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ABSTRACT

Controlling the properties of light in space and time is fundamental to many areas
of science and engineering. In recent years, actively tunable metasurfaces have
enabled dynamic and precise manipulation of the wavefront of light in a compact
form-factor, paving the way for a revolution in optics and photonics. This thesis
furthers our understanding of such active nanophotonic devices and experimentally
presents advanced control over light using two distinct material platforms: indium
tin oxide (ITO) and liquid crystals (LCs). The conclusions from this work will

enable the design and fabrication of more sophisticated active optical devices.

We start with an introduction to metasurfaces by providing a brief history of their
development and the physics of their operation. We then outline the subfield of
active metasurfaces and provide the relevant background for the remainder of this

thesis.

Chapter 2 continues with a detailed background on ITO by summarizing its prop-
erties, common deposition methods, and methods of characterization. We then
provide an in-depth analysis of how the properties of ITO can be changed through
annealing in different material environments. This underpins much of the work that

is presented in Chapters 3-5 of this thesis.

Using the principles introduced in Chapter 2, we present a method to create precisely
defined lateral doping gradients in a thin film of ITO. Our process selectively dopes
regions of ITO via patterning a low-quality oxide layer on top of a planar film of ITO,
followed by a low temperature (150 °C) anneal and the removal of the evaporated
Al,O3. We fabricate reflective gratings of varying periodicity and demonstrate
plasmonic guided modes in an unpatterned film of ITO. This work paves the way
for ITO films to be integrated in more complex photonic devices such as on-chip
modulators and free-space metasurfaces, as well as furthering our understanding of

the material and optical properties of ITO.

Next, we demonstrate an ITO-based electrically tunable reflective metasurface in
the midwave-infrared (mid-IR). This device operates by electrically modulating the
carrier concentration in ITO when placed in a gap plasmon resonator to control
the phase and amplitude of scattered light across a surface. Through appropriate
electrical and optical design, we demonstrate the polarization-independent tunable

diffraction of light in two dimensions (2D). This device represents a significant step
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forward for solid-state beam-steering devices in the mid-IR which are essential to

applications such as thermal imaging and gas sensing.

In Chapter 5, we experimentally show the electrical spatiotemporal modulation
of an ITO-based metasurface in the near-infrared (near-IR) for the generation and
tunable diffraction of high frequency signals. In this work, we use a similar device
design as was used to demonstrate mid-IR beam-steering. We first modulate our
device with frequencies up to 10 MHz to generate sidebands offset from the near-IR
incident laser frequency. Through temporal waveform engineering, we generate
select sidebands of interest and suppress unwanted sidebands. Finally, by spatially
varying the time-delay of the temporal modulation, we can diffract — or normally
reflect — each generated frequency. This device paves the way towards active
metasurfaces for multi-beam, multi-frequency functionalities such as free-space

optical communication.

Finally, we present a highly transmissive active metasurface enabling polarization
rotation of near-IR light in 2D using a LC infiltrated titanium dioxide (TiO;) meta-
surface. Our device consists of a subwavelength periodic array of TiO, nanopillars
submerged in a thin (2 um) LC layer and supports electric and magnetic dipole
modes. Using a biased photoactive top contact, we spatially control the polarization
rotation of transmitted light in 2D through the patterning of a 435 nm pump laser
on the surface of the device. This work represents a significant contribution to LC-
based optical devices through the detailed modeling of LC interactions with TiO;

nanostructures to enable the efficient modulation of a large-area active metasurface.

This thesis presents many aspects of materials fabrication, characterization, and
modeling which are fundamental to the development of the next generation of active

photonic devices.
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Chapter 1

INTRODUCTION

1.1 Metasurfaces: Engineering the wavefront of light

Metasurfaces are two-dimensional (2D) arrays of subwavelength scatterers that can
shape the phase, amplitude, and polarization of an output wavefront of light. They
are descendants of metamaterials: three-dimensional (3D) structures consisting
of periodic subwavelength resonant meta-atoms. The design and experimental
realization of radiofrequency (RF) metamaterials was an active area of research in
the 2000s. During this time, researchers sought to create an “artificial medium” with
exotic electromagnetic properties, such as negative refractive index, not yet observed
in naturally occurring materials. Theoretical predictions of exciting phenomena
such as the “perfect lens” breaking the diffraction limit [1]] and invisibility [2] drove
significant interest in the field. Despite interest in the optics community, high loss
and strong dispersion in the meta-atom units limited the experimental realization of
previously proposed effects. Additionally, the fabrication of 3D structures proved
difficult, especially for devices operating at shorter wavelengths. Thus, metasurfaces
— effectively the 2D counterpart of metamaterials — became a more attainable goal
for the field. While the underlying concepts of metasurfaces had existed in antenna
theory and diffractive optics for decades [3]], a 2011 work by Yu et al. [4] framed
these ideas in a more modern perspective and sparked significant interest in the

optics community.

The electromagnetic response of metamaterials is governed by the propagation of
light over multiple wavelengths. Instead of relying on the polarizability of naturally
occurring materials, the substituent meta-atoms, with judiciously designed reso-
nances, created an effective medium through which light propagates. Metasurfaces,
however, shape light in a fundamentally different way. Due to their subwavelength
thickness, metasurfaces can not rely on the propagation of light and, thus, are
typically designed around resonances of each sub-atom to create a subwavelength
discontinuity to the propagation of light. Yu et al. [4] described this effect by
revisiting Fresnel’s laws of reflection and reflection for the case where a phase
discontinuity can be engineered across a subwavelength surface. They described

a “Generalized Snell’s Law” which explicitly included the lateral phase gradient
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imparted by the metasurface to the scattered angle of light. For a transmitted beam,

this results in
Ao dD

— 1.1
2 dx (D
where n; and 6; are the refractive index and angle of incidence of light, respectively,

sin(0;)n; — sin(6;)n; =

n, and 6, are the refractive index and angle of refracted light, respectively, Ag is
the free-space wavelength of light, and % is the lateral phase gradient imparted
by the surface. It follows from equation (I.I) that the spatial phase gradient of
the metasurface imparts lateral momentum to the outgoing light. This result is

schematically depicted in Fig. [I.1]

A

B

Figure 1.1: Generalized Snell’s law. Figure redrawn from [4]].

Using plasmonic antennas designed at 4 = 8 um, Yu et al. [4] also provided an
intuitive design approach to achieve full 27 phase coverage with high efficiency and a
simple fabrication process. This seminal work inspired an explosion of metasurface

research which continues to this day.

Now that the fundamental principles of metasurfaces have been introduced, the fol-
lowing sections will highlight some important developments in metasurface research

over the past ~15 years.

Passive metasurfaces
Passive metasurfaces have a fixed optical response in time. They represent the ma-
jority of metasurface research and have experimentally realized a diverse range of

optical phenomena such as beam deflection [, 6], focusing [/, 8, |9, [10]], polariza-
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tion conversion [11, 12, 13], and holography [14, |15]. Many passive metasurfaces
replicate the functionality of conventional optics elements such as lenses, polarizers,
and filters in a more compact and lightweight form-factor. In the mid-2010s, there
was significant interest in creating metasurface lenses, referred to as metalenses. It
was imagined that metalenses would replace refractive lenses in consumer devices
such as smartphone cameras to enable lighter and thinner phones [16]]. Progress was
made in the development of dispersion engineering techniques for achromatic met-
alenses [8, |10], but fundamental difficulties associated with achieving large group
delay and maintaining performance for a large field of view limited the widespread
use of metalenses as a replacement for refractive optics. While metalenses were
unable to replace refractive lenses for imaging of visible wavelengths — a technol-
ogy which has been developed over the course of centuries — they could find use
in more specialized imaging applications. Metalenses can excel, for example, when
designed for operating wavelengths where refractive lenses are difficult to design,
such as the extreme ultraviolet (EUV) [17]], or in applications where only a narrow
range of wavelengths are required [18]. In general, metasurfaces will make their
greatest contribution by enabling new optical functionalities rather than replacing
existing conventional optics with a smaller form-factor. A few examples of new
functionalities enabled by passive metasurfaces include space compression [19],
coherent thermal emission [20], and the shaping of frequency-converted wavefronts
[21].

Passive metasurfaces can be broadly grouped into two categories: local and non-
local. In local metasurfaces, the interaction of light with each subwavelength
scatterer is localized and there is little coupling between adjacent structures. These
resonances tend to have low quality (Q)-factors due to short temporal coherence
lengths. Mie resonances such as electric and magnetic multipoles are examples of
local resonances. In contrast, non-local metasurfaces make use of long-range optical
modes that rely on the coupling between many subwavelength elements. These
tend to have high Q-factors formed by long temporal coherence lengths. Guided
mode resonances (GMRs) are examples of non-local resonances. The majority of
metasurface demonstrations have been designed using local resonances because they
allow precise spatial control over amplitude, phase, and polarization at each point

across the 2D surface for the tailoring of desired output wavefronts.

The design of local metasurfaces is most commonly performed by first building

a “library” of meta-atom elements with a known phase and amplitude response
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in transmission or reflection. This is typically achieved by simulating structures
of fixed height with a range of different in-plane geometries [22]. The meta-
atoms can be metallic or dielectric and can support a range of different optical
modes, provided their optical modes are mostly confined to their unit cell. Periodic
boundary conditions are often assumed during the building of these libraries in
order to approximate the response of the meta-atom in the final metasurface. Once
a sufficiently large library of elements is constructed, one can place meta-atoms at
discretized positions across the 2D surface of the metasurface with the closest phase
and amplitude to the design of interest. The general library-based design approach

is visually depicted in Fig. [I.2]for the specific case of designing a 1D metalens.

a Required b Meta-atom library
phase profile phase
A A
g <
= £
2 S
5 o
g 8
m =
| -
L
Metasurface coordinate Meta-atom diameter
C . .
Final metasurface design
A
g
g Meta-atom
@© .
© dlaimfzter
§
©
8
Q
=
| - | .
> »
Metasurface coordinate Metasurface coordinate

Figure 1.2: Library method of designing a passive metasurface. (a) First, obtain
the required phase across the metasurface aperture. Here, the approximate phase
profile for a 1D lens is shown. (b) Generate a meta-atom phase library by sweeping
some geometrical parameter of design nanostructure. Here, we show the scattered
phase as a function of the diameter of cylindrical meta-atom posts. (c) For each
coordinate across the device, place the meta-atom with the closest phase to the target
phase profile. Left panel shows the meta-atom diameter as a function of metasurface
coordinate and the right panel shows the corresponding schematic cross-section of
the final metasurface/metalens.

Using the library method, if there is any coupling between adjacent elements, it
is generally assumed that the geometric variation of meta-atoms across the sur-

face is gradual enough such that the coupling between adjacent structures does
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not significantly change the scattered field from what was calculated during the
library-building phase. This assumption does not hold for the design of non-local
metasurfaces because the optical response of each individual meta-atom is highly
dependent on its neighbour. The design of such metasurfaces cannot use the typi-
cal library design method. Typically, non-local metasurfaces are designed through
aperture-scale inverse design techniques [23, 24] or by engineering the photonic
bands of the metasurface [25] [26].

Active metasurfaces

Active metasurfaces are a subset of metasurfaces that can change their optical
response in time as a function of some external stimulus (e.g. applied voltage,
local heating, mechanical deformation). They are often designed around a tunable
material whose refractive index can be dynamically tuned. However, physically
achievable changes in index are often small or occur in small volumes. To enhance
the achievable modulation, a periodic subwavelength array of identical resonant
meta-atoms are often placed on top of the active medium to increase the interaction
of light with the material. Then, by applying some stimulus across the aperture,
the functionality of the metasurface can be dynamically tuned. While active meta-
surfaces can be realized in many different ways, the applied stimulus is often an
applied voltage — which is applied to the metasurface with an array of electrical
interconnects — and the individual resonators often support local resonances. In
this configuration, a library-based design approach can be applied to active metasur-
faces, analogous to the method used for the design of passive metasurfaces. Here,
the library of phase and/or amplitude is built in a parameterized space of applied
voltage rather than meta-atom geometry. Much of the existing literature on active
metasurfaces has explored different materials and tuning mechanisms to achieve
large and fast optical modulation with high efficiency. Although each of these re-
quirements has been achieved separately, it is difficult to achieve all three in a single

material platform.

In Fig. [I.3] we highlight some of the common methods used to realize active
metasurfaces and summarize their respective benefits/challenges. This is not an
exhaustive list but provides some insight on the field. Mechanical actuation has been
primarily implemented in active metasurfaces by using a microelectromechanical
system (MEMS) to introduce strain to a soft substrate to change the periodicity of
individual meta-atoms or by deforming regions of the metasurface 28} 29, 30].

These systems can achieve large optical modulation and are often efficient, but
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Figure 1.3: Overview of active metasurface modulation techniques. (a) Mechanical
actuation: An applied voltage deforms the metasurface aperture. (b) Thermo-optic
effect: A change in temperature results in a change in refractive index. (c) Phase
change materials (PCMs): A change in crystal structure results in a change in
refractive index. (d) Electro-optic (EO) effect: An applied electric field changes
the refractive index in a specific crystal axis. (e) Carrier accumulation: An applied
electric field accumulates or depletes carriers in a semiconductor-like material. (f)
Liquid crystal reorientation: An applied electric field changes orientation of liquid
crystals. Figure adapted from .

they are limited to slow modulation speeds. Thermo-optic tuning can achieve
large optical modulation and can even be designed to modulate at frequencies of
100 kHz [31]], but it can be difficult to demonstrate high spatial resolution due to
thermal crosstalk between meta-atoms [32] [33]]. Phase-change materials (PCMs)
can exhibit large optical modulation at moderate speeds (10s kHz), but through
the Kramers-Kronig relations, the large change in the real part of the refractive
index is accompanied by a large change in the imaginary part, limiting the overall
efficiency [34] 35, [36, 37]. Additionally, it can be difficult to continuously tune
the optical response using PCMs and they are often used to switch between two
predetermined optical functions. Electro-optically tuned metasurfaces using the
Pockels or Kerr effect in ferromagnetic dielectrics such as lithium niobate [38] [39]
or barium titanate can be modulated at high frequencies (100s of GHz)
with very little loss, but the magnitude of optical modulation is limited, which
requires the design of high-Q resonators to enhance the optical interaction with
the material. Thus, it is difficult to achieve complex spatial functions such as

beam-steering in 2D as the high-Q resonators often require an extended mode in
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one dimension. Electro-optic modulation using carrier accumulation in transparent
conducting oxides (TCOs) such as indium tin oxide (ITO) [42] 43| 44]] or Fermi-
level modulation in 2D transition metal dichalcogenides (TMDCs) [45]] has achieved
large phase shift at fast (GHz) speeds [46]], but often have low efficiency due to free-
carrier absorption. Finally, active metasurfaces actuated using liquid crystal (LC)
reorientation has demonstrated large tunability with high efficiency, but is inherently
limited to ~kHz speeds due to slow LC relaxation times [47, 48, 49]]. The last two
modulation mechanisms — gate-tunable carrier accumulation/depletion in I'TO and
LC reorientation — form the foundation of this thesis and will be discussed in more

detail throughout.

