,
a higher NA value is preferred because it results in a shorter depth of focus, thus
making the measurements easier. Having these considerations in mind, we have
chosen a diameter of 500 um and a focal distance of 850 um (NA=0.28) for the
mirror, requiring a maximum dispersion of ¢;,,, ~ —98 Rad/um which is achievable
with the proposed reflective meta-atoms. We designed two dispersionless mirrors
with two o values of 300 and 50 nm. For comparison, we also designed a regular
metasurface mirror for operation at 49 = 1520 nm and with the same diameter and
focal distance as the dispersionless mirrors. The simulated focal distance deviations
(from the designed 850 wm) for the regular and dispersionless (o- = 300 nm) mirrors
are plotted in Fig. 4.6(c), showing a considerable reduction in chromatic dispersion
for the dispersionless mirror. Detailed simulation results for these mirrors are plotted
in Fig. 4.A12.

Figures 4.6d—4.6g summarize the measurement results for the dispersionless and
regular mirrors (see Appendix 4.1 and Fig. 4.A8 for measurement details and setup).
As Figs. 4.6d and 4.6g show, the focal distance of the regular mirror changes
almost linearly with wavelength. The dispersionless mirror, however, shows a highly
diminished chromatic dispersion. Besides, as seen from the focal plane intensity
measurements, while the dispersionless mirrors are in focus in the 850 um plane
throughout the measured bandwidth, the regular mirror is in focus only from 1500
to 1550 nm (see Figs. 4.A13 and 4.A 14 for complete measurement results, and the
Strehl ratios). Focusing efficiencies, defined as the ratio of the optical power focused
by the mirrors to the power incident on them, were measured at different wavelengths
for the regular and dispersionless mirrors (see Appendix 4.1 for details). The
measured efficiencies were normalized to the efficiency of the regular metasurface
mirror at its center wavelength of 1520 nm (which is estimated to be ~80%—90%

based on Fig. 4.4, measured grating efficiencies, and our previous works [67]). The
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normalized efliciency of the dispersionless mirror is between 50% and 60% in the
whole wavelength range and shows no significant reduction in contrast to the regular

metasurface mirror.

4.5 Discussion

The reduction in efficiency compared to a mirror designed only for the center
wavelength (i.e., the regular mirror) is caused by two main factors. First, the required
region of the phase-dispersion plane is not completely covered by the reflective
nano-post meta-atoms. Second, the meta-atom phase does not change linearly with
respect to frequency in the relatively large bandwidth of 140 nm as would be ideal for
a dispersionless metasurface. Both of these factors result in deviation of the phase
profiles of the demonstrated dispersionless mirrors from the ideal ones. Furthermore,
dispersionless metasurfaces use meta-atoms supporting resonances with high quality
factors, thus leading to higher sensitivity of these devices to fabrication errors

compared to the regular metasurfaces.

Equation 4.3 is basically a Taylor expansion of Eq. 4.2 kept to the first order. As a
result, this equation is accurate only over the range of linearity of the phase given
in Eq. 4.2. To increase the validity bandwidth, one can generalize the method to
keep higher order terms of the series. Another method to address this issue is the
Euclidean distance minimization method that was used in the design process of the

devices presented here.

In conclusion, we demonstrated that independent control over phase and dispersion
of meta-atoms can be used to engineer the chromatic dispersion of diffractive
metasurface devices over continuous wavelength regions. This is in effect similar to
controlling the "material dispersion" of meta-atoms to compensate, over-compensate,
or increase the structural dispersion of diffractive devices. In addition, we developed
a reflective dielectric metasurface platform that provides this independent control.
Using this platform, we experimentally demonstrated gratings and focusing mirrors
exhibiting positive, negative, zero, and enhanced dispersions. We also corrected the
chromatic aberrations of a focusing mirror resulting in a ~3 times bandwidth increase
(based on an Strehl ratio > 0.6, see Fig. 4.A14). In addition, the introduced concept
of metasurface design based on dispersion-phase parameters of the meta-atoms is
general and can also be used for developing transmissive dispersion engineered

metasurface devices.
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Appendix 4.1: Simulation, fabrication, and measurement details

Simulation and design. The gratings with different dispersions discussed in Fig. 4.3¢
were designed using hypothetical meta-atoms that completely cover the required
region of the phase-dispersion plane. We assumed that the meta-atoms provide 100
different phase steps from O to 27, and that for each phase, 10 different dispersion
values are possible, linearly spanning the 0 to —150 Rad/um range. We assumed
that all the meta-atoms have a transmission amplitude of 1. The design began
with constructing the ideal phase masks at eight wavelengths equally spaced in the
1450-1590 nm range. This results in a vector of eight complex numbers for the
ideal transmission at each point on the metasurface grating. The meta-atoms were
assumed to form a two dimensional square lattice with a lattice constant of 740 nm,
and one vector was generated for each lattice site. The optimum meta-atom for each
site was then found by minimizing the Euclidean distance between the transmission
vector of the meta-atoms and the ideal transmission vector for that site. The resulting
phase mask of the grating was then found through a two-dimensional interpolation of
the complex valued transmission coefficients of the chosen meta-atoms. The grating
area was assumed to be illuminated uniformly, and the deflection angle of the grating
was found by taking the Fourier transform of the field after passing through the phase
mask, and finding the angle with maximum intensity. A similar method was used to
design and simulate the focusing mirrors discussed in Figs. 4.3d—4.3h. In this case,
the meta-atoms are assumed to cover dispersion values up to =200 Rad/um. The
meta-atoms provide 21 different dispersion values distributed uniformly in the O to
—200 Rad/um range. The focusing mirrors were designed and the corresponding
phase masks were found in a similar manner to the gratings. A uniform illumination
was used as the source, and the resulting field after reflection from the mirror was
propagated in free space using a plane wave expansion method to find the intensity
in the axial plane. The focal distances plotted in Fig. 4.3d show the distance of the
maximum intensity point from the mirrors at each wavelength. The gratings and
focusing mirrors discussed in Figs. 4.5a, 4.6a, and 4.6¢ are designed and simulated
in exactly the same manner, except for using actual dielectric meta-atom reflection

amplitudes and phases instead of the hypothetical ones.

If the actual meta-atoms provided an exactly linear dispersion (i.e., if their phase
was exactly linear with frequency over the operation bandwidth), one could use the
required values of the phase and dispersion at each lattice site to choose the best
meta-atom (knowing the coordinates of one point on a line and its slope would suffice

to determine the line exactly). The phases of the actual meta-atoms, however, do not
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follow an exactly linear curve [Fig. 4.4d]. Therefore, to minimize the error between
the required phases, and the actual ones provided by the meta-atoms, we have used
a minimum weighted Euclidean distance method to design the devices fabricated
and tested in the chapter: at each point on the metasurface, we calculate the required
complex reflection at eight wavelengths (1450—1590 nm, at 20 nm distances). We also
calculate the complex reflection provided by each nano-post at the same wavelengths.
To find the best meta-atom for each position, we calculate the weighted Euclidean
distance between the required reflection vector, and the reflection vectors provided
by the actual nano-posts. The nano-post with the minimum distance is chosen at
each point. As a result, the chromatic dispersion is indirectly taken into account, not
directly. The weight function can be used to increase or decrease the importance of
each part of the spectrum depending on the specific application. In this work, we have
chosen an inverted Gaussian weight function (exp((Ad — A9)%>/202), 19 = 1520 nm,
o = 300 nm) for all the devices to slightly emphasize the importance of wavelengths
farther from the center. In addition, we have also designed a dispersionless lens
with o = 50 nm (the measurement results of which are provided in Figs. 4.A13
and 4.A14) for comparison. The choice of 8 wavelengths to form and compare
the reflection vectors is relatively arbitrary; however, the phases of the nano-posts
versus wavelength are smooth enough, such that they can be well approximated
by line segments in 20 nm intervals. In addition, performing the simulations at 8
wavelengths is computationally not very expensive. Therefore, 8 wavelengths are
enough for a 150 nm bandwidth here, and increasing this number may not result in a

considerable improvement in the performance.

Reflection amplitude and phase of the meta-atoms were found using rigorous coupled
wave analysis technique [217]. For each meta-atom size, a uniform array on a
subwavelength lattice was simulated using a normally incident plane wave. The
subwavelength lattice ensures the existence of only one propagating mode which
justifies the use of only one amplitude and phase for describing the optical behavior
at each wavelength. In the simulations, the @-Si layer was assumed to be 725 nm
thick, the SiO, layer was 325 nm, and the aluminum layer was 100 nm thick. A
30-nm-thick Al,Oslayer was added between the Al and the oxide layers (this layer
served as an etch stop layer to avoid exposing the aluminum layer during the etch
process). Refractive indices were set as follows in the simulations: SiO,: 1.444,
Al O3: 1.6217, and Al: 1.3139-i13.858. The refractive index of @-Si used in the
simulations is plotted in Fig. 4.A15.
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The FDTD simulations of the gratings [Figs. 4.5e—4.5h] were performed using a
normally incident plane-wave illumination with a Gaussian amplitude in time (and
thus a Gaussian spectrum) in MEEP [234]. The reflected electric field was saved
in a plane placed one wavelength above the input plane at time steps of 0.05 of the
temporal period. The results in Figs. 4.5e—4.5h are obtained via Fourier transforming
the fields in time and space resulting in the reflection intensities as a function of

frequency and transverse wave-vector.

Sample fabrication. A 100-nm aluminum layer and a 30-nm Al,O3 layer were
deposited on a silicon wafer using electron beam evaporation. This was followed by
deposition of 325 nm of SiO; and 725 nm of @-Si using the PECVD technique at
200°C. A ~300 nm thick layer of ZEP-520A positive electron-beam resist was spun
on the sample at 5000 rpm for 1 minute, and was baked at 180 °C for 3 minutes. The
pattern was generated using a Vistec EBPG5000+ EBL system, and was developed
for 3 minutes in the ZED-NS50 developer (from Zeon Chemicals). A ~70-nm Al,O3
layer was subsequently evaporated on the sample, and the pattern was reversed with
a lift off process. The Al,O3 hard mask was then used to etch the a-Si layer in a 3:1
mixture of SFg and C4Fg plasma. The mask was later removed using a 1:1 solution

of ammonium hydroxide and hydrogen peroxide at 80° C.

Measurement procedure. The measurement setup is shown in Fig. 4.A8a. Light
emitted from a tunable laser source (TUNICS-Plus, Photonetics) was collimated
using a fiber collimation package (F240APC-1550, Thorlabs), passed through a
50/50 beamsplitter (BSWO06, Thorlabs), and illuminated the device. For grating
measurements a lens with a 50-mm focal distance was also placed before the grating
at a distance of ~45 mm to partially focus the beam and reduce the beam divergence
after being deflected by the grating in order to decrease the measurement error
(similar to Fig. 4.A8b). The light reflected from the device was redirected using the
same beamsplitter, and imaged using a custom built microscope. The microscope
consists of a x50 objective lens (LMPlanFL N, NA=0.5, Olympus), a tube lens
with a 20-cm focal distance (AC254-200-C-ML, Thorlabs), and an InGaAs camera
(320HX-1.7RT, Sensors Unlimited). The grating deflection angle was found by
calculating the center of mass for the deflected beam imaged 3 mm away from
the gratings surface. For efficiency measurements of the focusing mirrors, a flip
mirror was used to send light towards an iris (2 mm diameter, corresponding to an
approximately 40 um iris in the object plane) and a photodetector (PM100D with an
S122C head, Thorlabs). The efficiencies were normalized to the efficiency of the
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regular mirror at its center wavelength by dividing the detected power through the iris
by the power measured for the regular mirror at its center wavelength. The measured
intensities were up-sampled using their Fourier transforms in order to achieve smooth
intensity profiles in the focal and axial planes. To measure the grating efficiencies,
the setup shown in Fig. 4.A8b was used, and the photodetector was placed ~50 mm
away from the grating, such that the other diffraction orders fall outside its active
area. The efficiency was found by calculating the ratio of the power deflected by the
grating to the power normally reflected by the aluminum reflector in areas of the
sample with no grating. The beam-diameter on the grating was calculated using
the setup parameters, and it was found that ~84% of the power was incident on the
90 um wide gratings. This number was used to correct for the lost power due to the

larger size of the beam compared to the grating.

Appendix 4.2: Chromatic dispersion of diffractive devices.

Chromatic dispersion of a regular diffractive grating or lens is set by its function.
The grating momentum for a given order of a grating with a certain period is constant
and does not change with changing the wavelength. If we denote the size of the

grating reciprocal lattice vector of interest by kg, we get

kg

o6 = sin (X0, (4.4)

sin(f) = /1

where 6 is the deflection angle at a wavelength A for normally incident beam. The

chromatic angular dispersion of the grating ( d9/dA) is then given by

de kg/2 tan(6
0 __ ke/2r___tan() ws)
dl 1= (kgaj2n? 4
and in terms of frequency
dé tan(6
46 _ _tan®) (4.6)
dw w

Therefore, the dispersion of a regular grating only depends on its deflection angle
and the wavelength. Similarly, focal distance of one of the focal points of diffractive
and metasurface lenses changes as df/dAd = —f/A (thus df /dw = f/w ([135, 219,
233]).

Appendix 4.3: Chromatic dispersion of multiwavelength diffractive devices.
As it is mentioned in the main text, multiwavelength diffractive devices ([135, 227,
233]) do not change the dispersion of a given order in a grating or lens. They are

essentially multi-order gratings or lenses, where each order has the regular (negative)
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diffractive chromatic dispersion. These devices are designed such that at certain
distinct wavelengths of interest, one of the orders has the desired deflection angle or
focal distance. If the blazing of each order at the corresponding wavelength is perfect,
all of the power can be directed towards that order at that wavelength. However,
at wavelengths in between the designed wavelengths, where the grating or lens is
not corrected, the multiple orders have comparable powers, and show the regular
diffractive dispersion. This is schematically shown in Fig. 4.Ala. Figure 4.A1b
compares the chromatic dispersion of a multi-wavelength diffractive lens to a typical

refractive apochromatic lens.

Appendix 4.4: Generalization of chromatic dispersion control to nonzero dis-
persions.

Here we present the general form of equations for the dispersion engineered meta-
surface diffractive devices. We assume that the function of the device is set by a
parameter £(w), where we have explicitly shown its frequency dependence. For
instance, £ might denote the deflection angle of a grating or the focal distance of a

lens. The phase profile of a device with a desired £(w) is given by

P(x, y,€(w); w) = WT(x, y, E(w)), (4.7)

which is the generalized form of the Eq. 4.1. We are interested in controlling the
parameter £(w) and its dispersion (i.e., derivative) at a given frequency wg. &(w)
can be approximated as &(w) = & + 0¢/0w|y=w,(w — wp) over a narrow bandwidth

around wy. Using this approximation, we can rewrite Eq. 4.7 as

P(x, y;w) = WT(x, y, &0 + O£ [0wlw=wy(w — wo)). (4.8)

At wy, this reduces to

¢(x’ y’ w)lu)Zu)o = (,()()T(x, ya 60)9 (49)
and the phase dispersion at wyq is given by

0¢(x, y; w)
ow

0T (x,y,¢)

|a)=u)0 = T(X, Vs g()) + 8f/aw|w:w0w0 8§ |§:§0‘

(4.10)

Based on Eqgs. 4.9 and 4.10, the values of &y and 0¢ / 0w|=., can be set independently,
if the phase ¢(x, y, wo) and its derivative d¢/dw can be controlled simultaneously

and independently. Therefore, the device function at wq (determined by the value
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of &) and its dispersion (determined by 0¢/0w|,=w,) Will be decoupled. The zero
dispersion case is a special case of Eq. 4.10 with 0¢ /0w|y=w, = 0. In the following we
apply these results to the special cases of blazed gratings and spherical-aberration-free

lenses (also correct for spherical-aberration-free focusing mirrors).

For a 1-dimensional conventional blazed grating we have & = 6 (the deflection angle),

and 7' = —x sin(6). Therefore the phase profile with a general dispersion is given by
o(x; w) = —wx sin[fy + D(w — wp)], 4.11)

where D = 00/0w|,=w, = vDo, and Dy = —tan(6p)/wy is the angular dispersion
of a regular grating with deflection angle 6 at the frequency wg. We have chosen
to express the generalized dispersion D as a multiple of the regular dispersion Dy
with a real number v to benchmark the change in dispersion. For instance, v = 1
corresponds to a regular grating, v = O represents a dispersionless grating, v = —1
denotes a grating with positive dispersion, and v = 3 results in a grating three-times
more dispersive than a regular grating (i.e., hyper-dispersive). Various values of v
can be achieved using the method of simultaneous control of phase and dispersion
of the meta-atoms, and thus we can break this fundamental relation between the
deflection angle and angular dispersion. The phase derivative necessary to achieve a

certain value of v is given by
9¢(x; w)

5 lw=w, = —x/csin(6p)(1 — v), (4.12)
w
or in terms of wavelength
Op(x; Q) 2,
51 = = YR sin(6o)(1 — ). (4.13)

For a spherical-aberration-free lens we have & = fandT(x, y, f) = —vx2 + y2 + f%/c.
Again we can approximate f with its linear approximation f(w) = fy + D(w — wy),

with D = 0 f /0w|w=w, denoting the focal distance dispersion at w = wq. The regular
dispersion for such a lens is given by Dy = fy/wp. Similar to the gratings, we can
write the more general form for the focal distance dispersion as D = vDy, where v is

some real number. In this case, the required phase dispersion is given by

' 2
3¢(2’ i) |w=wo = —1[\/x2 +y2 + fo? + Yo I (4.14)
w c ’xz + y2 —+ f02

which can also be expressed in terms of wavelength

0d(x,y; A 2n v
¢(aﬂy D)o = S+ f f 1 (4.15)
0 A X2+ y2 + fo2
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Appendix 4.5: Maximum meta-atom dispersion required for controlling chro-
matic dispersion of gratings and lenses.

Since the maximum achievable dispersion is limited by the meta-atom design,
it is important to find a relation between the maximum dispersion required for
implementation of a certain metasurface device, and the device parameters (e.g., size,
focal distance, deflection angle, etc.). Here we find these maximums for the cases of

gratings and lenses with given desired dispersions.

For the grating case, it results from Eq. 4.13 that the maximum required dispersion

is given by

d¢(x; ) sin(6p)
o Ao

where X is the length of the grating, and ko = 27/Ag is the wavenumber. It is

max( la=1,) = koX (1-v), (4.16)

important to note that based on the value of v, the sign of the meta-atom dispersion
changes. However, in order to ensure a positive group velocity for the meta-atoms,
the dispersions should be negative. Thus, if 1 — v > 0, a term should be added to
make the dispersion values negative. We can always add a term of type ¢¢ = kLo
to the phase without changing the function of the device. This term can be used to
shift the required region in the phase-dispersion plane. Therefore, it is actually the
difference between the minimum and maximum of Eqs. 4.13 and 4.15 that sets the
maximum required dispersion. Using a similar procedure, we find the maximum
necessary dispersion for a spherical-aberration-free lens as

Oty _
Vo
kof | % — 2\ 1<v<VO

D [(1-yv)? VO<v<®
(8t _1_
(\/6 1-v) O<v

-y y <1

4.17)

/
¢max =

where f is the focal distance of the lens, and ® = (f2 + R%)/f% = 1/(1 — NA?) (R:
lens radius, NA: numerical aperture). log [¢r,../(—=kof/A0)] is plotted in Fig. 4.A2a
as a function of NA and v. In the simpler case of dispersionless lenses (i.e., v = 0),

Eq. 4.17 can be further simplified to

, koR1-V1-NA®  kRNA

max = NA 21

where R is the lens radius and the approximation is valid for small values of NA. The

(4.18)

maximum required dispersion for the dispersionless lens is normalized to —koR /Ao
and is plotted in Fig. 4.A2b as a function of NA.



107

Appendix 4.6: Fermat’s principle and the phase dispersion relation.

Phase only diffractive devices can be characterized by a local grating momentum (or
equivalently phase gradient) resulting in a local deflection angle at each point on
their surface. Here we consider the case of a 1D element with a given local phase
gradient (i.e., ¢, = d¢/0dx) and use Fermat’s principle to connect the frequency
derivative of the local deflection angle (i.e., chromatic dispersion) to the frequency
derivative of ¢, (i.e., ¢, /0w). For simplicity, we assume that the illumination is
close to normal, and that the element phase does not depend on the illumination

angle (which is in general correct in local metasurfaces and diffractive devices).

Considering Fig. 4.A16a, we can write the phase acquired by a ray going from point

A to point B, and passing the interface at x as

O(x,w) = %[nn/xz +ya2 +m/(d - x)2 + yg2] + ¢(x, w), (4.19)

To minimize this phase we need

() d—-
o) om0l )y—0 @)
X C \/X + VA \/(d—X)2+y32
For this minimum to occur at point O (i.e., x = 0)
wnd mo .
bslw) = === = == sin(0(w)), 4.21)

which is a simple case of the diffraction equation, and where r = \/d? + yg? is the
OB length. At w + dw, we get the following phase for the path from A to B’ [Fig.
4.A16(b)]

+d
O(x, w + dw) - c()[n1\/)62+yA2
c

+ nz\/(d - X+ dx)2 + (yp + dy)z] + ¢(x, w + dw),

(4.22)

where we have chosen B’ such that OB and OB’ have equal lengths. Minimizing the

path passing through O

w+don(d+dx) m(w+dw)
r

dr(w+dw) =

sin(f(w + dw)), (4.23)

subtracting 4.21 from 4.23, and setting ¢, (w + dw) — ¢y(w) = %da), we get

Ods _m sin(0(w)) + 99 mpw cos(O(w)). (4.24)
ow ¢ do ¢

One can easily recognize the similarity between Eqs. 4.24 and 4.10.
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Appendix 4.7: Relation between dispersion and quality factor of highly reflec-

tive or transmissive meta-atoms.

Here we show that the phase dispersion of a meta-atom is linearly proportional to
the stored optical energy in the meta-atoms, or equivalently, to the quality factor
of the resonances supported by the mata-atoms. To relate the phase dispersion of
transmissive or reflective meta-atoms to the stored optical energy, we follow an
approach similar to the one taken in chapter 8 of [263] for finding the dispersion

of a single port microwave circuit. We start from the frequency domain Maxwell’s

equations
VX E =iwuH,
(4.25)
V x H = —iweE,
and take the derivative of the Eq. 4.25 with respect to frequency
OE OH
VX — =iuH +iwp—, (4.26)
ow ow
0H OE
VX — =—ieF —iwe—. 4.27)
ow ow

Multiplying Eq. 4.26 by H* and the conjugate of Eq. 4.27 by 0 E /0w, and subtracting

the two, we obtain

OE OH AE
V- (— x H") = ip|H|* + iop— - H* — iwe— - E*. (4.28)
ow ow ow

Similarly, multiplying Eq. 4.27 by E* and the conjugate of Eq. 4.26 by 0 H/dw, and
subtracting the two we find

OH AE 0H |
V.(— X E*) = —i€|E|? — ive— - E* + iwp— - H". (4.29)
ow w ow

Subtracting Eq. 4.29 from Eq. 4.28 we get

E H
2 (a_ x H" - oH E*) = iu|H|?> + i€|E|. (4.30)
ow ow

Integrating both sides of Eq. 4.30, and using the divergence theorem to convert the

left side to a surface integral leads to

E H
(‘9— x H* — oH x E¥) = i/(ulle + €|E|?)dv = 2iU, 4.31)
oV 6(1) 6(1) Vv

where U is the total electromagnetic energy inside the volume V, and 9V denotes

the surrounding surface of the volume. Now we consider a metasurface composed
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of a subwavelength periodic array of meta-atoms as shown in Fig. 4.A17. We also
consider two virtual planar boundaries I'; and I'; on both sides on the metasurface
(shown with dashed lines in Fig. 4.A17). The two virtual boundaries are considered
far enough from the metasurface that the metasurface evanescent fields die off before
reaching them. Because the metasurface is periodic with a subwavelength period
and preserves polarization, we can write the transmitted and reflected fields at the
virtual boundaries in terms of only one transmission ¢ and reflection r coeflicients.

The fields at these two boundaries are given by

Ei=E+rE

E E
Hy=-ZX(—-r—)

e me (4.32)
Er, =tE

E

Hy = —tZx —

2

where E is the input field, E; and E, are the total electric fields at I'; and I,
respectively, and 777 and 7, are wave impedances in the materials on the top and

bottom of the metasurface.

Inserting fields from Eq. 4.32 to Eq. 4.31, and using the uniformity of the fields to

perform the integration over one unit of area, we get

ar _|E|* ot _|E* .-
Or WEE 01 LBV i (433)
ow nm1  Odw M

where U is the optical energy per unit area that is stored in the metasurface layer. For

a loss-less metasurface that is totally reflective (i.e.,# = O and r = ¢'?), we obtain
op U
— = —, 4.34

where we have used Py, = |E|*/ 11 to denote the per unit area input power. Finally,

the dispersion can be expressed as

0 0¢ 0 U

0 _0¢ow o U (4.35)

01 Ow oA A Piy
We used Eq. 4.35 throughout the work to calculate the dispersion from solution of
the electric and magnetic fields at a single wavelength, which reduced simulation
time by a factor of two. In addition, in steady state the input and output powers are

equal Py, = Py, and therefore we have

¢ 1 wU 0
9 __Z =-= 4.36
01 APy A (4.36)
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where we have assumed that almost all of the stored energy is in one single resonant
mode, and Q is the quality factor of that mode. Therefore, in order to achieve large

dispersion values, resonant modes with high quality factors are necessary.

Appendix 4.8: Supporting figures.

