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To be an effective scientist

one must be more than a scientist.

For the analytic measurement of nature tells us nothing
if we cannot see nature in any other way.

Alan Watts
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PREFACE

This thesis is the culmination of my academic journey, which unfolded over more
than a decade at the University of Amsterdam. When I first arrived on campus, [ knew
essentially no one and, though I carried a broad curiosity, I had little certainty about
where it might lead me. Fortunately, in the Natural and Social Sciences program I
found myself among kindred spirits, and it was there, amid new friendships and a
shared sense of directionlessness, that I discovered a natural affinity for mathematics.
This provided the much-needed direction and, combined with a deep-rooted fascina-
tion for Nature, led me to pursue a major in physics.

Several years later, having committed myself to this direction through further
specialization in Advanced Matter and Energy Physics, the rhythm of life was abruptly
interrupted by the COVID-19 pandemic. While its effects on wider society were
undeniably disruptive, it also proved to be a turning point in my own trajectory. As
preventive measures restricted access to training opportunities, the internship I had
initially planned could not proceed. It was in this moment of redirection that I first
met Jorik van de Groep. That meeting set the course for the years to come, as I soon
joined his group for a year-long research project, followed by another four years on
the path toward a Doctor of Philosophy.

In the following chapters, I discuss our original contributions to the field of
nanophotonics—an interdisciplinary science at the juncture of nanotechnology, ma-
terials science, optics, and quantum physics. Before diving in at the deep end, it is
worth placing this work in perspective by briefly tracing the road that led us here.
Because, as Sir Isaac Newton famously put it, “if I have seen further, it is by standing
on the shoulders of giants.”

Tom Hoekstra
Amsterdam, March 2026






INTRODUCTION

1.1 A BRIEF HISTORY OF OPTICS

HE ORIGINS OF OPTICAL TECHNOLOGY can be traced back to ancient history.! The
T earliest mirrors were produced by polishing naturally reflective materials, first
obsidian and later also metals like bronze and silver.”? Discovered in an underground
tomb at Lahun, Egypt, the Mirror of Princess Sithathoriunet (Fig. 1.1a) is one
striking specimen from the 19 century BCE. Although polished transparent crystals
resembling lenses were often used as ornaments instead of optically (Fig. 1.1b),**°
the principle of refraction was certainly known in antiquity. For instance, the burning
glass—a positive lens used for concentrating sunlight to start fires—was already
mentioned in a play by Aristophanes in the 5% century BCE. Another noteworthy
example is the 4™ century Roman Lycurgus Cup (Fig. 1.1c), which glows vividly red
when held up to the light. Remarkably, this optical effect is due to resonant light
scattering from nanometer-sized silver and gold particles dispersed throughout the
glass.!!

The systematic study of optics emerged in the 3™ century BCE, when Euclid
enunciated his geometrical treatment of vision.*-® From there, the field flourished
for several centuries in the Greco-Roman world until the fall of the Western Roman
Empire in 476 CE. In the Middle Ages, the center of scholarship shifted to the Islamic
world, where the work of Ibn al-Haytham was particularly influential. Contrary to the
then-dominant extramission theory—which states that vision occurs through rays
emitted from the eye—he correctly argued that vision occurs when light enters the
eye.

The primary focus of optics only shifted from sight to light around the 17
century, marking the turn from ancient toward modern optics.>* In this early stage,
one of the first major achievements was Willebrord Snellius’ formalization of the law
ofrefractionin 1621. Four decades later, motivated by observations of light diffraction

This introduction is necessarily selective and focuses primarily on developments that contextualize the
topics discussed in this thesis. For a more comprehensive overview, the reader may consult refs. [1-6].
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2 1. INTRODUCTION

Figure 1.1: Ancient optical technology. (a) The silver Mirror of Princess Sithathoriunet, ca. 1900 BCE.
(b) The Nimrud lens, which could have been used as a burning glass, ca. 750 BCE. (c) The Lycurgus Cup,
appearing bright red due to nanoparticles embedded in the glass, ca. 300 CE. Photos by DCHNwam (Flickr,
public domain), Geni (Wikimedia Commons, CC BY-SA 4.0), and Vassil (Wikimedia Commons, public
domain).

by small objects and apertures, Robert Hooke argued that light could be understood
as a rapid vibration—that is, as a wave-like disturbance. It was Christiaan Huygens
who greatly expanded this point of view, formulating the well-known principle that
“each point on a wavefront is itself the source of secondary wavelets”, and using wave
theory to successfully derive the laws of reflection and refraction. Despite these early
successes, the theory was widely rejected by contemporaries including Isaac Newton,
who instead favored the corpuscular theory, in which light is regarded as a stream
of particles. The corpuscular theory remained the dominant view for more than
a century, until the work of Thomas Young and Augustin-Jean Fresnel in the early
1800s. They showed that a wide range of optical phenomena could be understood as a
consequence of wave interference, and that polarization is naturally explained if light
is treated as a transverse wave—a point that had eluded both Newton and Huygens.
Building on these ideas, Fresnel ultimately derived his celebrated formulas for the
reflection and transmission coefficients at material interfaces.

Almostindependent of optics was the study of electric and magnetic phenomena.
In the 11*" century, Chinese polymath Shen Kuo was among the first to document
the magnetic compass, a tool which only emerged in Europe about a century later.
That an electric current can deflect a compass needle was demonstrated by Hans
Christian Orsted in 1820, providing the first direct link between magnetic and elec-
tric phenomena. Not long after, in 1845, master experimentalist Michael Faraday
established a link between electromagnetism and light when he discovered that a
strong magnetic field can influence the polarization of light. These discoveries were
theoretically synthesized by James Clerk Maxwell between 1864 and 1873, when he
unified the phenomena oflight with those of electricity and magnetism. His crowning
achievement was the theory of electromagnetism, which elegantly captured the sub-
jectin a single set of equations and led him to predict that light is an electromagnetic
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wave. Within a few decades, Heinrich Hertz validated Maxwell’s theory by generating
radio waves in his laboratory, seemingly settling the particle-wave debate.