An ideal active metasurface would be able to switch between any functionality of
a passive metasurface by rearranging the voltages sent to the device. The field of
active metasurfaces, however, is currently far from such a “universal” device, and
experimental demonstrations to date have focused on realizing a smaller subset of
functionalities such as dynamic beam-steering/beam-forming and tunable focusing
[44150]. One of the main applications of a solid-state beam-steering device (such as
an active metasurface) is to replace conventional beam-scanning systems which rely
on MEMS-based mirror actuators. While these systems have excellent efficiency
and can achieve moderate switching speeds (100s kHz) [51], they are inherently
bulky and can have poor reliability because of their moving components. This can
make them poor choices for applications — such as beam-pointing in satellites —
where reliability, size, and weight are important factors. Active metasurfaces can
provide an alternative to conventional beam-pointing devices and adaptive optics

for the emerging field of free-space optical communication [52].

Operation Modes of Active Metasurfaces

All active metasurfaces can change their optical response as a function of time.
However, the way in which their response is modulated can be grouped into the
three regimes shown in Fig. [I.4] In most cases, they are switched between various
configurations and kept in their final state at a time-scale much longer than their
switching time. This operation mode, depicted in Fig. [I.4p, is referred to as
“Quasi-Static” and could be used for a tunable lens in an imaging system. In this
case, the metasurface imparts lateral momentum to the outgoing wavefront, but the
frequency, fo, remains the same. In the second modulation regime, depicted in
Fig. [[.4b, all meta-atoms are modulated in-time and in-phase with each other. This

results in energy being transferred to the outgoing light in the form of frequency



(a) (b) (c)
fol , fgl ﬁ -+ nf fol ﬂ
0 fo£nf,
I

o o

Quasi-static Time-modulation Space-time modulation

Figure 1.4: Operation modes of an active metasurface. (a) Quasi-static: This
changes the momentum of output light, but keeps the frequency the same. (b) Time-
modulation: This keeps the momentum of output light the same, but changes the
frequency. (c) Space-time modulation: This combines both (a) and (b) to change
both the momentum and frequency of output light. Figure from [27]].

sidebands, foy + nf,. However, as there is no spatial phase gradient, the outgoing
angle matches that of the incoming light. It should be noted here that experimental
observation of these frequency sidebands requires that the modulation frequency,
fm» be greater than the linewidth of the incident light. As common lasers have
linewidths on the order of 10s—100s kHz, the observation of this phenomenon does
not require significant high-speed driving electronics. Finally, we can combine these
two regimes by modulating the entire metasurface with a given temporally varying
signal and time-delaying this signal between adjacent meta-atoms. This space-time
modulation scheme is depicted in Fig. [[.4c and enables the simultaneous frequency
generation and beam deflection in a single device. Throughout this thesis, all three

of these modulation regimes will be discussed and experimentally demonstrated.

1.2 Scope of this thesis

This thesis presents novel electrically tunable active metasurface devices operating at
optical wavelengths. These devices use two active materials: indium tin oxide (ITO)
and liquid crystals (LCs). In addition to presenting final device demonstrations, we
provide a detailed description of the many materials challenges that were faced
along the way. These challenges proved to be the main limiting factors in the

demonstration of an effective and efficient final optical device.

We start by dedicating an entire chapter (Chapter 2) to outline our empirical knowl-
edge gained concerning the material properties of ITO. First, we describe the pro-
cess we developed for the repeatable fabrication of ITO-based active metasurfaces.

Then, we provide a comprehensive description of how ITO interacts with a variety



of different materials.

In Chapters 3-5, we present three novel ITO-based metasurfaces. First, we present a
novel process for creating spatially varying doping profiles in thin films of ITO. These
passive metasurfaces demonstrate strong plasmonic grating modes in reflection for
a planar film of ITO. Next, we show an active beam-steering metasurface capable
of the polarization independent tunable diffraction of mid-IR light in 2D. We use
this same device to also demonstrate the micron-scale 2D patterning of emissivity.
Finally, we use a similar device architecture (this time designed in the near-IR) for
the simultaneous generation of near-arbitrary frequency spectra in the MHz and the

independent switchable diffraction of each generated frequency.

In Chapter 6, we present an all-optically addressed LC-infiltrated TiO, metasurface
for the 2D patterning of converted polarization light in the near-IR. Our device
achieves faster modulation speeds than equivalently designed devices without a
TiO, metasurface layer. Additionally, we present a multiphysics approach to model
the dynamics of the LCs on a molecular level when in contact with nanostructured
TiO; structures and in the presence of spatially varying electric fields. This model
provides an improved prediction of the final transmitted optical modulation and

shows good agreement with measurement.

Finally, in Chapter 7 we provide a summary of our work and highlight the advance-
ments provided within this thesis. We then describe our outlook for the field. For
each research project presented, we introduce multiple future directions that could

be explored.
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Chapter 2

INDIUM TIN OXIDE: A COMMON MATERIAL WITH
UNCOMMON PROPERTIES

This chapter describes the material, indium tin oxide (ITO), which is a commonly
used material in many fields of science and engineering due to its favorable optical
and electrical properties, ease of deposition, and wide range of tunability. The
following three chapters describe metasurface devices that contain and rely upon
the unique properties of ITO. Here, we set the stage by first describing the structure
of ITO as well as how it is typically deposited and characterized. Then, we describe
the deposition and post-treatment processes that we have developed for ITO as well

as details of how it interacts with other materials.

2.1 General properties

Indium tin oxide (ITO) is an n-type degenerately doped semiconductor with a band
gap of ~3.5-4.3 eV [1] which is transparent in the visible and near-infrared (near-IR).
It is ubiquitous in consumer optoelectronic devices such as photovoltaics [2] and
displays [3]] in which it is used as a transparent electrical contact. Its band gap is
expanded by the Burstein-Moss effect in which the Fermi-level of a highly doped
semiconductor is pushed into the conduction band due to the filling of low energy
states in the conduction band [1]]. It is of a class of materials known as transparent
conducting oxides (TCOs) which also includes materials such as Al or Ga doped
Zn0, F or B doped SnO;, and CdO [4]. ITO has been studied extensively due to its
interesting combination of high electrical conductivity and low optical absorption.
In addition, it exhibits a zero-crossing point in the real part of its permittivity which is
referred to as the epsilon-near-zero (ENZ) point [S], [[6]. Other interesting properties
of ITO include its ultrafast nonlinear optical response [7], [8] and magneto-optic

response [9].

ITO is typically deposited as Sn-doped In,O3 via many different techniques such
as sputtering, evaporation, atomic layer deposition (ALD), and sol-gel processing
[10]. Of these deposition methods, radiofrequency (RF) magnetron sputtering is
the most common due to a favorable tradeoff between deposition rate, film quality
and uniformity, film tunability, capability for large area processing, and low cost. In

RF magnetron sputtering of ITO, a sputtering target containing a mix of SnyO3 and
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In,O3 is often used, and is sputtered in an environment of Ar and O, [11]. During
deposition, the O, flow rate and substrate temperature can be used to control the
electronic and optical properties of the film [12]. Post-deposition annealing can

provide tunability [13]].

The free carriers in ITO are contributed from In donors and oxygen vacancies. While
the concentration of In donors is intrinsic to the film, the density of oxygen vacancies
can be changed after deposition. In most cases, the carrier concentration of ITO
increases as oxygen vacancies increase. Thus, depositions with a low (high) oxygen
flow rate tend to result in films with a high (low) oxygen vacancy concentration and,
thus, a high (low) carrier concentration. This trend, however, only holds within a
certain region of the complex parameter space that is created by all other sputtering
conditions such as substrate temperature, pressure, and power. Other factors such as
film morphology, grain size, and other possible impurity dopants can affect observed

trends of carrier concentration with oxygen flow rate during deposition.

The optical response of ITO in the visible and near-IR can be described by the
Drude-Lorentz model [14], [15], [16] given by

2

(w) “p 2.1)
EL0) = Ee w? +iwl ’

where ¢ is the complex permittivity of ITO, &4 is the high-frequency permittivity,
and w is the angular frequency of incoming light. The plasma frequency, w,, and

damping coefficient, I', are given by

2
W = N 2.2)
Eom,
and
r=—1 (2.3)
miu

where N is the bulk carrier concentration, ¢ is the charge of an electron, &g is the
permittivity of free space, m;, is the effective mass of an electron in ITO, and u is
the electron mobility in ITO. Typical values of the Drude-Lorentz parameters are
provided in Table

*
e

N u Eoo m

10" -10*' em™ 10-100 cm?/Vs 3-5 0.25-0.5m,

Table 2.1: Common Drude-Lorentz parameters for ITO films.
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2.2 Characterization

The characterization of ITO films has varied significantly across many different
studies. Often, some parameters in the Drude-Lorentz model are assumed to be a
fixed value, leaving fewer parameters to be fit and simplifying the characterization
process. For example, £, is often assumed to be 3.9 and m;, is taken to be some fixed
value between 0.25 and 0.35 [15]], [[16]. While the Drude-Lorentz model can be
parameterized in different ways, for this chapter and throughout this thesis, we will
use the four parameters presented in Table — N, U, &, and m; — to describe
the Drude-Lorentz model, and thus the permittivity of ITO. Additionally, the film
thickness is an important parameter which must be accurately measured. Thus, we
have five parameters to fully describe the optical response of an ITO film. It can be
very difficult to measure all of these parameters independently, which is why many
works assume some of the values to be fixed. Figure[2.1] graphically depicts a series
characterization measurements that can provide all five desired parameters. The
thickness, ¢, of the film can be accurately measured using atomic force microscope
(AFM) or profilometer, by first patterning a step-edge in the ITO film. Then, the
carrier concentration, N, and mobility, u, can be directly measured using Hall
effect measurements and dividing by the measured film thickness. Finally, the
high-frequency permittivity, £, and effective mass, m}, are much more difficult to
measure. For example, effective mass can be measured through the measurement of
cyclotron frequency, but this is an involved and time-consuming measurement [[17].
Thus, these final two parameters can be ellipsometrically fit to a Drude-Lorentz
model since ¢, N, and u are already known. However, it should be noted that the
wavelength range used for fitting ellipsometry data is important for obtaining an
accurate result. Ideally, the ENZ wavelength should fall within the measured and
fitted bandwidth as this provides a strong resonant feature in ¥ and A with which to

fit the remaining parameters.

. AFM Hall effect Ellipsometry
ITO film measurement

. Measures Nx t, yxt ) *
D — Measures tdirectly —— Dividing by t gives N and u — Fite,andm,

Figure 2.1: Characterization path for obtaining all Drude-Lorentz parameters for a
thin film of ITO.

While the in-depth characterization described above can provide an accurate mea-
surement of the permittivity of ITO, it is time consuming and is difficult to use when

ITO is sandwiched between other materials, as is often the case in a final active
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metasurface device. The final properties of ITO after it has been processed in a full
device stack of materials are important and are often vastly different than they were
immediately after deposition. For example, it is known that the carrier concentration
of ITO increases after ALD Al,O3 is grown on top of the ITO [18]]. This change in
ITO carrier concentration can be very difficult to measure with Hall measurements
as the ITO and Al,O3 must be patterned in such a way to allow electrical contact to
the ITO. Thus, with the need for a fast and reliable method to characterize ITO thin
films on various substrates and underneath various other materials, in this thesis, we
relied entirely on ellipsometry to characterize our ITO. While this approach does
not directly measure each parameter in the Drude-Lorentz model, it can provide
an accurate fit as long as the ellipsometric spectrum contains the ENZ resonance.
Figure [2.2] demonstrates the importance of using an appropriate wavelength range
when collecting ellipsometry data. It shows the data collected from two different

Ellipsometer 1 Ellipsometer 2

46

46

44 1%,
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Figure 2.2: Ellipsometric scans of the same ITO film using different bandwidths.
(a) Measured (circles) and fitted (dashed lines) raw ¥ for an ITO film using our
ellipsometer with a wavlength range from 300 — 1700nm. (b) Measured (circles)
and fitted (dashed lines) raw ¥ for the same ITO film in (a) using our ellipsometer
with a wavlength range from ~1.5um — 40um. We plot a limited wavelength range
here to highlight the ENZ resonance of the ITO

ellipsometers available in our lab: One with a wavelength range from 300 — 1700
nm (Fig. [2.2p) and another from ~1.5um — 40um (Fig. [2.2b). For the measured
ITO film, with a carrier concentration of ~3x10%° cm™, the ENZ wavelength is ~2.3
um. The ENZ resonance is visible as a strong resonance dip in the raw ellipsometric

Y data, but the full feature is only visible in the extended wavelength range ellip-
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someter. As a result, we can obtain much more accurate Drude-Lorentz model fits
using our extended wavelength range ellipsometer as all of the unbiased ITO films of
interest in our work have ENZ wavelengths beyond 2 um. This effect is exaggerated
for ITO films with ENZ wavelengths in the midwave and even longwave-IR, which
exhibit completely flat features in ¥ and A in the wavelength range of our visible
ellipsometer. Throughout the remainder of this thesis, we primarily characterize

our ITO solely using ellipsometry scans across the near, mid, and longwave-IR.