(a) Short wavelength Middle wavelength Long wavelength || (b) — Multiwavelength
> ' »—0 ' H ' \L - - Apochromatic
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Figure 4.A1: Comparison of regular, multi-wavelength, and apochromatic
lenses. (a) Schematic comparison of a regular, a multi-wavelength, and an
apochromatic metasurface lens. The multi-wavelength lens is corrected at a
short and a long wavelength to have a single focal point at a distance f, but
it has two focal points at wavelengths in between them, none of which is at
f. The apochromatic lens is corrected at the same short and long wavelengths,
and in wavelengths between them it will have a single focus very close to f.
(b) Focal distances for three focal points of a multiwavelength lens corrected at
three wavelengths, showing the regular dispersion (i.e., f « 1/4) of each focus
with wavelength. For comparison, focal distance for the single focus of a typical
apochromatic lens is plotted.
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Figure 4.A2: Maximum required dispersion of meta-atoms for lenses. (a) Max-
imum meta-atom dispersion necessary to control the dispersion of a spherical-
aberration-free lens. The maximum dispersion is normalized to —kof /Ao and is
plotted on a logarithmic scale. (b) Normalized (to —kgR/Ay) maximum disper-
sion required for a dispersionless lens. R is the radius, f is the focal distance,
and NA is the numerical aperture of the lens.
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Figure 4.A3: Simulated axial intensity distribution for focusing mirrors with

different dispersions designed using hypothetical meta-atoms.

(@) Hyper-

dispersive mirror. (b) Mirror with regular dispersion. (c) Mirror with zero
dispersion. (d) Mirror with positive dispersion.
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Figure 4.A4: Scanning electron micrographs of metasurface focusing mirrors
with 850 um focal distance. (a) Regular metasurface mirror. (b) Dispersionless
metasurface mirror with o = 300 nm, and (c) o = 50 nm. (d) Fabricated
meta-atoms.
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Figure 4.A5: Chosen nano-post side lengths for gratings and their correspond-

ing phase and group delays. (a) The chosen nano-post side length (left), phase
delay (center), and group delay (right) at 1520 nm for the fabricated regular
grating. (b)—(d) Same as a for the dispersionless, hyper-dispersive, and positive-
dispersion gratings respectively.
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grating pitch is constant for the regular grating, it changes with wavelength in all

lengths. The phase delays are wrapped to the —x to 7 range. While the effective
other cases.

Figure 4.A6: Required and achieved phase values for gratings at three wave-
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Figure 4.A7: Chosen nano-post side lengths for focusing mirrors and their
corresponding phase and group delays. (a) The chosen nano-post side length
(left), phase delay (center), and group delay (right) at 1520 nm for the fabricated
240 um regular focusing mirror. (b)—(d) Same as a for the dispersionless, hyper-
dispersive, and positive-dispersion focusing mirrors respectively.
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Figure 4.A8: Measurement setups. (a) Schematic illustration of the setup used
to measure the deflection angles of gratings, and focus patterns and axial plane
intensity distributions of focusing mirrors at different wavelengths. To measure
the efficiency of the focusing mirrors, the flip mirror, iris, and optical power
meter were used. (b) The setup used to measure the efficiencies of the gratings.
The power meter was placed at a long enough distance such that the other
diffraction orders fell safely outside its active aperture area.
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Figure 4.A9: Simulated axial intensity distribution for focusing mirrors with
different dispersions designed using the reflective @-Si nano-posts discussed

in Fig. 4.6a. (a) Hyper-dispersive mirror. (b) Mirror with regular dispersion.

(c) Mirror with zero dispersion. (d) Mirror with a positive dispersion with an
amplitude twice the regular negative dispersion.
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Figure 4.A10: Measured axial intensity distributions for focusing mirrors with
different dispersions designed using the reflective @-Si nano-posts discussed

in Fig. 4.6b. (a) Hyper-dispersive mirror. (b) Mirror with regular dispersion.

(c) Mirror with zero dispersion. (d) Mirror with a positive dispersion with an
amplitude twice the regular negative dispersion.
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Figure 4.A11: One-dimensional cuts of the measured axial intensities plotted
in Fig. 4.A10. (a) Hyper-dispersive mirror. (b) Mirror with regular dispersion.
(c) Mirror with zero dispersion. (d) Mirror with a positive dispersion with an
amplitude twice the regular negative dispersion.
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Figure 4.A12: Extended simulation results for the regular and dispersionless
mirrors discussed in Figs. 4.6c—4.6g. (a) Simulated axial plane (left) and focal
plane (center) intensities for a regular metasurface focusing mirror designed
using the proposed reflective dielectric meta-atoms. One-dimensional cross-
sections of the focal plane intensity is plotted on the right. The focusing mirror
has a diameter of 500 um and a focal distance of 850 um at 1520 nm. (b)
Similar results for a focusing mirror with the same parameters designed to have
a minimal dispersion in the bandwidth. Scale bars: 24.



121

(@ (b) (0
2=1450nm d 1 A=1450nm .
CE— @-- M _— @-- A/\\ --(®-- .A
hiagonm 1T i | hiagonm 7T —
L= M ‘@) ‘@
e R d y htaronme VT aam ~
o= @ —_— - @ A ey A
............ [ Ryl N = |
A=1480nm H A=1480nm :
= Q o= — W o) /\ RO //\\
P e il | e e I A 1T tagonm 1T
= Q = | @
DT R A I ey wa B ¢ U T R
= @)\ ~m—e |0 || | |
T et " N wan B |17 Py R
e= @ ||| "===—- ool
o S . T = | | i e ——. T - 5 — 5 5
A=1520nm ! § %=1520nm § g g
: — ? - ¥ - Tl T
[7=iB30nm 1T e A £ ZIME
= |0 |||l=== e o \[%
(S I e A UF 3=1840nm YT
Bissenm 3Tt A (D HiB50mm 7T
= @)\ || = e ]]e)
1y i | s Aa e B U 17 T e ——
S R et P | ST R
e N (B80T
[ R —— q w T R
— 19 s ® - j\
: - : - -
303 303 -30 3
750 850 950 750 850 950
2 [um] X [A] 2 [um] x [A] X [A]

Figure 4.A13: Complete measurement results for the dispersionless and regu-
lar mirrors discussed in Figs. 4.6c—4.6g. (a) Measured intensities for the regu-
lar metasurface mirror. The axial plane intensities are shown on the left, the
measured intensities in the 850 um plane are plotted in the middle, and one
dimensional cuts of the focal plane measurements are shown on the right. (b)
Same as a but for the dispersionless mirror design with o~ = 300 nm. (c) Mea-
sured intensities in the plane 850 um away from the surface of the dispersionless
mirror with o = 50 nm. One-dimensional cuts of the measured intensities are
shown on the right. Scale bars: 24.
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Figure 4.A14: Measured focal distances and Strehl ratios for the regular and
dispersionless mirrors. (a) Measured focal distances for the regular and dis-
perisonless (o = 300 nm) mirrors (same as Fig. 4.6d). (b) Measured focal
distances for the regular and disperisonless (o- = 50 nm) mirrors. (c) Strehl ratios
calculated from the measured two dimensional modulation transfer functions
(MTF) of the regular and dispersionless (o- = 300 nm) metasurface mirrors. To
find the Strehl ratio, the volume enclosed by the normalized two dimensional
MTF is calculated at each wavelength. (d) The same graph as in ¢, calculated and
plotted for the o~ = 50 nm dispersionless mirror. In both cases, a clear flattening
of the Strehl ratio, which is a measure of the contrast of an image formed by the
mirror, is observed compared to the regular metasurface mirror.
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Figure 4.A15: Refractive index of @-Si. The refractive index values were ob-

tained using spectroscopic ellipsometry.
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Figure 4.A16: Schematic of light deflection at a gradient phase surface. (a)
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frequency w a ray of light going from A to B, passes the interface at a point with
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Figure 4.A17: Schematic of a generic metasurface. The metasurface is between
two uniform materials with wave impedances of n; and 7, and it is illuminated
with a normally incident plane wave from the top side. Virtual planar boundaries
I'1 and I'; are used for calculating field integrals on each side of the metasurface.
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Chapter 5

METASYSTEMS

The material in this chapter was in part presented in [120, 139-141, 264].

So far, we have only focused on single-metasurface components. The true potentials
of metasurfaces, however, can only be reached when multiple metasurfaces are
co-designed and combined to make metasystems. In this chapter, we showcase this
capability through several examples of metasystems that provide functionalities that
are not achievable with single metasurfaces. In the first two sections, we discuss how
vertical integration of multiple metasurfaces can be used for correcting geometric
aberrations of imaging and projection lenses to make compact wide field of view
(FOV) cameras [139] and light engines for augmented reality (AR) headsets [264].
The third section discusses the potentials of integration of metasurfaces and the
MEMS technology to fabricate compact, fast, and highly tunable lenses [140].
Section 4 introduces the folded metasurface optics platform, and demonstrates
how this platform can be utilized to design and implement complicated optical
systems such as spectrometers in very small form factors [141]. Finally, in section
5 we discuss how viewing metasurfaces as platforms for implementing various
mathematical operations allows for the design of non-conventional optical elements
like flat retroreflectors [120].

5.1 Miniature optical planar camera based on a wide-angle
metasurface doublet corrected for monochromatic aberra-

tions

Vertically cascaded metasurface stacks can perform sophisticated image corrections
and can be directly integrated with image sensors. In this section, we demonstrate
this concept with a miniature flat camera integrating a monolithic metasurface lens
doublet corrected for monochromatic aberrations, and an image sensor. The doublet
lens, which acts as a fisheye photographic objective, has a small f-number of 0.9, an
angle-of-view larger than 60°x60°, and operates at 850 nm wavelength with 70%
focusing efficiency. The camera exhibits nearly diffraction-limited image quality,

which indicates the potential of this technology in the development of optical systems



125

for microscopy, photography, and computer vision.

Introduction

Optical systems such as cameras, spectrometers, and microscopes are conventionally
made by assembling discrete bulk optical components like lenses, gratings and filters.
The optical components are manufactured separately using cutting, polishing and
grinding, and have to be assembled with tight alignment tolerances, a process that
is becoming more challenging as the optical systems shrink in size. Furthermore,
the continuous progress of mobile, wearable, and portable consumer electronics and
medical devices has rapidly increased the demand for high-performance and low-cost
miniature optical systems. Optical metasurfaces offer an alternative approach for
realization of optical components [3, 4, 6, 265, 266]. Recent advances have increased
their efficiency and functionalities, thus allowing metasurface diffractive optical
components with comparable or superior performance than conventional optical
components [14, 66—68, 267]. The main advantage of metasurfaces stems from the
capability to make sophisticated planar optical systems composed of lithographically
stacked electronic and metasurface layers. The resulting optical system is aligned

lithographically, thus eliminating the need for post-fabrication alignments.

The development of the optoelectronic image sensor has been a significant step
towards the on-chip integration of cameras [268]; however, the camera lenses are
yet to be fully integrated with the image sensor. The freedom in controlling the
metasurface phase profiles has enabled implementation of spherical-aberration-free
flat lenses that focus normally incident light to diffraction-limited spots [32, 33, 41,
67]. Such lenses have been used in applications requiring focusing of an optical
beam or collimating emission from an optical fiber [65] or a semiconductor laser [68].
However, the metasurface lenses suffer from other monochromatic aberrations (i.e.,
coma and astigmatism), which reduce their FOV and hinder their adoption in imaging
applications where having a large FOV is an essential requirement. A metasurface
lens can be corrected for coma if it is patterned on the surface of a sphere [28, 269,
270], but direct patterning of nano-structures on curved surfaces is challenging.
Although conformal metasurfaces might provide a solution [125], the resulting device
would not be flat. As we show here, another approach for correcting monochromatic
aberrations of a metasurface lens is through cascading and forming a metasurface

doublet lens.

Here, we show a doublet lens formed by cascading two metasurfaces can be corrected
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over a wide range of incident angles. We also demonstrate an ultra-slim, low
f-number camera, composed of two metasurface lenses placed on top of an image
sensor. The camera represents an example of the optical systems enabled by the

metasurface vertical integration platform.

Design and optimization of the metasurface doublet lens

Figure 5.1a schematically shows focusing by a spherical-aberration-free metasurface
lens. Simulated focal spots for such a lens are shown in Fig. 5.1b, exhibiting
diffraction-limited focusing for normal incident and significant aberrations for
incident angles as small as a few degrees. The proposed doublet lens [Fig. 5.1¢]
is composed of two metasurfaces behaving as polarization insensitive phase plates
which are patterned on two sides of a single transparent substrate. The aberrations of
two cascaded phase plates surrounded by vacuum have been studied previously in
the context of holographic lenses, and it has been shown that such a combination can
realize a fisheye lens with significantly reduced monochromatic aberrations [30]. We
used the ray tracing approach to optimize the phase profiles of the two metasurfaces
when they are separated by a 1-mm-thick fused silica substrate. Simulation results
of the focal plane spot for different incident angles (6) are presented in Fig. 5.1d,
showing nearly diffraction-limited focusing by the doublet up to almost 30° incident
angle. The doublet lens has an input aperture diameter of 800 um and a focal length
of 717 wm corresponding to an f-number of 0.9. In the optimum design, the first
metasurface operates as a corrector plate and the second one performs the significant
portion of focusing; thus, we refer to them as correcting and focusing metasurfaces,
respectively. The metasurfaces are designed for the operation wavelength of 850 nm,
and are implemented using the dielectric nano-post metasurface platform shown
in Fig. 5.2a [67]. The metasurfaces are composed of hexagonal arrays of @-Si
nano-posts with different diameters which rest on a fused silica substrate and are
covered by the SU-8 polymer. The nano-posts behave as truncated waveguides
with circular cross sections supporting Fabry-Pérot resonances [14, 67, 125]. The
high refractive index between the nano-posts and their surroundings leads to weak
optical coupling among the nano-posts and allows for the implementation of any
phase profile with subwavelength resolution by spatially varying the diameters of
the nano-posts. Simulated intensity transmission and phase of the transmission
coeflicient for different nano-post diameters are presented in Fig. 5.2b, showing that
27 phase coverage is achieved with an average transmission over 96% (see Appendix
5.1 for details).
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Figure 5.1: Focusing by metasurface singlet and doublet lenses. (a) Schematic
illustration of focusing of on-axis and off-axis light by a spherical-aberration-
free metasurface singlet lens. (b) Simulated focal plane intensity for different
incident angles. Scale bar: 2 um. (c) and (d) Similar illustration and simulation
results as presented in a and b but for a metasurface doublet lens corrected
for monochromatic aberrations. Scale bar: 2 um. Both lenses have aperture
diameter of 800 um and focal length of 717 um (f-number of 0.9) and the
simulation wavelength is 850 nm. See Appendix 5.1 for details.

Device fabrication

We fabricated the metasurfaces on both sides of a fused silica substrate by depositing
a-Si and defining the nano-post pattern using EBL and dry etching (see Appendix
5.1 for the details). First, the correcting metasurfaces were patterned on the top side
of the substrate, and then the focusing metasurfaces were aligned and patterned on
the substrate’s bottom side (as schematically shown in Fig. 5.2¢). To protect the
metasurfaces while processing the other side of the substrate, the metasurfaces were
cladded by a layer of cured SU-8 polymer. Aperture and field stops were formed by
depositing and patterning opaque metal layers on the top and bottom sides of the
substrate, respectively, and anti-reflection layers were coated on both sides of the
device. Photos of the top and bottom sides of a set of fabricated metasurface doublet

lenses are shown in Fig. 5.2¢. SEM images of the nano-posts are shown in Fig. 5.2d.
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Figure 5.2: Monolithic metasurface doublet lens. (a) A schematic illustration
of the dielectric metasurface used to implement the metasurface doublet lens.
The metasurface is composed of an array of @-Si nano-posts covered with a layer
of SU-8 polymer and arranged in a hexagonal lattice. (b) Simulated intensity
transmission (|¢|?) and the phase of transmission coefficient (/) of the metasurface
shown in a with identical nano-posts as a function of the nano-posts’ diameter.
The diameters with low transmission values, which are highlighted by two grey
rectangles, are excluded from the designs. The nano-posts are 600 nm tall,
the lattice constant is 450 nm, and the simulation wavelength is 850 nm. (c)
Schematic drawing of the monolithic metasurface doublet lens composed of two
metasurfaces on two sides of a 1-mm-thick fused silica substrate, an aperture
stop, and a field stop. The photographs of the top and bottom sides of an array
of doublet lenses are also shown. (d) Scanning electron micrographs showing
a top and an oblique view of the a-Si nano-posts composing the metasurfaces.
Scale bars: 1 um.
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Focal spot and focusing efficiency characterizations

We characterized the fabricated metasurface doublet by illuminating it with an 850-
nm laser beam at different incident angles (as shown in Fig. 5.3a), and measuring its
focal spot and focusing efficiency. For comparison, a spherical-aberration-free singlet
metasurface lens with the same aperture diameter and focal length as the doublet
lens (phase profile ¢(p) = —(27/ A)W, p: radial coordinate, f=717 um: focal
length, D=800 um: aperture diameter) was also fabricated and characterized. The
focal spots of the metasurface doublet and singlet lenses were measured with two
different polarizations of incident light and are shown along with the corresponding
simulation results in Figs. 5.3b and 5.3c, respectively (see Appendix 5.1 for details).
The doublet lens has a nearly diffraction-limited focal spot for incident angles up to
more than 25° (with the criterion of Strehl ratio of larger than 0.9, see Fig. 5.A1)
while the singlet exhibits significant aberrations even at incident angles of a few
degrees. As Figs. 5.3b and 5.3¢ show, simulated and measured spot shapes agree
well. For the doublet lens, a small asymmetry in the 0° spot shape and slightly larger
aberrations are observed in the measured spots compared to the simulation results,
which we attribute to a misalignment (estimated ~2 um along both x and y directions)
between the top and bottom side patterns (see Fig. 5.A2).

The focusing efficiency (i.e., ratio of the focused power to the incident power)
for the metasurface doublet lens is shown in Fig. 5.3d, and is ~70% for normally
incident light. The focusing efficiency is polarization dependent, and its value
for unpolarized light drops at the rate of ~1% per degree as the incident angle
increases. The measured focusing efficiency at normal incidence is lower than
the average of the transmission shown in Fig. 5.2b because of the large NA of the
focusing metasurface [67], undesired scattering due to the sidewall roughness of the
nano-posts, residual reflection at the air/SU-8 interfaces, and measurement artefacts
(see Appendix 5.1 for details). The metasurfaces are polarization insensitive at
normal incidence, but their diffraction efficiency depends on the polarization of
incident light for non-zero incident angles. The focusing efficiency is lower for the
transverse magnetic (TM) polarized light compared with the transverse electric (TE)
polarized light because of the excitation of some resonances of the nano-posts with
the axial component of the electric field of the incident light [125]. This also causes
the slight difference between the TE and TM spot shapes for the 30° incident light
shown in Fig. 5.3b. We measured a focusing efficiency of ~75% for the singlet,
and did not observe a detectable difference between the focal spots measured with

TE and TM polarizations. The measured relative location of the doublet lens focal
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Figure 5.3: Measured and simulated focal spots of the metasurface doublet
and singlet lenses. (a) Schematic drawing of the measurement setup. (b) Simu-
lated and measured focal plane intensity profiles of the metasurface doublet lens
for different incident angles (9). Scale bar: 2 um. (c) Simulated and measured
focal plane intensity profiles for a metasurface singlet with the same aperture
diameter and focal length as the metasurface doublet. For the range of angles
shown, the measured intensity distributions are polarization insensitive. Scale
bar: 2 um. (d) Measured focusing efficiency of the metasurface doublet for TE
and TM polarized incident light as a function of incident angle. The measured
data points are shown by the symbols and the solid lines are eye guides. (e)
Transverse location of the focal spot for the doublet lens as a function of incident
angle. The measured data points are shown by the symbols and the solid line
shows the f sin(@) curve, where f =717 um is the focal length of the metasurface
doublet lens.
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spot as a function of incident angle is shown in Fig. 5.3e along with the f sin(6)
curve. The good agreement between the measured data and the curve indicates that
the metasurface doublet lens can be used as an orthographic fisheye lens or a wide
angle Fourier transform lens [30]. Also, the specific f sin(6) fisheye distortion of the

image leads to a uniform brightness over the image plane [271].

Imaging performance

We characterized the imaging performance of the metasurface doublet lens using
the experimental setup shown in Fig. 5.4a. A pattern printed on a letter-size paper
was used as an object. The object was placed ~25 cm away from the metasurface
doublet lens and was illuminated by an LED (center wavelength: 850 nm, bandwidth:
40 nm, spectrum shown in Fig. 5.A3). The image formed by the doublet lens was
magnified by ~10x using an objective and a tube lens and captured by a camera. A
bandpass filter with 10 nm bandwidth (see Fig. 5.A3 for the spectrum) was used to
spectrally filter the image and reduce the effect of chromatic aberration on the image
quality. Figure 5.4b shows the image captured by the camera, and its insets depict
the zoomed-in views of the image at 0°, 15°, and 30° view angles. For comparison,
an image captured using the same setup but with the metasurface singlet lens is
shown in Fig. 5.4¢. The objective lens used for magnifying the images has a smaller
NA than the metasurface lenses and limits the resolution of the captured images (see

Fig. 5.A4 for an image taken with a higher NA objective).

Any imaging system can be considered as a low pass spatial filter whose transfer
function varies across the FOV. For incoherent imaging systems, the transfer function
for each point in the FOV can be obtained by computing the Fourier transform of
the focal spot intensity. The modulus of this transfer function is referred to as the
MTF and represents the relative contrast of the image versus the spatial details of the
object. The MTFs for the metasurface doublet and singlet lenses were computed
using the measured focal spots (Figs. 5.3b and 5.3¢) and are shown in Figs. 5.4d
and 5.4e, respectively. Both the images and the MTFs shown in Figs.5.4b—5.4d
demonstrate the effectiveness of correction achieved by cascading two metasurfaces,
and the diffraction-limited performance of the metasurface doublet lens over a wide
FOV.

Miniature metasurface camera
To further demonstrate the use of this technology in imaging applications, we realized

a miniature planar camera by using a metasurface doublet lens and a complementary
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Figure 5.4: Imaging with the metasurface doublet lens. (a) Schematic of the
measurement setup. (b) Image taken with the metasurface doublet lens, and (c)
with the spherical-aberration-free metasurface singlet lens. Scale bar: 100 um.
The insets show zoomed-in views of the images at the locations indicated by the
rectangles with the same outline colors which correspond to viewing angles of
0°, 15°, and 30°. Scale bar: 10 um. (d) and (e) MTF of the metasurface doublet
and singlet lenses, respectively. The solid and dashed lines show the MTF in the
tangential plane (along x in Fig. 5.3b) and sagittal plane (along y in Fig. 5.3b),
respectively. (f) Schematic drawing of a miniature planar camera realized using
a metasurface doublet lens and a CMOS image sensor. (g) Imaging setup and
the image captured by the miniature camera. Scale bar: 100 um.
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metal oxide transistor (CMOS) image sensor as schematically shown in Fig. 5.4f. To
compensate for the light propagating through the cover glass protecting the image
sensor, another doublet lens was optimized (see Metasurface Doublet Lens II in
Fig. 5.A5). The total dimensions of the camera (including the image sensor) are
1.6 mmx1.6 mm x1.7 mm. The miniature camera was characterized using the
setup shown in Fig. 5.4g and by imaging the object shown in Fig. 5.4a which was
illuminated by a filtered LED (center wavelength: 850 nm, bandwidth: 10 nm, see
Fig. 5.A3 for the spectrum). The image captured by the image sensor is also shown
in Fig. 5.4g which shows a wide FOV. The camera’s image quality is reduced by
the nonuniform responsivity of the image sensor pixels to the 850 nm light due
to the color filters, and by its larger-than-optimal pixel size. Therefore, the image
quality can be improved by using a monochromatic image sensor with a smaller
pixel size (the optimum pixel size for the miniature camera is ~0.4 um based on the
MTFs shown in Fig. 5.4d). Thus, the miniature camera benefits from the current

technological trend in pixel size reduction.

The intensity of the image formed by a camera only depends on the NA of its
lens (it is proportional to 1/f—number2=4NA2 [272]); therefore, the metasurface
miniature camera collects a small optical power but forms a high brightness image.
Furthermore, the metasurface doublet lens is telecentric in the image space, and light
is incident on the image sensor with the uniform angular distribution (see Fig. 5.A5),
and thus removing the need for the variable incident angle correction in the image

SENnsor.

Correcting chromatic abberations

The metasurface doublet lens suffers from chromatic aberrations that reduce the image
quality of the miniature camera as the illumination bandwidth increases. Simulated
focal spots of the metasurface doublet lens for different illumination bandwidths
and the corresponding MTFs are shown in Figs. 5.5a and 5.5b, respectively. See
Fig. 5.A6 for the off-axis MTFs. As it can be seen from the MTFs, the imaging
resolution decreases as the illumination bandwidth increases. This effect can be
seen as reduced contrast and lower resolution in the image shown in Fig. 5.5¢
(40 nm bandwidth illumination) compared with the image shown in Fig. 5.5d (10 nm
bandwidth illuminations). For the imaging purpose, the fractional bandwidth of
a metasurface lens is proportional to 1/(fNA?) (see Appendix 5.1) and can be
increased by reducing the NA of the metasurface lens and its focal length. Also,

since the MTFs of the metasurface doublet lens shown in Fig. 5.5b have significant
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high frequency components, the unfavourable effect of chromatic aberration can
to some extent be corrected using Wiener deconvolution [273]. Figure 5.5e shows
the deconvolution results of the image shown in Fig. 5.5¢ that is taken with a
40-nm-bandwidth illumination (see Appendix 5.1 for the details). As expected,
the deconvolved image appears sharper and has a higher contrast than the original
image; however, deconvolution also amplifies the noise, limiting its applicability for

correcting the chromatic aberrations over a significantly wider bandwidth.