In 1905, Albert Einstein introduced two landmark theories. The first was his
special theory of relativity, which established the invariance of physical laws in
inertial frames and treated light as an electromagnetic wave propagating in vacuum
at a universal speed.'? Then, building on Max Planck’s quantization of radiation,
Einstein proposed his theory of the photoelectric effect, in which light exchanges
energy in discrete quanta.'® Puzzlingly, this reintroduced a particle-like description
of light, treating it as localized packets of energy. At first, these interpretations
appeared impossible to reconcile, but over time it became clear that light (and
matter) can manifest both as particle and as wave. By 1927, this particle-wave duality
was placed on a firmer footing when Paul Dirac developed his quantum theory of
light emission and absorption,'* in which light appears as quantized excitations of
the electromagnetic field: photons.'®> Although early quantum electrodynamics was
plagued by inconsistencies that cast doubt on its foundations, by the late 1940s
these issues were resolved. What emerged was a complete microscopic theory of

light-matter interactions with an unprecedented predictive power.''”

1.2 THE NANOTECHNOLOGY REVOLUTION

Around the time that the problems with quantum theory were being worked out, a
new experimental paradigm emerged in which electromagnetic waves are manipu-
lated using structures much smaller than a single wavelength. While this had been
demonstrated previously,'® it was Winston Kock who formalized the notion that
carefully arranged subwavelength elements can produce an effective refractive index
that is altogether different from the intrinsic index of the constituent material(s).'*°
Kock constructed lenses from arrays of metal plates that behaved effectively as a
dielectric medium, focusing radio and microwaves in much the same way as ordinary
glasslenses focus visible light (Fig. 1.2a). These metal-plate lenses are widely regarded

as early precursors of metamaterials®'-**

—artificial materials with an engineered
electromagnetic response arising from the geometrical arrangement rather than the

chemical composition of the constituent materials.!

As solutions to Maxwell’s equations are scalable across length scales, it was
tempting to ask whether metamaterials could be miniaturized to function at optical
frequencies. However, producing subwavelength elements for visible light implied
that structures had to shrink by several orders of magnitude, down to the nanometer
scale. While, in concept, the manipulation of matter with nanoscale precision was

Technically, the term “metamaterials” was coined around 1999 to describe man-made materials with
electromagnetic properties beyond those found in nature. However, today, the term is often understood
more loosely and is also used in other physical domains, including acoustic and mechanical systems.
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Figure 1.2: The nanotechnology revolution in action. (a) Proto-metamaterial lens comprising subwave-
length metal plates that focus microwaves at a wavelength of 7.5 cm, developed by Winston Kock in 1946
(adapted from Ref. [19]). (b) Zone-plate lens patterned in an atomically thin semiconductor, designed to
modulate the focal intensity at a visible wavelength of 620 nm, demonstrated by Jorik van de Groep in 2020
(adapted from Ref. [25]).

already being envisioned by Richard Feynman in his 1959 lecture, “There’s Plenty of
Room at the Bottom”, such control would have appeared far beyond practical reach at
the time. Remarkably, though, over the next few decades, this engineering feat would
become a reality owing to several key technical innovations (Fig. 1.2b).

The first crucial step came in the following year, when Theodore Maiman suc-
cessfully fired the first ruby laser.?® This invention came with the exciting prospect
of intense, highly directional and coherent radiation, ushering in a new era for
light-based science and technologies. Around the same time, the silicon integrated
circuit was invented at Fairchild Semiconductor. Within a few years, these chips were
brought into production by demand from the aerospace and defense sectors, after
which they entered mass markets through the first memory chips and microproces-
sors. In 1982, to meet the semiconductor industry’s growing demand for tools that
provided faster throughput and higher resolution, a new form of photolithography
using excimer lasers was proposed at IBM. These lasers soon became the primary tool
in semiconductor manufacturing, enabling a rapid decrease in physical feature sizes
from around a micrometer in the late 1980s down to around 200 nanometers within
a decade.?”*®

The rapid advances in nanofabrication were further complemented by the de-
velopment and refinement of scanning electron and probe-based microscopy tech-
niques. This increasingly enabled the visualization and characterization of structures
down to the level of atoms—a length scale that had hitherto been largely inaccessible
due to the diffraction limit in optical microscopy. Altogether, by the mid-1990s, the
nanotechnology revolution was in full swing, with far-reaching consequences for
optics that would ultimately crystallize in the formation of a new discipline known

Today, feature sizes have been pushed to the single-digit nanometer regime using extreme-ultraviolet
lithography.
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as nanophotonics: studying light-matter interactions at the nanoscale in order to
control the generation, propagation, manipulation, and detection of light from the
near-infrared to the near-ultraviolet.

1.3 EARLY NANOPHOTONICS

In the 1990s, subwavelength gratings were among the first optical metamaterials to
arrive on the scene.??-3% Implemented as a non-resonant artificial-index grating, a
wave incident on such a subwavelength structure simply experiences an effective
refractive index governed by the local filling fraction, much like Winston Kock’s
metallic delay lenses. Owing to their tailorable permittivity, artificial-index gratings
provided a uniquely versatile building block in the creation of diffractive optics. By
arraying these gratings on the superwavelength scale, the local scattering response
could be precisely engineered to realize optical elements such as beam splitters and
polarizers.3*

In contrast, subwavelength gratings could also be operated in the resonant
regime, i.e. when the periodicity was designed to enable coupling of an incident wave
to a guided mode supported by the structure, to harness their nonlocal response.*®
Although nonlocality is common in natural materials (e.g. charge density waves
in conductors), these effects are typically weak.**-3® However, in metamaterials,
nonlocal effects can be very strong and engineered at will, even if all constituent
materials are purely local, and can be strategically implemented to realize new
functionalities or overcome limitations of conventional refractive and diffractive
optics. Researchers soon demonstrated that nonlocal guided-mode resonances
in subwavelength gratings were ideally suited for applications requiring enhanced
spectral or angular selectivity, such as high-contrast filters.*®

Two-dimensional (2D) photonic crystals emerged as another promising nonlocal
metamaterial.*®*! Instead of the shallow-etched pattern of guided-mode resonant
gratings, 2D photonic crystals feature a waveguide slab that is completely perforated.
This can be leveraged to create a photonic bandgap, where no modes exist in a range
of frequencies,*? or extraordinary optical transmission, where light can essentially
“squeeze” through holes much smaller than its wavelength.**** In the latter case, the
periodic hole array facilitates coupling of photons to surface plasmons—collective
oscillations of bound electrons at a metal-dielectric interface—which then hybridize
to form surface plasmon polaritons.*>~*” These nonlocal polariton states can be lever-
aged to generate strong electromagnetic field enhancements at the surface despite
the intrinsically lossy nature of metals at optical frequencies, enabling applications
such as molecular sensing,*® or (quantum) light sources.**->°