2.3 Development of a repeatable deposition procedure

As discussed in previous sections, the deposition of ITO through RF magnetron
sputtering can allow great tunability of film properties as a function of deposition
conditions such as pressure, power, substrate temperature, and oxygen flow rate.
This has made sputtering the preferred deposition method for ITO. This tunability,
however, also results in an extremely sensitive deposition for which repeatability
is difficult to achieve. For the ITO-based active metasurfaces presented later in
this thesis, the required properties of ITO (e.g. carrier concentration) must be
within ~10% of the designed value. This is an extremely high level of accuracy
and precision which is required from such a sensitive sputtering process. This
section outlines our final process used to fabricate ITO films with such accuracy and
details how we arrived at our final process. It should be noted that there are many
possible unknown variables such as chamber contaminants from the deposition of
previous materials that may result in the trends and values that we observe from our
sputtering system. Thus, the exact conclusions here may not necessarily apply to

other sputtering systems.

As afirst experiment, we varied the oxygen flow rate during deposition while keeping
all other parameters constant. Table [2.2] outlines the deposition conditions used for

this initial series of tests. It should be noted that in our sputterer, we have control

Power Pressure Substrate Temperature Ar/O, Flow Rate Ratio

1I00W  3mT Room Temperature Variable

Table 2.2: ITO sputtering parameters. The substrate temperature was not explicitly
set and thus would fluctuate with room temperature

over the flow rate of a “pure” (99.995%) Ar gas and a mixture of Ar/O; in a 90/10
weight % mix. For all ITO depositions presented in this thesis, the flow rate of

“pure” Ar was kept at 20 sccm while the flow rate of the Ar/O, mixture was varied.
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All values presented here will be expressed as a ratio of the total flow rate of Ar
to O,. Additionally, we use an ITO target purchased from Kurt J. Lesker which
consists of a 90/10 weight % mix of In,O3/Sn0O;.

Our first experiment consisted of the deposition of two ITO films with fixed Ar/O;
flow rate ratios each day for three consecutive days. After these three days, each
film was measured with ellipsometry. Table[2.3|shows the results of this experiment
by only plotting the fitted carrier concentration for simplicity. At first glance, the
results may indicate that changing the oxygen flow rate from a ratio of 0.032 to 0.042
results in a large increase in carrier concentration and that this effect was reasonably

repeatable across three different days of depositions.

Deposition Day  Ar/O, Flow Rate Ratio  Carrier Concentration [cm ™3]

1 0.032 0.31x10%°
1 0.042 2.73x10%°
2 0.032 1.15x10%°
2 0.042 2.64x10%°
3 0.032 0.75x10%°
3 0.042 2.61x10%°

Table 2.3: ITO deposition repeatability experiment. Two ITO films were grown
each day for three consecutive days and the carrier concentration was measured
through ellipsometry.

However, to test this hypothesis, we deposited three films on Day 4 with O, flow
rates of 0.032, 0.042, and 0.032, respectively. Thus, if our initial hypothesis was
correct, we would expect the first carrier concentration to be low, the second high,
and the third low again. Table [2.4] summarizes the results from the final day of this
experiment. We see that, contrary to our hypothesis, the third deposition on Day 4
actually had higher carrier concentration than Deposition 2. Thus, we concluded
that the effect of waiting one day had a stronger effect on the carrier concentration
than changing the flow rate from an Ar/O; ratio of 0.032 to 0.042.

To address the abnormal film properties for the first deposition of each day, we
deposited three ITO films in one day with the same Ar/O, flow rate ratio. However,
before every ITO deposition, we sputtered a pure titanium target in an Ar envi-

ronment for one hour. Titanium is known to be an effective getter for deposition
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Deposition Day  Ar/O, Flow Rate Ratio  Carrier Concentration [cm ™3]

1 0.032 0.24x10%0
2 0.042 2.29x102Y
3 0.032 2.60x102Y

Table 2.4: ITO deposition repeatability experiment — Day 4. Three ITO films were
grown on Day 4 and the carrier concentration was measured through ellipsometry.

systems and helped to decrease the chamber base pressure by a factor of ~4. The

exact deposition parameters used to sputter Ti are listed in Table [2.5]

Power Pressure Substrate Temperature Ar Flow Rate Deposition Time

I50W  5mT Room Temperature 20 sccm 1 hour

Table 2.5: Ti sputtering parameters. The substrate temperature was not explicitly
set and thus would fluctuate with room temperature

The results of including a Ti deposition before each ITO deposition are shown in
Table 2.6] These depositions indicate a much better repeatability between each
deposited film, and we no longer measure significantly lower carrier concentrations
for the first deposition of the day. This result was very useful in our device processing
as it allowed us to deposit films at any time of the day and achieve more reliable

carrier concentrations of ITO films.

Deposition Day Ar/O, Flow Rate Ratio Carrier Concentration [em™3]

5 0.1 2.89x10%0
5 0.1 3.52x10%0
5 0.1 3.34x10%0

Table 2.6: ITO deposition repeatability experiment — Ti Gettering. Three ITO films
were grown successively on one day and the carrier concentration was measured
through ellipsometry.

Although we had improved the repeatability of our ITO deposition process, we still
did not have the ~10% precision which was needed for our active metasurfaces.
After some experimenting with different possible processes, we determined that this

precision was too difficult to achieve directly in our sputtering chamber, given the
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parameters that we can control. Thus, we turned to post-deposition annealing to

fine-tune the I'TO properties after deposited.

2.4 Post-deposition annealing

Post-deposition annealing of ITO is a common technique used by many researchers
[14]], [19]. This is a useful process as it allows for a wide range of carrier concen-
trations and can be used to compensate for inherent variability that occurs during
deposition. Most previous works anneal ITO at temperatures in the range of ~300 —
500 °C [14], [19]. However, in our work, we use much lower temperature anneals at

~150 °C to achieve greater control and precision over the final carrier concentrations
of our ITO films.

As discussed previously, the carrier concentration of ITO is predominantly deter-
mined by the concentration of oxygen vacancies. Thus, annealing in an oxygen-rich
environment results in a net flow of oxygen into the ITO which will decrease the
concentration of oxygen vacancies and decrease the carrier concentration. Con-
sistently, annealing in an oxygen-deficient environment causes oxygen to leave the
ITO film, leaving behind more oxygen vacancies, and increasing the carrier con-
centration. Figure [2.3] shows a cartoon schematic of how oxygen vacancies, and
the resulting carrier concentration, are affected when an ITO film is annealed in

an air or vacuum environment. We experimentally observed that low temperature

Anneal in air
ITO /
\ High V5 = High N
=V A

= nneal in vacuum

Low V;=Low N

Figure 2.3: Schematic of effect of annealing on ITO carrier concentration. Oxygen
vacancies (Vé), shown as dark blue circles are decreased (increased) when an ITO
film is annealed in air (vacuum). This results in a decrease (increase) in N, carrier
concentration.

anneals (150 °C) primarily change the carrier concentration of the ITO films without
significantly changing other parameters in the Drude-Lorentz model. This is likely
a result of the morphology (i.e. film crystallinity, grain size, roughness, density,

thickness) remaining constant while the oxygen content varies. It has been previ-
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ously reported that ITO films deposited at room temperature via RF sputtering are
amorphous and become crystalline once annealed above temperatures of ~300 — 400
°C [20], [21]]. Thus, it can be concluded that our 150 °C anneals do not significantly
change morphology and predominantly affect the oxygen vacancy concentration of
the films.

We first studied the effect of annealing on our ITO films (deposited via RF mag-
netron sputtering) by consecutively annealing a single ITO film in different oxygen
environments (i.e. air and vacuum) and characterizing the change in film properties
via infrared ellipsometry as described in Section [2.2] Figure 2.4 shows the real and
imaginary parts of the permittivity for a single ITO film directly after deposition

(a), after annealing in air (b), and after annealing in vacuum (c). The as-deposited

a b c
20 30 20 30 20 30
N =9x10" cm* N =2.8x10" cm* N=5.1x10" cm*
=33 cm?Vs S 125 Anneal 150 °C p=27cmiNs |25 Anneal 150 °C =28 cm?Vs 25
1o €= 4.1 in air 10 =43 in vacuum ° £1=4.0
m, =03 20 m_=0.3 20 m_=0.3 20

4.5 hours 6.5 hours

—_) 59
g0 bg
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Figure 2.4: ITO permittivity after multiple low-temperature anneals. A single
ITO film of thickness ~50 nm was deposited via RF magnetron sputtering. Its
permittivity and thickness was characterized via ellipsomtery. Then, the same film
was annealed at 150 °C in two different oxygen environments and its permittivity was
remeasured after each anneal. (a) The real and imaginary permittivity immediately
after deposition. (b) The real and imaginary permittivity immediately after annealing
at 150 °C for 4.5 hours in air. (c) The real and imaginary permittivity immediately
after annealing at 150 °C for 6.5 hours in vacuum (~1x10 Torr). For each plot,
the extracted Drude-Lorentz parameters from the ellipsometry fit are provided. All
parameters were fit except for effective mass, m}, which was fixed at 0.3.

carrier concentration of the ITO film is 9x10' cm™. After annealing in air (Fig.
2.4b), the carrier concentration significantly decreases to 2.8x10'” cm™. This is
consistent with our expectation of anneals in oxygen environments (air) decreasing
the oxygen vacancy concentration and overall carrier concentration of the film. Fi-
nally, by annealing in vacuum (Fig. [2.4c), the carrier concentration increased to
5.1x10' cm™. Again, this is consistent with the expectation that annealing ITO in
a low-oxygen environment (vacuum) will increase the oxygen vacancies and carrier
concentration. Additionally, after each of these anneals, the carrier concentration
was the only Drude-Lorentz parameter which was significantly changed, further

supporting our claim that such low temperature anneals do not affect morphological



24

properties of the film. Finally, while we do not show intermediate time data points,
by adjusting the time of anneal, the carrier concentration can be precisely tuned
between the end values plotted in Fig. 2.4, We believe this is because the time and
temperature of our anneals do not allow the films to reach equilibrium. Thus, by
changing the time of anneal, we can stop the process before steady-state is reached.
This provides us with great tunability in designing passive and active metasurfaces

which require precise control over the carrier concentration of ITO films.

2.5 Effect of neighbouring materials on ITO

The previous section described how annealing ITO films in environments of different
oxygen content can change how the carrier concentration of the film is affected. Up
until now, we have presented this discussion as if a film of ITO is floating in space
and is entirely surrounded by air or vacuum. Obviously, this is not the case in
real devices. Whenever ITO is deposited on top of a certain substrate or another
material is deposited on top of ITO, they will interact with the ITO layer in different
ways, especially during the elevated temperatures of anneals. In this section, we
will discuss how ITO interacts with surrounding environments other than air and

vacuum.

Oxygen-deficient oxides

A common class of materials which are often in contact with ITO in an optoelectronic
device is oxides. In the passive and active metasurfaces discussed in this thesis,
Al,O3 and HfO, are the most common as they are used as electrically insulating
gate dielectric layers. Depending on the quality of these films, they will either
interact strongly or minimally with layers of ITO during deposition and/or during
post-deposition anneals. In general, the model which we have used to predict how
an oxide film will interact with ITO is visually depicted in Fig. [2.5] We first
describe the ITO as a film rich in oxygen vacancy and oxygen interstitial defects.
As previously discussed, the oxygen vacancies dictate the carrier concentration of
the film. While there can be some material-dependent discrepancies, dielectrics
deposited by common microfabrication techniques tend to be oxygen deficient.
Thus, we represent the oxide as a film rich in oxygen defects. As discussed in the
previous section, when ITO is annealed in an oxygen-deficient environment (e.g.
vacuum or oxygen deficient oxide), oxygen diffuses out of the film, leaving behind

oxygen vacancies in the ITO, and results in an increase of the carrier concentration.

The model described in Fig. @]is valid for many oxides such as Al, 03, HfO,, TiO»,
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Figure 2.5: Annealing of ITO covered by a low-quality oxide. Oxygen interstitial
and oxygen vacancy defects are shown as red and blue circles, respectively. During
annealing, oxygen interstitials from the ITO layer diffuse into the oxide to fill
available oxygen vacancies and leave behind additional oxygen vacancies in the ITO
layer.

and SiO, when deposited via physical vapour deposition (PVD) techniques such as
electron beam evaporation and sputtering. We have experimentally confirmed that
all of these materials, when deposited on ITO via PVD, will result in an increase in

carrier concentration of ITO after annealing at 150 °C.

While most oxides tend to be oxygen-deficient, the total concentration of oxygen
vacancies can be decreased by either using different deposition techniques such
as chemical vapour deposition (CVD), or by first annealing the oxides in air. We
explored both of these techniques specifically for Al,O3 films. To achieve a higher
quality Al,O3, we first used thermal atomic layer deposition (ALD) at 150 °C to
grow films with a much higher oxygen content. These films were then annealed
in air at 200 °C for 24 hours in an attempt to “fill” any oxygen vacancies. We
then deposited ITO on top and observed that the properties of the ITO were not
significantly impacted by the presence of the Al,O3 during anneals. The interaction

between these two films is depicted in Fig. [2.6]

Initial Condition Anneal Final Condition
©00g°,000 °0 O o ©00g°,000 °0 © o 00 0g0°,00000 0 o
.=Of’ |TO...-.....".' ...I.I.....'.. .u.a.-....".-
i o 0o
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o o
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Figure 2.6: Annealing of ITO on top of a high-quality oxide. Oxygen interstitial
and oxygen vacancy defects are shown as red and blue circles, respectively. During
annealing, some oxygen interstitials from the ITO layer diffuse into the oxide to
fill available oxygen vacancies and leave behind oxygen vacancies in the ITO layer.
As the high-quality oxide does not have many oxygen vacancies, both films are
relatively unchanged by the annealing process.

Although ALD-grown Al,O3 will not significantly affect the properties of an adja-
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cent ITO film during post-deposition low-temperature anneals, the act of growing
the Al,O3 on top of a layer of ITO will greatly increase the carrier concentration of
the underlying ITO. This effect has been observed in previous works [[18]], [22] and
can be attributed to the first few ALD pulses of Al precursor, trimethylaluminum
(TMA), reacting with available oxygen in the ITO film before the second precursor,
water, can be reacted with the TMA [18]. When the TMA reacts with the ITO layer,
it pulls oxygen out of ITO which creates more oxygen vacancies, thus increasing the
carrier concentration. Figure [2.7| plots the ellipsometrically fitted permittivity of
an ITO film before (a) and after (b) ALD deposition of Al,O3 which increases the
carrier concentration by a factor of ~3. It should be noted here that all ALD Al,O3
films grown in this thesis used a thermal ALD recipe. Due to the mechanism of the
carrier concentration increase, we would expect plasma ALD recipes to affect the

ITO films in a similar way.