Discussion

The metasurface doublet lens and camera can be further miniaturized by reducing the
thickness of the substrate, the diameters of the metasurface lenses, the focal length
of the lens, and the distance to the image sensor by the same scale factor, while
using the same nano-post metasurface design presented in Fig. 5.2. For example,
a 10x smaller camera (160 pumx160 umx170 wm) can be designed and fabricated
using a similar procedure on a 100-pm-thick fused silica substrate. Such a camera
would have 10x larger bandwidth compared to the miniature camera presented
here, the same image plane intensity, but with 10X smaller image and 100x lower
number of distinguishable pixels (94x94 pixels instead of 940x940). Compared to
other miniature lenses reported previously [274-276] and Awaiba NanEye camera
(http://www.awaiba.com), the metasurface doublet offers significantly smaller
f-number and better correction for monochromatic aberrations which lead to brighter
images with higher resolution; however, they have larger chromatic aberration (i.e.,

narrower bandwidth).

The miniature metasurface camera concept can be extended for color and hyperspectral
imaging by using a set of metasurfaces that are designed for different center
wavelengths and fabricated side by side on the same chip. Each of the metasurface
doublet lenses forms an image on a portion of a single monochromatic image
sensor. High quality thin-film color filters with different center wavelengths can be
directly deposited on the correcting metasurface of each doublet lens, and the color
filter efficiency issues associated with small size color filters will be avoided [277,
278]. Also, multiwavelength metasurface lenses which work at multiple discrete
wavelengths have been demonstrated [135-137, 227]. However, the multiwavelength
metasurfaces exhibit the same chromatic dispersion (i.e., d f/dA) and thus similar
chromatic aberrations as the single wavelength metasurface lenses. The a-Si
metasurfaces have negligible absorption loss for wavelengths above 650 nm. For

shorter wavelength, materials with lower absorption loss such as p-Si, gallium
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Figure 5.5: Chromatic aberration of metasurface doublet lens and its correc-
tion. (a) lllustration of focusing of wideband light by a metasurface doublet
lens. The spectrum of the incident light (shown at the bottom) is assumed
as a Gaussian function centered at the design wavelength of the doublet lens.
Scale bar: 2 um. (b) On-axis MTF of the metasurface doublet lens for different
bandwidths of incident light. (c) Image formed by the metasurface doublet lens
with an unfiltered LED illumination (40-nm FWHM), and (d) with filtered LED
illumination (10-nm FWHM). Scale bar: 100 um. See Fig. 5.A3 for the spectra.
The images are captured using the setup shown in Fig. 5.4a but with a higher
magnification objective (20x, 0.4 NA). (e) Chromatic aberration correction for
the image shown in d. Scale bar: 100 um. The insets in c—e show zoomed-in
views of the images at the locations indicated by the rectangles with the same
outline colors corresponding to viewing angles of 0° (red border) and 15° (green
border), and the scale bars shown in the insets represent 10 um.
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phosphide, TiO; [76, 78], or SiN, [69, 279] can be used.

The metasurface-enabled camera we reported here has a flat and thin form factor,
small f-number, exhibits nearly diffraction-limited performance over a large FOV.
From a manufacturing standpoint, the metasurface doublets have several advantages
over conventional lens modules. Conventional lens modules are composed of multiple
lenses which are separately manufactured and later aligned and assembled together to
form the module. On the other hand, the metasurface doublets are batch manufactured
with simultaneous fabrication of tens of thousands of doublets on each wafer, and with
the metasurfaces aligned to each other using lithographic steps during fabrication.
Furthermore, the assembly of the conventional lens modules with the image sensors
has to be done in a back-end step, but the metasurface doublet can be monolithically
stacked on top of image sensors. More generally, this work demonstrates a vertical
on-chip integration architecture for designing and manufacturing optical systems,
which is enabled through high performance metasurfaces. This architecture will
enable low-cost realization of conventional optical systems (e.g., spectrometers, 3D
scanners, projectors, microscopes, etc.), and systems with novel functionalities in
a thin and planar form factor with immediate applications in medical imaging and

diagnostics, surveillance, and consumer electronics.

5.2 Metasurface-based compact light engine for augmented re-
ality headsets

Introduction

Despite the great advances, potentials of augmented reality to fundamentally transform
the way people use computers is partially hindered by the size and weight of the
AR headsets. In waveguide-based devices, the light engine constitutes a significant
portion of the total volume and weight. Dielectric metasurfaces can be used to
demonstrate various high performance optical elements like blazed gratings and wide
FOV lenses, similar to the ones shown in the previous section, with small thicknesses,
high efficiencies, and little stray light. In this section, we discuss how the same
principles and design strategies used to make a wide FOV lens can be utilized to
design a compact light engine, integrated with three monochrome u-LED displays
for red, green, and blue. The metasurfaces image the u-LEDs on the prism or grating
couplers. This design avoids an important shortcoming of u-LEDs and metasurface
lenses, i.e., that each work well only for a single wavelength. As examples, we present

designs for 532 nm, with over 3000 resolved angular points in an 8-mm-diameter
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FOV, and a total volume less than 0.65 cc (<2 cc for the three wavelengths). Limited
by the total internal reflection region inside a waveguide with a 1.78 refractive index,
the light engine can produce an image with over 15001500 points over a FOV
slightly larger than 85°x85° in air.

Powered by the great advancements in electronics, computer science, and compact
refractive and diffractive micro-optics [280], headmounted AR displays have in
recent years become a new category of consumer electronics. With many great
proposals and demonstrations based on various technologies including visor and
waveguide based systems [281-284], many products from different companies are
now hitting the market. Among various designs, waveguide-based designs seem
more suitable for compact AR headsets with wide FOVs. In these devices, the
light engine constitutes a significant portion of the volume and weight of the device,
and can even limit its performance by not providing the whole FOV and resolution

supported by the waveguide optics.

Here we present the proposal and design of a compact light engine based on
three monochrome p-LED displays imaged using multi-metasurface optical systems
corrected for wide FOVs. Since each u-LED display has its own metasurface
optics, this design significantly avoids the main challenge facing both u-LEDs and
metasurfaces, that is, they each work well when designed for a single color. This
shortcoming has so far prevented the use of u-LEDs in AR headsets because the
pixel size is significantly increased when u-LEDs of different colors are combined to
provide full RGB coverage on the same chip. On the other hand, hindered by the size
and weight of optical elements, it has not been practical to use three separate u-LED

displays as each of them would require its own imaging optics.

The proposed design overcomes this issue since the imaging optics for each color
can be separate, while keeping the total volume and weight of the optics low (i.e.,
to lower than 2 cubic centimeters and less than 3 grams for the optics of the three
colors combined). More specifically, we demonstrate a five layer metasurface design
with a corrected FOV of 8 mm (close to 90° inside a glass with a refractive index of
1.78) to provide near diffraction-limited focusing with about 3000 resolved points.
The optics has a collection NA of 0.25, and delivers the collimated beams with root
mean square (RMS) wavefront errors lower than 0.25 across its field to an aperture
with a diameter of 2.1 mm. Capped by the total internal reflection region of the
waveguide (i.e., 35°-80°, for an index of 1.78) the optics can deliver over 1500x1500

points for each color, within a FOV just above 85°x85° in air. If the use of glass
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substrates with ultra-high indices (e.g., nx1.95) is possible, it is possible to make
the device even more compact with a larger FOV in air, as we show in a secondary
design with FOV=105°x105°, and collection NA=0.4. We also present metasurface
designs based on crystalline silicon nano-scatterers that can implement the proposed
metasurfaces at all wavelengths of interest (480 nm, 532 nm, and 635 nm). In
the end, we discuss the main challenges faced by this technology including the
chromatic dispersion and point potential methods of mitigation. While the concept
of metasurfaces has previously been proposed for use in AR devices [285, 286], it
has generally been limited to their application as periodic grating couplers. Being
the first proposal and demonstration of its kind, we believe that this work will pave
the way and encourage the exploration of potentials of metasurface optical elements

for integration into compact optical systems used in AR headsets.

Concept

Figure 5.6 schematically shows the concept of the metasurface based light engine AR
display. As shown in Fig. 5.6a, light from monochrome u-LED displays is collimated
and directed to the waveguide, using the multi-metasurface optical systems. Based
on whether the eye box expanders and the out-coupling gratings can be combined
for different colors or not (e.g., using volumetric Bragg gratings), one, two, or three
waveguides might be used in the actual design. Here, for the sake of simplicity, we
assume that the waveguides can be combined and therefore show only one waveguide.
As seen in Fig. 5.6b, light engines for the three colors combined can be smaller than
3 cubic centimeters (with about 2 mm of thickness reserved for the u-LED displays
and their electrical circuitry). Figure 5.6¢ schematically shows a zoomed-in view of
the light engine for the red color u-LED display. The multiple metasurface system
images each pixel of the u-LED display into the grating coupler aperture with a
corrected wavefront. To better visualize the compactness of the proposed platform,
a schematic illustration of the whole metasurface-based light engine mounted on a

typical pair of glasses is shown in Fig. 5.6d.

Metasurface design

The nano-post based metasurface platform that can be used to implement the
metasurfaces is shown in Fig. 5.7a. In order to better suppress higher order
diffractions and unwanted scattering, the nano-posts are generally patterned on
a uniform lattice, for instance a square lattice like Fig. 5.7b. In addition, the

lattice should be subwavelength and satisfy the Nyquist sampling rate for the used
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Figure 5.6: Concept of u-LED and metasurface-based light engines for AR
glasses based on waveguides. (a) Schematic top-view of the glass, showing rela-
tive locations of the waveguide, light engine, and the eye box. The metasurface-
based optics collimates light from the monochrome p-LED displays and directs
it to the prism coupler. Inside the waveguide, light is expanded by the eye
box expander and is finally out-coupled using holographic volume gratings that
could increase the FOV. (b) Schematics of the side view of the u-LED displays
and the metasurface based optics, showing all three colors at the same time.
The whole light engine is smaller than 30mm x 10mm x 10mm, with the total
volume of the optics smaller than 2 cubic centimeters. (c) Zoomed-in view of
the u-LED display and typical metasurfaces forming the light engine optics for
the red color. (d) Schematic illustration of the whole metasurface-based light
engine mounted on a typical pair of glasses.
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Figure 5.7: Schematics and design graphs for dielectric metasurfaces based
on c-Si. (a) Schematic illustration of the proposed metasurface structure that is
composed of ¢-Si nano-posts with square cross sections, sandwiched between
two low-index substrates. For fabrication considerations, one of the substrates
can actually be fabricated by spin coating a thick spin-on glass or polymer
layer that does not fill in the nano-post gaps. (b) Top and side views of the
proposed metasurface structure, showing the lattice constant L., and the complex
transmission ¢. The optimal metasurface structure will have different thicknesses
and lattice constants for the three different colors. (c) The simulated transmission
amplitudes and phases for metasurfaces designed for blue (left, 480 nm), green
(middle, 532 nm), and red (right, 635 nm). The metasurfaces have thicknesses
of 224 nm, 270 nm, and 340 nm, and lattice constants of 180 nm, 200 nm,
and 240 nm for blue, green, and red, respectively. Measured refractive indices
of &Si on quartz was used for the simulations. The used index values are
4.413 - 0.040335, 4.136 — 0.01027/, and 3.874 — 0.008432; at wavelengths of
480 nm, 532 nm, and 635 nm, respectively. The graphs ensure full 27 phase
coverage at all required wavelengths with high transmission. In addition, the
high refractive index of Si ensures the ability to optimize metasurfaces for large
deflection angles with high diffraction efficiencies.
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material systems and transmission functions that are implemented [36]. With proper
design, the nano-post array can have very high transmission efficiencies (80%-100%,
depending on the material losses), while at the same time providing full 0-2z phase
coverage with changing the nano-post dimensions [66, 67, 76]. Figure 5.7¢ shows the
transmission phases and amplitudes for three arrays with different lattice constants
and nano-post thicknesses designed for blue, green, and red (480 nm, 532 nm, and
635 nm, respectively). In order to use the same material system for all colors, all
metasurfaces are designed using crystalline silicon (c-Si). This way, the metasurfaces
for all three colors can be fabricated on the same substrates, increasing the mechanical
robustness and decreasing the required packaging volume and weight significantly.
The three graphs in Fig. 5.7¢ show the clear ability of the designed nano-post arrays
to provide full phase coverage with high transmission. One important property of
this type of metasurface is the very low coupling between adjacent nano-posts as the
the high index contrast between the nano-posts and the surrounding media results in
almost all of the optical energy being confined inside the nano-posts [67, 76]. As
a result, sizes of the nano-posts can be changed without significantly altering the
transmission phases and amplitudes of its neighbors. This enables high efficiency
beam deflection to large angles, which in turn results in thin high-efficiency lenses
with large NAs [33, 67].

Ray optics design of the light engine

While a single-layer metasurface lens has the ability to focus light to a point without
spherical aberrations [41, 212], multiple metasurface layers are required in order to
correct for other monochromatic aberrations as discussed in the previous section [30,
139]. Figure 5.8 summarizes the results of one such design, where 5 metasurface
layers are cascaded to provide near-diffraction-limited imaging of the green u-LED
to the input aperture of the waveguide (i.e., the prism edge). As seen in Fig. 5.8a,
the first four metasurfaces have radii of 4.5 mm, and are each separated 1 mm from
the previous surface, where the spacing glasses each have a refractive index of ~1.5.
The fifth glass layer is 4 mm thick and has an index of ~1.78, to match that of the
waveguide. The fifth metasurface has a diameter of 2.1 mm, resulting in an input
aperture of 2.1 mm at the coupling prism. The total thickness of the device is 8§ mm,
and it could be fitted inside a 9mm X 9mm X 8mm cube, and thus it will occupy a
volume of less than 0.65 cubic centimeters (i.e., <2 cubic centimeters for the three
wavelengths combined). In addition, the total glass volume is about 3 X 0.4 = 1.2

cubic centimeters, so the total weight of the glass would be about 3 grams (assuming
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Figure 5.8: Design of a 5-layer metasurface based light engine. (a) A five-layer
metasurface design with a FOV of 8 mm (diameter) and collection NA of 0.25.
Locations of the metasurfaces are denoted with the numbered vertical lines. The
system includes 4 glass layers of 1 mm thickness each, and a fifth layer that is 4
mm thick (the conical layer). The first 4 layers have refractive indices of ~1.5,
and the fifth layer has an index of ~1.78 to match that of the prism and the
waveguide. (b) Spot diagram simulations for six different points in the FOV. (c)
Optimized phase profiles for the five metasurfaces, numbered from left to the
right according to panel a. (d) Schematic of the light engine mounted on a 57.5-
degree prism-coupled waveguide. (e) Nonzero standard Zernike coefficients
4-14 versus the FOV, calculated for an aperture diameter of 2.1 mm. (f) The
field curvature versus FOV, showing less than 2 diopters of curvature, and also
showing that the dominant aberration is astigmatism.
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a density of 2.5 grams/cc).

As seen from the spot diagram simulations of Fig. 5.8b, the system has a near-
diffraction-limited focusing up to a FOV of 4 mm, corresponding to an angle of ~44
degrees (0.77 Rad). Considering the ~1.5 Rad FOV, the optics has more than 3000
resolvable points along the diagonal (corresponding to more than 2000x2000 points).
The light at the object plane is telecentric and is collected up to an NA of 0.25 for most
of the surface, except very close to 4 mm where the effective collection NA is slightly
less. The optimized phase profiles for the five metasurfaces are plotted in Fig. 5.8c.
It is worth noting that for two of the metasurfaces the maximum required OPD is
about 5000 waves, which corresponds to a thickness of more than 3 mm (assuming
a glass with an index of 1.78). Figure 5.8d schematically shows the light engine
integrated with a waveguide that has a prism with a 57.5-degree edge, and therefore
a thickness just below 1.8 mm. Assuming a waveguide index of 1.78 (similar to the
one used here), angles from 35 to 80 degrees can be used for coupling as they are
bounded by total internal reflection inside the waveguide. This means that an angular
area of 45°x45° can be directly coupled inside the waveguide. Given the smaller
than 0.5 mRad angular resolution, this corresponds to a resolution of more than
1500x1500 points for each color. With the three wavelengths combined, this means
a total of more than 7 megapixels. On the u-LED display, this roughly corresponds
to a FOV of 4mm X 4mm. Given that u-LED displays with pixel sizes of about 3 pm
have already been demonstrated [287, 288], it seems reasonable to think that ones
with pixel pitches of about 2.5 um are feasible too. We should also note here that for
such a smaller FOV, the metasurface optics can also have smaller diameter (about 7
mm) and smaller total volume (about 1.2 cc for the three wavelengths combined). In
addition, the 45°x45° FOV inside the waveguide translates to a larger than 85°x85°
FOV in air.

Figures 5.8e and 5.8f show the first nonzero standard Zernike coefficients (Z4 to
Z14) and the field curvature, respectively. As seen from both graphs, the dominant
aberration is astigmatism. Nevertheless, the RMS wavefront error (calculated from
rays in reference to the centroid) is smaller than 0.25 waves over the whole FOV, and
is smaller than 0.1 waves for field values below 3 mm. Calculated from the Zernike
coeflicients, the wavefront error peaks at slightly above 0.4 waves close to 3.9 mm,

and is smaller than 0.25 waves below 3 mm.
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Figure 5.9: Design of a more compact metasurface based light engine with 3
layers. (a) A three-layer metasurface design with a FOV of 6 mm (diameter)
and collection NA of 0.4. The three glass substrates and the waveguide have
refractive indices of ~1.95, and are 0.5, 3, and 4 mm thick from left to right,
respectively. (b) Spot diagram simulations for six different points in the FOV. (c)
Schematic of the light engine mounted on a 60-degree prism-coupled waveguide.
(d) Optimized phase profiles for the five metasurfaces, numbered from left to the
right according to panel a. (e) Nonzero standard Zernike coefficients 4-14 versus
the FOV, calculated for an aperture diameter of 2 mm. (f) The field curvature,

and (g) distortion versus FOV.
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Discussion

Like any other optical system, the design of the metasurface light engine optics
involves various compromises. For instance, the collection NA and the angular
resolution of the optics can be increased at the expense of FOV (with the same volume
constraints). One example of such an alternative design is summarized in Fig. 5.9. If
high-index glass substrates are available (e.g., n~1.95) and smaller physical FOVs
are desired, more compact designs are possible similar to the one shown in Fig. 5.9.
This design has three metasurface layers, and can support a diagonal FOV of 6 mm
on the display. The total optics size is smaller than 6mm X 6mm X 7.5mm, and it can
deliver over 2000x2000 resolved points over a 105°x105° FOV in air. Other designs
that are closer to the perfect human eye resolution of 0.3 mRad are possible with a
FOV smaller than 6 mm diagonal. In addition, the number of metasurface layers
is inversely proportional to the system efficiency, while it is possible to increase
the collection NA with more layers. Therefore, a compromise should be made that

maximizes the total system efficiency in this regard as well.

The main drawback of using metasurface optics is their large chromatic dispersion,
which unlike refractive optics does not mainly originate from material dispersion and
as such, unlike the case of refractive element, it cannot be solved using combination
of different materials. While it is possible (and in fact relatively straight forward)
to design metasurfaces that have high diffraction efficiencies over bandwidths of
more than 10% [141, 289], similar to other diffractive devices [233], metasurfaces,
have a large negative dispersion resulting from a phase profile that is almost
constant with wavelength [135]. As a result, the regular chromatic dispersion of the
metasurfaces can significantly decrease the achievable resolution and degrade the
device performance. For instance, while the exact amount of degradation depends on
the actual LED linewidth, for a typical value of 30-40 nm the resolution might drop
by more than a factor of ten for the design in Fig. 5.9. Despite the modest success of
the independent group delay-phase delay control method in addressing the chromatic
dispersion issue in metasurfaces [119, 255, 290], its applicability is severely limited
to devices with miniature sizes (i.e., a couple of hundred microns in diameter)
because of the requirement for extremely high quality factor resonances in millimeter
scale devices. As a result, the two main approaches for addressing the chromatic
dispersion issue are using metasurface diffractive/refractive combinations [27, 232,
280], and decreasing the emission bandwidth of p-LEDs. With these methods, it
might be possible to decrease the effect of chromatic dispersion to levels that are

acceptable for the human eye.
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The unique properties of metasurfaces enable a few platforms for tunable, conformal,
and folded optical elements and systems that are more difficult to achieve with other
technologies. For instance, various types of tunable metasurface devices, either
based on stretchable substrates [36, 291] or micro-electro-mechanically tunable
doublets [140] have been recently demonstrated that can potentially be integrated
into the light engine optics to enable time-multiplexed multi-focus image rendering.
Obviously, other types of flat tunable lenses, such as liquid crystal ones [197] can
also be used for this purpose. Conformal metasurfaces [125, 292] provide additional
design degrees of freedom by allowing for the metasurface to be non-planar. In
addition to higher diffraction efficiencies and lower stray light, one of their main
advantages over their conventional Fresnel counterparts is that the metasurface phase
profile does not need to have the same symmetries of the underlying surface since
the phase profile is defined lithographically in a different step. Finally, the folded
metasurface optical platform can be used to reduce the total volume of the optics by
using the metasurface substrate multiple times as propagation space [141]. While
requiring more complicated design strategies (and potentially having a poorer optical
quality), the folded metasurface platform can result in more compact devices with

less complicated fabrication steps as most of the alignment steps can be eliminated.

Finally, while the use of low-throughput high-end patterning techniques like electron
beam lithography is possible for proof of concept demonstrations and design rounds,
it is essential to use low-cost high-throughput techniques such as nano-imprint
lithography [293, 294] for mass production. Using such techniques and material
systems like silicon for which high-quality etching processes are available can

potentially reduce the fabrication cost of the optics.

In this section we proposed a design for a compact light engine composed of
three monochrome pu-LED displays imaged using multi-metasurface optical systems
corrected over a wide FOV. This design avoids the main challenge faced by both small
u-LED displays and metasurfaces, i.e., their operation is limited to one color range.
As a proof of principle, we designed a five-layer and a three-layer metasurface optical
system with a corrected FOV of 8 mm diagonal (close to 90° angular inside a glass
with a refractive index of 1.78), with a close to diffraction-limited operation over the
whole FOV. With a total size smaller than 2 cubic centimeters, the metasurface optics
has the ability to generate 2000x2000 diffraction-limited points within its FOV. The
same optics can be coupled to a waveguide delivery system and provide a wide FOV

of >85°%85° in air. While several fundamental and technical challenges such as
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the chromatic dispersion, alignment of different colors, and fabrication tolerances
need to be investigated, we believe that this work demonstrates a clear potential for
metasurfaces to address some of the challenges faced in the design of compact light

engines for headmounted AR displays.

5.3 Micro-electro-mechanically tunable metasurface lens

Varifocal lenses, conventionally implemented by changing the axial distance between
multiple optical elements, have a wide range of applications in imaging and optical
beam scanning. The use of conventional bulky refractive elements makes these
varifocal lenses large, slow, and limits their tunability. Metasurfaces, on the other
hand, enable thin and lightweight optical elements with precisely engineered phase
profiles. In this section, we demonstrate tunable metasurface doublets based on
MEMS, with more than 60 diopters (about 4%) change in the optical power upon a
I-um movement of one metasurface, and a scanning frequency that can potentially
reach a few kHz. They can also be integrated with a third metasurface to make
compact microscopes (~1 mm thick) with a large corrected FOV (~500 um or 40
degrees) and fast axial scanning for 3D imaging. This paves the way towards MEMS

integrated metasurfaces as a platform for tunable and reconfigurable optics.

Introduction

Lenses are ubiquitous optical elements present in almost all imaging systems.
Compact lenses with tunable focal/imaging distance have many applications, and
therefore several methods have been developed to make such devices [36, 257,
291, 295-309]. Deformable solid and liquid-filled lenses with mechanical [295],
electromechanical [296, 306], electro-wetting [303, 304], and thermal [305] tuning
mechanisms have been demonstrated. Although these devices are more compact than
regular multi-element varifocal lenses, they are still bulky (since they are regular
refractive devices), and have low tuning speeds (ranging from a few Hz to a few tens
of Hz). Liquid crystal lenses with tunable focus [297-299] have higher tuning speeds,
but they suffer from polarization dependence and limited tuning range. Freeform
optical elements (e.g., Alvarez lenses) that can tune the focal distance upon lateral
displacement of the elements have also been demonstrated [257, 307]. These devices
are generally based on mechanical movement of bulky elements and are therefore
not very compact nor fast. Highly tunable diffractive and metasurface lenses based

on stretchable substrates [36, 248, 291] have also been demonstrated, but they have
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low speeds and require a radial stretching mechanism that might increase the total
device size. Spatial light modulators (SLMs) and other types of diffractive elements
that have pixels with controllable phase shifts have been used and proposed [308,
309] to achieve tunable beam steering and focusing. Liquid crystal based SLMs are
polarization dependent and have limited speeds and NAs, and other proposals yet
await an experimental demonstration of phase tuning over two dimensional arrays
with high efficiency [308, 310].