In the early days of nanophotonics, a number of other wavefront-shaping strate-
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gies were introduced. For instance, it was shown that light could be controlled
through propagation in (and optical coupling between) nanopillars acting as tiny
truncated waveguides.®'~** Later, it was demonstrated that the Pancharatnam-Berry
(geometric) phase can be engineered using nanorods functioning as small half-wave
plates.>®~%8 However, when it was pointed out that metamaterials could be engi-
neered with a negative effective index—with the unusual implications of negative
refraction and perfect lensing—this rapidly became a driving force within the nascent
field.>*-%> Despite the fact that no naturally occurring material has a magnetic re-
sponse at optical frequencies, negative-index materials were soon pushed into the
visible by creating metamaterials that capitalize on local current loops to induce the

missing magnetism.®3-3

1.4 THE ADVENT OF METASURFACES

The field of nanophotonics was truly ignited with the emergence of deeply subwave-
length, optically resonant antennas.®® Light incident on a metallic®” or dielectric®®
nano-antenna induces a local dipole moment by displacing charges from their equi-
librium positions, temporarily storing electromagnetic energy in the antenna before
it is re-radiated as scattered light. The Coulombic restoring force experienced by the
oscillating charges gives rise to a resonance condition that sensitively depends on the
antenna material, its geometry, as well as the dielectric environment.®® At resonance,
the light-matter interaction is unusually strong, and the extinction and scattering
cross-sections can even be an order of magnitude larger than the antenna’s physical
size (i.e. its geometrical cross-section).”"!

Two distinct physical mechanisms can be distinguished based on the resonator
material. In metallic nanostructures, light drives a collective oscillation of the free-
electron gas, giving rise to a localized surface plasmon.”® In contrast, in dielectric and
semiconductor nano-antennas, light induces displacement currents of bound elec-
trons, giving rise to so-called Mie resonances.” The difference in physical origin—free
versus bound charges—has several important consequences. Plasmonic resonances,
arising from the collective motion of free electrons, strongly screen electric fields
inside the metal, confining the optical fields to incredibly small volumes at the
surface.®®577* However, electron scattering in metals inevitably leads to Ohmic losses
(Joule heating), which limit the resonant lifetime and render the optical response
intrinsically broadband. In contrast, Mie resonances can be lossless in principle,
with optical fields predominantly confined inside the antenna and organized into
electric and magnetic multipolar modes.®®">~"7 While this richer modal landscape
and low material absorption offer opportunities for nanophotonic design, isolated
Mie scatterers typically feature large radiative losses and therefore also exhibit a
broadband spectral response.
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To overcome the lossy nature of subwavelength antennas, they can be care-
fully arranged in planar arrays known as optical metasurfaces.”®8"' From a library
of antennas, or meta-atoms, with different scattering responses, in principle any
wavefront can be created by discretizing the desired phase distribution and matching
each discrete “pixel” with the corresponding antenna in the library. When the inter-
antenna spacing is sufficiently large, diffractive optical elements can be constructed
in which the wavefront is shaped through the far-field interference of all the separate
resonances. This is leveraged in, for instance, Huygens’ metasurfaces, which in
analogy to Huygens’ principle, achieve highly directional scattering from arrays of
dielectric nano-antennas with spectrally overlapping electric and magnetic dipole
resonances.’® On the other hand, when antennas are placed in close proximity, pro-
hibitively high losses can be mitigated through evanescent®? and radiative®® coupling
between adjacent antennas.?*~2% When this is combined with a diffraction condition
such as a Rayleigh anomaly, this can give rise to hybridization of the individual
resonator modes into a new collective state known as a surface lattice resonance.?”~°
By inheriting properties from the resonator as well as the lattice, this nonlocal effect
further enriches the metasurface design toolbox.

Today, metasurfaces offer a uniquely versatile platform to shape optical wave-
fronts not only through bulk refraction and diffraction, but also at the nanoscale
using a wide variety of local and nonlocal resonant effects. Already, metasur-
faces have enabled new applications and improved existing ones, including pho-
tovoltaics,”' 3 anti-reflection coatings,’*°> image processing,®®~*® multifunctional
optics,?~'°! holography,'°>!°% and cloaking,'*-'°¢ to name but a few. Aside from the
technological impact, the invention of metasurfaces has also led to new theoretical
insights. For instance, because a wave impinging on a metasurface experiences an
abrupt phase shift that is not ordinarily captured by Snell’s law, the laws of reflection
and refraction were further generalized to account for phase discontinuities—nearly

four centuries after Snell’s original formulation.'®"-1°°

1.5 ACTIVE METASURFACES

Despite the extraordinary advances over the past few decades, the functionality of
optical elements—conventional or metasurface—has remained almost exclusively
passive. Thus, much like the 19*® century BCE Mirror of Sithathoriunet, the optical
response of a typical metasurface is fixed from the moment of fabrication. This
lack of post-fabrication tunability stems from the weak variation of most materials’

110

optical properties in response to external stimuli,''° and is problematic for a wide

variety of emerging application areas that require active control over optical fields.

111-113

These include analog computation,®” dynamic wavefront shaping, electro-

optic modulation,''*'!* nonlinear and quantum optics,''®~''8 thermal emission man-
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agement,''®'?° mixed-reality displays,'°"'*! and environmental sensing.'??-'%®

The drive to realize adaptive, dynamic, and reconfigurable metasurfaces has set
the nanophotonics community on a quest to find materials and mechanisms that can
be leveraged to achieve active tunability.2°8-2!! So far, many ingenious approaches
have been explored to dynamically induce changes in a material’s optical proper-
ties or the nanostructural geometry, each with its own strengths and weaknesses.
Table 1.1 provides an overview of the chemical, electrical, magnetic, mechanical,
optical, phase-transition, and thermal mechanisms that have been employed so
far, with a particular focus on free-space meta-optics operating at or near visible
wavelengths.!