Before ALD AlO, b After ALD ALO,
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Figure 2.7: Atomic layer deposition of Al,O3 on ITO. Ellipsometrically fitted
permittivity of an ITO film before (a) and after (b) ALD Al,O3 deposition. The full
fitted Drude-Lorentz parameters are provided as insets.

Gold

Another common material that can come into contact with ITO-based active meta-
surfaces is gold, which is often used as an electrical contact, back-reflecting layer,
and/or antenna element. These functionalities are often combined due to the favor-
able properties of gold and plasmonics in the near-IR. However, great care should
be taken when gold is in direct contact with an ITO film. We have observed a
significant increase in the carrier concentration of an ITO film in contact with gold
during anneals at 150 °C. Figure shows the measured permittivity for two ITO
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films which were deposited in the same deposition on two different substrates: ITO
on gold Fig. [2.8a and ITO on ALD grown Al,O3 on gold Fig. 2.8b. It was first
confirmed (using ellipsometry) that the properties of these ITO films were similar
immediately after deposition. Then, both samples were annealed for 3 hours at 150
°C and remeasured. The plotted permittivity in Fig. shows the results for each
sample after the anneal. The sample which has ITO directly in contact with gold
saw a carrier concentration increase of approximately an order of magnitude, while
the sample with a layer of ALD-grown Al,O3 separating the ITO from the gold
had a minimal increase in carrier concentration. We have repeatably observed this
phenomenon in all our samples. While the exact mechanism causing this increase in
carrier concentration is unknown, we propose that it is caused by the gold forming
an interfacial intermetallic compound which pulls more oxygen out of the bulk of the

ITO, thus creating more oxygen vacancies and increasing the carrier concentration.
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Figure 2.8: Effect of gold on ITO films. Ellipsometrically fitted permittivity of
ITO films deposited directly on gold (a) and on an ALD grown layer of Al,O3 on
gold (b). The ITO on both samples was deposited in the same deposition and the
properties of both samples were first confirmed to be similar for the as-deposited
films. Then, both samples (a) and (b) were annealed for 3 hours at 150 °C and
measured again with ellipsometry. The final permittivity after annealing is plotted
here.
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Nitrides and oxygen-rich oxides

Thus far, all discussed materials have increased the carrier concentration of ITO,
likely by pulling oxygen out of the ITO. A useful alternative to this would be
materials that can decrease the carrier concentration of ITO by moving oxygen into
the film. Similarly, a material that could be heated to high temperatures while in
contact with ITO without changing the carrier concentration of the ITO would be
very useful. Possible materials that may allow for this functionality are nitrides and
oxygen-rich oxides. While we did not study these materials in great detail, they may
be important to creating temperature-stable ITO films in future active metasurfaces,
especially when low carrier concentrations are needed. We sputtered AIN and
TiN films on top of ITO and studied the change in carrier concentration during
annealing. Both films did not cause the carrier concentration to increase as much
as previously discussed materials (such as Al,O3 and gold), but we still observed
a small increase. Additionally, we thermally evaporated MoOs (known for being
oxygen-rich) on ITO and again measured the change in carrier concentration after
annealing. We observed minimal change in carrier concentration after heating. With
further process optimization, AIN and MoO3 may be ideal encapsulant materials for
ITO films. In the future, temperature stable active metasurfaces may be enabled by

integrating nitrides and/or oxygen-rich oxides.

2.6 A short summary

In summary, this chapter has introduced the material, ITO, by focusing on some of its
interesting properties, common characterization techniques, a repeatable deposition
procedure, and how I'TO can be manipulated by annealing in a wide range of material
environments. This provides the necessary background to understand many of the

device-level decisions which we made throughout this thesis.

For example, in Section[2.2]we described how we arrived at the decision to only use
ellipsometry across a wide wavelength range to characterize our ITO films, but we
did not describe exactly how we prepare our samples to make these measurements.
For most of our devices, we use Si as a substrate. However, if we simply deposited
ITO on top of Si and took an ellipsometry scan from ~1 um to 20 um, we would see
many resonances associated with the Fabry-Perot cavity created by the Si substrate
which is transparent in most of the IR. Additionally, there would likely be some
transmitted light which would make the data very difficult to fit. Thus, it would be
preferred to have a back-reflecting layer such as gold on top on the Si to make sure

that all light is reflected back. However, as discussed in Section [2.5] there could
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be strong interactions between the gold and ITO which may change the properties
of the ITO, especially during heating. This is not desired if one is studying the
effect of annealing ITO in air and vacuum as in both cases the change in the carrier
concentration of the ITO will be dominated by the interaction between the ITO and
gold. To mitigate this issue, we inserted a film of ALD-grown Al,O3 between the
ITO and gold which was shown to sufficiently separate the gold and ITO (Fig. [2.8))
while not significantly changing the properties of the ITO (Fig. [2.6). This can
be further improved by annealing the ALD Al;O3 in air at 200 °C for 24 hours to
further decrease the concentration of oxygen vacancies before depositing the ITO.
Thus, our standard sample preparation, throughout this thesis, for measuring the
carrier concentration of an ITO film was: Evaporate 80 nm gold on a Si substrate,
deposit ~20 nm Al,O3 via ALD, anneal at 200 °C for 24 hours, then deposit ITO.
Then, when we wanted to study how other materials such as evaporated Al,O3
affected ITO, we would deposited each material on top of this full stack after fully
characterizing the initially deposited ITO. This provides further support for our
decision to only characterize ITO with ellipsometry because we were able to create
complex stacks of materials and precisely measure how each step was affecting the
optical properties of ITO. This would be much more complicated with techniques
such as Hall effect measurements because complex patterning of materials would be
required to ensure that electrical contact is made with the ITO (and only the ITO) as
more and more materials are deposited. This process was the standard for observing
the trends discussed in this chapter and influenced the final stack of materials used

in the devices presented in later chapters.
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Chapter 3

PLANAR REFLECTIVE GRATINGS ENABLED BY SPATIALLY
RESOLVED DOPING OF INDIUM TIN OXIDE THIN FILMS

The material in this chapter was in part presented in
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controlled doping of ITO thin films,” 2026. In Preparation.
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Chapter 4

TWO-DIMENSIONAL BEAM-STEERING AND EMISSIVITY
MODULATION IN THE MID-INFRARED

The material in this chapter was in part presented in

J. Sisler, P. Pearson, M. Kelzenberg, A. Faraon, and H. A. Atwater, “Electro-
optic modulation of coherent and incoherent mid-IR radiation in two-dimensional
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Chapter 5

ELECTRICALLY TUNABLE SPACE-TIME METASURFACES IN
THE NEAR-IR

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

By definition, all active metasurfaces can change their properties in time. However,
their response is often slow, limiting operation to the “quasi-static”” regime where
they switch between different spatial phase gradient configurations but scatter light
at the incident wavelength. In this mode, momentum can be imparted to light,
enabling shaping of the spatial wavefront, but the optical wavelength cannot be
changed. Time-varying media offer an opportunity to overcome this limitation.
Rapid modulation of the refractive index of substituent metasurface scatterers creates
a temporal interface: an analog to the previously discussed spatial interface. At a
temporal interface, the spatial momentum of light is conserved, but the frequency
is altered through energy exchange between the incident wave and the time-varying
medium [2]. Temporal control of electromagnetic waves has led to the demonstration
of exotic optical phenomena such as frequency mixing [3], harmonic beam shaping
[4], and breaking of Lorentz reciprocity [5, 6, 7.

Recent experiments demonstrated that combining metasurface spatial and temporal
control can offer many unique optical properties [[7,8,9,|10,/11,/12]]. Spatiotemporal
modulation of dielectric media interacting with an electromagnetic wave has been
studied for decades and has produced nonreciprocal radio frequency (RF) devices
capable of functions such as optical isolation [13]], pure frequency mixing [14], and
amplification of traveling waves [15]. More recently, digital coding architectures,
in which biasing of PIN diodes alters the phase response of scattered light, have
realized a more general spatiotemporal platform for frequency-multiplexed beam
steering and shaping at microwave frequencies [4, |16, [17]. To achieve space-
time metasurfaces at optical frequencies, optical pumping of passive phase gradient
metasurfaces consisting of nonlinear optical materials has been demonstrated [2,|18),
19]. These systems, however, require the integration of high-power pump pulses,
posing challenges for many applications.

In this work, we use electrically tunable metasurfaces operating at 1530 nm and

modulated at 1 MHz to demonstrate spatiotemporal control over the scattered light
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wavefront and spectrum. We start by collectively driving the metasurface with a
time-varying voltage signal to generate frequency sidebands shifted from the inci-
dent laser light. Next, we time-delay the applied electrical signal in space to create a
frequency-dependent spatial phase profile, enabling diffraction of selected frequen-
cies. Experimentally measured reflectance as a function of frequency and angle
confirms that the frequency-shifted light is diffracted while the central frequency
signal reflects normally, resulting in excellent beam directivity for frequency-shifted
light. We further demonstrate, through the implementation of a real-time experi-
mental optimization, that the frequency spectrum of reflected light can be arbitrarily
constructed, and each generated frequency of interest can be independently manip-

ulated in space.

5.1 Realizing spatiotemporal metasurfaces at optical frequencies

Space-time metasurfaces operating at microwave frequencies have been previously
demonstrated. While the conceptual framework for space-time modulation is com-
mon to both microwave and optical frequency domains, fundamentally different

challenges must be overcome to achieve active metasurfaces in the optical domain.

For example, a common method of modulating a single metasurface element in
the microwave regime is switching a positive-intrinsic-negative (PIN) diode (~mm-
scale) connected to metallic patches between its low resistance “ON” state (forward
bias) and high resistance “OFF” state (negative bias) which changes the amplitude
and phase of the electromagnetic (EM) field scattered from that element [4,20]. This
technique is very effective at achieving a large modulation at microwave frequencies
because the carrier injection is efficient and can be modeled using the Drude model
where the change in permittivity will be proportional to AN /w, where AN is the
change in carrier concentration and w is the angular frequency of incident radiation
[21]]. Thus, at microwave frequencies, a small change in carrier concentration will
result in a large change in permittivity, providing significant amplitude and phase

modulation.

By contrast, in the optical domain, the higher frequency gives rise to substantially
smaller changes in permittivity, so that any material change from carrier accumu-
lation (as in our devices) will result in a very small change in amplitude and phase
of scattered light. As a result, active metasurfaces must be coupled to geometric
resonances to enhance the light-matter interactions and to obtain significant optical

modulation. This is an ongoing challenge in materials selection, device design and
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metasurface fabrication. It should also be noted that our approach for electrically
tuning phase and amplitude of active optical metasurfaces inherently allows for
continuous tunability. By contrast, a single PIN diode can only achieve two dif-
ferent states of phase and amplitude, and multiple diodes must be added to a unit
cell to obtain more than two phase or amplitude steps [22]. As a result, our active
optical metasurfaces can steer to arbitrary angles with high directivity by exploiting
continuous phase tuning without requiring redesign of our subwavelength structures
[23].

Another difference is in the nature of electrical interconnects. In the microwave
regime, where the wavelength is of order ~10s of mm, individual scatterers can
be easily addressed with electrical interconnects that are deeply subwavelength,
which does not affect the scattering performance. In the optical domain, the design
approach must be fundamentally different because electrical interconnects even with

dimensions < 1 um can significantly affect scattering and wavefront control.

In summary, we note there are distinct challenges in the design and realization
of active space-time metasurfaces at optical frequencies as compared to those at
microwave frequencies. We address these challenges for electrically modulated

space-time metasurfaces at optical frequencies for the first time.

5.2 Design principle

A conceptual illustration of space-time modulation is shown in Fig. [5.Th. The top
two plots illustrate how a binary spatial phase profile can create two intensity peaks
in the far-field corresponding to the + 1% diffraction orders (higher orders are cut-off
in the plot). Analogously, the middle plots of Fig. 1a show how sinusoidal time-
modulation will generate the + 1% sideband harmonics. By combining these two
modulation schemes, a space-time metasurface is realized. The bottom image of Fig.
[5.Th shows a schematic of the gate-tunable reflective space-time metasurface used
in this demonstration consisting of a one-dimensional (1D) array of nanoantennas,
electrically connected with two independent electrodes contacting alternating groups
of 12 nanoantennas. The metasurface accepts incoming light at a frequency, w;y,,
and all antennas are modulated with an identical waveform at a frequency, w04,
time-delayed by half a period between the two antenna groups. As a result, reflected
light is diffracted and consists of a span of harmonic frequencies given by wj,. +

nWmod, Where n is an integer.

To design a spatiotemporal diffraction response, we start by obtaining a relationship
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Figure 5.1: Electrically controlled space-time metasurfaces. (a) Upper plots: The
magnitude squared of the Fourier transform of a spatial phase gradient (left) provides
the far-field intensity profile (right). Middle plots: The magnitude squared of the
Fourier transform of a temporal phase gradient (left) provides the frequency spec-
trum of reflected light (right). Bottom image: 3D visualization of the two-electrode
space-time diffracting metasurface. (b) Three example sawtooth waveforms with a
frequency of 1 MHz. Each waveform is identical, but has a different initial phase, a.
(c) Magnitude squared of the Fourier transform of each waveform in (b). The full
spectrum is plotted for @ = 0, while the intensity at each integer frequency is plotted
for @ = /8 and & for ease of comparison. (d) Phase of the Fourier transform of
each waveform in (b) plotted at each harmonic of 1 MHz.

between the reflected amplitude and phase of light at a single wavelength as a
function of applied voltage. For quasi-static operation, this relationship would
be directly used as a lookup table to determine the required voltage that must
be applied across the metasurface. During spatiotemporal modulation, however,
multiple frequencies are generated, and the amplitude and phase at each frequency
must be considered. This information is obtained by taking the Fourier transform of

the time-varying scattered field. Section [5.6|describes this process in more detail.
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To illustrate the design principle, Fig. [5.Ib shows three time-varying responses
of a metasurface exhibiting pure amplitude modulation. Each waveform shape is
identical, while the initial phase, @, is varied. Figures [5.Ic and [5.1d show the
magnitude squared and phase, respectively, of the temporal Fourier transform of
each waveform in Fig. [5.Ip. As all three signals in Fig. have the same
shape, the intensity (amplitude squared) spectra are identical. However, the phase
spectrum for each waveform is frequency-dependent, given by ¢(n) = na, where
n is the harmonic number. If the « = 0 and @ = 7 waveforms were applied to
the two independent electrodes shown in Fig. [5.Ia (@; = 0 and ay = ), there
would be a binary 0 — & phase grating with constant amplitude for odd harmonics,
resulting in diffraction of those frequencies. This highlights the unique capability
of space-time metasurfaces to decouple phase and amplitude. The shape of the
time-varying signal dictates the frequency spectra (i.e., intensity at each frequency)
and the time-delay of this signal provides a linear frequency-dependent phase shift.
In this example, a metasurface with varying amplitude and constant phase was
transformed into a metasurface with constant amplitude and 27 phase coverage at
each generated harmonic. It is also important to note that the phase at 0 MHz is
identical for all values of @ meaning any unmodulated light will not receive a shift
in spatial momentum. The ratio of unmodulated to modulated light depends on the
accessible phase and amplitude of the metasurface and the selected time-varying
signal [[11,]12, 24]]. Additionally, given the experimental methods used in this work,
the unmodulated light is not measured and, thus, is absent from all future plots in
this work. Section[5.9|provides detailed calculations of the fraction of unmodulated

light in our measurements.