The thin form factor of metasurfaces makes them suitable for development of ultra-
thin conformal optical elements [125, 311], and their compatibility with conventional
micro-fabrication techniques allows for monolithic fabrication of optical systems
consisting of multiple metasurfaces on a single chip [120, 139]. These characteristics
(i.e., the ability to precisely control the phase with subwavelength resolution and
high gradients, thin and light form factor, and compatibility with micro-fabrication
techniques) also make them very attractive for integration with the MEMS technology
to develop metasurface-based micro-opto-electromechanical systems (MOEMS). To
date, integration of metasurfaces and MEMS devices has been limited to moving
uniform high-contrast grating mirrors to tune the resonance wavelength of Fabry-
Pérot cavities [100, 312], or change the round trip propagation length of light to form
SLMs [313].

In this section, we propose and demonstrate a metasurface doublet composed of
a converging and a diverging metasurface lens with an electrically tunable focal
distance. The large and opposite-sign optical powers of the two elements, as well as
their very close proximity, make it possible to achieve large tuning of the optical power
(~60 diopters, corresponding to about 4%) with small movements of one element
(~1 micron). We have developed a fabrication process for making such metasurface
doublets, and experimentally show metasurface lenses with over 60 um tuning of the
effective focal length (EFL) from 565 um to 629 um, corresponding to a ~180-diopter
change in the optical power. Arrays of these devices can be fabricated on the same
chip to allow for multiple lenses with different focal distances scanning different
depths with frequencies potentially reaching several kHz. In addition, we show that
such devices can be combined with the recently demonstrated monolithic metasurface
optical systems design [139] to develop compact focus-scanning objectives with
corrected monochromatic aberrations over a large FOV. It is worth noting that
MOEMS devices with the ability to axially scan the focus have previously been

demonstrated based on integration of refractive and Fresnel microlenses with axially
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moving frames [300-302, 314]. However, in these devices the focal point is scanned
by the same distance that the lens is moved, and the EFL (or equivalently the optical
power) is not actually tuned. Nevertheless, the concepts and techniques used in such
devices can be combined with the metasurface doublet demonstrated here to achieve

enhanced functionalities (e.g., enable lateral scanning of focus).
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Figure 5.10: Schematic illustration of the tunable doublet and design graphs.
(@) Schematic illustration of the proposed tunable lens, comprised of a stationary
lens on a substrate, and a moving lens on a membrane. With the correct design, a
small change in the distance between the two lenses (Ax ~1 um) results in a large
change in the focal distance (Af ~35 um). (Insets: schematics of the moving
and stationary lenses showing the electrostatic actuation contacts.) (b) The
first and (c) second mechanical resonances of the membrane at frequencies of
~2.6 kHz and ~5.6 kHz, respectively. The scale bars are 100 um. (d) Simulated
transmission amplitude and phase for a uniform array of a-Si nano-posts on a
~213-nm-thick SiN, membrane versus the nano-post width. The nano-posts
are 530 nm tall and are placed on the vertices of a square lattice with a lattice
constant of 320 nm. (e) Simulated transmission amplitude and phase for a
uniform array of @-Si nano-posts on a glass substrate versus the nano-post width.
The nano-posts are 615 nm tall and are placed on the vertices of a square lattice
with a lattice constant of 320 nm. FS: Fused silica.



150

Concept and design.

Figure 5.10a shows a schematic of the tunable focus doublet. The system consists of
a stationary metasurface on a glass substrate, and a moving metasurface on a SiN
membrane. The membrane can be electrostatically actuated to change the distance
between the two metasurfaces. The lenses are designed such that a small change in
the distance between them, Ax ~1 um, leads to a large tuning of the focal length
(Af ~36 wm change in the front focal length from 781 wm to 817 um when the
lens separation is changed from 10 um to 9 um, see Fig. 5.A8 for the phase profiles
and their ray tracing simulations). The membrane and glass lenses are 300 pm
in diameter, and have focal lengths of ~120 um and ~-130 um, respectively. The
electrostatic actuation is achieved through contacts only to the glass substrate. The
capacitor plates are shown in the inset of Fig. 5.10a. The contacts are configured to
make two series capacitors. Each capacitor has one plate on the glass substrate and
another one on the membrane, resulting in an attractive force between the membrane
and the glass substrate. Figures 5.10b and 5.10c show the first two mechanical
resonance modes of the membrane at ~2.6 kHz and ~5.6 kHz, respectively. This
limits the operation frequency of the device to ~4 kHz to avoid unwanted excitation

of the second resonance.

The metasurfaces are based on high contrast dielectric transmitarrays [67, 76]. These
devices consist of arrays of high index dielectric scatterers (nano-posts) with different
shapes and sizes. With proper design, the nano-posts enable complete control of phase
and polarization on a subwavelength scale [14, 132, 137]. When only phase control is
required, the nano-posts should have a symmetric cross-section (i.e., square, circular,
etc.). For fabrication considerations, we choose nano-posts with square-shaped
cross-section on a square lattice. Since both the moving and stationary metasurface
lenses have high NAs (NA~0.8), we used a recently developed technique for choosing
the metasurface parameters (i.e., @-Si layer thickness, lattice constant, and minimum
and maximum post side lengths) to maximize the efficiency of high NA lenses for
both TE and TM polarizations [130]. The method is based on approximating the
efficiency of a lens designed with certain metasurface parameters through efficiencies
of periodic gratings designed with the same parameters. Using this method and
considering the design wavelength of 915 nm, the @-Si layer thicknesses were chosen
to be 530 nm and 615 nm for the moving and stationary lenses, respectively. The
lattice constant was set to 320 nm in both cases. Figures 5.10d and 5.10e show
simulated transmission amplitudes and phases for uniform arrays of nano-posts on

the membrane and the glass substrate, respectively. Given a required phase profile,
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one can find the best nano-post for each site on the metasurface using Figs. 5.10d or
5.10e [67].

Device fabrication.

A summary of the key fabrication steps for the moving and stationary lenses is
schematically depicted in Figs. 5.11a—5.11f (for more details see Appendix 5.3). The
moving metasurface fabrication was started on a silicon wafer with a ~210-nm-thick
low stress SiN,. A 20-nm-thick SiO; layer followed by a 530-nm-thick a-Si layer
was deposited on the SiN, layer. The SiO, layer acts both as an adhesion promoter
between the SiN, and the @-Si layers, and as an etch-stop during the dry-etch process
to form the metasurface. In the next step, patterns for backside holes were defined
and transferred to an alumina layer. This layer was then used as a hard mask to
partially etch through the silicon wafer (a ~50-um-thick layer was left to maintain the
mechanical strength of the sample during the next steps). Alignment marks were then
etched through the a-Si layer for aligning the top and bottom sides. The metasurface
lens was then patterned into the @-Si layer. Next, the metallic contacts were deposited
and patterned. The top side of the device was covered with a protective polymer,
and the remaining part of the wafer under the membrane was wet etched. Finally,
the membrane was patterned and dry etched to release the metasurface. An optical
image of the fabricated metasurface on a membrane is shown in Fig. 5.11b. Due to
the residual stress in the membranes, the beams are slightly bent such that the central

part of the lens is about 6 to 8 wum above the surface of the wafer.

The fabrication steps of the stationary metasurface are schematically shown in
Fig. 5.11c. A 615-nm-thick layer of @-Si was deposited on a glass substrate.
The metasurface pattern was generated and etched through the layer, followed
by deposition and patterning of the contacts. An optical image of a completed
metasurface on the glass substrate is shown in Fig. 5.11d. Finally, a 20 um spacer
layer was spin coated and patterned on the glass substrate (to achieve a ~12 um
distance between the lenses), and the two chips were aligned and bonded with an
ultraviolet (UV) curable epoxy [Fig. 5.11e]. An optical image of the final device is
shown in Fig. 5.11f. Figures 5.11g and 5.11h show scanning electron micrographs

of the fabricated metasurfaces.

Experimental doublet characterization results.
Figure 5.12 summarizes the focusing measurement results under application of a

direct current (DC) voltage. For these measurements, the device was illuminated
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Figure 5.11: Fabrication process summary. (a) Simplified fabrication process of
a lens on a membrane: a SiO; spacer layer and an a-Si layer are deposited on a
silicon substrate with a pre-deposited SiN, layer. The backside of the substrate
is partially etched, and alignment marks are etched into the a-Si layer. The lens
is patterned and etched into the «-Si layer, and gold contacts are evaporated on
the membrane. The remaining substrate thickness is etched and the membrane
is released. cSi: crystalline silicon; FS: fused silica. (b) An optical microscope
image of a fabricated lens on a membrane. (c) Simplified fabrication process of
the lens on the glass substrate: an @-Si layer is deposited on a glass substrate
and patterned to form the lens. Gold contacts are evaporated and patterned to
from the contacts. (d) An optical microscope image of the fabricated lens on
the glass substrate. (e) Schematic of the bonding process: an SU-8 spacer layer
is patterned on the glass substrate, the two chips are aligned and bonded. (f)
A microscope image of the final device. (g) Scanning electron micrograph of
the lens on the membrane, and (h) nano-posts that form the lens. Scale bars are
100 uminb, d, f, and g, and 1 um in h.
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Figure 5.12: Focusing measurement results of the tunable doublet. (a) Simu-
lated EFL versus the distance between lenses, along with measured EFL values
for 8 devices under different applied voltages. Different devices have different
initial lens separations, resulting in different focal distances under no applied
voltage. (b) Measured front focal length versus the applied DC voltage for device
2 of panel a. The separation values between the moving and stationary lenses
are also plotted. (c) Intensity distributions in the focal plane of the doublet lens
at different actuation voltages. The scale bars are 2 um. (d) Measured Airy radius
(normalized to their corresponding diffraction-limited values), and measured
absolute focusing efficiency of the tunable doublet. (e) Measured frequency
response of the system, along with second order transfer functions with two
values of the damping factor (b) equal to 20Vmk and Vmk.
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with a collimated beam from a 915-nm diode laser, and the focal plane intensity
patterns were imaged using a custom-built microscope (for details of the measurement
setup, see Appendix 5.3 and Fig. 5.A9). The simulated EFL is plotted against the
distance between the two lenses in Fig. 5.12a, along with the measured values for
multiple devices with different initial separations between the membrane and the
glass substrate. In all measurements, these separations were extracted by comparing
the measured focal distances to their simulated values. We should note that devices
2 and 3 are on the same chip, and devices 4 to 8 are on another chip. This shows the
potential of the proposed structure for integrating multiple devices on the same chip
with the ability to scan different ranges of focal distances to simultaneously image a
larger range of depths. Figure 5.12b shows the measured front focal length (i.e., the
physical distance between the focus and the stationary lens), and the extracted lens
separation for device 2 versus the applied DC voltage, indicating that the optical power
changes by more than 180 diopters when applying 80 V. The difference between
the measured focal distances in a few measurements falls within the measurement
error of ~5 wm. The possibility of changing the applied voltage very finely, makes
it possible to tune the membrane separation and thus the optical power very finely,
in the absence of external vibrations. Intensity distributions measured in the focal
plane under application of different DC voltages are shown in Fig. 5.12¢ for device 2.
As seen in Figs. 5.12¢ and 5.12d, the measured Airy disk radii are smaller than 1.1
times their corresponding theoretical values. The observed aberrations are caused
by the mechanical deformation of the moving lens resulting from the residual stress
in the SiN, layer. The metasurface lenses are designed for optimal performance
when their separation changes from 12 to 6 pm. As a result of this change, the EFL.
should be tuned from 627 um to 824 um. The achieved initial distance between the
metasurfaces is slightly different from the design value (~15 um instead of ~12 wm)
because the spacer layer was slightly thicker than intended. Besides, in order to avoid
the pull-in instability (which would destroy the device), we stayed away from higher
voltage values than 80 V in this sample. In principle, one should be able to decrease
the lens separation in device 2 from 15 um to about 10 um, and thus increase the
front focal distance from 635 wm to 781 um (or change the EFL from 560 pm to
681 um, tuning optical power by more than 300 diopters, or ~20%).

Figure 5.12d shows the measured absolute focusing efficiency of the doublet (defined
as the power passing through a ~20-um-diameter aperture to the total power hitting
the device). The absolute efficiency is between 40% and 45% for all applied
voltage values. The high-NA (NA~0.8) singlets used here are expected to be ~75%
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efficient [130]. Because the doublet uses two of such lenses, its efficiency is estimated
to be ~55%. Taking into account the reflections at the three air-glass interfaces (a
glass wafer is used to cap the backside of the membrane to fully isolate it from the
environment airflow), we obtain a total efficiency of ~50% which agrees well with
the measured efficiency values. We attribute the slightly lower measured efficiency
to fabrication imperfections. It is foreseeable that the efficiency can be significantly
improved with better optimization and design processes [131], use of anti-reflection

coatings to reduce reflection losses, and optimizing the fabrication process.

The frequency response of the doublet is measured and plotted in Fig. 5.12e (see
Appendix 5.3 Fig. 5.A9 for details of frequency response measurement). The
frequency response transfer function is defined as the membrane displacement
at frequency f, normalized to its value under the same voltage applied in DC.
The black dashed line shows the -3-dB line, showing a ~230 Hz bandwidth for
the device. The red and blue dashed lines show second order system fits (i.e.,

H(f) = ! :
(/) 1=i(b/Nmk)(f ] fo)=(f ] fo)?
b is a damping factor, and m and k are the oscillator mass and spring constant,

where fj is the resonance frequency for the first mode,

respectively), indicating that the fit follows the measurement well for b = 20Vmk.
This corresponds to a highly over damped system with a damping ratio (b/ 2Vmk)
of ~10. Under the atmosphere pressure the dominant loss mechanism is the air
damping [315]. If the damping is reduced by about 20 times by reducing the air
pressure inside the lens packaging (i.e., b/2Vmk ~ 0.5), then the frequency response
will follow the blue dashed line in Fig. 5.12e, with a 3-dB bandwidth reaching 4 kHz.
This would correspond to a quality factor of ~1 for the mechanical resonator, which
should be feasible by reducing air damping. In addition, at such a low quality factor,
oscillation and long settling times should not be an issue. Vacuum packaging could
be done through bonding the backside glass substrate (the one with no metasurface)
and the silicon chip carrying the membrane in a vacuum chamber with controllable

pressure.

Imaging with electrical focusing.

The tunable doublet can be used for imaging with electrically controlled focusing.
To demonstrate this, we formed an imaging setup using the doublet and a refractive
lens. The setup is schematically shown in Fig. 5.13a. A transmissive object was
placed in front of the imaging system. A 1.8-mm diameter pinhole was placed in
front of the aspheric lens to reduce the aperture and increase contrast. The system

images the object to a plane ~130 um outside the stationary lens substrate. Since
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Figure 5.13: Imaging with the tunable doublet. (a) Schematic illustration of
the imaging setup using a regular glass lens and the tunable doublet. The im-
age formed by the doublet is magnified and re-imaged using a custom-built
microscope with a x55 magnification onto an image sensor. (b) Imaging results,
showing the tuning of the imaging distance of the doublet and glass lens combi-
nation with applied voltage. By applying 85 V across the device, the imaging
distance p increases from 4 mm to 15 mm. The scale bars are 10 um.

this image is very small and close to the lens, we used a custom-built microscope
(X55 magnification) to re-image it onto the camera. The results are summarized in
Fig. 5.13b. When the object is p ~15 mm away and no voltage is applied, the image
is out of focus. If the applied voltage is increased to 85 V in the same configuration,
the image comes to focus. Changing the object distance to p ~9.2 mm, the voltage
should also be changed to 60 V to keep the image in focus. At 0 V, the object should
be moved to p ~4 mm to be in focus, and applying 85 V to the doublet will result in
a completely out of focus image in this configuration. As observed here, by moving
the membrane only about 4 um, the overall system EFL changes from 44 mm to
122 mm, a ratio of about 1:2.8. This is an example of the importance of the large
absolute optical power tunability of the metasurface doublet, especially when it is
integrated into a system with a comparably small overall optical power. It also allows
for changing the object distance from 4 mm to 15 mm by electrically controlled
refocusing.
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Figure 5.14: Metasurface microscope with tunable focus. (a) Schematic il-
lustration of a metasurface triplet operating as a compact electrically tunable
microscope. The metasurfaces have diameters of 540 um, 560 um, and 400 um
from the left to the right, respectively, and the glass substrate is 1T mm thick. Mov-
ing the membrane by about 8 um moves the object plane more than 160 um. (b)
Ray optics simulation of spot diagrams of the microscope for the case of d =9 um.
The inset shows a schematic of the triplet, the locations of the point source in
the object plane and the image plane. The phase profiles of the metasurfaces are
designed to keep the focus almost diffraction-limited for a 500-um-diameter FOV
when d is changed from 5 to 13 um. The system has a magnification close to 11
and an NA of 0.16 when d =9 um. (c) Image simulation results using the triplet
for different values of d and D. The scale bars are 50 um in the zoomed-out

images, and 5 um in the zoomed-in areas.
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Electrically tunable compact microscope.

To further demonstrate the capabilities of this platform, we use it to design a 1-
mm-thick electrically tunable microscope. The structure is schematically shown
in Fig. 5.14a, and is a metasurface triplet composed of a tunable doublet (with an
optical design different from the fabricated one), and an additional metasurface lens.
The lenses, from left to right are 540 wm, 560 um, and 400 um in diameter. They
have focal lengths of about -290 um, 275 wm, and 1470 um. The glass substrate is
I-mm thick, and the image plane is located 14 mm behind the third lens. The stop
aperture is located at the plane of the right-most lens, and has the same diameter
of 400 um. By moving the membrane and changing the separation d from 13 um
to 5 um, the object plane distance D changes from 622 um to 784 um. The triplet
can be optimized to correct for monochromatic aberrations [139] to keep the focus
close to the diffraction limit over a large FOV (see Fig. 5.A8 for phase profiles, and
Table 5.A4 for the corresponding coefficients). Here, we have optimized the phase
profiles to keep the focus almost diffraction-limited in a ~500 um diameter FOV
(corresponding to a ~40-degree FOV in the D=700 um case). Spot diagrams of point
sources at 0, 125, and 250 um distances from the optical axis are shown in Fig. 5.14b,
demonstrating a diffraction-limited behavior. The spot diagrams are ray-optics
simulation results from a point source at their corresponding distances from the
optical axis. The red circles show the diffraction-limited Airy disks for different
cases, with ~40-pum radii. Figure 5.14¢ shows the image formation simulation results
for the system at three different values of d (and D). The insets show that the system
can resolve the ~3.5 um line-space in an object. The EFL for the whole system is
~1160 wm (for d=9 um case), which is significantly larger than the focal lengths of
the membrane and first glass lenses, similar to the fabricated doublet. As a result,
the object space NA is about 0.16, corresponding to a resolution of ~3.5 um at the
object plane. Considering the 14-mm distance between the image plane and the
backside aperture, the image space NA is ~0.014 which results in an Airy radius of
about 40 um in the image plane. As the EFL of the system changes with tuning d,
the total magnification of the system also changes from 11.3 (for d=5 um) to 10.3
(for d=13 pum).

Discussion
The lenses demonstrated here have small sub-millimeter aperture sizes suitable for
applications in ultra-compact optical systems. In principle, the lenses can have

centimeter-scale apertures, as SiN, membranes at these scales have already been
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demonstrated [316, 317]. In addition, the electrostatic forces and the mechanical
resonance frequencies can be engineered by appropriate choice of the electrostatic

actuation plate areas, membrane thickness, and mechanical beam design.

The high optical power of the elements, and the small aperture of the doublet result in
a relatively high sensitivity to the membrane bending, and to misalignment between
the two lenses (see Fig. 5.A10 for modulation transfer function and Strehl ratio
simulation results). We estimate the radius of curvature of the measured membranes
to be ~20 mm, using mechanical simulations of the structure and the observed
~6-um distance between the center of the lens and the surface of the wafer. This
would result in a Strehl ratio slightly larger than 0.95. A Strehl ratio of 0.9 (as
an acceptability criterion) corresponds to a radius of curvature of ~15 mm. If the
membrane curvature is larger than this and known a priori, the lens design can be
optimized to include the effects of the bending. In addition, to have a Strehl ratio
better than 0.9, the misalignment between the two lenses should be better than 2 um.
Based on the symmetric measured focal spots, we estimate the misalignment in the
doublets to be smaller than this limit. Considering the high alignment precision

achievable with industrial aligners, achieving a 2-yum resolution is not a challenge.

Similar to other diffractive and metasurface optical devices, the lenses demonstrated
here suffer from chromatic aberrations [23, 135, 233]. The exact "acceptable"
operation bandwidth of the lens depends on the EFL, the NA, and a criterion for
"acceptability". Using the criterion given in [139] that is based on the focal spot
area increasing to twice its value at the center wavelength, and assuming an EFL
of ~600 um (corresponding to an NA of 0.24), the operation bandwidth is given by
AA =2.272%/(fNA?) ~ 50 nm. To make multiwavelength tunable doublets, many of
the recently demonstrated approaches for making multiwavelength metasurfaces can
be directly applied [136, 137, 181, 227]. In addition, the recently introduced concept
of phase-dispersion control [119, 261, 318] can be used to increase the operation
bandwidth of the metasurface lenses by correcting the chromatic aberrations over a

continuous bandwidth.

Here we introduced a category of MOEMS devices based on combining metasurface
optics with the MEMS technology. To showcase the capabilities of the proposed
platform, we experimentally demonstrated tunable lenses with over 180 diopters
change in the optical power, and measured focusing efficiencies exceeding 40%. In
principle, the optical power tunability could be increased to above 300 diopters for

the presented design. We demonstrated how such tunable lenses can be used in
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optical systems to provide high-speed electrical focusing and scanning of the imaging
distance. The potentials of the introduced technology go well beyond what we have
demonstrated here, and the devices can be designed to enable compact fast-scanning
endoscopes, fiber-tip-mounted confocal microscopes, etc. In principle, metasurfaces
can replace many of the refractive and diffractive micro-optical elements used in
conventional MOEMS devices to make them more compact, increase their operation

speed, and enhance their capabilities.

5.4 Folded metasurface spectrometer

An optical design space that can highly benefit from the recent developments in
metasurfaces is the folded optics architecture where light is confined between
reflective surfaces, and the wavefront is controlled at the reflective interfaces. In
this section we introduce the concept of folded metasurface optics by demonstrating
a compact spectrometer made from a 1-mm-thick glass slab with a volume of 7
cubic millimeters. The spectrometer has a resolution of ~1.2 nm, resolving more
than 80 spectral points from 760 to 860 nm. The device is composed of three
reflective dielectric metasurfaces, all fabricated in a single lithographic step on one
side of a substrate, which simultaneously acts as the propagation space for light. The
folded metasystem design can be applied to many optical systems, such as optical
signal processors, interferometers, hyperspectral imagers and computational optical
systems, significantly reducing their sizes and increasing their mechanical robustness

and potential for integration.

Introduction

Optical spectrometry is a key technique in various areas of science and technology
with a wide range of applications [319, 320]. This has resulted in a large demand for
spectrometers and/or spectrum analyzers with different properties (e.g., operation
bandwidth, resolution, size, etc.) required for different applications [321-323].
Conventional optical spectrometers are composed of a dispersive element, such as a
prism or a diffraction gating, that deflects different wavelengths of light by different
angles, followed by focusing elements that focus light incoming from different
angles to different points (or lines). As schematically shown in Fig. 5.15a, the
intensity at different wavelengths can then be measured using an array of detectors.
Diffraction gratings have typically larger dispersive powers than transparent materials,

and therefore diffractive spectrometers generally have better resolutions [319]. The
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combination of several free space optical elements (the grating, focusing mirrors, etc.)
and the free space propagation volume result in bulky spectrometers. In recent years,
there has been an increased interest in high-performance compact spectrometers
that can be easily integrated into consumer electronics for various medical and
technological applications such as medical diagnosis, material characterization,
quality control, etc. [324, 325]. As a result, various schemes and structures have
been investigated for realization of such spectrometers [325-334]. One class of
miniaturized spectrometers integrate a series of band-pass filters with different
center wavelengths on an array of photodetectors [102, 326]. Although these
devices are compact and compatible with standard micro-fabrication techniques,
they have resolutions limited by achievable filter quality factors, and low sensitivities
caused by the filtering operation that rejects a large portion of the input power.
Spectrometers based on planar on-chip integrated photonics provide another solution
with high spectral resolution [325, 327-331]. However, the loss associated with
on-chip coupling of the input light and the reduced throughput because of the
single-mode operation [335] are still major challenges for widespread adoption in

many applications.

Another type of compact spectrometers are conceptually similar to the conventional
table-top spectrometers, however, they use micro-optical elements to reduce size
and mass [332, 333]. Due to the inferior quality and limited control achievable by
micro-optical elements as well as the shorter optical path lengths, these devices
usually have lower spectral resolutions. Higher resolution has been achieved by using
aberration-correcting planar gratings [334], however an external spherical mirror

makes the device bulky.

A key feature of metasurfaces is their compatibility with micro and nano-fabrication
techniques, which allows for integration of multiple metasurfaces for realizing
complex optical metasystems [120, 139]. Such metasystems allow for significantly
improving optical properties of metasurfaces through aberration correction (such
as lenses with diffraction-limited operation over wide FOV [139]), or function-
alities fundamentally unachievable with local single-layer metasurfaces such as

retroreflection [120].