Whereas each application area prioritizes a different set of performance metrics
and comes with unique conditions and constraints, most applications stand to
benefit from efficient, rapid, and strong modulation capabilities. This often goes
hand-in-hand with high quality (Q)-factor resonances (i.e. low optical losses) to
achieve the strongest possible light-matter interactions. The constituent materials
should ideally also be lightweight, stackable, easy to handle and pattern at large
scales, as well as chemically stable, sustainable, and earth-abundant. In practice, the
likelihood that any platform will find widespread adoption in the near future depends
largely on its technological maturity and compatibility with existing back-end manu-
facturing routines.

Among the most technologically mature routes to reconfigurable meta-optics
are liquid crystals'®” and micro-electromechanical systems'®® (MEMS), both of
which benefit from well-established silicon-foundry compatibility. Other widely
explored contenders include transparent conducting oxides'®! (e.g. indium tin
oxide) and chalcogenide-based phase-change materials'?® (PCMs; e.g. germanium
antimony telluride), which have long been deployed in display technologies and
non-volatile memory, respectively. More recently, electrostatic gating of 2D semi-
conductors has emerged as a compelling alternative, combining potential back-
end-of-line compatibility with highly efficient and ultrafast control of optical reso-
nances,?!10,144-148,209,212-214 T4 ynderstand why this low-dimensional material plat-
form is particularly well suited for active metasurfaces, we briefly step back to
consider the rise of 2D semiconductors.

i0f course, these stimuli are largely interdependent. For instance, an electrical impulse may heat up
a material, which in turn causes it to deform mechanically. Nevertheless, the line must be drawn
somewhere, and meaningful distinctions can be made by considering the primary physical parameter
that is responsible for the tunability.
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Type Tuning mechanism Material platform
Chemical Hydrogenation Metal hydrides'25-129
Changing dielectric environment Microfluidics!'3%!3!
Swelling/deswelling Conductive polymers'3*
Electrodeposition Metals'*¢
Electrochromism Electrochromic
polymer3133'134,
Electrochromic
oxides'?5~138
Ion intercalation 2D materials'39-14!
Electrical Junction biasing (free carrier effects) Semiconductors'*?
Electrostatic gating 2D materials?®143-149,
Conductive oxides'>~*%5
Second-order nonlinearities/ y ¥ Electro-optic polymers''4,
Ferroelectrics''®'%¢
Liquid crystal reorientation Nematic liquid
crystals!57-160
Quantum-confined Stark effect Multi-quantum wells*®!
Magnetic Faraday/Kerr effects Magneto-optical
garnets'®>1%3
Mechanical ~ Displacement (period, gap) Polymers! 64167,
MEMS]68—170
Deformation (shape, orientation) Kirigami'""'"2, Liquid
crystal networks'”®
Acousto-optic Piezoelectric crystals' "7,
Chalcogenide glasses'”®
Strain-tuning 2D materials'77~18°
Optical Third-order nonlinearities/ y ) Conductive oxides'®’,
Semiconductors'#2-186
Photogeneration (free carrier effects) Semiconductors!87-188
Photogeneration (exciton bleaching) 2D semiconductors'89-19!
Phase Insulator-metal Correlated transition metal
transition oxides'?*~19%
Amorphous-crystalline Chalcogenide PCMs'96-199
Nematic-isotropic Liquid crystals?°%20!
Thermal Thermal free-carrier effects Semiconductors?’?
Thermo-optic effect Semiconductors??3-20%

Thermal gradient (phoresis, osmosis)

Microfluidics?°6:297

Table 1.1: Overview of external stimuli utilized to dynamically manipulate free-space optical waves
(spanning the spectral region from near-ultraviolet to near-infrared), categorized by tuning mechanisms
and relevant material platforms. MEMS = micro-electromechanical systems; PCMs = phase change
materials
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1.6 2D SEMICONDUCTORS

Reducing the dimensionality of a crystal can profoundly reshape its electronic and
optical properties. Indeed, materials can exhibit dramatically different behavior
when they manifest in 0D (quantum dot), 1D (nanotube), or 2D (monolayer) forms
compared to their bulk counterparts, as quantum confinement modifies the available
electronic states. In this context, low-dimensional refers to the regime where at least
one structural dimension becomes comparable to, or smaller than, the characteristic
extent of the electron wavefunction.

However, starting in the 1930s, it was argued that strictly 2D crystals cannot
be thermodynamically stable, because thermal fluctuations would induce long-
wavelength lattice vibrations that destroy crystalline order at any non-zero tempera-
ture.?'® Over the following decades, this notion came to be supported by experimental
observations: ultrathin films typically exhibited strongly reduced melting tempera-
tures and chemical or morphological instabilities as their thickness approached the
atomic scale. This all changed in 2004, when Andre Geim and Konstantin Novoselov
isolated graphene, the two-dimensional form of graphite.?'® The apparent contra-
diction was resolved when it was pointed out that crystalline membranes are never
truly two-dimensional, because the coupling between out-of-plane flexural and
in-plane stretching modes intrinsically induces nanoscale ripples which suppress the

thermodynamic instability.?*®

Remarkably, the technique that was used to prepare one-atom-thick graphene
from a bulk graphite crystal' relied solely on common adhesive tape. Because the
individual layers in these crystals are held together by relatively weak van der Waals
forces, sticking the crystal between two strips of tape and subsequently peeling it
causes the bulk crystal to fracture and delaminate into smaller and thinner crystalline
flakes. This mechanical exfoliation process only had to be repeated a handful of
times to create micrometer-sized, atomically thin flakes with exquisite crystal quality.
Soon after the discovery of the 2D semimetal graphene, this technique was applied
to prepare free-standing monolayers of other layered materials, ranging from metals
(niobium diselenide) to semiconductors (molybdenum disulfide, MoS,) and insula-
tors (hexagonal boron nitride, hBN).2!” By now, more than ten thousand different van
der Waals materials have been discovered,?'-22° collectively covering the full gamut
of materials, including those with desirable optical properties.