5.3 Device fabrication

Silicon wafers (2 inch diameter) with a 1 um thermally grown oxide were first
cleaned using an RCA 1 and RCA 2 clean. The back gold layer was patterned using
photolithography and liftoff in remover PG. The deposition consisted of electron
beam (e-beam) evaporation of 5 nm Ti and 80 nm Au electron beam (e-beam)
evaporation. Next, the ITO was patterned by photolithography and liftoff in remover
PG. The 17 nm ITO deposition used an RF sputterer using a 90/10 wt% In,O3/SnO,
target at 3 mTorr and 100 W while flowing 20 sccm Ar and 4 sccm Ar/O; in a 90/10
wt% mix. The HAOL was deposited using a shadow mask via thermal ALD at
150 °C. The deposition consisted of 4 repetitions of Inm/3nm Al,O3/HfO, without

breaking vacuum to accumulate a total of 16 nm. The nanoantennas were patterned
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via e-beam lithography using a bilayer PMMA resist and lifted off in remover PG.
The nanoantennas were deposited using the e-beam evaporation of 2 nm Ge and 40
nm Au. Finally, the top contact pads were patterned using photolithography and
lifted off in acetone. The contact pads were deposited using e-beam evaporation of
20 nm Ti and 200 nm Au. The final devices were then diced into 1 cm x 1 cm chips

and wirebonded to specifically designed PCBs

5.4 Active metasurface characterization

In this work, we use an indium tin oxide (ITO)-based plasmonic metasurface op-
erating in reflection [25] 26, |27, 28]]. A camera image of ten devices wire-bonded
to a printed circuit board (PCB) is shown in Fig. [5.2a. Figures[5.2b and c show a
single metasurface under scanning electron microscope (SEM) and the metasurface
cross-section is provided in Fig. [5.2d. ITO, the active material, is modulated in
a metal-oxide-semiconductor (MOS) capacitor configuration. Here, ITO acts as
a highly doped semiconductor, HAOL — a nanolaminate of alumina (Al,O3) and
hafnia (HfO;) [29] — is the gate dielectric, and the gold antennas act as the top
metal contact. The bottom gold acts as a backreflecting layer as well as the ITO
electrical contact. Under applied voltage, carriers are accumulated in ITO at the
ITO-HAOL interface, resulting in modulation of the ITO refractive index. When
illuminated with transverse electric (TE) polarized light, a gap plasmon resonance
confines light in the ITO and HAOL layers, increasing the optical modulation. Due
to the highly confined optical resonance and accumulation of charges, these devices
have been shown to demonstrate local behaviour such that their optical response

does not depend on the number of unit cells that are electrically addressed [26].

Figure [5.2k shows the measured metasurface reflectance under applied bias. The
1475 nm resonance at —4 V shifts to 1460 nm at 4 V. The operation wavelength
throughout this work is 1530 nm, and Fig. shows the voltage-dependent
reflectance at this wavelength. The phase shift at 1530 nm is negligible and is
plotted below. While the relative modulation is larger on resonance, 1530 nm is the
shortest wavelength accessible in our experimental setup. It is noteworthy, however,
that a device with limited relative reflectance modulation (~8%) and near-zero phase
shift, can be used to demonstrate space-time diffraction with excellent directivity,

as will be presented in the following sections.
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Figure 5.2: ITO-based plasmonic metasurface. (a) Camera image of chip mounted
and wire-bonded to a printed circuit board consisting of 10 individual metasurfaces.
Scale bar: 5 mm (b) Marked region from (a) showing optical microscope image
of a single metasurface. The center region creates a 120 x 120 um? active area of
nanoantennas which are contacted by the interconnects on the side of the image.
Scale bar: 100 um. (c) Marked region from (b) showing SEM image of individual
nanoantennas. Scale bar: 5 um. (d) Schematic of metasurface unit cell. The
structure is periodic in the y-axis with a period, p, and extends 120 yum in the x-axis.
The metasurface is illuminated from the top with a normally incident plane wave
polarized in the y-axis. The dimensions labelled are w 4,,; = 220 nm, 7 4,,; = 40 nm,
taor = 16 nm, t;7o = 17 nm, 4, = 80 nm, p = 400 nm. (e) Measured reflectance
spectra of metasurface under varying applied bias from —4 to 4 V. The dotted line
corresponds to the operation wavelength of 1530 nm used throughout this work. (f)
Measured reflectance modulation of the metasurface as a function of applied bias at
an operation wavelength of 1530 nm.

Quasi-static phase modulation

Figure [5.3] plots the maximum phase shift achieved by our active metasurface as
a function of wavelength. The largest phase shift occurs between A4 = 1465 nm
and 1470 nm, corresponding to the minimum reflectance measured in Fig. [5.2k.
The phase shift of this device at the design wavelength for this work (1530 nm) is
near-zero (< 20°). While there is larger amplitude and phase modulation at shorter
wavelengths (4 ~1470 nm), we chose to work at 4 = 1530 nm because it is the shortest
wavelength we could access with sufficient power in our experimental setup. This

work could be repeated closer to resonance using the same principles discussed
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here and the final results would be identical, but the overall efficiency of the device
would be higher. Specifically, there would be a higher ratio of total modulated light
to unmodulated light. However, since our measurement technique already filters
out unmodulated light, in this work we are still able to show the same principles of
space-time modulation and engineer the power sent to each modulated frequency

with good signal-to-noise ratio (SNR).

250

200 |

—
()]
o

Phase Shift (°)
o
o

®
1
I
1
1
I
1
I
1
|
1
[ J

an
o

ﬁ‘ ‘ "’..‘...
0l e® o000°®

1440 1460 1480 1500 1520 1540
Wavelength (nm)

Figure 5.3: Quasi-static phase shift of the active metasurface used in this work. The
plotted phase shift is the absolute value of the change in phase between an applied
bias of -6 V and 6 V.

It is noteworthy that this work demonstrates space-time diffraction with excellent
directivity at each modulated frequency using a device with such limited reflectance
and phase modulation. If this device was modulated in the quasi-static regime, it
would exhibit very low diffraction efficiency (see Section[5.9). By using space-time
modulation, roughly the same total amount of light is diffracted as in the quasi-static
case, but the light sent to the + 1% orders are separated in frequency from the 0"
order (normally reflected light) which allows for easier detection with high SNR.

This is a major benefit of space-time metasurfaces.

Frequency-response of ITO-based metasurfaces

Before beginning temporal modulation, it is useful to predict the cutoff frequency of
our device. By doing this, we were able to conclude that, in this work, the frequency
of modulation is limited by the detection scheme, not the metasurface device. The 3
dB cutoff of the photodiode used is 10 MHz (ThorLabs APD410C) and we chose to
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modulate at 1 MHz to ensure that we can sufficiently resolve higher order harmonics
without losing collected signal. Since the carrier modulation in ITO occurs in
a small layer (< 17 nm) the carrier accumulation occurs very quickly. Previous
demonstrations have experimentally demonstrated I'TO modulators reaching GHz
speeds [30, 31]. Because of this, we do not expect the ITO response time to be a
limiting factor at MHz frequencies. A more probable limitation could come from

the RC time constant of our driving circuits.

To estimate the frequency response of the interconnects and antennas driving our
metasurface, we used a simple RC time-constant estimate based on the geometry of
our device. By doing this, we calculate, for one metasurface antenna group (consist-
ing of 156 individual nanoantennas), a resistance of ~2 Q and a capacitance of ~50
pF resulting in a RC-limited frequency of ~1.6 GHz. A plot of the characteristic
frequency of the antenna groups as a function of antenna length is plotted in Fig.
[5.4a. The antennas for the metasurfaces in this work are 120 um long. Next, we
examined the frequency response of the fabricated interconnects that electrically
address each antenna group. These interconnects are of varying length (~50 ym to 1
mm) and width (~2.5 um to 20 um). Figure [5.4p plots the characteristic frequency
for these interconnects of varying length and width, by calculating the resistance and
self-inductance of the lines. Using these estimates, Fig. [5.4] shows that for all con-
sidered dimensions of nanoantennas and interconnects, the characteristic frequency
remains above 100 MHz. Therefore, the electrical connections in our device will

not limit modulation at 1 MHz.
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Figure 5.4: Simulated frequency response of metasurface. (a) Characteristic fre-
quency of metasurface nanoantennas as a function of antenna length. (b) Charac-
teristic frequency of interconnects of varying length as a function of interconnect
width.
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5.5 Temporal waveform optimization

To study the temporal response of the metasurface, we first modulate all antennas
in-phase and measured the reflected frequency spectrum using the experimental
setup in Fig. [5.5h. The metasurface is illuminated with 1530 nm light and mod-
ulated at MHz frequencies with an arbitrary waveform generator (AWG). A fast
photodiode connected to a spectrum analyzer captures reflected light. Because the
time-responses of the photodiode (~10 MHz) and spectrum analyzer (~1 GHz) are
many orders of magnitude slower than the oscillation of the incident laser light
(~200 THz), only the MHz frequency sidebands imparted on the 1530 nm light are
measured. Therefore, the 1530 nm laser light acts as a carrier wave to study the mod-
ulation dynamics of the metasurface, and the intensity of any unmodulated reflected
1530 nm light is not detected. Because the device used in this work operates using
amplitude modulation and modest phase modulation, there is significantly more
unmodulated light than frequency converted light which limits our total diffraction
efficiency to ~0.0036%. This low efficiency is a result of the device used and is not a
fundamental limitation of the method presented in this work. Section[5.9|presents an
analysis of the total unmodulated light from our metasurface and provides insights
into how the total efficiency can be increased. It should be noted that ITO-based
modulators have demonstrated modulation speeds up to GHz [30, 31] and, thus, it
is the photodiode, not our metasurface, that limits this work to operation at MHz

frequencies.

The reflected frequency spectrum can be manipulated by applying standard time-
varying waveforms to the metasurface (e.g., sine, square, sawtooth). However,
our metasurface exhibits a non-linear reflectance-voltage relationship (Fig. [5.2ff),
so the reflected frequency spectrum will not match the spectrum of the driving
electrical signal. To address this, we incorporate an experimental feedback loop
to continuously update the driving waveform until a desired frequency spectrum
is measured (Fig. [5.5h). This technique is particularly useful as it compensates
for the non-linearities of the metasurface as well as other elements such as the
metasurface interconnects, PCB, waveform generator, photodiode, etc. A genetic
algorithm optimization was used to fit the amplitude and phase of the first 20 terms
in a Fourier series to generate the final driving voltage waveform, using 1 MHz
as the fundamental harmonic. As a first demonstration, the applied waveform is
optimized to generate only the 1 MHz signal. The top blue curve in Fig. [5.5p
shows the measured frequency spectrum when the metasurface is driven with a 1

MHz sine wave. As desired, there is a strong signal at | MHz but there is unwanted
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Figure 5.5: Time-modulation and waveform optimization. (a) Schematic of experi-
mental setup. (b) Reflected frequency spectra when metasurface is driven with a 5
Vp—p sine wave (blue) and the final optimized waveform (red). (c) Sine (blue) and
optimized (red) driving voltage waveforms that were applied to the metasurface to
produce the frequency spectra in (b). (d) Measured time-response of the reflectance
from the metasurface when driving with the sine (blue) and optimized (red) wave-
forms from (c).

power at 2 MHz. To suppress this harmonic, the optimization is run with a figure of
merit (FOM) defined to maximize the power at 1 MHz while suppressing all other
frequencies. Section[5.10]discusses details of the optimization algorithm and FOM
selection. The optimization produces a new spectrum (red curve in Fig. [5.5p) that
maintains power in the 1% harmonic while greatly reducing the 2% harmonic. Figure
5.5k shows the corresponding voltage waveforms sent to the AWG for the frequency
spectra in Fig. [5.5b. The optimized waveform consists of a maximum frequency
component of 20 MHz which is greater than the 3 dB cutoff of the photodiode (10
MHz) and, thus, is partially filtered out in experiment. However, it was found that
including these higher frequency components resulted in improved higher-order
harmonic suppression. Figure [5.5d plots the measured time-domain reflectance

while modulating with a single-frequency sine wave and then optimized wave from
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Fig. [5.5c. Asexpected, the reflectance when driving with a sine wave is significantly
distorted. The optimized wave is much closer to a sine wave but is still not perfect
because the optimization algorithm can only suppress higher order harmonics into
the noise floor of the frequency measurements. To approach a perfect sinusoidal
reflectance response, one could integrate the frequency measurements for a longer

time, providing better signal-to-noise ratio (SNR) of each higher order harmonic.

5.6 Frequency domain/far-field calculations

To calculate and predict the spatiotemporal response of our metasurface, we make
use of a two-dimensional (2D) Fourier transform of the electric field scattered from
our metasurface in space and time. As illustrated in Fig. [5.Th, a spatial Fourier
transform of the field across our metasurface provides the far-field intensity in
space (top plots) and a temporal Fourier transform provides the reflected frequency
spectrum (middle plots). By combining these two transforms, we can predict the
expected intensity reflected from our metasurface as a function of frequency and

angle.