Concept and design
Taking a different approach to device integration, here we introduce folded optical

metasystems where multiple metasurfaces are integrated on a single substrate that is
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Figure 5.15: Schematics of a conventional and a folded metasurface spectrom-
eter. (a) Schematic illustration of a typical diffractive spectrometer. The main
components are comprised of the fore-optics section, diffraction grating, focus-
ing lenses and detector array. (b) The proposed scheme for a folded compact
spectrometer. All the dispersive and focusing optics can be implemented as
reflective metasurfaces on the two sides of a single transparent substrate. Mirrors
on both sides confine and direct light to propagate inside the substrate, and the
detector can be directly the output aperture of the device. If required, trans-
missive metasurfaces can also be added to the input and output apertures to
perform optical functions. Although the schematic here includes metasurfaces
on both sides to show the general case, the actual devices demonstrated here
are designed to have metasurfaces only on one side to simplify their fabrication.

also playing the role of propagation space for light [Fig. 5.15b]. Using this platform,
we experimentally demonstrate a compact folded optics device for spectroscopy
with a 1-mm thickness (~7-mm? volume) that provides a ~1.2-nm resolution over
a 100-nm bandwidth (more than 80 points over a ~12% bandwidth) in the near
infrared. As schematically shown in Fig. 5.15b, multiple reflective metasurfaces
can be designed and fabricated on the same transparent substrate to disperse and
focus light to different points on a plane parallel to the substrate. To the best of
our knowledge, this is the first demonstration of an optical metasystem comprising
more than two metasurfaces that implements a sophisticated optical functionality like
spectrometry. Furthermore, the presented configuration allows for the integration

of the detector array on top of the folded spectrometer, resulting in a compact
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monolithic device. We should note here that it was recently demonstrated that
an off-axis metasurface lens (i.e., a lens with an integrated blazed grating phase
profile [336, 337]) can disperse and focus different wavelengths to different points.
However, there are fundamental and practical limitations for such elements that
significantly limits their application as a spectrometer (which is the reason why
other types of diffractive optical elements, such as holographic optical elements
and kinoforms, that can essentially perform the same function have not been used
for this application before). Fundamentally, the chromatic dispersion [119, 135,
219, 232, 233] and angular response correlation of diffractive optical elements and
metasurfaces [15, 338] limit the bandwidth and angular dispersion range where the
device can provide tight aberration-free focusing. This in turn limits the achievable
resolution and bandwidth of the device. Moreover, the chromatic dispersion results
in a focal plane almost perpendicular to the metasurface, which will then require the
photodetector array to be placed almost normal to the metasurface plane [336, 337,
339]. In addition to the distance for the propagation of dispersed light, this normal
placement undermines the compactness of the device.

Figure 5.16a shows the ray tracing simulations of the designed spectrometer. The
device consists of three metasurfaces, all patterned on one side of a 1-mm-thick
fused silica substrate. The first metasurface is a periodic blazed grating with a period
of 1 um that disperses different wavelengths of a collimated input light to different
angles, centered around 33.9° at 810 nm. The second and third metasurfaces focus
light coming from different angles (corresponding to various input wavelengths) to
different points on the focal plane. We have recently demonstrated a metasurface
doublet capable of correcting monochromatic aberrations to achieve near-diffraction-
limited focusing over a wide FOV [139]. The second and third metasurfaces here
essentially work similar to the mentioned doublet, with the difference of working off
axis and being designed in a folded configuration, such that the focal plane for our
desired bandwidth is parallel to the substrate. To simplify the device characterization,
the focal plane was designed to be located ~200 wm outside the substrate. The
asymmetric design of the focusing metasurfaces in an off-axis doublet configuration
allows for the focal plane to be parallel to the substrate. This makes the integration of
the spectrometer and the detector array much simpler, results in a more compact and
mechanically robust device, and allows for direct integration into consumer electronic
products like smartphones. The optimized phase profiles for the two surfaces are
shown in Fig. 5.16a, right (see Table 5.A5 for the analytical expression of the phases).
Simulated spot diagrams of the spectrometer are plotted in Fig. 5.16b for three
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Figure 5.16: Ray-optics design and simulation results of the folded spectrome-
ter. (a) Ray tracing simulation results of the folded spectrometer, shown at three
wavelengths in the center and two ends of the band. The system consists of
a blazed grating that disperses light to different angles, followed by two meta-
surfaces optimized to focus light for various angles (corresponding to different
input wavelengths). The grating has a period of 1 um, and the optimized phase
profiles for the two metasurfaces are shown on the right. (b) Simulated spot
diagrams for three wavelengths: center and the two ends of the band. The scale
bars are 5 um. (c) Spectral resolution of the spectrometer, which is calculated
from simulated Airy disk radii and the lateral displacement of the focus with
wavelength. (d) Simulated intensity distribution for two wavelengths separated
by 1.1 nm around three different center wavelengths of 760 nm, 810 nm, and
860 nm. The intensity distributions show that wavelengths separated by 1.1 nm
are theoretically resolvable. The scale bars are 20 pum.
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o

wavelengths at the center and the two ends of the bandwidth showing negligible
geometric aberrations. The spot diagrams are plotted only at three wavelengths,
but the small effect of optical aberrations was confirmed for all wavelengths in the
760-860 nm bandwidth. As a result, the spectral resolution of the device can be
calculated using the diffraction-limited Airy radius and the lateral displacement
of the focus by changing the wavelength. The calculated resolution is plotted in
Fig. 5.16¢, showing a theoretical value of better than 1.1 nm across the band. Point
spread functions (PSFs) calculated for input beams containing two wavelengths
1.1 nm apart, and centered at 760 nm, 810 nm, and 860 nm are plotted in Fig. 5.16d,

showing two resolvable peaks.

To implement the reflective metasurfaces, we used a structure similar to the reflective
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Figure 5.17: Metasurface structure and design graphs. (a) Schematics of the
reflective rectangular meta-atom. The meta-atom consists of @-Si nano-posts on
a fused silica substrate, capped by a layer of SU-8 polymer and backed by a
gold mirror. The nano-post is 395 nm tall and the lattice constant is 250 nm
for the blazed grating and 246 nm for the focusing metasurfaces. Schematics
of the simulated structure and conditions are shown on the bottom. (b) and (c)
Simulated reflection phase plotted for TE and TM polarizations. The black curve
highlights the path through the D,-D, plane that results in equal phases for the
two polarizations. Nano-posts on this path were used to design the two focusing
metasurface elements to make them insensitive to the input polarization.
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elements in [120]. Each of the meta-atoms, shown schematically in Fig. 5.17a,
consists of an @-Si nano-post with a rectangular cross section, capped by a ~2-
um-thick SU-8 layer and backed by a gold mirror. The post height and lattice
constant were chosen to be 395 nm and 246 nm, respectively, to achieve full 2z
phase coverage while minimizing variation of the reflection phase derivative across
the band [Fig. 5.A11]. Minimizing the phase derivative variation will mitigate the
reduction of device efficiency over the bandwidth of interest [119] by decreasing the
wavelength dependence of the phase profiles [Fig. 5.A12]. In addition, since the two
focusing metasurfaces are working under an oblique illumination (6 ~33.9°), the
nano-posts were chosen to have a rectangular cross-section to minimize the difference
in reflection amplitude and phase for the TE and TM polarizations (for the oblique
incidence angle of 33.9° at 810 nm). Reflection coefficients are found through
simulating a uniform array of nano-posts under oblique illumination (6 ~33.9°) with
TE and TM polarized light [Fig. 5.17a, right]. The simulated reflection phase as a
function of the nano-posts side lengths are shown in Fig. 5.17b and 5.17¢ for TE and
TM polarizations. The black triangles highlight the path through the D,-D, plane
along which the reflection phase for the TE and TM polarizations is almost equal. In
addition, as shown in Fig. 5.A12, having almost the same reflection phases for the
TE and TM polarizations holds true for the whole desired 760—860 nm bandwidth.
The nanopost dimensions calculated from this path were used to implement the two
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focusing metasurfaces

The blazed grating has a periodic phase profile (with a period of ~1 wm) that deflects
normally incident light to a large angle inside the substrate. With a proper choice of the
lattice constant (250 nm, in our case), its structure can also be periodic. This different
structure and operation require a different design approach. The periodicity of the
grating allows for its efficient full-wave simulation which can be used to optimize
its operation over the bandwidth of interest. A starting point for the optimization
was chosen using the recently developed high-NA lens design method [130], and
the structure was then optimized using the particle swarm optimization algorithm to
simultaneously maximize deflection efficiency at a few wavelengths in the band for
both polarizations (see Appendix 5.5 and Fig. 5.A13 for details).

Device fabrication

The device was fabricated using conventional micro- and nano-fabrication techniques.
First, a 395-nm-thick layer of @-Si was deposited on a 1-mm-thick fused silica
substrate. All metasurfaces were then patterned using EBL in a single step, followed
by a pattern inversion through the lift-off and dry etching processes. The metasurfaces
were capped by a ~2 um-thick SU-8 layer, and a 100-nm-thick gold layer was deposited
as the reflector. A second reflective gold layer was deposited on the second side
of the substrate. Both the input and output apertures (with diameters of ~790 um
and ~978 um, respectively) were defined using photolithography and lift-off. An
optical microscope image of the three metasurfaces, along with a scanning electron

micrograph of a part of the fabricated device are shown in Fig. 5.18a.

Experimental and characterization results

To experimentally characterize the spectrometer, a normally incident collimated
beam from a tunable continuous wave laser was shinned on the input aperture of
the device. A custom-built microscope was used to image the focal plane of the
spectrometer, ~200 wm outside its output aperture (see Appendix 5.5 and Fig. 5.A15
for details of the measurement setup). The input wavelength was tuned from 760
to 860 nm in steps of 10 nm, and the resulting intensity distributions were imaged
using the microscope. The resulting one-dimensional intensity profiles are plotted
in Figs. 5.18b and 5.18¢ for TE and TM polarizations. The intensity profiles were
measured over the whole 1.2-mm length of the y-direction in the focal plane (as shown
in Fig. 5.18, inset) at each wavelength. The background intensity is beyond visibility
in the linear scale profiles plotted here for all wavelengths (see Figs. 5.A16 and
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Figure 5.18: Experimental characterization results. (a) An optical microscope
image of the fabricated device and metasurfaces before deposition of the second
gold layer. Inset shows a scanning electron micrograph of a portion of one of
the two focusing metasurfaces (scale bars from left to right: 10 mm, 500 um,
and 1 um). (b) and (c) One dimensional focal spot profiles measured for several
wavelengths in the bandwidth along the y-direction (as indicated in the inset)
for TE and TM polarizations. The wavelengths start at 760 nm (blue curve)
and increase at 10-nm steps up to 860 nm (red curve). (d) and (e) Measured
intensity distributions for two input wavelengths that are 1.25 nm apart for TE
and TM polarizations. The measurements were carried out at the center and
and the two ends of the wavelength range for both polarizations. The insets
show the corresponding 2-dimensional intensity profiles, demonstrating two
resolvable peaks (scale bars: 10 um). (f) Calculated and measured absolute
focusing efficiencies of the spectrometer for TE and TM polarizations. Both
polarizations have average measured efficiencies of ~25%.



168

5.A17 for two-dimensional and logarithmic-scale plots of the intensity distribution,
respectively). Figures 5.18d and 5.18e show the measured intensity profiles for three
sets of close wavelengths, separated by 1.25 nm. The insets show the corresponding
two-dimensional intensity distribution profiles. For all three wavelengths, and for
both polarizations the two peaks are resolvable. The experimentally obtained spectral
resolution is plotted in Fig. 5.A18 versus the wavelength. The average resolution for
both polarizations is ~1.2 nm, which is slightly worse than the theoretically predicted
value (~1.1 nm). We attribute the difference mostly to practical imperfections such as
the substrate having an actual thickness different from the design value and thickness
variation. In addition the metasurface phases are slightly different from the designed
profiles due to fabrication imperfections. The angular sensitivity/tolerance of the
device was also measured with respect to polar and azimuthal angle deviations from
0 incidence angle, in the x-z and y-z planes, using the setup shown in Fig. 5.A19c¢.
In the y-z plane the maximum tilt angle to maintain the same 1.25 nm resolution is
+0.15°, while in the x-z plane the device has a +1° degree acceptance angle. The
measurement results in Fig. 5.A19 match well with the predictions from ray-tracing

simulations.

The measured and calculated focusing efficiencies are plotted in Fig. 5.18f. The
focusing efficiency, defined as the power passing through a ~30 um diameter
pinhole around the focus divided by the total power hitting the input aperture, was
measured using the setup shown in Fig. 5.A15. For both polarizations, the average
measured efficiency is about 25%. As seen from the measured efficiency curves, the
optimization of the blazed grating efficiency versus wavelength and the choice of
the design parameters to minimize variations in the phase-dispersion for the doublet
metasurface lens, have resulted in a smooth measured efficiency. An estimate for
the expected efficiency (shown as simulated efficiency in Fig. 5.18f) is calculated by
multiplying the deflection efficiency of the grating, the efficiency of seven reflections
off the gold mirrors, the input and output aperture transmission efficiencies, and
the average reflectivities of the uniform nano-post arrays (as an estimate for the
two focusing metasurface efficiencies). It is worth noting that considering only the
reflection losses at the interfaces (nine reflective ones, and two transmissive ones)
reduces the efficiency to about 48%, showing a close to 50% efficiency for the three
metasurfaces combined. We attribute the remaining difference between the measured
and estimated values to fabrication imperfections (e.g., higher loss for the actual
gold mirrors, and imperfect fabrication of the metasurfaces), the lower efficiency of

metasurfaces compared to the average reflectivity of uniform arrays, and to the minor
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Figure 5.19: Sample spectrum measurement results. (a) Spectrum of a wide-
band source (a super-continuum laser with an 840-nm short-pass filter) measured
by a commercial OSA and the MS. This measurement was used to extract the
calibration curve. (b) Spectrum of a 10-nm band-pass filter centered at 800 nm
measured by the MS, compared to the spectrum acquired from the filter datasheet.
(c) Transmission spectrum of a Nd : YVOy crystal sample measured both with
a commercial OSA and the MS. (d) The optical depth of the sample extracted
from the spectrum measurements both with the OSA and the MS.

difference from the designed value of the metasurface phase profiles at wavelengths

other than the center frequency.

Spectrum Measurement

To demonstrate that the metasurface spectrometer actually has the ability to measure
dense optical spectra, we use it to measure the transmission spectra of two different
samples. First, we measured the spectrum of a wideband source (a super-continuum
laser source, filtered with an 840-nm short-pass filter), both with the metasurface
spectrometer (MS) and a commercial optical spectrum analyzer (OSA). By dividing
the spectra measured by the two devices, we extract the required calibration curve
that accounts for the variation of the metasurface spectrometer as well as the non-
uniformities in the responsivity of the optical setup used to image the focal plane (i.e.,
the objective lens and the camera, as well as the optical fiber used to couple the signal
to the OSA). The measured spectra and the extracted calibration curve are plotted in
Fig. 5.19a. Next, we used this calibration curve to measure the transmission spectrum

of a band-pass filter with a nominal 10-nm full width at half maximum bandwidth and
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centered at 800 nm. The measured spectrum along with the transmission spectrum
obtained from the filter datasheet are plotted in Fig. 5.19b, showing a good agreement.
Finally, we used the metasurface spectrometer to measure the optical depth of a
Nd:YVOy crystal sample. The spectrum measured with the metasurface spectrometer
(after calibration) is compared with the transmission spectrum of the same sample
measured with the OSA in Fig. 5.19¢. Dividing the spectrum without and with
the sample, we have extracted the optical depth of the sample which is plotted in
Fig. 5.19d. A good agreement is observed between the two measurement results. It is
worth noting that the Nd:YVO; crystal sample was cut though the z-plane, resulting
in an equal absorption spectrum for the two polarizations. Therefore, we can assume
that all spectral measurements were done with the same state of input polarization.

This justifies the use of only one calibration curve for all the measurements.

Discussion

The measured efficiency of the spectrometer demonstrated here is about 25%. This
value can be significantly increased to about 70% by using mirrors with higher
reflectivity (e.g., DBRs or high contrast grating mirrors [340, 341]), and anti-reflection
coatings on the input and output apertures. In addition, more advanced optimization
techniques [131] could be exploited to optimize the diffraction grating to achieve high
efficiency and polarization insensitivity. Implementing these changes and optimizing
the fabrication process, one can expect to achieve efficiencies exceeding 70% for the

spectrometer.

The metasurface spectrometers are fabricated in a batch process, and therefore
many of them can be fabricated on the same chip, even covering multiple operation
bandwidths. This can drastically reduce the price of these devices, allowing for their
integration into various types of systems for different applications. In addition, the
demonstrated structure is compatible with many of the techniques developed for the
design of multi-wavelength metasurfaces [135, 136], and therefore one might be able
to combine different optical bandwidths into the same device (e.g., using a grating
that deflects to the right at one bandwidth, and to the left at the other), resulting in

compact devices with enhanced functionalities.

The optical throughput (etendue) is a fundamental property of any optical system,
setting an upper limit on the ability of the system to accept light from spatially
incoherent sources. It can be estimated as the product of the physical aperture

size and the acceptance solid angle of the system. Furthermore, the total etendue
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of a system is limited by the element with the lowest etendue. To calculate the
throughput of the metasurface spectrometer, we have performed simulations and
measurements to characterize its acceptance angle. According to the measurement
results in Fig. 5.A19 the acceptance angle of the system is about 2 degrees in the
horizontal direction, and 0.3 degrees in the vertical direction. Given this and the input
aperture dimensions, the optical throughput of our device is calculated to be ~90 pm?.
For comparison, the etendue of optical systems operating around ~1 um that utilize
single-mode input channels (i.e., most optical spectrometers based on integrated
optics platforms) is around ~1 Srum?. Furthermore, the demonstrated spectrometer
is optimized for maximum sensitivity and not throughput. To show that the achieved
throughput here does not denote an upper limit for the etendue of a folded metasurface
spectrometer with similar characteristics (i.e., resolution, bandwidth, etc.), we have
designed a second device with a throughput of ~13000 Srum? (see Appendix 5.5 and
Fig. 5.A20 for design details and simulation results). Table 5.1 provides a comparison
of the optical throughput of several compact spectrometers from recent literature.
According to Table 5.1, the spectrometers designed using the folded metasurface
platform can collect 2 to 4 orders of magnitude more light compared to on-chip
spectrometers that are based on single/few-mode input waveguides, resulting in a

much higher sensitivity.

Table 5.1: Comparison of different spectrometers in terms of throughput
(etendue) and their dimensions

Spectrometer | Etendue [Srum?] Size (dimensions)
[329] <0.5 50um x 100umx thickness
[342] ~0.8 16mm x Tmm X 15um
This work ~ 90 Imm X 1mm X Tmm
[333] 8250 20.1mm x 12.5mm x 10.1mm
Fig. 5.A20 ~13000 2mm X 2.5mm X 8mm

The development of thin and compact optical elements and systems has been a key
promise of optical metasurfaces. Although many optical devices have been developed
in thin and compact form factors using metasurfaces, significantly reducing the
volume of optical systems using metasurfaces has not been previously demonstrated
due to the requirement of the free-space propagation in many systems (e.g., imaging
systems, spectrometers, etc.). The folded metasystem configuration introduced here
can significantly reduce the size of many of these optical systems using the substrate
as the propagation space for light. Based on this configuration, we demonstrated a

1-mm-thick spectrometer with a 7-mm? volume, reduced by a factor of ten compared



172

to the same system implemented in an unfolded scheme (twenty times reduction,
if the same system was designed in air). The spectrometer has a resolution of
~1.2 nm over a 100-nm bandwidth (>12%) in the near infrared. Using this design,
multiple spectrometers can be fabricated on the same chip and in the same process,
significantly reducing the costs and enabling integration of spectrometers covering
multiple optical bands into consumer electronics. Moreover, by improving the angular
response of the current device one can design a compact hyperspectral imager capable
of simultaneous one-dimensional imaging and spectroscopy. In a broader sense,
we expect that the proposed platform will also be used for on-chip interferometers,

imaging systems, and other devices performing complex transformations of the field.

5.5 Planar metasurface retroreflector

In this section we show that cascaded metasurfaces, each performing a pre-defined
mathematical transformation [343], provide a new optical design framework [139]
that enables new functionalities not previously demonstrated with single metasurfaces.
Specifically, we demonstrate that retroreflection can be achieved with two vertically
stacked planar metasurfaces, the first performing a spatial Fourier transform and
its inverse, and the second imparting a spatially varying momentum to the Fourier
transform of the incident light. Using this concept, we fabricate and test a planar
monolithic near-infrared retroreflector, made of two layers of silicon nano-posts, that
reflects light along its incident direction with normal incidence efficiency of 78%,
and a large half power FOV of 60°. The metasurface retroreflector demonstrates
the potential of cascaded metasurfaces for implementing novel high performance
components and enables low-power and low-weight passive optical transmitters [344—
346].

The achievements in the field of metasurfaces open up a new paradigm in optical
design, as we now can envision optical devices where light undergoes precise
mathematical transformation as it propagates through multiple metasurface layers
either planar of with arbitrary 2D shape. Compared to single-layer devices, multi-layer

metasurfaces enable both increased performance [139] and new functionalities.

One functionality that has not previously been reported using single metasurfaces
is retroreflection, defined as the ability to reflect light along its incident direction
over a continuous range of incident angles. Optical retroreflectors are desirable
in laser tracking [347] and for integration with planar modulators to realize mod-

ulating retroreflectors. A modulating retroreflector uses power from the incident
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beam to transmit data, thus enabling passive transmitters with very low power
consumption. Such passive transmitters have applications in optical free space com-
munication [344—-346], dynamic optical tags [348], optical sensor networks [349], and
remote sensing [350]. Low weight and cost, and a planar shape (which is required for
integration with modulators) are desirable features in these applications, but neither
conventional retroreflector designs (i.e., corner cubes and cat’s eye configurations)
based on bulk optics nor novel designs [351, 352] have been able to offer them. Here
we present retroreflection as a spatial linear filtering that can be implemented using
cascaded metasurfaces, and experimentally demonstrate an efficient and low-weight
planar metasurface retroreflector which can be mass-produced using cost-effective

conventional semiconductor manufacturing techniques.

a b

Mirror Retroreflector ~ Gradient metasurface

P| =P| P| = —Pj p| =P +p"
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Figure 5.20: Planar retroreflector concept. (a) Schematic illustration of reflec-
tion by a mirror, a planar retroreflector, and a gradient metasurface. The mirror
does not change the in-plane component of the momentum (p;) of incident
light, while a retroreflector changes its sign, and the gradient metasurface adds a
momentum (p™) to it. (b) Illustration of a planar retroreflector composed of two
metasurfaces. Metasurface | performs a spatial Fourier transformation directing
light with different incident angles to different spots on the metasurface Il. The
metasurface Il operates as a gradient metasurface and adds a spatially varying
momentum equal to twice that of the incident light but with the opposite sign.

Figure 5.20a illustrates reflection form a mirror, a retroreflector, and a reflective
gradient metasurface. All three of these components flip the direction of the normal
component of the momentum of incident light. However, the mirror does not change
the in-plane component of the momentum of incident light (pi |), the retroreflector
flips the direction of p’”, and the gradient metasurface adds an in-plane momentum
component (p”*) to it. The in-plane momentum added by the gradient metasurface
is proportional to the gradient of the local reflection phase [21], has negligible

dependence on the incident angle [125], and might vary across the metasurface. The
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gradient metasurface might be designed such that it reflects back light incident at a
particular angle (i.e., p” = —2pﬁ)), but it will reflect light incident at any other angle
to a direction different from the incident one (as shown in Fig. 5.20). This issue can
be resolved if optical waves with different incident angles are directed to different
locations on the gradient metasurface, and the gradient metasurface is designed to
impart a spatially varying momentum p”(x) = —2pf|(x), where p’|' |(X) is the in-plane

momentum of optical waves directed to the location x on the metasurface.

Directing optical waves with different incident angles to different locations is
equivalent to taking the spatial Fourier transform of incident waves, and can be
conducted using a transmissive gradient metasurface. This is schematically shown in
Fig. 5.20b, where metasurface I functions as a lens and focuses optical waves with
different incident angles to different points on metasurface II. The combination of
metasurfaces I and II operates as a retroreflector provided that the metasurface II
imparts a spatially varying momentum given by p”(x) = —2pf|(x). In the paraxial
regime (i.e., incident angles within a few degrees from normal) the two metasurfaces
can be considered as approximations of the two curved surfaces of a cat’s eye
retroreflector [121]. However, as we show here, the metasurface retroreflector can
operate over a much larger range of incident angles by selecting aspheric phase
profiles for the metasurfaces. As proof of principle, we considered two metasurfaces
as shown in Fig. 5.20b, and assumed they were patterned on two sides of a 500-um-
thick glass substrate. We optimized the phase profiles of the metasurfaces using
the ray tracing technique by minimizing the wavefront error of the retroreflected
light over £50° incident angles. The retroreflector was designed for operation at the
wavelength of 850 nm. The details of the optimization process and the optimized
phase profiles are presented in Appendix 5.7 and in Figs. 5.A21 and 5.A22, and
Table 5.A8.