In this regard, semiconducting transition metal dichalcogenides (TMDCs) stand
out for their high refractive indices and tightly bound excitons. The most widely
studied TMDC monolayers are based on group-VI transition metals molybdenum
(Mo) and tungsten (W) combined with chalcogens sulfur (S) and selenium (Se):

iMore specifically, highly oriented pyrolytic graphite.
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MoS,, MoSe,, WS,, and WSe,. These materials are typically prepared in the ther-
modynamically stable trigonal prismatic (2H) phase and feature covalently bonded
chalcogen-metal-chalcogen planes held together primarily by weak out-of-plane van
der Waals forces.?*!-?23 While they feature an indirect bandgap in the multilayer form,
the band structure changes to a direct bandgap in the monolayer limit.! The direct
gap enables efficient fluorescence from the radiative recombination of excitons—
electron-hole pairs bound by the Coulomb interaction.?**?*® In conventional bulk
semiconductors, excitons tend to be unstable at room temperature because their
binding energies are often comparable to or smaller than the thermal energy. In
contrast, excitons in atomically thin TMDCs exhibit unusually large binding en-
ergies due to reduced dielectric screening and quantum confinement within the
sub-nanometer-thick layer.??®2?” As a result, neutral excitons' as well as charged
excitons (trions) feature prominently in room-temperature optical spectra, while
additional many-body complexes such as bi-excitons and excited-state excitons can
be resolved at cryogenic temperatures.>! 226,229,230

The exceptionally rich exciton physics present in atomically thin semiconductors
is further complemented by their remarkable tunability, arising from sensitivity to
the local dielectric landscape and crystal structure. This opens up a multitude of

ways to manipulate these resonances, including electric and magnetic fields,*3'-%*

free charges (induced optically, thermally, or electrically),?*® surface chemistry,>**
and mechanical strain.?*®> Among these mechanisms, active exciton tuning by elec-
trostatic gating has emerged as particularly technologically relevant due to its com-
patibility with electronic devices and its potential for highly efficient and ultrafast
modulation. These developments have positioned monolayer semiconductors as a

promising material platform for electrically tunable metasurfaces.

1.7 THE ROAD TO HYBRID-2D METASURFACES

To harness the tunability of 2D excitons for active metasurfaces, the most direct
approach is to pattern bare monolayers into optical elements—such as zone-plate
lenses and binary blazed gratings—and integrate them with an electrochemical cell
to modulate the carrier density.>>'*® In particular, the monolayer lens showed a
promising 33% modulation of the focal intensity upon switching the monolayer from
intrinsic to n-type doping. However, in absolute terms, the efficiency remained

iIn multilayers, the valence-band maximum is located at the I point and the conduction-band minimum
near the Q point of the hexagonal Brillouin zone. In contrast, the band structure evolves into a direct
bandgap at the K and K’ valleys in the monolayer limit.

i0dd-layered 2H TMDCs lack inversion symmetry, which, combined with the strong spin-orbit coupling
from the heavy transition metal atoms, gives rise to spin-split valence and conduction bands [228].
Consequently, these monolayers feature spin-split excitonic states labeled the A and B excitons, with the
former denoting the lowest-energy transition.
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below 1%, which is typical of atomically thin optical elements, where the light—exciton
interaction is limited by the sub-nanometer optical interaction length of the material.
Moreover, at room temperature, the excitonic quantum efficiency is plagued by rapid
nonradiative decay processes, which typically occur an order of magnitude faster
than radiative recombination. As a consequence, it has proven challenging to fully
capitalize on the tunability of excitons in atomically thin semiconductors.

To progress exciton resonance tuning from a laboratory curiosity to a techno-
logically viable platform for dynamic light control, new methods must be found
that can reliably enhance the excitonic light-matter interaction. One approach is
to leverage mutually synergistic effects between different van der Waals materials
by combining them in heterostructures.?*®23” Because the crystalline layers of these
materials are free from dangling bonds, they can be stacked vertically in almost any
sequence and with arbitrary orientations (i.e. twist angles). This comes with the
exciting prospect of assembling artificial crystals that integrate excitonic 2D semicon-
ductors with materials that have complementary properties, including graphene (as
transparent electrical contacts) and especially hBN. In particular, hBN encapsulation
screens the active layer from the dielectric environment and reduces strain, thereby
minimizing unwanted nonradiative decay processes.?” In addition, hBN has a high
dielectric breakdown strength, making it an ideal companion for electrically tunable

238,239

devices, as well as excellent chemical stability, providing protection against

heat and chemicals encountered during fabrication and preventing degradation from

exposure to atmospheric molecules.**°

Pioneering works have leveraged hBN-encapsulated monolayers to achieve pris-
tine excitonic properties at cryogenic temperatures by reducing exciton—-phonon
scattering. By combining low-temperature operation with electrostatic gating to
neutralize the monolayers, most nonradiative decay pathways can be suppressed and
linewidths approach the intrinsic limit.??”?*! When these tunable heterostructures
are placed on mirrors to form vertical heterostructure cavities, their high exciton
quantum efficiencies can be leveraged to achieve near-unity excitonic absorption®'3
and reflection.'**?'? This platform has additionally enabled dynamic beam steering
on nanosecond timescales by using spatially separated gate electrodes to locally
modulate the excitonic response.'*>4¢ In simulation, it was even shown that, when
all nonradiative decay and dephasing mechanisms are artificially removed, these
materials exhibit tunable topological phase singularities that yield full and active
control over the scattering amplitude and phase.?** Unfortunately, none of these
remarkable results has been replicated outside a helium cryostat, raising the question
of how excitonic losses could be mitigated to enable room-temperature operation.

Recently, a free-space amplitude modulator was created by placing a monolayer
semiconductor on a metallic subwavelength grating supporting surface plasmon
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polaritons.'*” Utilizing the Purcell enhancement offered by the metasurface,®® this
device set arecord with 10% reflectance modulation at room temperature (a ~ 20x im-
provement over the previous best?®). Nevertheless, the device performance was still
constrained by defects and disorder in the unprotected monolayer introduced during
nanofabrication. In another recent work, a phase modulator was demonstrated
based on a superlattice of three monolayers separated by dielectric spacers.?*® This
structure leveraged coupling between the excitons and a cavity mode in an attempt
to overcome the excitonic nonradiative decay.*** By continuous electrostatic tuning
of the exciton resonance, the modulator achieved full 0-27 phase modulation at 1-2%
reflection, representing a ~ 10x improvement over a bare monolayer.>*> However,
the device still showed undesirable cross-modulation of the reflected amplitude and
phase, as well as requiring high operating voltages. Thus, despite the performance
enhancements they offer, both metasurfaces and heterostructures still face severe
challenges on their own. It is therefore tempting to explore whether these strategies
could be merged to achieve the best of both worlds.