For all calculated intensity plots as a function of frequency and angle, we first start
by discretizing the selected driving voltage signal. Figure [5.6p shows an example
driving waveform which was used to generate the single 1 MHz signal in Fig.
[5.8] Next, using Fig. [5.2f, we calculate the expected reflectance/amplitude from
the metasurface as a function of time (Fig. [5.6b). Note: throughout this work,
we define reflectance as the magnitude squared of amplitude. At this point, the
magnitude squared of the Fourier transform of the time-varying amplitude in Fig.
[5.6b would provide the expected frequency-dependent intensity of reflected light.
This frequency spectrum is plotted in Fig. [5.6c. Note that this spectrum includes
negative frequencies as well as the O™ harmonic. As expected, the signal in the 1%
harmonic is multiple orders of magnitude than the higher harmonics (consistent with
our measurements) but it is many orders of magnitude smaller than the unmodulated

0™ harmonic which is not directly measured in our experiments.

To calculate the full space-time response of our metasurface, we first find the time-
varying amplitude for the second antenna group by again using the reflectance/voltage
relationship in Fig. [5.2f and the time-varying voltage signal sent to these antennas.
Figure[5.6{d plots the scattered amplitude of the time-varying field for both antenna
groups when modulating in the out-of-phase condition shown in Fig. [5.8b. We
can use the two time-varying field profiles from Fig. [5.6d to create a matrix of the
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Figure 5.6: Calculation of far-field intensity. (a) Optimized time-varying voltage
signal. (b) Amplitude of field reflected from metasurface when all antennas are
driven with voltage signal in (a). (c) Magnitude squared of Fourier transform of
signal shown in (b) providing reflected frequency spectrum. (d) Amplitude of field
reflected from each metasurface antenna group when driving metasurface in out-
of-phase condition from Fig. [5.8b. (e) Spatiotemporal scattered field across 6
metasurface periods in space and 3 periods in time for out-of-phase condition in
Fig. [5.8pb. (f) Magnitude squared of 2D Fourier transform of (e) providing far-field
reflected intensity from metasurface as a function of frequency and angle.

scattered field in space and time (Fig. [5.6f). Finally, we take a 2D Fourier transform
of this matrix and plot the magnitude squared of the output field in Fig. [5.6f to obtain
the expected intensity as a function of frequency and angle. Again, as expected, we
see diffraction at the + 1% harmonics while the strongest signal appears at the 0
harmonic. Since we do not detect the unmodulated signal in experiment, all plots
in this chapter are cut off shortly above 0 MHz. Additionally, it should be noted
that the Fourier transforms used to compare to measurement in this work include
many more temporal periods than are shown here and use padded zeros to improve

resolution.

5.7 Diffraction of a single harmonic

As a first step, we demonstrate the spatiotemporal diffraction of a single harmonic.
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Experimental setup for space-time measurements

Before we present our space-time measurements, we introduce the experimental
setup used to collect the reflectance in space and time. Figure[5.7shows a schematic
of the experimental setup used to obtain the measurements of reflected intensity
as a function of frequency and angle presented in Figs. 5.8 and [5.9] Laser light

: ’ Lens 20x Objective
Laser Polarizer Iris Beam - )
(f=300 mm) (Infinity-corrected) Arbitrary Waveform

Splitter
Generator

N2 Lens
Waveplate (f=200 mm) Metasurface
Zz
Y Photodiode

(in Fourier plane)
X + Scanned in
XY plane
Figure 5.7: Optical setup used for space-time measurements. The metasurface is
illuminated with linearly polarized laser light, modulated with an arbitrary waveform

at 1 MHz, and the reflected light from the metasurface is measured by a photodiode
placed in the Fourier plane, connected to a spectrum analyzer.

with a wavelength of A = 1530 nm is emitted from a continuous-wave laser and sent
through a polarizer and half-waveplate to control the polarization to be orthogonal
to the antennas on the metasurface. Next, an iris decreases the beam size of the
laser and it is focused by a 300 mm lens to the back focal plane of a 20x infinity-
corrected near-infrared (IR) objective which roughly collimates the laser light on the
metasurface. The metasurface is modulated at 1 MHz with an arbitrary wave and the
reflected light from the metasurface is collected again by the near-IR objective and
300 mm lens before the light is reflected away from the laser using a beam splitter.
Finally, a 200 mm lens is used to focus the light, and a photodiode (connected to a
spectrum analyzer) is placed in the Fourier plane after this lens. The photodiode is
mounted on a two-axis motorized stage and is scanned in the xy plane (each point
corresponds to a different angle of light reflected from the metasurface). At each
point in the XY plane, three frequency spectra are collected and averaged. Since
the metasurface only diffracts light in one dimension, we would ideally only need to
scan the photodiode in one axis, assuming everything is perfectly aligned. However,

there is inevitably some misalignment between the direction of diffraction from our
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metasurface and the scan direction of our photodiode. Thus, we scan the photodiode
in 2D space in the Fourier plane and then extract a line cut that connects the maxima
of the two diffracted orders and the O™ order. Using this experimental setup, we
collect intensity as a function of frequency and position in the Fourier plane which

allows us to generate the intensity versus frequency and angle plots presented in
Figs. [5.8]and[5.9]

It should be noted that since the active area of our metasurfaces is ~120x120 um?,
the 20x objective is needed to first image the metasurface and ensure it is being fully
illuminated by the laser. In practice, the optical setup in Fig. is first used by
removing the 200 mm lens and replacing the photodiode with an IR camera. By
doing this, we are able to image the metasurface area with enough magnification to
align the beam properly and close the iris to ensure that only the active area of the
metasurface is illuminated. Once everything is set up properly, we insert the 200
mm lens to image the Fourier plane and replace the camera with the photodiode.
By keeping the 200 mm lens after the beam splitter, we ensure that the metasurface
illumination remains the same. Multiple XY scans of the photodiode are also
performed at various z-axis positions before a final scan is performed to ensure that
the photodiode is placed perfectly in the Fourier plane.

Single-frequency space-time measurements

Space-time metasurfaces can spatially manipulate the wavefront for the generated
frequency spectrum. Figures[5.8p and b illustrate two driving schemes under study.
In both cases, the metasurface is driven with the optimized waveform from Fig.
[5.5] with each antenna group in-phase (Fig. 4a) and half a waveform period ()
out-of-phase (Fig. 4b). The resultant measured frequency spectra at the 0™ and +1%
diffraction orders are shown for each situation. For the in-phase case, there is no
spatial phase profile, and nearly all the reflected 1 MHz signal is in the O™ order.
There is a small 1 MHz signal in the +1% diffraction order which is likely caused
by the two independent antenna groups having a slightly different amplitude/voltage
response. See Section [5.§] for an in-depth discussion on this point. In the out-of-
phase case, the 1 MHz signal at the +1% diffraction order is ~12 times greater than
the O™ order. The small unwanted signal at the O™ order can be attributed to a
change in the average reflectance of the entire metasurface in time. Section[5.8]also

addresses this effect.

To further investigate the space-time performance of our metasurface, we employ
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Figure 5.8: Diffraction of a single harmonic. Throughout this figure, the metasur-
face is modulated with the red optimized voltage waveform from Fig. [5.5(c). (a)
All metasurface antennas are modulated in-phase. Left: Schematic of metasurface
response. Right: Measured frequency spectra when photodiode is placed at the O
(blue) and +1% (red) spatial orders. (b) Driving waveform is applied to all meta-
surface nanoantennas, time delayed by half a period between adjacent nanoantenna
groups. Left: Schematic of metasurface response. Right: Measured frequency
spectra when photodiode is placed at the O™ (blue) and +1% (red) spatial orders.
(c) Metasurface is modulated in the ‘Out-of-Phase’ condition from (b). Calculated
(left) and measured (center) intensity of reflected light as a function of frequency
and angle, plotted in log scale. (Right) Spatial intensity cross-sections from center
figure, plotted in linear scale at 1 MHz (blue) and 2 MHz (red).

the driving scheme shown in Fig. [5.8p while scanning the photodiode through
space, measuring the frequency spectrum at each point, to generate an intensity
map of reflected light as a function frequency and angle (Fig. [5.8k). The left
panel of Fig. [5.8k shows the predicted response obtained by taking the 2D Fourier
transform of the electric field across the metasurface in space and time. The middle
panel shows the measured data, and the right panel shows a spatial cross-section
of the measured intensity at each integer harmonic of the modulation frequency.
While the total amount of diffracted light is limited, 94% of the power is in the
+ 1% diffraction orders at the frequency of interest (1 MHz). This is a significant
increase in performance compared to the achievable quasi-static diffraction for this
metasurface. Further discussion comparing quasi-static and space-time diffraction

is presented in Section [5.9]
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5.8 Arbitrary frequency generation and diffractive switching
Now we generalize our method to demonstrate the spatiotemporal diffraction of

multiple, arbitrarily selected frequencies.

Multi-frequency space-time measurements

We also demonstrate waveform design to generate arbitrary frequency spectra with
individual spatial control over each frequency of interest. First, we target the simul-
taneous generation of the 3™ and 5™ harmonics at equal intensity while suppressing
all others. Figure [5.9a plots the measured frequency spectrum for this case, gen-
erated using the top blue driving voltage signal in Fig. [5.9b. In the waveform
optimization, the fundamental frequency remains at 1 MHz (i.e., the time-domain
signal has a period of 1 us) and the algorithm is left to find a suitable solution (see
Section [5.10|for details). Next, the waveform applied to one antenna group is offset
by half a period (bottom red line in Fig. [5.9a). By doing this, the phase accumulated
at the n'™ harmonic is equal to ¢(n) = nr (Fig. ). Since both excited harmonics
are odd, the phase profile at 3 and 5 MHz obtains the desired binary phase grating
for symmetric diffraction. Figure [5.9¢ shows the calculated (left) and measured
(center) response of the metasurface using the two driving waveforms in Fig. [5.9b.

The right plot in Fig. [5.9¢ shows the measured cross-sections at each harmonic.

Next, we generate the first five harmonics with equal power while suppressing all
others. Figure shows the measured frequency spectrum when the metasurface
is driven with the top blue waveform in Fig. @]e In this case, to simultane-
ously diffract all generated frequency harmonics, one cannot time-delay the driving
waveform of one antenna group by half a period because the even harmonics will
accumulate a phase shift equal to a multiple of 27, resulting in a constant spatial
phase profile. However, since the optimized driving waveform is constructed from
a Fourier series, the phase of each harmonic term can be easily controlled. A new
waveform is created for the second group of antennas by offsetting the phase of the
first five terms in the driving waveform Fourier series by x. This new waveform is
plotted in the lower red curve in Fig. [5.9¢. Using the two waveforms in Fig. [5.9,
Fig. compares the calculated and measured data. As desired, all five generated
harmonics are symmetrically diffracted. Finally, we reuse the optimized waveform
for the first five harmonics and arbitrarily decide to diffract only the 2" and 3 har-
monics. The frequency spectrum and driving waveform are repeated in Figs.
and[5.9h, respectively. To generate the waveform for the second electrode, we offset

the phase of the 2 and 3" harmonics by 7, providing the bottom red waveform
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Figure 5.9: Space-time modulation for arbitrary control over the spectral and spatial
properties of light. (a)—(c) Target functionality: Generate 3™ and 5" harmonics
with equal amplitude, and diffract 3 and 5" harmonics. (d)—(f) Target function-
ality: Generate 1% through 5™ harmonics with equal amplitude, and diffract 1%
through 5% harmonics. (2)—(i) Target functionality: Generate 1% through 5% har-
monics, diffract 2" and 3™ harmonics. (a),(d),(g) Measured frequency spectra after
optimizing driving waveform for each target functionality of interest. (b),(e),(h)
Driving voltage waveforms applied to each metasurface electrode used to generate
space-time diffraction of frequencies of interest. The blue curve is applied to the
entire metasurface in phase to generate frequency spectra in (a),(d),(g). (c),(f),(i)
Calculated (left) and measured (center) intensity in frequency and space when the
metasurface is driven with the two waveforms in (b),(e),(h), plotted in log scale.
Right plots: Linear scale spatial cross-sections of measured intensity (center) at
each harmonic. Note: For (g) and (h), cross-sections are normalized to the maxi-
mum intensity across all frequencies. For (i), cross-sections are normalized to the
maximum intensity at each frequency.

in Fig. [5.9h. The results of space-time diffraction using these two waveforms are
shown in Fig. . As desired, the 2" and 3™ harmonics are diffracted while the 1,
4™ and 5™ are reflected normally. It should be noted that the number of frequencies
generated and the spatial control over these harmonics will ultimately be limited by

the time resolution or bandwidth of the waveform generator.

Sources of measured non-idealities
Throughout our space-time modulation measurements, we repeatably have signal

at 0° (0" spatial order) at each diffracted frequency. In most cases, the power sent
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to the 0" order is much less than the + 1% orders at a given frequency, but in this

section, we investigate the cause of this unwanted signal.

Any modulated intensity at the O™ spatial order is a result of the total reflectance
from the metasurface (i.e. average reflectance across the entire metasurface area)
changing in time. Because the optimized waveforms applied to our metasurface are
not symmetric about a given voltage, we would expect the time-dependent reflected
field profile to also not be symmetric. If this is the case, when we time-delay a
waveform, we expect the average of the reflectance for each waveform to change
in time and produce a modulated signal at the O™ spatial order. Figure below
explores this further.

Figure[5.10p plots the time-varying reflectance for each metasurface electrode when
the metasurface is driven in the configuration shown in Fig. [5.8b. The average
reflectance at each point in time, using the data from Fig [5.10p, is plotted in Fig.
[5.10p and confirms that the average reflectance is in fact changing in time. Figure
[5.10c plots the magnitude squared of the Fourier transform of the average time-
varying amplitude (square root of the signal in Fig. [5.10p) to show the expected
frequency spectrum at the O™ spatial order in this driving scheme. Comparing this
result to the measured data from Fig. [5.8, the signal at 2 MHz is present, but the

measured 1 MHz signal at the O™ spatial order is still not accounted for.