We used the HCTA platform [67] to realize the metasurfaces. Metasurface I was
implemented using the transmissive metasurface shown schematically in Fig. 5.21a.
The transmissive metasurface is composed of an array of @-Si nano-posts resting on
a fused silica substrate, arranged on a hexagonal lattice with the lattice constant of
450 nm, and covered with a layer of SU-8 polymer. The array is non-diffractive in
the substrate for incident angles up to ~47° (see Appendix 5.7). The transmittance
and transmission phase of the nano-posts as a function of their diameters are shown
in Fig. 5.21¢, showing that the phase of the transmitted light can be varied from 0 to

27 by changing the nano-post diameters while keeping the transmittance close to one.
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Figure 5.21: Transmissive and reflective metasurfaces composing the retrore-
flector. (@) Schematic illustration of the transmissive metasurface design used
to implement metasurface |. The metasurface is composed of an array of a-Si
nano-posts with different diameters that are arranged in a hexagonal lattice and
covered with a layer of SU-8 polymer. (b) Similar to a, but for the reflective
metasurface design used to realize metasurface Il. The reflective metasurface
is similar to the transmissive one except for an additional gold layer deposited
over the SU-8 cladding. (c), Simulated transmittance and transmission phase as
a function of the nano-post diameter for the transmissive metasurface shown in
a. (d) Simulated reflectance and reflection phase as a function of the nano-post
diameter for the metasurface shown in b. The nano-post diameters correspond-
ing to low transmittance (in ¢) or reflectance (in d), which are highlighted by
grey rectangles, are excluded from the designs. The nano-posts are 600 nm tall,
the lattice constant is 450 nm, and the simulation wavelength is 850 nm. See
Appendix 5.7 for simulation details.
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Intuitively, the nano-posts can be considered as short waveguides with circular cross
section that support multiple resonances with relatively low quality factors [14, 67,
125]. These localized resonances lead to the high transmission of the metasurface
for a wide range of nano-post diameters, and enable high fidelity implementation
of metasurfaces with rapidly varying phase profiles. We note that each of these
resonances has several significant terms in their multipole expansions. This is in
contrast to short silicon posts (nano-disks) that typically only support two main
resonances; one with a significant electric and the other with a significant magnetic
dipole term. The large number of significant terms in the multipole expansion of
longer nano-posts prevents a simple explanation of their operation using multipoles.
Due to the high refractive index of @-Si, the nano-posts are weakly coupled, thus
allowing the realization of any desired phase profile by spatially varying the nano-post
diameters (as shown in Fig. 5.21a) [67]. The metasurface II was implemented using
the reflective metasurface design shown in Fig. 5.21b. The reflective metasurface
design is the same as the transmissive one shown in Fig. 5.21a except for the addition
of a reflective gold layer deposited on the SU-8 layer. Light incident from the
substrate side passes through the nano-post layer, reflects from the gold layer, and
passes through the nano-post layer again; therefore, it experiences twice the phase
shift imparted by the nano-post layer. The reflectance and the reflection phase of
the reflective metasurface as a function of the nano-post diameter are depicted in
Fig. 5.21d, showing that 4z phase shift and high reflectance are achieved by varying

the nano-post diameter from 68 to 288 nm.

An array of retroreflectors was fabricated by patterning the metasurfaces I and II on
opposite sides of a 500-um-thick fused silica substrate. The schematic illustration of
a single retroreflector is shown in Fig. 5.22a. The diameters of the metasurface |
and IT are 500 pm and 600 wm, respectively. The metasurface I was first fabricated
on one side of the substrate and was covered with a layer of SU-8. The SU-8 layer
was then cured to form a rigid layer over the metasurface I and protect it during the
fabrication of the metasurface II on the other side of the substrate (see Appendix 5.7
for fabrication details). An optical image of the fabricated array of retroreflectors is
presented in Fig. 5.22b that shows the two metasurface layers patterned on the two
sides of the substrate. A scanning electron micrograph of the nano-posts composing
the metasurfaces (taken before the SU-8 cladding step) is shown as an inset in
Fig. 5.22b.

The retroreflectance of the fabricated planar retroreflector for unpolarized light was
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Figure 5.22: Monolithic planar retroreflector made of two metasurfaces. (a)
Schematic drawing of the planar retroreflector. Two metasurfaces are patterned
on opposite sides of a glass substrate. (b) Optical image of an array of retrore-
flectors. Each retroreflector is composed of metasurface | on the front side and
metasurface Il on the backside. The third metasurface seen in the photo behind
metasurface Il is the image of the metasurface | in the reflective gold coating of
metasurface Il. An SEM image of the nano-posts composing the metasurfaces
is also shown. The image is taken before covering nano-posts with SU-8. See
Appendix 5.7 for fabrication details.

characterized using the setup schematically shown in Fig. 5.23a. The retroreflector
was illuminated by unpolarized light emitted from an LED (center wavelength:
850 nm, FWHM bandwidth: ~40 nm), and the reflected light was imaged using
a camera for different rotation angles of the retroreflector (). We note that the
retroreflector is circularly symmetric and all the rotation axes are equivalent. The
measured retroreflectance profiles for 6 from 0° to 50° in 10° steps are shown in
Fig. 5.23a (for the profiles measured at smaller steps see Fig. 5.A23). The reflectance
profile at normal incidence (6 = 0°) shows the retroreflector and also areas of the
sample without the metasurfaces (i.e., reflection from the backside gold layer). At
larger 6 values, the two metasurfaces retroreflect while the light impinging on the
areas without the metasurfaces is not reflected back along its incident direction and
is not captured by the camera. The clear aperture of the retroreflector decreases as 6
increases, which is partly due to the geometrical projection of the physical aperture
(reduction proportional to cos(6)) and partly due to the reduction of the overlap

between the metasurface I and II (see Fig. 5.A21).

The retroreflection efficiency, defined as the ratio of the power of the retroreflected
beam to the power of the incident beam, was measured using the setup schematically
shown in Fig. 5.23b (see Appendix 5.7 for the measurement details). A polarized laser
beam (center wavelength: 850 nm, FWHM bandwidth: ~0.9 nm) was retroreflected
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Figure 5.23: Retroreflection profile and efficiency. (a) Schematic of the mea-
surement setup (left), and measured reflectance of the retroreflector as a function
of the illumination incident angle (right). An LED was used as the illumination
(center wavelength: 850 nm, FWHM bandwidth: ~40 nm), and the reflectance
profile of the retroreflector was captured by the camera as the incident angle
was varied by rotating the retroreflector. (b) Schematic of the measurement setup
used for measuring retroreflection efficiency of the planar retroreflector (left),
and measured efficiency as a function of incident angle (right). The efficiency
values are measured for the TE and TM polarizations of the incident light. The
measured data are shown by symbols and the solid lines are eye guides. See
Appendix 5.7 for measurement details. BS: beamsplitter, L: lens, PC: polarization
controller, FC: fiber collimator, P: polarizer, PD: photodetector. The focal lengths
of lenses L; and L, are fj=5 cm and f, =20 cm, respectively.
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by the device and the retroreflection efficiency was measured as a function of the
incident angle for TE and TM polarizations. The absolute measured efficiency
values are presented in Fig. 5.23b. The retroreflection efficiency is approximately
78% close to normal incidence and decreases as the incident angle increases. The
retroreflection efficiency for the TM polarization is lower than the TE polarization
and shows a minimum for incident angles around 20°, a response similar to what has
been previously observed for beam deflectors implemented using a similar nano-post
metasurface platform [67]. Nano-posts with large diameters support a reflective
resonant mode with a large axial electric field component (i.e., a dominant axial
magnetic dipole) [125]. This mode has zero overlap with the in-plane components of
the electric field of the incident wave; therefore, it is not excited at normal incidence
or with TE-polarized incident waves. However, the electric field of TM-polarized
waves has significant axial component and may efficiently excite this mode, leading
to higher reflection and lower transmission of the TM-polarized waves. Therefore,
we attribute the polarization dependence and the retroreflection efficiency reduction
at larger angles to the incident angle dependence of the deflection efficiency of the

nano-post metasurfaces [67, 125].

The dependence of the deflection efficiency on the deflection angle causes the
non-uniformity of the retroreflection efficiency across the aperture of the device
as observed in the normal incidence result shown in Fig. 5.23a. As the simplified
ray diagram depicted in Fig. 5.20b (or the more detailed one shown in Fig. 5.A21)
shows, rays are deflected twice by metasurface I and once by metasurface II. Rays
incident further away from the center of the device undergo larger deflection by both
metasurfaces, and because the deflection efficiency of the metasurfaces decreases by
increasing the deflection angle; the retroreflection efficiency of the device decreases

as we move away from the center of the device.

To further confirm the wavefront preservation upon retroreflection by the device, we
used the setup shown in Fig. 5.24a and projected a demagnified image of a resolution
target on to the retroreflector using the combination of lens L3 and the objective
lens. The light retroreflected by the device was then re-imaged by the combination
of the objective lens and the lens L,. The results showing the image reflected by the
backside gold mirror, as well as the image reflected by the retroreflector for different
incident angles up to 20° are shown in Fig. 5.24a, confirming that the retroreflector
preserves the quality of the images. The slight reduction in the quality of the

retroreflected images compared to the reflected image (i.e., the image formed by the
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Figure 5.24: Characterization of the wavefront and polarization modifications
by the retroreflector. (a) Illustration of the measurement setup (left), and mea-
sured images of the object in the backside gold mirror and the retroreflector as
a function of the retroreflector rotation angle (right). The insets show expanded
views of a small area on the images. A band-pass filter (center wavelength:
850 nm, FWHM bandwidth: ~10 nm) is placed in front of the camera to reduce
the chromatic aberration introduced by the retroreflector. (b) lllustration of the
setup used to characterize the polarization of the retroreflected light (left), and
the images recorded by the camera for different orientations of the polarization
axis of P,. Areas of the retroreflector where horizontally polarized incident light
is deflected with TE and TM polarization are labelled. BS: beamsplitter, L: lens,
PC: polarization controller, FC: fiber collimator, P: polarizer, PD: photodetector.
The focal lengths of lenses L;, L, and L3 are fi =5 cm, f=20cm, and f3=20cm,
respectively.
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backside gold layer) is mainly due to the chromatic aberration of the retroreflector,
and the limited depth of focus of the objective lens which prevents the whole image
to be in focus at large incident angles. Note that the retroreflected image is centrally
reflected when compared with the reflected image. Similar images obtained for
incident angles up to 40° using an objective lens with a longer depth of focus are
presented in Fig. 5.A24.

The polarization dependence of the deflection efficiency leads to slight modification
of the polarization of optical waves upon retroreflection. If both metasurfaces I
and II were functioning as ideal polarization independent phase masks, then the
retroreflector would not change the polarization of the incident light. The nano-
post metasurfaces are polarization insensitive upon normal incidence, but exhibit
somewhat different deflection efficiencies for TE- and TM-polarized light when
the incident rays have non-zero incident or deflection angles [67]. As a result,
the polarization of rays that are incident on the device and are deflected with a
combination of the TE and TM polarization might be slightly modified by the device.
Using the setup shown in Fig. 5.24b, we experimentally verified that the device does
not modify the polarization of incident light that impinges on the central portion
of the device and at locations where the light is purely deflected with TE or TM
polarizations. The measurement results are also shown in Fig. 5.24b and show
that the polarization of a horizontally polarized incident light is not changed upon
retroreflection by the device in the central part of the device and along the horizontal
and vertical axes of the device where the deflected light is TM- and TE-polarized,
respectively. However, along the +45° axes, where the deflected light has both TE and

TM components, the polarization of light is slightly modified upon retroreflection.

For a given substrate thickness, the maximum size of a single metasurface retrore-
flector is limited by the NA of the metasurfaces. High-NA metasurfaces deflect
light by large angles and have lower efficiency than the metasurfaces with lower
NAs. However, an arbitrarily large planar retroreflector can be realized by forming
a 2D array of smaller metasurface retroreflectors presented here. The aperture of
individual retroreflectors can be modified (e.g., to a square or a hexagon) to enable

seamless tiling of the metasurface retroreflectors.

The metasurfaces and the planar retroreflector are designed for operation at a single
wavelength (850 nm). As the wavelength of the incident light is detuned from the
design wavelength, both the efficiency and the optical power of the metasurfaces

change. The change of the efficiency (which is due to imperfect blazing at wavelengths
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other than the design one) is moderate for the nano-post metasurfaces: the efficiency
drops to ~90% of its peak value over 10% fractional bandwidth (i.e., ~8% drop
in the retroreflector efficiency over 85 nm bandwidth) [67]. The chromatic change
of the optical power of metasurfaces is caused by the wavelength dependence of
the outline of the phase profiles of metasurfaces which in turn is caused by phase
jumps at zone boundaries [23, 135]. The paraxial analysis of the planar metasurface
retroreflector shows that the overall effect of the chromatic change of optical powers
of both the metasurfaces is equivalent to placing a lens with the focal length of
fA/AA in front of an achromatic retroreflector (f: focal length of the metasurface
I, AA: wavelength deviation from the design wavelength 1) [353]. This chromatic
lensing effect increases the divergence of the retroreflected light and decreases the
backscattered light detected by a remote interrogator, thus limiting the retroreflector
bandwidth. For example, for the retroreflector we presented here, 1 nm wavelength
deviation from 850 nm would increase the divergence angle of a beam from 0.18° to
0.22° (assuming a beam with the waist radius of 350 um whose 98% of power passes
through the retroreflector aperture). The larger divergence angle of the retroreflected
beam results in an estimated FWHM bandwidth of ~2.6 nm for the retroreflected
power received at a remote location, which is large enough for applications employing
laser sources such as free space optical communications and optical remote sensing.
The bandwidth of the retroreflector can be increased by using dispersion engineered
metasurfaces, and the retroreflector operation can be extended to multiple bands by

using multi-wavelength metasurfaces [135, 227, 229].

The light weight and the planar form factor of the metasurface retroreflector en-
ables its monolithic integration with planar optical modulators and detectors for
implementation of low-power free space optical communication transceivers [344].
Furthermore, the metasurface retroreflector shows how cascading metasurfaces can
provide novel functionalities in a planar form factor, thus paving the way for realizing

novel and complex optical systems using metasurfaces.
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Appendix 5.1: Doublet lens additional information and discussion

Simulation and design. The phase profiles of the two metasurfaces composing the
doublet lenses were obtained through the ray tracing technique using a commercial
optical design software (Zemax OpticStudio, Zemax LLC). The phase profiles were

defined as even order polynomials of the radial coordinate p as

5
P\2n

$(p) = Z:; an( )" (5.1)
where R is the radius of the metasurface, and the coefficients a, were optimized for
minimizing the focal spot size (root mean square spot size) at incident angles up to
30°. Two different metasurface doublet lenses were designed. The first doublet lens
(metasurface doublet lens I) is optimized for focusing incident light in air, and was
used in measurements shown in Figs. 5.3, 5.4b, and 5.4d. The second doublet lens
(metasurface doublet lens II) is optimized for focusing through the ~445-pum-thick
cover glass of the CMOS image sensor, and was used in the implementation of
the miniature camera as shown in Figs. 5.4f and 5.4g. The optimal values of the
coeflicients for the two doublet lenses are listed in Tables 5.A1 and 5.A2, and the
corresponding phase profiles are plotted in Fig. 5.A7. The phase profile for the
spherical-aberration-free metasurface singlet is given by ¢(p) = —(27/ /l)\//m,
where =717 um is the focal length of the singlet (which is the same as the focal
length of the doublet lens I).

The simulation results shown in Figs. 5.1b, 5.1d, 5.2b, 5.2¢, and Fig. 5.A2 were
computed assuming the metasurfaces operate as ideal phase masks (i.e., their phase
profile is independent of the incident angle). Incident light was modelled as a plane
wave and optical waves passed though the metasurfaces were propagated through the
homogeneous regions (i.e., fused silica and air) using the PWE technique [219]. The
simulated focal plane intensity results for wideband incident light, which are shown
Fig. 5.5a, were obtained by computing a weighted average of the optical intensity at
several discrete wavelengths in the bandwidth of the incident light. The weights were
chosen according to the power density of incident light (Fig. 5.5a, bottom) assuming
the diffraction efficiency of the metasurfaces is constant over the incident light’s
bandwidth. This assumption is justified because the efficiency of dielectric nano-post
metasurfaces does not vary significantly over ~10% fractional bandwidth [67]. The
simulated bandwidth-dependent modulation transfer function of the metasurface
doublet lens shown in Fig. 5.5b and Fig. 5.A6 were obtained by taking the Fourier

transform of the simulated focal plane intensity distributions presented in Fig. 5.5a.
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Simulated transmission data of the periodic array of @-Si nano-posts presented
in Fig. 5.2b were obtained by using the RCWA technique using a freely available
software package [217]. The simulations were performed at 4 =850 nm. The
a-Si nano-posts (with refractive index of 3.6 at 850 nm) are 600 nm tall, rest on
a fused silica substrate (refractive index of 1.45), and are cladded with a layer of
the SU-8 polymer (refractive index of 1.58 at 850 nm). The imaginary part of
the refractive index of a-Si is smaller than 10™* at 850 nm and was ignored in the
simulations. The nano-posts are arranged in a hexagonal lattice with the lattice
constant of =450 nm. For normal incidence, the array is non-diffractive in both
SU-8 and fused silica at wavelengths longer than A = ngy_gV3/2a =616 nm. The
refractive indices of @-Si and SU-8 polymer were obtained through variable angle

spectroscopic measurements.

The metasurface patterns were generated using their phase profiles ¢(p) and the
relation between the transmission and the diameter of the nano-posts shown in
Fig. 5.2b. The diameter of the nano-post at each lattice site (d) was chosen to
minimize the transmission error defined as £ = |t(d) — exp(i¢)|, which is the
difference between the nano-post transmission #(d) and the desired transmission
exp(i¢). The nano-posts diameters corresponding to low transmission, which are
highlighted in Fig. 5.2b, are automatically avoided in this selection process, as the

low transmission amplitude results in a large transmission error.

Device fabrication. The metasurfaces forming the doublet lenses shown in Fig. 5.2¢
were fabricated on both sides of a 1-mm-thick fused silica substrate. The substrate
was cleaned using a piranha solution and an oxygen plasma. A 600-nm-thick layer
of hydrogenated @-Si was deposited on each side of the substrate using the PECVD
technique with a 5% mixture of silane in argon at 200° C. Next, the nano-post
patterns for the correcting metasurfaces were defined on one side of the substrate as
follows. First a ~300-nm-thick positive electron resist (ZEP-520A) was spin coated
on the substrate and baked at 180° C for 5 min. Then a ~60-nm-thick layer of a
water soluble conductive polymer (aquaSAVE, Mitsubishi Rayon) was spin coated
on the resist to function as a charge dissipating layer during electron-beam patterning.
The metasurface patterns and alignment marks were written on the resist using EBL.
The conductive polymer was then dissolved in water and the resist was developed
in a resist developer solution (ZED-N50, Zeon Chemicals). A 70-nm-thick layer
of Al,O3 was deposited on the resist and was patterned by lifting-off the resist in a

solvent (Remover PG, MicroChem). The patterned Al,O3 was then used as the hard
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mask in dry etching of the underlying a-Si layer. The dry etching was performed in
a mixture of SFg and C4Fg plasmas using an inductively coupled plasma reactive ion
etching process. Next, the Al,O3 mask was dissolved in a 1:1 mixture of ammonium
hydroxide and hydrogen peroxide heated to 80° C. Figure 5.2d shows SEM images
of the top and oblique view of the nano-posts at this step of the fabrication process.
The metasurfaces were then cladded by the SU-8 polymer (SU-8 2002, MicroChem)
which acts as a protective layer for the metasurfaces during the processing of the
substrate’s backside. A ~2-um-thick layer of SU-8 was spin coated on the sample,
baked at 90° C for 5 min, and reflowed at 200° C for 30 min to achieve a completely
planarized surface. The SU-8 polymer was then UV exposed and cured by baking at
200° C for another 30 min. The complete planarization of the metasurfaces, and the
void-free filling of the gaps between the nano-posts were verified by cleaving a test
sample fabricated using a similar procedure and inspecting the cleaved cross section
using a SEM.

The focusing metasurfaces were patterned on the backside of the substrate using a
procedure similar to the one used for patterning the correcting metasurfaces. To
align the top and bottom metasurface patterns, a second set of alignment marks
was patterned on the backside of the substrate and aligned to the topside alignment
marks using optical lithography. The focusing metasurface pattern was subsequently
aligned to these alignment marks. The aperture and field stops were then patterned by
photo-lithography, deposition of chrome/gold (10 nm/100 nm) layers, and photoresist
lift-off. To reduce the reflection at the interface between SU-8 and air, a ~150-nm-
thick layer of hydrogen silsesquioxane (XR-1541 from Dow Corning with refractive
index of 1.4 at 850 nm) was spin coated on both sides of the substrate and baked at
180° C for 5 min.

Systematic fabrication errors due to non-optimal exposure dose in EBL, or over and
under etching will generally increase or decrease the nano-post diameters almost by
the same amount. To compensate for such errors, we fabricated a set of devices (as
shown in Fig. 5.2¢) with all nano-post diameters biased by the same amount (in steps
of 5 nm) from their design values. All the devices in the set showed similar focal
spots, but with different focusing efficiencies. The focusing efficiency at normal

incidence decreased by ~2.5% for every 5 nm error in the nano-post diameters.

Measurement procedure and data analysis. The measurement results shown in
Figs. 5.3b—5.3e were obtained using the experimental setup schematically shown in

Fig. 5.3a. An 850 nm semiconductor laser (Thorlabs L850P010, measured spectrum
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shown in Fig. 5.A3) was coupled to a single mode fiber. The fiber passed through
a manual polarization controller and was connected to a fiber collimation package
(Thorlabs F220APC-780, 1/e? beam diameter: ~2.3 mm). The collimated beam
was passed through an LP (Thorlabs LPNIR050-MP) which sets the polarization of
light incident on the doublet. The collimator and the LP were mounted on a rotation
stage whose rotation axis coincides with the metasurface doublet lens. The focal
plane of the doublet lens was imaged using an objective lens, a tube lens (Thorlabs
AC254-200-B, focal length: 20 cm), and a camera (Photometrics CoolSNAP K4,
pixel size: 7.4 um). A 100x objective lens (Olympus UMPIlanFl, NA=0.95) was used
in the measurements shown in Figs. 5.3b—5.3d, and a 50X objective lens (Olympus
LMPIlanFl N, NA=0.5) with a larger FOV was used for obtaining the focal spot
position data shown in Fig. 5.3e. A calibration sample with known feature sizes was
used to accurately determine the magnification of the objective/tube lens combination
for both of the objectives. The dark noise of the camera was subtracted from the

measured intensity images shown in Figs. 5.3b and 5.3c.

The focusing efficiency presented in Fig. 5.3d is defined as the ratio of the optical
power focused by the lens to the optical power incident on the lens aperture. The
focusing efficiency for the normal incidence (zero incident angle) was measured
by placing a 15-um-diameter pinhole in the focal plane of the doublet lens and
measuring the optical power passed through the pinhole and dividing it by the power
of the incident optical beam. For this measurement, the 1/e2 diameter of the incident
beam was reduced to ~500 um by using a lens (Thorlabs LB1945-B, focal length: 20
cm) to ensure that more than 99% of the incident power passes through the aperture
of the doublet lens (800 um input aperture diameter). The incident and focused
optical powers were measured using an optical power meter (Thorlabs PM100D
with Thorlabs S122C power sensor). The pinhole was a 15-um-diameter circular
aperture formed by depositing ~100 nm chrome on a fused silica substrate and
had a transmission of ~94% (i.e., 6% of the power was reflected by the two fused
silica/air interfaces), and therefore the reported focusing efficiency values presented

in Fig. 5.3d underestimate the actual values by a few percent.

The focusing efficiency values for non-zero incident angles were found using the
focal spot intensity distributions captured by the camera and the directly measured
focusing efficiency for normal incidence. First, the focused optical powers for
different incident angles were obtained by integrating the focal plane intensity

distributions within a 15-um-diameter circle centered at the intensity maximum. The
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intensity distributions were captured by the camera when the doublet was illuminated
by a large diameter beam (1/e> beam diameter of ~2.3 mm) and the dark noise of the
camera was subtracted from the recorded intensities before integration. Next, the
focused optical powers for different incident angles were compared with the focused
power at normal incidence and corrected for the smaller effective input aperture (i.e.,
a cos(#) factor). The measurement was performed for transverse electric (TE, with
electric field parallel to the doublet lens’s surface) and transverse magnetic (TM,
with magnetic field parallel to the doublet lens’s surface) polarizations of the incident

beam.

The images presented in Figs. 5.4b and 5.4¢ were captured using the experimental
setup schematically shown in Fig. 5.4a. A pattern was printed on a letter-size paper
(approximately 22 cm by 28 cm) and used as an object. The object was placed in
front of the metasurface lens at a distance of ~25 cm from it. Three ruler marks were
also printed as a part of the pattern at viewing angles of 0°, 15°, and 30°. The object
was illuminated by an 850 nm LED (Thorlabs LED851L, measured spectrum shown
in Fig. 5.A3). The images formed by the metasurface lenses were magnified by
approximately 10X using an objective lens (Olympus UMPIlanFl, 10x, NA=0.3) and a
tube lens (Thorlabs AC254-200-B, focal length: 20 cm). A bandpass filter (Thorlabs
FL850-10, center wavelength: 850 nm, FWHM bandwidth: 10 nm) was placed
between the objective lens and the tube lens. The placement of the filter between
the objective and the tube lens did not introduce any discernible aberrations to the
optical system. The magnified images were captured using a camera (Photometrics
CoolSNAP K4) with pixel size of 7.4 um. The images shown in Figs. 5.5¢ and 5.5d
and Fig. 5.A4 were also captured using the same setup but with a different objective
lenses (Olympus LMPlanFl, 20x, NA=0.4 for Figs. 5.5¢ and 5.5d and Olympus
LMPIlanFI N, 50x, NA=0.5 for Fig. 5.A4).

The miniature camera schematically shown in Fig. 5.4f is composed of the metasurface
doublet lens II (with parameters listed in Table 5.A2) and a low-cost color CMOS
image sensor (OmniVision OV5640, pixel size: 1.4 um) with a cover glass thickness
of 445 + 20 wm. An air gap of 220 um was set between the metasurface doublet
lens and the image sensor to facilitate the assembly of the camera. The metasurface
doublet was mounted on a 3-axis translation stage during the measurements. To set
the distance between the image sensor chip and the doublet, a far object was imaged

and the distance was adjusted until the image was brought into focus.