To achieve the strongest possible interaction of light with 2D excitons, it is
appealing to leverage the long resonant lifetimes of nonlocal metasurfaces. Plac-
ing the 2D material near the electric-field hotspot of a nonlocal mode can enable
rapid energy exchange between excitons and photons, leading to the formation of
in-plane-propagating exciton-polaritons.?*¢-?*¢ These nonlocal light-matter states
inherit a geometrically tailorable lifetime from the photonic mode, while retaining
the electrical tunability of the bare exciton resonance. So far, there have been a
few encouraging demonstrations of strongly coupled exciton—polaritons in hybrid
heterostructure-metasurfaces.?*?-?*! However, thus far these have remained entirely
passive, neglecting the unique potential of 2D excitons for dynamic wavefront manip-
ulation.

In this thesis, we take the next step by introducing a new platform for active
meta-optics—ELECTRICALLY TUNABLE HYBRID-2D METASURFACES—that combines the
pristine excitons supported by van der Waals heterostructures with the strong field
enhancements offered by nonlocal metasurfaces (Fig. 1.3). At the interface of these
two concepts, a range of fundamental research questions arise: How can the exces-
sive losses of room-temperature excitons be mitigated using engineered dielectric
environments and nonlocal resonances? How can exciton resonance tuning be
harnessed to transform passive metasurfaces into active components with improved
functionality and efficiency? How do free carriers influence exciton—photon coupling,
and how can strong coupling be leveraged to actively manipulate the flow of light?
What is the role of phase in excitonic light scattering, and can it be combined with
active tuning of the amplitude to enable full dynamic control over light? What
happens when nonlocal modes are confined within tightly confined spaces, and how
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can finite-size nonlocal metasurfaces be modeled theoretically? Finding answers to
these questions is the central aim of this thesis, ultimately motivating the research
discussed in the following chapters.

1.8 OUTLINE OF THIS THESIS

In Chapter 2, we start by briefly introducing the design, fabrication, and characteri-
zation techniques used throughout this thesis to design, create, and study electrically
tunable hybrid-2D metasurfaces. We first provide a short description of the methods
used to model the tunable optical response of excitonic 2D materials, followed by an
introduction of nonlocal guided-mode resonances. Next, we present the fabrication
protocols employed to create our devices and elaborate on why we favored certain
techniques over alternative approaches. We end the chapter with an overview of
the custom experimental setups used to study the optoelectronic response and
characterize the performance of our devices.

In Chapter 3, we present active metasurfaces for free-space optical amplitude
modulation (Fig. 1.3a). The dynamic operation is based on electrostatic gating of ex-
citons in atomically thin WS,, which is heterostructured with hBN and functionalized
with a dielectric subwavelength grating. The grating enables coupling of incident light
to the fundamental guided mode supported by the structure, producing strong non-
local field enhancements at the monolayer position. As a result, when the WS, is in-
trinsically doped, excitons hybridize with guided photons to form exciton—polaritons.
Using electrostatic gating to switch between the strong- and weak-coupling regimes,
we demonstrate 9.9 dB of reflectance modulation and a 48.9% absolute reflectance
change at room temperature, which is a fivefold improvement over the previous best
achieved with excitonic 2D materials. We reveal that the continuous transition from
strong to weak exciton—photon coupling is governed by the effect of gating-induced
free carriers on the rate of nonradiative exciton decay.

In Chapter 4, we numerically demonstrate a hybrid-2D metasurface for
reflection-mode complex-amplitude modulation at visible wavelengths (Fig. 1.3b).
Crucially, all simulations are grounded in experimentally measured material
properties. To achieve independent control over the scattered amplitude and
phase, the device requires two separate control voltages and must operate near
critical coupling, which requires a delicate balance of radiative and nonradiative
decay channels. We develop an inverse-design pipeline to deal with the high
dimensionality of the design space and the intricate interdependence of geometrical
and material parameters. We then design metasurfaces for 7-phase modulation at a
constant amplitude, full 0-27 complex-amplitude modulation, and diffractive beam
steering. The results are additionally interpreted with temporal coupled-mode theory
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Figure 1.3: Electrically tunable hybrid-2D metasurfaces. (a) Chapter 3: The combined merits of
a tunable van der Waals heterostructure cavity with the strong light-matter interaction of a nonlocal
dielectric metasurface enable 9.9 dB optical amplitude modulation at room temperature. (b) Chapter
4: Two independently gated monolayers enable decoupling of the scattering amplitude and phase while
covering the full 0-27 phase range. (c) Chapter 5: Spatiotemporal coupled-mode theory qualitatively
and quantitatively captures the linewidth broadening and interference patterns observed in finite-size
nonlocal metasurfaces.

to elucidate the underlying physics and establish the generality of our approach.

In this thesis, we envision that nonlocal resonances such as exciton—polaritons
can be leveraged to create highly miniaturized active meta-optical elements. How-
ever, the lateral confinement of spatially extended modes can degrade the optical
performance, a drawback that was already realized soon after the first guided-mode
resonant gratings were demonstrated. Despite this, today, nonlocal metasurfaces are
still typically simulated as infinitely periodic, resulting in unpredictable finite-size
effects in fabricated devices, as observed in Chapter 3. This has created a need for
a broadly applicable modeling framework that can predict the impact of finite size.

In Chapter 5, we develop a spatiotemporal coupled-mode theory (STCMT)
to intuitively and quantitatively capture how finite lateral footprints reshape the
scattering response of nonlocal hybrid-2D metasurfaces (Fig. 1.3c). We show that
when the physical metasurface size becomes comparable to the modal propagation
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length, finite-size effects fundamentally modify the optical response, giving rise to
interference fringes and linewidth broadening. Crucially, we derive an expression for
the Q factor that incorporates an additional dissipation channel due to edge losses,
demonstrating that the stored energy and effective lifetime scale exponentially with
the interaction length of the nonlocal mode. We validate the model experimentally
by performing position- and momentum-resolved reflectance spectroscopy on a 30-
pm-wide hybrid-2D metasurface. The measurements show remarkable agreement
with the theory, directly confirming the predicted size effects and enabling quantita-
tive separation of the intrinsic, radiative, and edge-induced loss rates, establishing
STCMT as an invaluable tool for designing and interpreting the optical response of
footprint-restricted hybrid-2D metasurfaces.

Altogether, the results presented in this thesis demonstrate that, by leveraging
the combined merits of nonlocal dielectric metasurfaces and excitonic van der Waals
heterostructures, ELECTRICALLY TUNABLE HYBRID-2D METASURFACES hold the key to
realizing ultracompact optoelectronic devices for dynamic manipulation of visible
light.