To explain the 1 MHz signal at the 0™ spatial order, we hypothesized that this was
caused by a slightly different reflectance response between the two electrodes of our
metasurface. This could be caused by an inhomogeneous distribution of trapped
charges in our dielectric, resulting in different band offsets between each electrode
group. If this was the case, the average metasurface reflectance would be different
than Fig. [5.I0b and may contain a non-zero 1 MHz signal. To verify this idea,
we assumed that one electrode had its reflectance modulation depth decreased by
10%. This case is shown in Fig. [5.10d where we again assume the same driving
waveform as Fig. [5.10p but decreased the modulation depth of electrode 1 by 10%.
Figure S6e plots the average reflectance from the metasurface and Fig. plots
the expected frequency response at the 0" spatial order (magnitude squared of the
Fourier transform of the square root of Fig. [5.I0g). As expected, when the two
electrodes of the metasurface do not modulate exactly the same, we see some 1
MHz signal at the O™ spatial order. Unlike our measurement, the power at 1 MHz
in Fig. [5.10f is less than the power at 2 MHz. However, the assumed 10% decrease

in reflectance modulation is fairly small and if the difference in the response of the
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Figure 5.10: Investigation of average reflectance modulation from metasurface. For
all data presented here, the optimized waveform shown in Fig. [5.5k is used, offset
by half a period between each electrode. (a) Reflectance of each electrode across
the metasurface over one period. (b) Average reflectance of each electrode from
(a) at each point in time. (c) Magnitude squared of one-sided Fourier transform of
square root of (b). (d) Reflectance of each electrode across the metasurface. The
modulation depth of electrode 1 is decreased by 10%. (e) Average reflectance of
each electrode from (d) at each point in time. (f) Magnitude squared of one-sided
Fourier transform of square root of (e).

electrodes is larger in experiment, we would expect to see a much larger signal at 1
MHz in the O spatial order.

If one wanted to decrease the O™ spatial order signal at modulated frequencies,
the optimization algorithm used to obtain the time-varying waveform could be
generalized to optimize for the driving waveform for each electrode independently.
By doing this, we could account for any difference in response between the two
metasurface electrodes. However, for this demonstration, we were still able to
demonstrate good directivity of diffraction at each frequency of interest and did not

believe that this optimization was within the scope of this work.
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5.9 Total efficiency of space-time diffraction

At the operating wavelength in this work (1 = 1530 nm), our devices have a re-
flectance of ~24% at 0 V bias. However, at this wavelength, the amplitude and
phase modulation depth are relatively small and thus the overall diffraction effi-
ciency will be limited. During “quasi-static” (purely spatial) diffraction, this means
that a significant amount of power will be sent to the O spatial order instead of the
diffraction orders. Analogously, in purely time-modulation, the majority of light
will be unmodulated and remain in the 0™ harmonic. However, for the space-time
measurements in this work, we use a photodiode and spectrum analyzer to capture
only the modulated frequencies reflected from our metasurface and, thus, we do
not detect the strong 0™ harmonic signal. Because of this capability, we are able
to study our space-time metasurfaces with excellent signal-to-noise ratio (SNR)
without being limited by modulation depth. In this section, we account for the
strong 0" harmonic signal to analyze the total diffraction efficiency achieved during

space-time modulated diffraction.

Figure [5.1Th shows a Fourier plane camera image of the light reflected from our
metasurface during space-time modulation. The metasurface modulation setup is
identical to the situation portrayed in Fig. [5.8b. Because our camera captures all
frequencies at once (including the unmodulated 0" harmonic), we see that the image
is dominated by light at the O™ spatial order, which corresponds to the 0™ harmonic
light.

From this image, it is impossible to distinguish the diffracted orders from the
0™ order. Figure shows the light reflected from our metasurface when all
elements are held at an identical, constant voltage. The pixel-by-pixel subtraction
of Fig. [5.11pb from Fig. [5.1Th is plotted in Fig. [5.ITkc and re-normalized in Fig.
for ease of visualization. We can now clearly see the diffraction orders created
by our space-time modulation, indicated by the red circles. Figure [5.1Te shows an
unsaturated image of light reflected from the unmodulated metasurface. (This is
Fig. with a 1000x shorter exposure time.) In order to find the total diffraction
efficiency from our space-time metasurface, we used the following definition:

P +P _
1 +1 < R

= 5.1
P_i+Py+ Py G.1)

n

where 7 is diffraction efficiency, P_; o+ refer to the power (integrated intensity)

in the —1°¢, 0™ and +1° diffraction orders, respectively, and R is the average total
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Figure 5.11: Total efficiency of space-time diffraction. Note: All sub-figures
are images taken with a conventional camera placed in the Fourier plane of our
imaging setup. (a) Saturated camera image of light reflected from metasurface while
modulating with the optimized voltage waveform shown in Fig. [5.5¢. The waveform
is offset by half a period between each metasurface electrode, thus recreating the case
shown in Fig. [5.8b. (b) Saturated camera image of light reflected from metasurface
with equal voltage applied across the metasurface and no temporal modulation. (c)
Pixel-by-pixel subtraction of (b) from (a). (d) Data from (c), normalized by the
maximum intensity in (c). (e) Camera image of light reflected from metasurface
without any modulation, with exposure time decreased to prevent saturation. This
is (b) with 1000x smaller integration time.

reflectance. This was calculated by summing the pixel counts in the two diffracted
orders in Fig. , dividing by the pixel count in the O™ order of Fig. ,
dividing by 1000 (to account for the difference in exposure time), then multiplying
by the average reflectance across the metasurface ~23.5%. This calculation provides
a total diffraction efficiency of ~0.0036%.

By performing a similar calculation on the data plotted in Fig. [5.6f, we can compare
this experimentally approximated efficiency to the expected efficiency of diffraction.
(Note: in this case, we summed the intensity from diffraction in the + 1% diffraction
orders for both the +1 MHz and —1 MHz signals.) This calculation provides a total
efficiency of ~0.0017%, which is only roughly a factor of two different from our
measured value. This agreement between measurement and calculation provides

further validation to our experimental setup, device characterization, and modeling.

Our current device displays > 200° phase shift at 1470 nm, compared to the < 20°

phase shift at 4 = 1530 nm, the operation wavelength used in this work. One could
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increase the frequency conversion efficiency at each harmonic by operating at A =
1470 nm. However, due to instrumentation limitations, we were unable to access the
wavelength of maximum phase shift using our erbium-doped fiber amplifier (which
is limited to operation in the c-band) in our space-time modulation measurements.
Further calculations are shown below to illustrate the improvements in efficiency

that could be enabled by making use of the greater phase shift at 1 = 1470 nm.
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Figure 5.12: Effect of phase shift on spatiotemporal diffraction efficiency. (a)
Calculated far-field intensity when modulating our device at A = 1530 nm with two
12 V,,,, sine waves, offset by half a period. (b)—(c) Calculated far-field intensity
when modulating our current device at 4 = 1470 nm with two 12 V,,_;, sine (b) and
sawtooth (c) waveforms, offset by half a period. (a)-(c) are plotted in log scale
with identical bounds, normalized to the maximum intensity across all angles and
frequencies. (d)—(f) Linear spatial cross-sections taken at f = +1 MHz, as shown
by dotted white boxes in (a)—(c). The amplitude and phase values as a function of
voltage at each operating wavelength were taken from measured values.

As shown in Fig. [5.12] by operating our devices at a wavelength of 2 = 1470
nm, higher conversion efficiency to the generated harmonics is enabled. Figs.

[5.12a-b use identical time-varying driving voltage waveforms, but the available
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phase shift at 4 = 1470 nm results in a larger ratio of modulated to unmodulated
light. Additionally, the greater phase shift enables the generation of only positive
frequencies when applying an asymmetric waveform (Fig. [5.12f). By summing the
intensities in the diffracted orders at + 1 MHz, dividing by the total intensity at all
angles and frequencies, and multiplying by the average reflectance, we can obtain
the total space-time diffraction efficiencies for each case illustrated above. Note:
The average reflectance at 4 = 1530 nm is ~23.5% whereas it is ~5% at 4 = 1470 nm.
The calculated diffraction efficiencies were 0.0076% for sine wave modulation at A
= 1530 nm with only amplitude modulation, 1.86% for sine wave modulation at A =
1470 nm with > 200° phase shift, and 1.53% for sawtooth modulation at 4 = 1470
nm with > 200° phase shift. Thus, by operating our current devices at a wavelength
with greater phase shift, one would be able to increase the spatiotemporal diffraction

efficiency by a factor of ~245.

Quasi-static performance of active metasurface

Itis useful to compare the total diffraction efficiency of our metasurface during space-
time modulation to the maximum achievable diffraction efficiency in the quasi-
static regime. We have already presented the measured and calculated diffraction
efficiency of our space-time metasurface. In the case of quasi-static diffraction, we
will assume that one electrode is held at -4 V and the other at +4 V to achieve
the maximum reflectance contrast possible of 22.6% and 24.2% (see Fig. [5.2f).
Using these reflectance values, we performed a discrete array factor calculation to
calculate the far-field intensity under this condition (Fig. [5.13). Using the definition
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Figure 5.13: Calculated field profile during quasi-static diffraction.
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provided in Equation[5.1] we obtained a total efficiency of 0.14%. As expected, this
efficiency is larger (~39x) than the measured spatiotemporal diffraction efficiency.
This is because during quasi-static operation, the metasurface is fixed at the largest
possible amplitude contrast between the two electrodes. However, during space-
time modulation, the amplitude changes over time and there will always be equal or
less contrast at any given point in time than the quasi-static case, resulting in less

diffracted power when integrated over time.

While space-time modulation did not improve the total diffraction efficiency com-
pared to the quasi-static case, its ability to separate the diffracted light in frequency
from “non-diffracted” light greatly improves the SNR of diffraction at the frequency
of interest. This could be useful in applications if one can install bandpass filters on

the detectors of interest to only select for the desired generated frequencies.

Pathways towards improved efficiency

The active metasurface community continues to develop devices with higher effi-
ciency, larger phase shift, fast response time, and high spatial resolution of tunabil-
ity. Improvements in all these of parameters will be key enablers for more efficient

space-time modulation.

Regarding the transparent conducting oxide (TCO)-based plasmonic platform that
we use in this work: TCO metasurfaces provide many benefits such as large phase
shift, ease of electrical modulation with high spatial resolution, and fast modulation
speed. However, high absorption losses in the gold and ITO makes it a poor candidate
for achieving high efficiency in the long run [32]. Lately, research efforts across
the active metasurface community have focused on exploring alternative active
modulation schemes using lower loss materials for active permittivity modulation
such as phase-change materials, electro-optic materials, and liquid crystals. We
will discuss the latest advances for each technology and the limiting factors that
currently prevent them from demonstrating efficient space-time modulation in the
near-IR. While improvements can be made by utilizing greater phase shift, we are
still fundamentally limited by the low reflectance of plasmonic metasurfaces. To
improve the total reflectance or transmittance of space-time modulation, novel active

metasurface designs are required.

Phase change materials: Active metasurfaces using phase-change materials make
use of a large change in the real and imaginary part of refractive index when the

material amorphizes or crystallizes into a different phase. While this can provide
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large optical modulation, the materials require quick heating and cooling to achieve
their phase transition which is commonly achieved through Joule heating or pumping
with high power lasers. While itis possible to modulate these materials with fs pulsed
lasers [33]], electrical modulation of phase change material metasurfaces has been
limited to 10s of kHz frequencies 34, 35|]. For use in space-time metasurfaces,
modulation frequencies should exceed the linewidth of the incident laser (typically
10s to 100s of kHz). Additionally, due to thermal crosstalk, it can be difficult
to achieve the spatial resolution required for a switchable diffraction functionality
[36]. With further thermal engineering, these devices may be a suitable platform
for space-time modulation, but they are currently limited by slow response time and

crosstalk between neighbouring elements.

Electro-optic materials: Electro-optic materials offer a promising future for active
metasurfaces due to their low loss and fast speeds of electrical modulation [37]]. In
recent years, lithium niobate (LN) has emerged as a leading electro-optic material
in the photonics community and thin film LN has become commercially available,
greatly increasing the accessibility of LN-based devices. Organic electro-optic
chromophores have also recently been used to demonstrate GHz amplitude modu-
lation [37]. However, to date, electro-optic designs exhibiting tunable phase shift
at subwavelength resolutions while maintaining high optical efficiencies have been
shown in theory, but have not been realized experimentally [38] 39]. Klopfer et
al. demonstrated a theoretical metasurface design using high Q-factor resonances
with LN to achieve > 80% diffraction efficiency in simulation [38|]. By using the
simulated phase and amplitude values provided in this work, we calculated a total
space-time diffraction efficiency of ~92% by modulating with two waveforms with
an amplitude of £10 V inverse-designed to provide a linearly phase gradient in time.
This illustrates that our method presented can be used to obtain high efficiency
frequency conversion if a suitable device is available. Thus, electro-optic materials
are a promising platform, but tunable phase shift and beam steering have yet to be

experimentally realized.

Liquid crystals: Another technique that has shown promise for high efficiency
active metasurfaces is the actuation of liquid crystals (LCs), coupled to nano-
resonators. While these devices have shown ~360° phase shift while maintaining >
80% reflectance in simulation [40], modulation speeds have been limited to a few
kHz due to the slow relaxation time of LCs [40, 41]]. While techniques are being

explored to increase the speed of modulation such as thinning the LC layer and
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removing alignment layers [42]], there is no clear pathway to achieving significantly

faster modulation frequencies beyond 10s of kHz.

While there are many exciting emerging technologies that offer the potential to
enable active metasurfaces with large phase modulation, high spatial resolution, fast
modulation, and high efficiency, this is still an active field of research and we believe
that ITO-based plasmonic metasurfaces are an ideal testbed to explore dynamic

wavefront shaping at a deeply subwavelength scale, despite their low reflectivity.