The MTFs shown in Figs. 5.4d and 5.4e were computed by taking the Fourier
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transform of the measured focal plane intensity distributions shown in Figs. 5.3b
and 5.3c, respectively. The dark noise of the camera was first subtracted from the
recorded intensity distributions. The diffraction limit curves shown in Figs. 5.4d
and 5.4e is the simulated modulation transfer function of a diffraction-limited lens
(i.e., Fourier transform of a the diffraction-limited Airy disk) with the same focal
length (=717 wm) and aperture diameter (D=800 um) as the metasurface doublet

and singlet lenses used in the measurements.

The image shown in Fig. 5.5e was obtained using Wiener deconvolution [273], and

by filtering the image shown in Fig. 5.5¢ by the Wiener filter

~ MTF(v)
"~ MTF(v) + N(v)/S(v)’

H(v) (5.2)

where v is the spatial frequency, MTF(v) is the on-axis modulation transfer function
of the metasurface doublet lens for illumination with 40 nm FWHM bandwidth
(shown in Fig. 5.5b), and N(v) and S(v) are the power spectral densities of the noise
and the image, respectively. The noise was assumed to be white (i.e., constant power
spectral density), and S(v) was assumed to be equal to the power spectral density of
an image formed with a diffraction-limited imaging system withNA=0.4 (i.e., the NA
of the objective lens used for magnification in the experimental setup). The signal to
noise ratio was found as ~250 by estimating the camera’s noise, and was used to set

the constant value for N(v).

Imaging bandwidth of metasurface lenses. Here we discuss the relation between
the NA, focal length, and bandwidth of a metasurface lens. We consider a metasurface
lens with the focal length of f which is designed for operation at the wavelength A,
and is placed at the distance f from an image sensor. The metasurface lens focuses
light with the wavelength of A + AA to the distance of f — Af from the metasurface
lens. Because of the phase jumps at the zone boundaries of the metasurface lens,
the fractional change in the focal length is equal to the fractional change in the

wavelength [135], that is
Af A4

oo

As AA increases the focal plane of the lens moves further away from the image sensor

(5.3)

and the size of the spot recorded by the image sensor increases. As a quantitative
measure, we define the bandwidth of the metasurface lens as the wavelength change
A that increases the diameter of the recorded spot by a factor of V2 compared to its

value at A. With this definition, the distance between the image sensor and the focal
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plane at the wavelength of A + AA is equal to the Rayleigh range zq of the focused
light (i.e., Af = zo). The Rayleigh range is given by
2
wg

20 = T (5.4)

where wy is the 1/e? focal spot radius and is inversely proportional to the NA of the

metasurface lens A

wp = —. (5.5)
2+/In(2)NA
Therefore, the fractional bandwidth of the metasurface lens is given by
AL Twg Pl
=—0-_= (5.6)

A Af T 4In(2) fNAY

and is proportional to 1/( fNA?).

Appendix 5.2: Doublet lens supporting figures and tables
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Figure 5.A1: Strehl ratio of the singlet and doublet metasurface lenses. Strehl
ratio is the ratio of the volume under the 2D MTF of a lens to the volume under
the 2D MTF of a diffraction-limited lens with the same NA. The red dashed
line shows the Strehl ratio value of 0.9 which we have used as a threshold for
referring to the focal spot as being "nearly diffraction-limited".
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Figure 5.A2: Effect of misalignment between the two metasurfaces. (a)
Schematic illustration of the side and the top views of the metasurface dou-
blet lens. The misalignments along x and y directions (dx and dy) are shown in
the top view illustration. (b) Simulated focal plane intensity of the metasurface
doublet lens for different misalignments between the metasurfaces and at several
different incident angles 8. The aperture and field stops are assumed to be
aligned with the metasurfaces on their corresponding sides. Scale bar: 2 um.
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Figure 5.A3: Measured spectra of the sources used to characterize the meta-
surface lenses and the miniature camera. (a) Measured spectrum of the laser
used in the measurement of incident angle dependent focusing of the meta-
surface doublet and singlet lenses [Fig. 5.3a]. Different peaks observed in the
spectrum correspond to different Fabry-Pérot modes of the laser cavity. (b)
Measured spectrum of the LED used to capture the image shown in Fig. 5.5c. (c)
Measured spectrum of the filtered LED used as illumination for the images shown
in Figs. 5.4b, 5.4c, 5.4g, and 5.5d. The solid blue curves show the measured
spectra and the dashed red curves represent the best Gaussian function fits. The
FWHM bandwidth values for the Gaussian fits are equal to 0.9 nm, 42.7 nm,
and 9.8 nm for the spectra shown in a, b, and ¢, respectively.
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Figure 5.A4: Image captured by the metasurface doublet lens. Image taken
using the setup shown in Fig. 5.4a, but with an objective lens with higher
magnification and NA (50x, NA=0.5). See Appendix 5.1 for the measurement
details. The vignetting observed at the corners of the image is due to the limited
FOV of the objective lens used to magnify the image. Scale bar: 10 um.
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Figure 5.A5: Image-space telecentricity of the metasurface doublet lenses. (a)
Ray diagram for the metasurface doublet lens | (designed for focusing in air),
and (b) the metasurface doublet lens Il (designed for focusing through the cover
glass). The correcting and focusing metasurfaces (not shown) are assumed to
be patterned on the left and right sides of the substrates, respectively. The chief
rays are nearly normal to the image planes (i.e., the lenses are telecentric in the
image space), and the angular distributions of the focused rays are independent
of the incident angle. Scale bars: 400 um.
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Figure 5.A6: Simulated MTFs for the metasurface doublet lens at the incident
angle of 15°. The solid and dashed lines show the modulation transfer function
in the tangential plane (along x in Fig. 5.5a) and sagittal plane (along y in
Fig. 5.5a), respectively.
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Figure 5.A7: Phase profiles of the metasurfaces composing the doublet lenses.
(@) Phase profile of the correcting and (b) focusing metasurfaces of the doublet
lens | (designed for focusing in air). (c) and (d) Similar plots as a and b but for
the metasurface doublet lens Il which is designed for focusing through the cover
glass of a CMOS image sensor (as shown in Figs. 5.4f and 5.4g).
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Table 5.A1: Phase profile parameters for the metasurface doublet lens |

Metasurface | Correcting Metasurface | Focusing Metasurface
R (um) 400 800

ai -71.86 -3285.68

ar 57.90 -31.88

as 9.62 33.77

as 1.30 -8.41

as 0.66 1.51

Table 5.A2: Phase profile parameters for the metasurface doublet lens I

Metasurface | Correcting Metasurface | Focusing Metasurface
R (um) 400 700

ai -225.92 -2559.04

a 31.29 11.57

as 3.84 0.83

as 0.49 -3.58

as 0.34 1.94

Appendix 5.3: Additional information for the MEMS-tunable doublet

Simulation. The optimized phase profiles (for both the fabricated doublet and the
triplet shown in Fig. 5.14) were obtained using Zemax OpticStudio. The phase
profiles are defined as even-order polynomials of the radial coordinate r according
to ¢(r) = X, asn(r/Ro)*", where Ry is a normalization radius and a,, are the
coefficients (see Fig. 5.A8 and Tables 5.A3 and 5.A4 for the phase profiles and the
optimized coefficients). This was done through simultaneously minimizing the root
mean square radius of the focal spot for several configurations (i.e., different lens
separations, and, in the case of the triplet, the lateral source position). The image
formation simulations (for Fig. 5.14) were done using the extended scene simulations
of Zemax OpticStudio and took into account the aberrations and limitations resulting

from diffraction.

Mechanical simulation of the MEMS structure was performed in COMSOL Mul-
tiphysics to find the resonances of the structure. The metallic contacts and the
a-Si metasurface were treated as additional masses on the membrane. The Young
modulus of SiN, was assumed to be 250 GPa and its Poisson ratio was set to be
0.23. The following densities were used for different materials: 3100 kgm™ for
SiN,, 2320 kg/m~3 for @-Si, and 19300 kg/m~> for gold. To account for the fact that
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the whole metasurface volume is not filled with @-Si, an average fill factor of 0.5

was used.

Transmission amplitudes and phases of the metasurface structures on both fused silica
and silicon nitride were computed through rigorous coupled-wave analysis [217]. The
transmission values were calculated by illuminating a uniform array of nano-posts
with a normally incident plane wave at 915 nm wavelength and finding the amplitude
and phase of the transmitted zeroth-order wave right above the nano-posts. The
subwavelength lattice ensures that this single number is adequate to describe the
optical behavior of a uniform array. The following refractive indices were used in
the simulations: 3.5596 for «-Si, 2.1 for SiN,, 1.4515 for fused silica. The lattice
constant was 320 nm in both cases, and the @-Si thickness was 530 nm for the

moving, and 615 nm for the stationary lens.

Device fabrication. Fabrication of the stationary lenses was started by depositing a
615-nm-thick layer of @-Si on a 500-um-thick fused silica substrate through a PECVD
process. The metasurface pattern was written on a ~300-nm-thick layer of ZEP520A
positive electron resist with a Vistec EBPG5000+ electron beam lithography system.
After development of the resist, a 70-nm-thick Al,O3 layer was evaporated on the
sample that was used as a hard mask. The pattern was then transformed to the
a-Si layer via a dry etch process. The metallic contacts’ pattern was defined using
photolithography on AZ 5214 E photoresist which was used as a negative resist. A
~10-nm-thick layer of Cr, followed by a ~100-nm-thick Au layer was evaporated
onto the sample, and a lift-off process transferred the photoresist pattern to the metal
layer. Finally, a ~20-um-thick layer of SU-8 2015 was spin coated on the sample

and patterned to function as a spacer.

The moving lens fabrication started with a silicon wafer with ~450-nm-thick low-
stress low-pressure chemical vapor SiN, deposited on both sides. The device side
was etched down to about 213 nm with a dry etch process. A ~20-nm-thick SiO,
layer, followed by a ~530-nm-thick a-Si layer was deposited on the sample with a
PECVD process. Through hole patterns were defined on the backside of the sample
using the AZ 5214 E photoresist, and a lift-off process was performed to transfer the
pattern to a ~200-nm-thick Al,Oj3 layer that was used as a hard mask. The holes were
partially etched through the wafer with a Bosch process (leaving a ~50-pum-thick
silicon layer to provide mechanical support for the membrane in the following steps).
Alignment marks (for aligning the lenses to the backside holes) were patterned and

etched into the a-Si layer using a backside-aligned photolithography process. A
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process similar to the one used for the stationary lenses was performed to fabricate
the metasurfaces and the metallic contacts. The top-side (with the metasurfaces
and contacts) was then covered with a protective polymer coating (ProTEK PSB,
Brewer Science) layer, and the remaining ~50-um-thick silicon layer was etched in a
3:1 water-diluted potassium hydroxide solution at 80°C. The membrane pattern was
defined on the sample using photolithography with AZ nLOf 2020 photoresist, and
was etched through the SiN, membrane to release the membrane. The photoresist
was then removed in an oxygen plasma. A fused silica piece was bonded to the
backside of the membrane sample using a UV-curable epoxy (NOA 89, Norland
Products) to isolate the membranes from ambient airflow. At the end, the moving
and stationary samples were aligned and bonded using an MA6/BAG6 aligner (Suss
MicroTec). A UV-curable epoxy was used to bond the two samples. Using this

technique, an alignment precision of a few microns is feasible.

Measurement procedure. The doublet characterization setup is schematically
shown in Fig. 5.A9. A collimated beam from a fiber coupled 915-nm diode laser
connected to a fiber collimation package (F240FC-B, Thorlabs) was used to illuminate
the doublet from the membrane side. A custom-built microscope consisting of a
x50 objective (LCPlanFL N, NA=0.7, Olympus) and a tube lens with a 20-cm focal
length was used to image the focal plane of the doublet to a charge-coupled device
camera (CoolSNAP K4, Photometrics). An air coplanar probe (ACP40 GSG 500,
Cascade Microtech) was used to apply a voltage to the doublet. For measuring the
frequency response, square pulses with different base frequencies were applied to
the probe (CFG250 function generator, Tektronix). The change in the optical power
passing through a 50-um pinhole in the image plane (equivalent to a ~1-um pinhole
in the focal plane) was then measured with a fast detector (PDA36A, Thorlabs)
connected to an oscilloscope. The frequency response was then extracted through
Fourier transforming the input voltage and the resulting change in the output power

(see below for more details).

The efficiency was calculated through measuring the power passing through a ~1-mm
iris in the image plane (corresponding to a ~20-um pinhole in the focal plane) and
dividing it by the total power before the doublet. To make sure that the total beam
power was incident on the doublet, the beam was partially focused by a lens with a
10-cm focal length. The distance between the lens and the doublet was adjusted such
that the beam had a ~100-um FWHM at the place of the doublet (i.e., one third of
the doublet diameter). This way, more than 99% of the power is expected to hit the
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doublet area.

The imaging experiments in Fig. 5.13 were also performed using a similar setup.
For imaging, a 910-nm LED (LED910E, Thorlabs) was used as an illumination. To
reduce the effects of chromatic dispersion, a bandpass filter (FB910-10, 910-nm
center wavelength, 10-nm FWHM) was placed in front of the camera. A negative
1951 USAF Resolution target (RIDS1N, Thorlabs) was used as an imaging object.
A 4-f system consisting the doublet and a glass lens with focal length of 8 mm
(ACL12708U-B, Thorlabs) was used to form images of the resolution target at
different distances. To reduce the aperture size and increase contrast, a 1.8-mm-
diameter aperture (AP1.5, Thorlabs) was placed at a ~1.3-mm distance in front of
the refractive lens. The distance between the backside of the refractive lens and the
doublet was ~4.5 mm. The resulting image was magnified and re-imaged onto the

camera with the same microscope used for the focal spot characterization.

Frequency response measurements. The frequency response of the doublet is
defined as the ratio of the membrane movement upon application of an alternating
voltage at frequency f, to the membrane movement upon application of the same
DC voltage. To measure this response we used the setup schematically shown in
Fig. 5.A9a (including the mirror, a 50-um pinhole, and a power detector). Square
shaped pulse trains at different frequencies were applied to the contacts [Figs. 5.A9b—
5.A9d]. Modulation of the optical power passing through the pinhole is also
measured with the power detector connected to an oscilloscope [Figs. 5.A9%e-5.A9g].
To maximize the modulation of the optical power passing through the pinhole, the
objective was adjusted to image a plane a few microns away from the focal spot of the
doublet. The optical power was measured in four different intervals (plotted in the
figures with different colors), and their average was used as the output to reduce noise.
The input voltage and output powers were then Fourier transformed, resulting in the
spectra shown in Figs. 5.A9h-5.A9j. The transfer function for each input frequency
band (i.e., for each of the Figs. 5.A9b—5.A9d inputs) can be calculated via dividing
the output and input spectra at the harmonic frequencies [Figs. 5.A9k—5.A9m]. We
chose the base harmonic frequencies (i.e., 10 Hz, 100 Hz, and 1 kHz) so that there
is an overlap in the bandwidths where the transfer function is calculated for each
input. Using this overlap, we can cascade the transfer functions to find the frequency
response plotted in Fig. 5.12e. We should note that there are inherent approximations
in the method used here for finding the frequency response. First, the membrane

displacement is a nonlinear function of the applied voltage. Second, the change in
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the focal distance with the membrane movement is weakly nonlinear. Third, the
optical power passing through the pinhole is a nonlinear function of the focal distance
change. Assuming that all changes are small compared to their respective rest values,
we can linearize all these functions, and find the transfer functions. Nevertheless,
traces of the nonlinearities could be seen in the excitation of output harmonics that
are not present in the input [Figs. 5.A9h-5.A9j]. The fact that these new harmonics
have small amplitudes compared to the linearly excited ones, and the good agreement
between the resulting frequency response and the over-damped fit indicate that the

linearization approximation is valid.

Appendix 5.4: Supporting figures and tables for the MEMS-tunable doublet
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Figure 5.A8: Phase profiles and ray optics simulations. (a) Optimized phase
profiles for the fabricated doublet metasurfaces. (b) Ray optics simulation results
for the doublet in three different configurations. The scale bars are 2 um. FFL:
Front focal length. (c) Phase profiles for the three elements of the microscope
shown in Fig. 5.14.
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Figure 5.A9: Measurement setup and raw frequency measurement results. (a)
Measurement setup used to characterize the doublet. The mirror, pinhole and
optical power detector are used for measurement of frequency response and
efficiency. (b)-(d) Input voltage waveforms for different base frequencies. (e)—(g)
Measured output powers for corresponding input voltages b—d. (h)-(j) Fourier
transforms of the mean measured output voltages. (k)-(m) The calculated pieces
of the transfer function over different frequency bands. See Appendix 5.3 for
details of the measurement procedure.
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Figure 5.A10: Aberrations resulting from membrane bending and lens mis-
alignment. (a) On-axis MTF of the doublet plotted for various radii of curvature
(the numbers are in millimeters). Inset: the calculated Strehl ratio plotted versus
curvature (i.e., one over radius). The red dashed line is an eye-guide, and the
black dashed line corresponds to a Strehl ratio of 0.9. (b) On-axis MTF of the
doublet plotted for various transverse displacements between the lenses (the
numbers are in micrometers). For each color, the solid line is the sagittal plane,
and the dashed line is the tangential plane. Inset: the calculated Strehl ratio
plotted versus displacement. The red dashed line is an eye-guide, and the black
dashed line corresponds to a Strehl ratio of 0.9.

Table 5.A3: Optimized phase profile coefficients for the fabricated doublet.

Element | Moving lens | Stationary lens
Ro [um] 150 150

a» -6.479x10? 5.835x10?
as 5.430%10! -4.717x10!
ac 8.997x10" -1.317x10?
as -1.532x10? 2.324x10?2
an 1.557x107? -2.201x10?
an -8.498x10! 7.967x10!
aia 1.871x10! 3.145x10°

Appendix 5.5: Additional information and discussion for the metasurface
spectrometer

Simulation and design. Ray tracing simulations of the spectrometer were performed
using Zemax OpticStudio. In the simulations, metasurfaces were assumed to be
phase-only diffractive surfaces. The grating was modeled as a blazed grating with
a linear phase along the direction of dispersion (y), and independent of the other
direction (x). The phase was chosen to correspond to a period of 1 wm, resulting

in deflection angles of 31.6° and 36.35° at 760 nm and 860 nm, respectively. The
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Table 5.A4: Optimized phase profile coefficients for the triplet microscope.

Element | Moving lens | Stationary lens 1 | Stationary lens 2
Ro [um] 270 280 200

a 8.657x10? -9.800 x10? -9.354x10"
as 7.828%x10? -7.474x10? 1.675x10°

ae -1.240x10° 1.280x10° 5.765x1071
as 7.004x10? -8.157x107? -6.854x107"
aio -1.281x10? 1.921x10? 0.2783x107!

angles were chosen such that the focused light could be captured by an objective
with a NA of 0.95, while maximizing the dispersive power. The second and
third surfaces were modeled as a summation of Cartesian coordinate polynomials
(Binary 1), X, nam,x™y", and cylindrical coordinate radially symmetric polynomials
(Binary 2) X;by; pzi. The coefficients were optimized to reduce geometric aberrations
by minimizing the root mean square geometric spot radii for several input wavelengths
covering the bandwidth. The optimized coefficients are given in Table 5.A5. As
shown in to Fig. 5.16b, all focal spots are optimized and are within the airy disks.
This indicates that the designed spectrometer has small geometrical aberrations. The
diffraction-limited resolution curve obtained is shown in Fig. 5.16c. The simulations
and optimizations were first performed in an unfolded configuration for simplicity.
There were several constraints in finding the sizes for input and output apertures.
Two opposing factors existed in determination of the 790-um input aperture diameter.
On one hand, a larger input aperture results in a higher throughput and more captured
light as well as a higher NA and potentially better resolution. On the other hand,
the aperture size for the folded platform cannot be arbitrarily large because different
metasurfaces should not overlap. Thus, the 790-um aperture diameter was chosen
in the ray-tracing simulations as the largest size for which metasurface overlap can
be avoided and diffraction-limited focusing can be achieved. The output aperture
spatially filters the out of band wavelengths while passing through the bandwidth of
interest. Therefore, its size was chosen as the smallest possible aperture that allows
for all wavelengths of interest to pass through. Using the ray-tracing simulations,

this optimum size was found to be 978 pum.

The RCWA technique [217] was used to obtain reflection phases of the nano-posts.
For each specific set of dimensions, a uniform array of the @-Si nano-posts was
illuminated with a plane wave at the wavelength of 810 nm under an illumination

angle of 33.9° and the reflected amplitudes and phases were extracted for each
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polarization. To choose the height of the nano-posts, we performed these simulations
for nano-posts with square cross-sections and different heights and side lengths
[Fig. 5.A11]. The height was then chosen to minimize the variation of the derivative
of the phase with respect to wavelength for different side lengths, while providing a
full 27 phase coverage and high reflectivity. Considering the results of Fig. 5.A11b
and Fig. 5.A11d, we chose the thickness to be 395 nm. Although this height is
slightly less than A/2, it is large enough to provide a full 2z phase coverage as the
device operates in reflection mode. The lattice constant was chosen to be 246 nm
in order to satisfy the sub-wavelength condition and avoid higher order diffractions,
which require [, < A/n(1 + sin(fmax)), where [, is the lattice constant, n is the
refractive index of the substrate, and 6.« is the maximum deflection angle [36].
We chose sin(fnax) = 1/n, since light traveling at larger angles will undergo total
internal reflection at the output aperture. To make the two focusing metasurfaces
polarization-insensitive, reflection phase and amplitudes were obtained for nano-posts
with rectangular cross section under oblique illumination with both TE and TM
polarizations [Fig. 5.17]. The design curves were then generated by determining a
path in the D,-D, plane along which TE and TM reflection phases are almost equal.

For designing the blazed diffraction grating, we chose to use the same a-Si thickness
of 395 nm (for ease of fabrication). The lattice constant was set to be 250 nm,
such that a grating period contains four nano-posts, and the structure becomes
fully periodic. This allows for using periodic boundary conditions in the full-wave
simulations of the structure, reducing the simulation domain size significantly. The
initial values of the post widths were chosen using a recently developed high-NA
metasurface design approach [130]. The simulation results for nano-post-width vs
reflection-phase and the initial post widths are plotted in Fig. 5.A13a. These values
were then fed to a particle swarm optimization algorithm (using an RCWA forward
solver) as a starting point. The algorithm optimizes the deflection efficiency of the
grating for both polarizations at 11 wavelengths spanning the bandwidth of interest.
The optimization parameters are the side lengths of the rectangular nano-posts,
while their thickness and spacing is fixed. Deflection efficiencies of the initial and
optimized gratings are plotted in Fig. 5.A13b. The corresponding nano-post widths
for both gratings are given in Table 5.A6.

Sample fabrication A summary of the key steps of the fabrication process is shown in
Fig. 5.A14. A 395-nm-thick layer of @-Si was deposited on one side of a 1-mm-thick
fused silica substrate through a PECVD process at 200°C. The metasurface pattern
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was then generated in a ~300-nm-thick layer of ZEP-520A positive electron resist
(spun for 1 minute at 5000 rpm) using an EBPG5200 EBL system. After development
of the resist in a developer (ZED-N50, Zeon Chemicals), a ~70-nm-thick Al,O3 layer
was evaporated on the sample in an electron beam evaporator. After lift-off, this layer
was used as a hard mask for dry etching the a-Si layer in a mixture of SF¢ and C4Fg
plasma. The alumina layer was then removed in a 1:1 solution of H;O, and NH4OH.
A ~2-um-thick layer of SU-8 2002 polymer was spin-coated, hard-baked, and cured
on the sample to protect the metasurfaces. The output aperture (which is on the same
side as the metasurfaces) was defined using photolithography (AZ-5214E positive
resist, MicroChemicals) and lift-off. A ~100-nm-thick gold layer was deposited as
the reflective surface. To protect the gold reflector, a second layer of SU-8 2002 was
used. To define the input aperture, a ~2-um-thick layer of SU-8 2002 polymer was
spin-coated and cured on the second side of the wafer to improve adhesion with gold.

The input aperture was then defined in a process similar to the output aperture.

Device characterization procedure The measurement setups used to characterize
the spectrometer are schematically shown in Fig. 5.A15. Light from a tunable
Ti-sapphire laser (SolsTiS, M-Squared) was coupled to a single mode optical fiber
and collimated using a fiber collimator (F240FC-B, Thorlabs). A fiber polarization
controller and a free space polarizer (LPVIS100-MP2, Thorlabs) were used to control
the input light polarization, and different neutral density filters were used to control the
light intensity. The beam illuminated the input aperture of the spectrometer at normal
incidence. The focal plane of the spectrometer, located ~200 wm away from the
output aperture, was then imaged using a custom built microscope (objective: 100x
UMPIlanFl, NA=0.95, Olympus; tube lens: AC254-200-C-ML, Thorlabs; camera:
CoolSNAP K4, Photometrics). Since the FOV is ~136 um (limited by the ~15-mm
image sensor, and the ~111X magnification), while the total length over which the
wavelengths are dispersed in the focal plane exceeds 1 mm, the objective is scanned
along the dispersion direction to cover the whole focal plane at each wavelength
(11 images captured for each wavelength). These images were then combined to
form the full intensity distribution at each wavelength. The measurements were
performed at 11 wavelengths (760 nm to 860 nm, 10-nm steps) to form the results
shown in Figs. 5.18b, 5.18c , Fig. 5.A16, and Fig. 5.A17. The measurements
were also performed at a second set of wavelengths (761.25 nm, 811.25 nm, and
861.25 nm). These results are summarized in Fig. 5.18d and Fig. 5.18e for TE and
TM polarizations. The resolution [Fig. 5.A18] was estimated by finding the FWHM
at each wavelength in addition to the displacement rate of the focus center along the
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y direction by changing the wavelength.