MODELING, FABRICATION AND

CHARACTERIZATION

N THIS CHAPTER, we discuss the key methods employed to model, manufacture
I and measure hybrid-2D metasurfaces. In Section 2.1, we first describe the various
numerical tools employed to design the desired tunable optical response. Next,
in Section 2.2 we outline the procedures used to fabricate the designed hybrid-2D
metasurfaces. Finally, in Section 2.3 we detail the modular experimental setup used
to characterize the devices’ optical responses.

2.1 MODELING

2.1.1 Dielectric permittivity

The contribution of excitonic resonances to the dielectric permittivity of 2D semi-
conductors is most commonly described using the Lorentz oscillator model?%-255,
although more refined descriptions such as the Tauc-Lorentz model®**2°7 and the
Elliott model®®® exist, which incorporate additional features including band-edge
absorption and the continuum of unbound electron-hole states. In this framework,
the bulk permittivity generally takes the form

Ji
eW)y=¢ep+) 2.1
( ) bg Z(U —L()Z—la))/] ( )
where ¢y, is the background permittivity accounting for higher-frequency transitions,
w; is the resonant frequency of the j™ oscillator (i.e., exciton), and J; s its oscillator
strength. The total decay rate y; = y;, + ¥;nr i the sum of radiative recombination
(7;) and nonradiative relaxation (y; ,,) pathways.

Due to quantum confinement within an atomically thin layer, the excitonic
polarization is effectively two-dimensional. To nevertheless describe the 2D sheet
response with a 3D permittivity (which is often necessary or convenient within optical

17
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simulation frameworks), the 2D sheet response can be homogenized over the layer
thickness d as®%25°

Cc Yir
= =) — . 2.2
e(w) =epg+ - ; P (2:2)

Importantly, the optical response of monolayers is fundamentally governed by the

261 and Eq. (2.2) should be viewed as a convenient phenomeno-

sheet susceptibility,
logical model. In addition, the excitonic linewidth is broadened by pure dephasing
(i.e. decoherence) arising from random fluctuations in the exciton transition energy
and dipole phase.'3"?!3262 Although pure dephasing does not change the exciton
population, it broadens the optical linewidth and is commonly absorbed into an effec-
tive nonradiative linewidth y; ,,,, and we adopt this approach throughout this thesis.
Furthermore, we note that the symbol I' denotes the amplitude decay rate, which
appears as the half-width-at-half-maximum linewidth in optical spectra, whereas
v = 2I" denotes the intensity decay rate and corresponds to the full-width-at-half-
maximum (FWHM).!

In this thesis, we focus primarily on monolayer WS, rather than other TMDCs
because of its particularly pronounced A-exciton resonance, arising from a large os-

254,255 ywhich can be

cillator strength and a comparatively low nonradiative decay rate,
actively and reversibly quenched via electrostatic gating.?®* Moreover, the A-exciton
lies well within the visible spectral range (around 615 nm at room temperature) and
is well separated from the B-exciton (around 515 nm), making monolayer WS, a
particularly promising platform for active metasurfaces based on exciton resonance
tuning. In the next section, we discuss how the A-exciton can be modulated through

electrostatic gating.

2.1.2 Exciton resonance tuning

We model the electrical tunability of the A-exciton resonance by expressing the decay
rate in terms of the 2D free-electron density (n,, typically in units of cm™2). To deter-
mine the doping dependence of the decay rate, we follow the optical rate-equation
framework used in prior works to describe the interplay between free electrons and
excitons in monolayer TMDCs, ignoring hole-assisted scattering for simplicity. In the
steady state, linear excitation regime (pump fluences < 1 pJ/cm™2),%*® the A-exciton
population density (72,) obeys an optical rate equation of the form'*?24!

Ga=naYa = 1p(Yar+Yaph + Yae+Yar) (2.3)

iStrictly speaking, decay rates carry units of inverse time, but can equally be expressed in energy units as
hy. In the literature, the factor 7 is often left implicit for notational clarity, and we adopt this convention
here as well.



2.1 MODELING 19

where G, is the exciton generation rate, y, ,;, is the phonon-assisted nonradiative
decay, v, is the electron-assisted nonradiative decay, and y, r accounts for con-
version from neutral to charged excitons (i.e. trions, denoted by subscript ‘T’). In a
charge-neutral monolayer, the overall nonradiative decay is set by phonon-assisted
mechanisms, including exciton dissociation and scattering into “dark” (optically
inactive) excitonic states.?®* When the monolayer is electrostatically doped, the
presence of free electrons increases the exciton-electron scattering rate, which can

be modeled as
')/A,e = Ae ne ) (2-4)

where A, is the rate coefficient for electron-assisted scattering processes. Free
carriers additionally modify the efficiency of phonon-mediated processes by chang-
ing the electronic environment, for instance through screening of the Coulomb
interaction between the electron-hole pair and modifications of the available states
through Pauli blocking.! As a result, additional phonon-scattering channels can
become accessible, and these contributions are generally nonlinear in n,,.>*!264:267
At the typical doping levels achieved through electrostatic gating (~ 10'? cm™?), the

phonon-assisted contribution can be expanded to second order in n, as'*”

— 2
YA,ph - YA,phO + Aphl ne +Aph2 ng+..., (2-5)

where Ay, and Ay, are the rate coefficients.

At the same time, the population density of trions obeys the rate equation

Gr = nrYr = NaAYaT) (2.6)

The trion density is linked to the exciton density via the trion formation coefficient T’
as
ny=Tnan,, (2.7)

which together with Eq. (2.6) implies

Yar=Tn.yr. (2.8)

Combining all decay channels, the total excitonic decay rate can be written as the sum

1By the same token, doping also modifies the radiative exciton dynamics through phase-space filling and
electric-field screening, and bandgap renormalization at higher carrier densities.[265, 266] However, in
our experiments, we cannot cleanly separate the influence of doping on both of these decay pathways,
and in our model we therefore let only the nonradiative component vary with electron density.
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of radiative and nonradiative pathways as

YA(ne) ~ YA,r + YA,phO + (Aphl +Ae + YTT) n, + Aph2 I’lg . (2~9)

Yanr

This may be expressed compactly as

YA(ne) :YA,r+YA,phO+Bne +Cngv (2-10)

where Y, + Yapho is the intrinsic decay rate in the absence of free carriers and
the coefficients B and C are parameters that absorb all the doping-dependent re-
laxation mechanisms. The linear coefficient B captures first-order carrier-assisted
processes, including exciton—electron scattering and electron-enhanced phonon-
assisted decay, and the quadratic coefficient C accounts for higher-order many-body
effects.??”26* While, microscopically, the interplay between free charges and exci-
tons contains intricacies not captured here, we emphasize that in the regime of
linear excitation and low electron density, this approach appropriately captures the
experimentally observed trend that electron injection progressively broadens and
suppresses the exciton resonance.?3%25%263

Next, we need to consider the mechanism by which free electrons are induced in
the monolayer material to tune the decay rate.