5.10 Waveform optimization algorithm

For our experimental waveform optimizations, we used the open-source genetic
algorithm library in python, PyGAD. Each optimization starts by modeling the
driving voltage waveform as a 20-term Fourier series with 1 MHz as the fundamental
harmonic. The amplitude and phase of each harmonic term are used as inputs (or
genes) to be fitted by the genetic algorithm, using random values between —1 and
1 as initial values. For each algorithm iteration, a new driving waveform was sent
to the metasurface, and the reflected frequency spectrum was saved. The power at
each integer harmonic frequency of 1 MHz up to 10 MHz was saved to be used
for calculation of the figure-of-merit (FOM), which was maximized by the genetic
algorithm over multiple generations. The genetic algorithm optimization parameters

used were:

Number of generations = 80

Number of parents mating = 8
Solutions per population = 40
Number of genes =40

Initial range low = -1

Initial range high =1

Parent selection type = rank

Number of parents to keep = 4
Random mutation minimum value = —1
Random mutation maximum value = 1
Crossover type = single point
Mutation type = random

Mutation percent genes = 20

Elitism = 2
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Frequency Spectrum Frequency Spectrum
Maximize 1% harmonic
while suppressing all FOM, = L (5.2)
others (Fig. [5.5and[5.8) sum(1[1 :])

Maximize 39 and

th i i
5 harmonic  with 1[2] x I[4]

equal intensities while rel = - (5.3)
suppressing all others I10Y + I[1] + I13] + sum(I]5 :1)
(Figs. @}a—c)
I[2] + 1[4
= 21210 64

FOM, =rel—abs(1|2]-av)—abs(I[4]-av) (5.5)

Maximize 1% through
5% harmonics while t1 = 1[0] (5.6)
suppressing all others

(Figs. @d—i)

1 = 1[2] (5.7)

4

di = ) abs(logi(abs(I[i] = 1)) (58)
i=0

9
dy= ) abs(logi(abs(I[i] = 12))) ~ (59)
i=5

1

FOM; =
3 d1+d2

(5.10)

Table 5.1: Genetic algorithm figures-of-merit (FOM).

These genetic algorithm parameters were kept constant for all optimizations, and
the FOM was changed in order to obtain each frequency spectrum of interest. The

FOMs used for each experimentally measured frequency spectrum are shown in

Table 5.11



63

Note: The variable, I, (representing the measured intensity), will be used in the
FOM definitions below. This is a 1D array of the measured powers at integer
frequencies from 1 to 10 MHz. The indexing and manipulation of this array will
follow the convention used in python.

Example 1: I[0] = measured intensity at 1 MHz.

Example 2: sum(I[2:])= the sum of all intensities measured at integer frequencies
from 3 MHz to 10 MHz. Additionally, #; is the power at 1 MHz using the optimized
wave from FOM;. It is now the target power for the first 5 harmonics. Similarly,
t is the power at 3 MHz using optimized wave from FOM;. It is the floor of our

measurement and the target power for the last 5 harmonics.

It should be noted that the selected FOMs are not necessarily the most efficient
definitions to achieve the presented frequency spectra. They provided the desired
frequency response in a reasonable number of algorithm iterations and are presented

here for the reader’s interest.

5.11 Outlook and conclusions

This work illustrates the unique capability of space-time metasurfaces to indepen-
dently control the spatial and spectral properties of light. Such function can expand
the capabilities of optical communication and sensing systems by increasing the
information/channel capacity of a single active device. While this work serves
as a proof-of-concept for space-time control at optical wavelengths using a two-
electrode device, the space-time active metasurface concept can be extended to a
metasurface with multiple individually addressable nanoantennas allowing for steer-
ing of frequency harmonics to arbitrary angles [26] 43| 44, 45]. Furthermore, by
integrating multiple resonant elements in a single period to form a supercell, this
platform could be extended to accept multiple input wavelengths of light which can
be modulated independently in space and time, allowing for a multi-input, multi-
output device [46]. The ability to independently control the spatial and spectral
properties of light additionally provides a pathway toward realizing the violation
of Lorentz reciprocity. Nonreciprocity is typically achieved by applying a large
magnetic field which requires a bulky ferromagnet and limits possible applications.
Spatiotemporal modulation, however, can achieve nonreciprocal functionality in a
more compact system due to the breaking of time reversal symmetry. To observe
large spatial separation of light (which is required for optical isolation), the modu-
lation frequency should be close to the frequency of incident light. Because of this,

nonreciprocal space-time metasurfaces have mostly been demonstrated in the RF
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domain [13, 47, 48, |49]. Recent optical metasurfaces have demonstrated electrical
modulation in the GHz regime [37]] and could potentially be extended using the
modulation schemes outlined in this work to yield small spatial offsets. However,
novel optical designs would be required to realize larger spatial and spectral sepa-
ration for functionalities such as optical isolation. In this context, optical pumping
of space-time metasurfaces has been shown to be an effective technique to achieve
large spatial separation [6} [18]]. In conclusion, we have demonstrated experimental
operation of near-IR metasurfaces electrically modulated at MHz frequencies to
generate arbitrary harmonic spectra and individually diffract these frequencies in
space. This result is enabled by the recent improvements in the modulation speed
and degree of spatial phase gradient control that is possible in active metasurfaces
at optical frequencies. We employed a two-electrode ITO-based plasmonic meta-
surface to first design a time-varying driving voltage signal to excite frequencies of
interest and suppress unwanted frequencies. Next, each generated frequency was
manipulated in space by introducing phase delays to specific frequency components
of the driving waveform being applied to each electrode. The ability to generate and
steer frequencies in a single chip-scale device has potential to find many applications

in optical communication and sensing.
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A MILLIMETER-SCALE OPTICALLY ADDRESSABLE ACTIVE
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Chapter 7

SUMMARY AND OUTLOOK

In this thesis, we described the design and characterization of active metasurfaces
using two distinct active materials: indium tin oxide (ITO) and liquid crystals (LCs).
For both systems, a detailed understanding of the material was required to make a
fully functioning device. While both ITO and LCs are very mature materials used in
a wide range of consumer electronics, they still require extensive engineering when
used in applications/materials environments which are different than their typical
use cases. The work presented in this thesis has focused on proof-of-principle
demonstrations of new optical designs, modulation motifs, and materials processing.
However, from the knowledge gained from each project, there are many interesting
new directions that could be explored in the future. We will now summarize each

chapter and outline some of our proposed possible future research directions.

In Chapter 1, we present an introduction to metasurfaces (both passive and active),
describing the theory behind their operation and some notable examples. We focus
our discussion on the design of active metasurfaces and how they can be used in

different operation modes, which remains the focus of the rest of the thesis.

Chapter 2 provides a detailed description of ITO and how its properties can be
manipulated for the design and fabrication of advanced active metasurface devices.
The information presented in this section represents years of process development
and characterization of ITO films when annealed in different material environments.
We find that the carrier concentration and epsilon-near-zero (ENZ) wavelength of an
ITO film can be significantly tuned through low temperature (150 °C) anneals in air
or vacuum. Annealing in air (vacuum) decreases (increases) carrier concentration
and red (blue) shifts the ENZ wavelength. Despite the great amount of post-
fabrication tunability that is possible with ITO films, it is very difficult to maintain
desired properties when ITO is integrated into a complex stack of materials required
for a working electro-optic device. For example, atomic layer deposition (ALD)
growth of oxides on top of a film of ITO will greatly increase the ITO carrier
concentration. While oxides deposited on ITO films at room temperature via electron
beam evaporation do not significantly change the ITO immediately after deposition,

the full stack will be extremely temperature sensitive due to the high concentration
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of oxygen vacancies in the evaporated oxide film. Thus, any small increase in
temperature later in a fabrication process (even temperatures as low 50 °C) will
cause an increase in the carrier concentration of the ITO film. We also outline the
interaction between ITO and various other materials in this chapter. The conclusions
and methods presented here will be useful to anyone who needs to prepare ITO films

with specific electrical or optical properties.

Future research directions should explore possible materials that can act as effective
encapsulants for ITO. For example, we observed that ITO films become more
temperature sensitive when they are in contact with an oxygen deficient oxide
such as evaporated Al,O3. However, one could explore oxides that tend to be
oxygen-rich (e.g. MoO3) as well as nitrides (e.g. AIN). We briefly explored these
materials as encapsulating layers on top of ITO which could potentially decrease
the temperature sensitivity and observed some promising results. Future work is
required to optimize the deposition such that there is minimal interaction between
the encapsulating material and the ITO layer. Such a film would enable much more
reliable active metasurface devices utilizing ITO as an active material, especially

for devices that are designed to modulate emissivity.

In Chapter 3, we present a novel process for introducing spatially varying doping
profiles within a planar film of ITO. The process involves patterning electron beam
evaporated Al,O3 on top of a thin film of ITO, the low temperature anneal (150 °C)
for a few hours, then the selective of the evaporated Al,O3 in the common photoresist
developer, MF-319. This process allows for selective doping of regions of ITO that
were originally covered by evaporated Al,O3. Such a device was first measured via
atomic force microscope (AFM) to ensure that there were no geometric variations
across the final ITO film. Then, its reflectance was measured, which exhibited clear
plasmonic modes excited by the contrast in carrier concentration within the ITO

layer.

The process introduced here could find application in many interesting optical
devices which make use of the inherent epsilon-near-zero (ENZ) crossing of ITO
films. For example, the work of Silveirinha et al. showed that an arbitrarily shaped
ENZ region can be used to connect two waveguides with near-zero reflectance [/1].
Thus, one could imagine using the introduced process to arbitrarily define thin
ENZ regions to connect on-chip waveguides that need to make a turn with a sharp
bend radius. Another possible direction is the fabrication of planar and conductive

metasurfaces made by patterning the properties of ITO rather than etching the into
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the ITO to create geometric variations. Such a metasurface could be useful for
applications where a metasurface must be conductive such as for the trapping of
charged ions. Finally, this work has only shown the binary patterning of two different
carrier concentrations of ITO. To further develop this technique and to extend the
possible applications, future research should explore creating a process to produce
spatially varying carrier concentration gradients in a film of ITO. Such a device

could be used for the creation of a plasmonic on-chip spectrometer.

Chapter 4 presents an active metasurface based upon field-effect carrier depletion in
thin films of ITO to enable the tunable diffraction of mid-IR light in two dimensions
(2D) as well as patternable emissivity modulation. First, we designed a unique
device architecture which allows for the integration of an ITO layer with very low
carrier concentration into a final active device. This is difficult to achieve because
of the temperature sensitivity of ITO when in contact with various other materials.
We then verified the performance of our device by demonstrating tunable diffraction
of reflected coherent light in the mid-IR. Next, we altered our device architecture to
allow for the tunable diffraction of mid-IR light in 2D for any input polarization state.
Finally, by heating up our device, we demonstrated the reconfigurable patterning of

emissivity of light in 2D.

Future work in this area could first optimize device fabrication to obtain larger
phase modulation in the current device architecture. This would allow for 2D
beam-steering to arbitrary angles in contrast to the diffraction in two orthogonal
axes which was demonstrated here. Additionally, future design work could explore
alternative designs for the tunable beam-steering of thermally emitted light, similar
to the work shown by Siegel et al. [2]. The work by Siegel et al. was limited to
the binary switching of thermally emitted light between two directions. However,
by designing a more advanced device using principles previously demonstrated for
passive structures to achieve directive thermal emission [3], [4], [S], (6], [7], [8l,
one could demonstrate the continuous steering of directive thermally emitted light.

This would represent a great breakthrough for the field of thermal photonics.

In Chapter 5, we used a reflective gate-tunable ITO-based metasurface — similar
in design to the device presented in Chapter 4 — operating at 1530 nm to generate
diffraction of frequency-shifted sidebands in the MHz. Our device consists of an
array of interdigitated plasmonic nanoantennas with two electrical contacts initially
modulated in-phase such that harmonic sidebands generated off the incident light

are normally reflected. Next, we time-delayed the electrical waveforms by half
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a period such that a spatial binary phase grating was achieved. This directs the
frequency-shifted light to the +1% diffraction orders, enabling space-time switchable
diffraction. Due to the nonideal properties of our metasurface (i.e. a co-varying
and nonlinear amplitude and phase response), the diffraction efficiency was limited.
This was increased by optimizing the driving waveform from an arbitrary waveform
generator to improve the frequency conversion efficiency to any desired frequency
spectra. Finally, we demonstrated the near-arbitrary generation of frequency spectra

of interest, and the independent switchable diffraction of each generated frequency.

Future work related to this project could explore designs which enable multi-
frequency, multi-beam steering of light. This could be enabled by integrating
multiple resonant elements in a supercell configuration and independently mod-
ulating each structure with a different time-varying waveform. Additionally, by
introducing more electrode connections, we could steer light to a continuous range
of angles, rather than the binary switchable diffraction functionality which was
demonstrated here. More generally, one could explore faster modulation of such
metasurfaces using all-optical pumping schemes [9], [10], [11] to demonstrate more

exotic phenomena such as time-crystals [11]], [12], [[13]].

Finally, in Chapter 6 we present an optically addressed large area active metasurface
for the polarization conversion of near-IR light (4 = 1 um) in 2D. Our device is based
on a TiO; metasurface submerged in a thin (~2 um) LC layer. The top contact of
our device is the photoconductor, bismuth silicon oxide (BSO), which can be used
to apply a 2D patternable voltage when illuminated with a pump laser at A =435 nm.
Thus, we imaged a pattern on our device with a blue laser, which then switched the
underlying L.Cs such that the polarization of the probe laser at 4 = 1 ym obtained the
pattern of the blue laser. We demonstrated the 2D patterning of polarization across
an active area of 5x5 mm? with an efficiency of 60%. The switching speed of our
LC-metasurface device was approximately two times faster than an equivalent cell
with no metasurface layer. Additionally, we studied the interactions of LCs with
the TiO; nanostructures and found that their alignment was strongly influenced by
the nanoscale geometry. By first simulating how the LCs aligned around our TiO;
metasurface and importing the resulting spatially varying refractive index profiles
into our optical simulations, we obtained an improved agreement with our measured
transmittance spectra. Additionally, we simulated the spatially varying electric field
throughout the device to first predict the dynamic 3D LC director fields, then the

final optical transmittance. By taking a multiphysics approach to our design, we
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obtained an improved model of LC-metasurfaces.

Future work on LC-metasurfaces should first explore the design of new devices
exhibiting phase modulation by employing our developed model of the LC dynamics
within the device. By designing optical modes with field predominantly above the
metasurface pillars, more optical modulation could be enabled. Additionally, the
exploration of different materials could enable improved performance. For example,
dual frequency LCs tend to switch faster than conventional LCs because they can be
actively driven during both switching states. Additionally, photoactive top contact
materials other than BSO should be evaluated to improve the spatial resolution of
the system. This will allow for higher quality patterning as well as a wider field
of view during beam-steering applications. Finally, we discovered that the applied
electrostatic field was very low in between the substituent TiO, nanostructures.
This is primarily because the TiO, has a very large dielectric permittivity (~100)
compared to the permittivity of the LCs (~6—17). Thus, by designing a metasurface
with a lower DC permittivity of its constituent nanostructures, more field could be
used to switch the LCs between adjacent pillars. This would allow more flexibility
in the optical design and overall modulation.
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