The setup was slightly changed for measuring the focusing efficiencies. The input
beam was partially focused by a lens (f =10 cm) such that all the beam power passed
through the input aperture (with a ~400 pm FWHM). In addition, the camera was
replaced by a photodetector and a pinhole with a diameter of 3.5 mm in front of it to
measure the focused power. The pinhole, corresponding to a ~31-um area in the
focal plane, allows only for the in-focus light to contribute to the efficiency. The
efficiency is then calculated at each wavelength by dividing these measured powers
by the total power tightly focused by a 10-cm focal length lens that was imaged onto
the power meter using the same microscope (i.e., by removing the spectrometer and

the pinhole).

The experimental setup for capturing the sample spectra is almost identical to
Fig. 5.A15b, with the only difference of the polarizer being replaced by the sample
of interest, and an 840-nm short-pass filter inserted before the sample. The light
source was also replaced by a supercontinuum laser (Fianium Whitelase Micro, NKT

Photonics).

Angular response measurement. To measure the angular response of the device
we used the setup shown in Fig. 5.A19¢, equipped with a rotating stage with 0.1°
precision in the x-z plane and 0.002° in the y-z plane. The collimator (connected to the
fiber coming from the source) was mounted on this rotating stage, where the folded
spectrometer was exactly located at its center. The incident angles were adjusted
accordingly for 0°, £0.3°, £0.6°, +1° angles. As can be observed in Fig. 5.A19a,
the focal spots did not change much in size as the angle is varied between -1° to +1°
in x-direction. For measuring the tilt angle in the y-z plane, the distance from the
collimator to the device was measured to be 280 mm. In order to impose +0.15°
tilt in the y direction, the mounted collimator level is raised or lowered by 0.73
mm, and its tilt was adjusted accordingly such that the beam hits the center of the
input aperture. As shown in Fig. 5.A19b, such a tilt in input incident angle does not

degrade the spectral resolution of 1.25 nm.

Design of the spectrometer with high throughput. To further demonstrate the
capabilities of the platform, we have designed a second spectrometer with significantly
increased throughput. In order to achieve higher throughput, a larger input aperture
is required, so the slab thickness was increased to 2 mm to give more freedom on the
non-overlapping condition for the metasurfaces. The design, as shown in Fig. 5.A20,

has a 2.5 mm input aperture. To further improve the throughput, the acceptance
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angle of the device was increased. To achieve this goal, we took an approach similar
to the fabricated spectrometer with the difference of adding extra phase terms to
the input diffraction grating. This helps with orienting the focuses on the image
plane for different incident angles, as well as relaxing the condition for focusing in
the x-direction. This in turn allows for increasing the input incident angle to +15°
degrees. The phase profile coefficients for metasurfaces 1 to 3 in Fig. 5.A20 are
given in Table 5.A7. In the final design, the power is distributed in an area close to
200 wm wide in the x-direction in the focal plane, instead of a diffraction-limited
focus. According to the intensity profiles shown in Fig. 5.A20b, the device can
distinguish between wavelengths spaced by 0.5 nm both at the center wavelength
of 810n m, and also at the side wavelengths of 760 nm and 860 nm. Based on the
angular response of the device in the x-z and y-z planes, and also the input aperture

size of the device, an etendue of around ~13000 Sru,m2 is estimated.
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Appendix 5.6: Additional figures and tables for the metasurface spectrometer
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Figure 5.A11: Single-post periodic lattice simulations. (a) Schematic of a rect-
angular post on top of a fused silica substrate, showing the post dimensions.
The nano-posts are capped by a 2-um-thick layer of SU-8, and backed by a
reflective gold layer. (b) Simulated reflection phase under TE illumination with
33.9° incident angle. (c) Derivative of the phase with respect to the wavelength
calculated and plotted versus the height (%) and width of the post (D, = D, = D).
The nano-post height that provides full 2z phase coverage with high reflectance
while minimizing variation of the phase derivative is found to be =395 nm
(the red line). (d) Reflectance as a function of post-width and height.
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Figure 5.A12: Reflection phase variation versus wavelength. (a) Reflection
phase for TE-polarized light from a uniform array of meta-atoms corresponding
to the black curves in Fig. 5.17 versus wavelength. As depicted by the vertical
axis on the right, the simulation for each wavelength is performed under an
incident angle corresponding to the deflection angle of the input blazed grating
at that wavelength. (b) Same as a for TM polarization.
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Figure 5.A13: Grating design curves and deflection efficiencies. (a) Post width
versus reflection phase for 395-nm-tall posts on a square lattice with a 250-nm
lattice constant. The red stars correspond to the nano-post sizes found from this
graph that have the highest deflection efficiency over the bandwidth. (b) TE and
TM polarization deflection efficiency curves versus wavelengths for the initial
(i.e., the red stars in a) and optimized nano-post dimensions given in Table 5.A6.
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Figure 5.A14: The key fabrication steps. A 395-nm-thick layer of a-Si is de-
posited on a 1-mm-thick fused silica substrate using PECVD. The metasurface
pattern is generated with electron beam lithography, negated and transferred
to the @-Si layer via lift-off and dry-etching processes. Both sides are covered
with and SU-8 layer, and the input and output apertures are defined through
photolithography and lift-off.
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Figure 5.A15: Measurement setups. (a) Schematics of the measurement setup
used for device characterization. (b) Schematics of the setup used to measure the
focusing efficiencies. (c) An optical image of a part of the actual measurement
setup showing the device, the objective lens, and the tube lens.



TE polarization

210

A=760 nm A=860 nm
_——— — —
80
€
=
10 0|00 |0| 0|00 0 09
0 —
(b) .
TM polarization
A=760 nm A=860 nm
——— ——
80
g
21000 Q0|0 O 0|0 00
0 —
(c) 1200
—_ eb‘\.
E | e
= . _
2 e
S e
D ~e.
= e
> -
o e
© |1e ~e
o l-©T™ )

760

810
Wavelength [nm]

860

Figure 5.A16: Focal plane intensity profiles. (a) Two-dimensional intensity
profiles measured at several wavelengths (y. is the center position of each
profile) under illumination with TE-polarized light, and (b) TM-polarized light.
(c) The position of the center of the focal spot along the dispersion direction, y,
versus wavelength. The symbols represent the measured data, and the solid line
is an eye guide. The scale bars are 20 um.
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Figure 5.A17: Intensity distribution profiles on logarithmic scales. (a) Same
information as Fig. 5.18b and 5.18c of the main text, plotted on logarithmic
scale for TE polarization, and (b)) for TM polarization.
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Figure 5.A18: Measured spectral resolution versus wavelength. Spectral reso-
lution estimated using the measured focal spot FWHM and the displacement
rate of the focal spot with changing the wavelength. The average resolution is
1.22 nm for both polarizations. The symbols show the measured date and the
solid lines are eye guides.
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Figure 5.A19: Measured angular response of the device for polar angle varia-
tion with respect to 0 angle in x-z and y-z planes. (a) Angular response of the
device for different tilted incident angles between -1° to + 1° in the x-z plane.
(b) Angular response of the device for +£0.15° tilted incident angles in the y-z
plane. (c) experimental setup used for measuring the angular response. The
scale bars are 10 um.
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Figure 5.A20: Ray-optics design and simulation results of an extended-
throughput folded spectrometer. (a) Ray tracing simulation results of the
extended-throughput folded spectrometer, shown at three wavelengths in the
center and two ends of the band. The system consists of three metasurfaces
optimized to separate different wavelengths of the light and focus them on the
focal plane. (b) Simulated intensity distribution for two wavelengths separated
by 0.5 nm around three different center wavelengths of 760 nm, 810 nm, and
860 nm for 4 different incident angles of 0°, 5°, 10° and 15°. The intensity distri-
butions show that wavelengths separated by 0.5 nm are theoretically resolvable
for all aforementioned incident angles. The scale bars are 15 um.
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Table 5.A5: Phase profile coefficients in terms of [rad/mm™*"] for metasur-
faces 1 and 2

Metasurface | I (R=525.0 um) | II (R=582.5 wm)
a,2,0 -4.02 -3.91
axoyz -2.08 -3.70
axzyl 0.47 —-0.68
Q03 0.20 -0.24
Ay -5.68x 107" 6.26 X 10~
a., 7.55x107° 0.021
40,4 2.36x 1077 6.34 x 10~

a6 1.93x 107 -2.48 x 107
a -3.22x107° 4.82x107°
a0 -5.886 x 107 | -2.974x 1077

Table 5.A6: Optimized grating post sizes [nm] (D,, D,)

Optimization | Diffraction efficinecy | Particle swarm optimization

Dy 93.4 68

Dy, 93.4 134

Dy» 117 115.2
Dy, 117 119.6
Dy3 132.8 147.4
D3 132.8 151.2
D4 155.4 137.8
W4 155.4 178.8

Appendix 5.7: Additional methods and discussion for the retroreflector

Simulation and design. The simulation results presented in Figs. 5.21¢ and
5.21d were obtained by finding the transmission and reflection coefficients of
the corresponding periodic metasurfaces using the RCWA technique [217]. The
a-Si nano-posts were 600 nm tall and the lattice constant was 450 nm. A 70-
nm-thick Al,O3 disk was added on top of the nano-posts forming the reflective
metasurface. The disk was used to model the Al,O3 hard mask which was used
to etch the nano-posts and became an integral part of the reflective metasurface.
The thickness of the SU-8 layer for the reflective metasurface was assumed to be
2 um, although the relative reflection coefficient of the metasurface was found to
have negligible dependence on the thickness of the SU-8 layer. The simulations

were performed at 4 = 850 nm by assuming the following refractive indices:
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Table 5.A7: Phase profile coefficients of the increased throughput design
(Fig. 5.A20) in terms of [rad /mm™*"]

Metasurface | I (R=2.5mm) | II (R=1.5mm) | III (R=2.15 mm)
a2y -0.44 -3.13 -2.45
a0, -2.98 1.91 ~2.69
Ay 0.015 0.027 -0.067
a0, 0.035 -0.04 —0.06
a0 -1.5x107° | -82x107* 3.56x 10~
a2y -6.16x 10> | -0.72x10* | -1.73x107°
a0y -3.1x10™* 3.8x107° -9.14x 107"

ap 1.42 % 1077 1.12x 107 6.71 x 1077
a -2.26x 107" | -526x10° | -1.72x107°
a0 -5.886x 107 | 7.58x 107" | 1.62x 107"

nesi = 3.596, nsio, = 1.4525, nay = 0.129 + 5.42i, naj,0, = 1.76, nsy—g = 1.582.
The measured refractive index and extinction coefficient of @-Si are shown in
Fig. 5.A25, showing that the material has negligible loss at 850 nm. Note that the
array of nano-posts arranged on a hexagonal lattice is non-diffractive (i.e., only

has the zeroth diffraction order propagating) in the substrate for incident angle 6 if
21/(A/nsio,) < 27/(V3/2a) - 2x/Asin() or 6 < sin”! (ﬂ/(\/§/2a) - nsioz) ~ 47°.

The optimum phase profiles of the two metasurfaces composing the retroreflector
were obtained by minimizing the average RMS wavefront error of the retroreflected
beam. The RMS wavefront error was averaged over different incident angles (0° to
50°, 10° step). The wavefront errors were found through the ray tracing technique
using a commercial optical design software (Zemax OpticStudio, Zemax LLC). The
phase profiles (¢) of the metasurfaces were defined as even order polynomials of the

radial coordinate p as

;

P\on
é(p) Zl an( )" (5.7)
where R is the radius of the metasurface. The ray diagram and the RMS wavefront
error for the optimized design are shown in Figs. 5.20a and 5.20b, respectively. The
corresponding optimum phase profiles of the metasurfaces are shown in Fig. 5.A22,
and the optimum values of a, for both metasurfaces are listed in Table 5.A8. The
dominant terms in the phase profiles of both metasurfaces are the quadratic terms.
This is consistent with the operation of the metasurface I as a Fourier transform lens
(Fourier transform lenses have quadratic phase profiles in the paraxial regime), and

the function of metasurface II as a concave mirror in the paraxial regime.
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The metasurface nano-post pattern was obtained using these optimum phase profiles
and the transmission and reflection results shown in Figs. 5.21¢ and 5.21d through
the procedure discussed previously in detail [67]. Due to the weak coupling among
nano-posts, the transmission and reflection coefficients shown in Figs. 5.21¢ and
5.21d can be regarded as approximations for the local transmission and reflection
coefficients for metasurfaces with spatially varying nano-post diameters. Because
both metasurfaces I and II are considered as phase masks in the ray tracing simulation,
their desired spatially-varying complex transmission and reflection profiles are in the
form of exp(i¢(p)) where ¢(p) is given by Eq. 5.7 with coefficients a,, listed in the
Table 5.A8 for both metasurfaces. Using these complex transmission and reflection
profiles, and the assumption of the locality of the transmission and reflection by
the metasurfaces, we realized the metasurfaces by forming an empty hexagonal
lattice and sampling the desired complex transmission (for metasurface I) and
reflection (for metasurface II) coefficients of the metasurfaces at the lattice sites.
Then, at each lattice site, a nano-post is placed with the diameter that most closely
approximates (using the data shown in Figs. 5.21¢ and 5.21d) the sampled complex
valued transmission or reflection coeflicients of the metasurfaces at that lattice site.
The diameters of the nano-posts for the metasurfaces I and II were obtained using

this procedure.

Device fabrication. The metasurfaces were fabricated on two sides of a 500-um-
thick fused silica substrate. Two 600-nm-thick layers of @-Si were deposited on both
sides of the substrate using PECVD. A ~300-nm-thick layer of an electron beam
resist (ZEP-520A, Zeon chemicals) was spin coated on one side of the substrate and
the nano-post pattern for the metasurface I was written on it by EBL. A ~60-nm-thick
layer of a charge dissipating polymer (aquaSave, Mitsubishi Rayon) was spin coated
on the resist prior to EBL to prevent pattern distortion due to electrostatic charging.
After the lithography step, the charge dissipating layer was removed and the resist
was developed in a developer (ZED-N50, Zeon chemicals). A ~70-nm-thick layer of
Al,O3 was deposited on the resist and patterned by lifting off the resist in a solvent.
The Al,O3 pattern was transferred to the underlying a-Si layer by dry etching in a
mixture of C4Fg and SFg gases. Then, the Al,O3 layer was removed in a mixture of
ammonia and hydrogen peroxide at 80° C. To protect the nano-posts from mechanical
damage during the processing of the other side of the sample, a ~2-um-thick layer of
SU-8 polymer (SU-8 2002, MicroChem Corp.) was spin coated over the nano-posts,
reflown, and cured, thus yielding a rigid planarized layer that encapsulates and

protects the nano-posts.
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Metasurface II was fabricated on the other side of the substrate using the same
processing steps used for fabrication of metasurface I, except for skipping the Al,O3
removal step. The Al,O3 mask was not removed from the top of the metasurface 11
nano-posts, because the solution conventionally used for its removal (i.e., mixture
of ammonia and hydrogen peroxide at 80° C) attacks the SU-8 cladding layer of
metasurface I. The Al,O3 layer was assumed as an integral part of metasurface II and
its effect was considered in the simulations presented in Fig. 5.21d. After the SU-8
planarization step, a 100-nm-thick layer of gold was deposited directly on the SU-8
cladding layer of metasurface II using electron beam evaporation. Finally, to reduce
the reflection from the SU-8/air interface above the metasurface I, a ~150-nm-thick
layer of hydrogen silsesquioxane (XR-1541 from Dow Corning with refractive index
of 1.4 at 850 nm) was added over the SU-8 layer by spin coating followed by baking
at 180° C, thus forming a quarter-wavelength anti-reflection coating.

Measurement procedure. The planar retroreflector was characterized using setups
schematically shown in Figs. 5.23 and 5.24. The retroreflector was mounted on a
three axis translation stage that was mounted on a rotation stage. The retroreflector
was aligned such that the rotation axis was co-planar with metasurface I and passed
through its center. The setup shown in Fig. 5.23a was used to obtain the reflectance
images shown in Fig. 5.23a. Light from an 850-nm LED (Thorlabs LED851L,
measured spectrum shown in Fig. 5.A25a) passed through a non-polarizing beam
splitter (BS00S, Thorlabs) and then the lens L; (AC254-050-B-ML, focal length:
5 cm, Thorlabs) before impinging on and illuminating the retroreflector. The LED
was located ~50 cm away from the retroreflector, thus the portion of its light reaching
the lens aperture had relatively small angular spread (full-angle beam divergence of
~3 degrees). The reflected light was imaged by the lenses L; and L, (AC254-200-
B-ML, focal length: 20 cm, Thorlabs) which function as objective and tube lenses,
respectively, and form a microscope. The reflectance images were recorded for
different rotation angles of the retroreflector using a CMOS camera (EO-1312M-GL,
Edmund Optics). The dark noise of the camera was obtained by turning off the LED

and was subtracted from the recorded intensities.

The retroreflection efficiency was measured using the setup schematically shown in
Fig. 5.23b. The emission from an 850-nm laser diode (Thorlabs L850P010, measured
spectrum shown in Fig. 5.A25b) was coupled to a single mode optical fiber, passed
through a polarization controller, and a fiber collimation package (F220APC-780,

Thorlabs), thus resulting in a collimated beam with an estimated 1/e* diameter of
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~1.5 mm. The beam was passed through a polarizer (LPNIR050-MP, Thorlabs),

a non-polarizing beam splitter (BS005, Thorlabs), and was focused on the sample
using the lens L (Thorlabs AC254-050-B-ML, focal length: 5 cm). The power of
the portion of light reflected by the beam splitter was monitored by an optical power
meter PD; (Thorlabs PM 100D with Thorlabs S122C power sensor) and was used to
correct for any potential fluctuations of the laser output power. The focused beam
has an estimated 1/e* diameter of ~34 um on the sample. The reflected light was
collimated by passing through the lens L, and was directed by the beam splitter
to the power meter PD; (Thorlabs PM100D with Thorlabs S122C power sensor).
Two irises (with opening aperture diameter of ~2.5 mm) were placed in the reflected
beam path to ensure only the retroreflected portion of the reflected light is detected by
PD,. The measurements were performed for two different polarizations of incident
beam: TE and TM with electric and magnetic fields parallel to the retroreflector

plane, respectively.

To obtain absolute values for the reflectance and the retroreflection efficiency, we
measured reflectance of 93.1% for a portion of the sample without the metasurfaces
(i.e., a portion that only has backside gold reflector) by using a laser beam incident
on it at ~ 5° from the normal, and directly measuring the power of the incident
and reflected beams. The reflectance value found this way was used to quantify
the reflectance of the area of the sample labelled as "Gold" in the 8 = 0° image
shown in Fig. 5.23a. It was also used as the reference for calibration of the measured
retroreflection efficiency values in the setup shown in Fig. 5.23b. The reflected
power from an area of the sample without metasurfaces was measured in this setup

at normal incidence and the measured retroreflected powers were referenced to it.
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Appendix 5.8: Additional figures and tables for the retroreflector
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Figure 5.A21: Simulation results of the planar retroreflector. (a) Ray diagram
for different incident angles. The incident rays (green) are not shown outside the
substrate so that the reflected rays (dark blue) are seen more clearly. (b) RMS
wavefront error of the retroreflected light as a function of the incident angle.
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Figure 5.A22: Phase profiles of the metasurfaces composing the planar retrore-
flector. Optimized phase profiles of the metasurfaces that minimize the average
RMS wavefront error (see Fig. 5.A21).
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Figure 5.A23: Extended reflectance measurement results. The results are the
same as the ones shown in Fig. 5.23a, but are presented here in 5° steps.
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Table 5.A8: Phase profile parameters for the metasurfaces composing the
retroreflector

Metasurface | Metasurface I | Metasurface 11
R (um) 250 300

ai -6609.15 -903.33

a 33.67 -9.03

as 0.32 6.47

as 6.61 -2.85

as -3.77 0.67

de 1.11 -0.08

as -0.12 0.00
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Figure 5.A24: Measurement setups. (a) Detailed schematic illustration of the
experimental setup used in the reflectance measurement and (b) experimental
setup used to measure the retroreflection efficiency. BS: beam splitter, L: lens,
PC: polarization controller, FC: fiber collimator, P: polarizer, PD: photodetector.
The focal lengths of lenses L; and L, are fi =5 cm and f> =20 cm, respectively.
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Figure 5.A25: Spectra of sources used for the retroreflector characterization.
(@) Measured spectrum of the LED used in the measurement shown in Fig. 5.23a.
(b) Measured spectrum of the laser used in retroreflection efficiency measure-
ment [Fig. 5.23b]. The FWHM bandwidth values for the best Gaussian fits to
the spectra shown in a and b are 42.7 nm and 0.9 nm, respectively.
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Chapter 6

CONCLUSION AND OUTLOOK

HCAs outperform the other metasurface platforms in wavefront manipulation,
as they provide high efficiencies and novel functionalities such as control over
the polarization, spectral, and angular degrees of freedom that are not available
using other platforms. The development and study of optical metasurfaces have
been a rapidly growing field of research in the past few years, because of their
capabilities to mimic the functionality of conventional diffractive optical elements
with higher efficiencies and resolutions, and more importantly for their advantages
in providing new functionalities not achievable with conventional diffractive optics.
Their subwavelength thickness, planar form factor, compatibility with conventional
micro/nano-fabrication techniques, potentially low-cost batch fabrication, ability to
replace a system of multiple bulky conventional elements with a miniature element,
new capabilities to control different degrees of freedom of light, and prospects for a
paradigm change in how optical systems are designed make them very promising for

the realization of the next generation of compact high-performance optical systems.

Despite all the advancements made in the past few years, several challenges still
remain unresolved both from fundamental and practical points of view. An important
theoretical issue is the number of available degrees of freedom that exist in a single
surface or a specific volume. This would determine the number of functionalities
that can be encoded in such a device with negligible performance degradation. The
importance of this issue becomes more clear as one considers the great interest
in realizing multi-functional metasurfaces. Despite several such devices including
multi-wavelength metasurfaces [135, 137, 228], multi-angle metasurfaces [15, 354],
and metasurfaces with independent polarization and phase control [14, 133], the
number of available degrees of freedom in such a device, and how exactly they
can be utilized is still mostly unknown. Although optimization techniques have
been used to improve the performance of multi-functional devices [131, 256, 355],
they still do not determine the possible number of functionalities. Another area
which requires significant advancements is the modeling and design of non-periodic
metasurfaces. Currently, almost all of the design methods are based on results of

simulation of periodic lattices of the meta-atoms. Although this approach works
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well for slowly varying metasurfaces with small deflection angles, its underlying
assumptions (namely locality, angle independence, and weak coupling of meta-atoms)
cease to be valid for devices with large deflection angles. Therefore, more precise
design methods that take all of these into account, and at the same time can be
applied to large non-periodic structures are of great interest. In addition to enabling
high-efficiency high-NA devices, such methods could also allow for the design and
analysis of novel metasurfaces that are not bound by the assumption of locality.
Finally, despite several attempts at realizing achromatic and dispersion-engineered
metasurfaces, the operation bandwidths, sizes, and numerical apertures of devices
that are possible with the existing platforms are very limited. The dependence of
all of these limitations on the possible controllable quality factors that the platform
provides makes the problem even more challenging. As a result, there is still a
long way to the realization of achromatic and dispersion-engineered metasurfaces
with practical sizes (i.e., aperture sizes of a few millimeters) and moderate to high

numerical apertures.

In addition to fundamental challenges, there are also several unresolved practical
issues hindering the realization of high-volume low-cost metasurface devices for
real-life applications. One issue worth addressing is the absence of a low-loss
high-index material for visible light. Although there have been several realization
of dielectric metasurfaces in the visible [124, 210, 260, 279], their efficiency is
still not as high as infrared metasurfaces where materials with low loss and high
refractive index like silicon can be used. This is especially true for the cases of
polarization independent metasurfaces, and devices with independent control of
phase and polarization. In addition, for several applications, it is essential that the
metasurface is capped by a low-index material (for instance for mechanical robustness,
fabrication requirements, or realization of flexible and conformal metasurfaces). In
such scenarios, the refractive index of currently available low-loss materials in the
visible is not high enough to provide low-coupling between nanoposts and full phase

coverage.

To have a significant industrial impact, the manufacturing processes of metasurfaces
should be compatible with the existing low-cost large-scale foundry technology.
Although this might already be possible for devices working in near and mid-IR
(above 1.5 um wavelength), it is challenging for devices that work below 1 um, which
are fabricated almost exclusively with EBL. In principle, large-scale fabrication

techniques like DUV lithography, roll-to-roll nano-imprint, and soft lithography
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could address this challenge; however, there still exist practical barriers that should

be overcome before this becomes a reality.

Another category of highly desirable devices is the tunable metasurfaces. Despite
several demonstrations of wavefront tuning using metasurfaces, none of them can still
compete with the commercially available liquid crystal based SLMs. High-efficiency,
ultra-fast, high-resolution wavefront tuning is of great need, and there is a lot of
room for optimizing high-performance metadevices for beam steering applications,

spatial light modulators, and dynamic holographic displays.

With the future advancements of metasurfaces in mind, we envision them at least as
a complementary platform, if not a paradigm changing one, in optical element and

system design for various applications.
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