2.1.3 Electrostatic gating

In this section, we discuss the impact of electrostatic gating on the electron
density and the exciton decay rate in a planar (parallel-plate-like) metal-oxide-
semiconductor capacitor geometry. To express n, in terms of the applied gate
voltage V, we first note that electrons can bind to excitons to form trions. Charge

conservation together with trion formation yields'*"*!

Ne+np=n,(1+Tny) = A + Net (V), (2.11)

where ny, is the intrinsic doping level arising from crystalline defects (e.g. sulfur

221,268

vacancies) and fabrication-induced disorder, and n. (V) is extrinsic doping

induced via electrostatic gating. In the low-excitation limit, trion formation does not
significantly deplete the free-carrier reservoir, implying 1 + T'n, = 1 and therefore

ne(VG) = Rint + next(VG)- (212)

To connect Vg to n., we start by considering a simple parallel-plate capacitor
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geometry, in which the voltage drop V, across the gate “oxide” (dielectric) is**°

en
Vox(n,) = o Z, (2.13)
geo
and the capacitance per unit area is
£9E
Cyeo = "7, (2.14)

with thickness d and static permittivity € of the gate dielectric, and the elementary
charge e. For 2D semiconductors, however, the finite density of states in the
channel implies that a non-negligible part of the applied bias is spent on shifting the
chemical potential.2”>2"! This is commonly captured by the quantum capacitance, C,,
connected in series with Cg,, such that the overall capacitance per unit area is*"

C :[ (2.15)

Cgeo q

To determine the voltage drop associated with the quantum capacitance, we employ
the carrier statistics for a 2D parabolic band,*"*

ne = gZDkBT ln

Vg —E
1+exp(%)], (2.16)
B

where V, is the channel electrostatic potential (i.e. the Fermi level shift expressed as
avoltage), E, = E},4/2 corresponds to midgap for a symmetric two-band picture, with
bandgap energy Ey,, and the 2D density of states

m*
&b = gs;‘;’;lz (2.17)

with effective mass m™ and spin/valley degeneracies g, and g, respectively. Inverting
Eq. (2.16) yields an explicit relation for the channel potential as a function of density,

E, kgT
Va(n,) = ?0 + % In

(2.18)

exp( T )—1
&pkgT

The applied gate voltage is then the sum of the dielectric drop and the channel
potential shift,
en, E, IkgT
Ve—Vene = Vox(ne) + Vch(ne) = C C+ =24 BT In

geo

. (2.19)

exp( e ) -1
&pksT

where the charge neutrality point V yp is the gate-voltage offset required to bring the
system to charge neutrality in the presence of a non-zero background doping n;,,
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(such that n, = 0 when V; = Vp). Overall, this procedure is equivalent to treating
the quantum-capacitance effect as a series contribution to the gate response,*”"2"2
while retaining the full carrier statistics appropriate for 2D TMDC channels.?”° How-
ever, because Eq. (2.19) is transcendental in n,, it cannot be inverted in closed form
and must be evaluated numerically. We therefore compute the quantitative mapping
Vs — n, in order to translate an applied gate bias into a carrier-density-dependent

exciton decay rate y,(n,).

In sum, the previous sections established the control knob of our active metasur-
faces: by applying a gate voltage, we induce free carriers in a 2D semiconductor to
dynamically tune the exciton resonance. In the remainder of this section, we intro-
duce the photonic resonance that we leverage to maximize the excitonic light-matter
interaction.

2.1.4 Guided-mode resonances

Throughout this thesis, we harness nonlocal modes known as guided-mode reso-
nances to enhance the excitonic light-matter interaction. These resonances arise
from light scattering with a periodic perturbation introduced in or on a waveguiding
layer, facilitating coupling of free-space radiation with a guided mode supported by
the structure.?*"27%:274

To understand the mechanism, consider a one-dimensional, translationally in-
variant grating with period A and illumination from air with free-space wavevector
ky = 2m /Ay, which can be decomposed into in-plane (k;) and out-of-plane (k)
components,

k§ = ki + k3. (2.20)

The in-plane component is set by the incidence angle 6 with respect to the surface
normal (in the plane perpendicular to the grating lines) as

By way of scattering, a grating can add (or subtract) integer multiples m of the

reciprocal lattice vector,

27
=—. 2.22
q=— (2.22)

Hence, the m™ spatial harmonic of the scattered field has in-plane wavevector
K = ko sin® + m 2 (2.23)
| = Kosing+m—=. .

For a given excitation and grating structure, propagating diffraction orders exist in
the superstrate if Ikﬁm)l < ky; otherwise no real-valued k, can satisfy Eq. (2.20) and



2.2 FABRICATION 23

a b
[OJE
[&]
C
E L
] (@]
Yint //ext 2 | - (_Vint+vext
[0
oo
.... ' ! 5 3 ﬁ ! 1
T
Wavelength

Figure 2.1: Guided-mode resonance. (a) Schematic of a guided-mode resonance in a subwavelength grat-
ing. The quasi-guided mode experiences internal (absorption) losses y;,; and external (radiative) losses
Yext- (b) The resulting reflection spectrum shows a sharp resonant dip with a full-width-at-half-maximum
linewidth of ¥jn + Vext-

the order is purely evanescent. In Section 1.3, we introduced subwavelength gratings
as the earliest optical metamaterials. These operate in the regime where A < A, and
therefore all orders except the specular 0™ order are evanescent, such that only the
0" order appears in the far-field channel.

In this evanescent-order regime, the periodic perturbation can couple an inci-
dent plane wave to a guided mode supported by the structure (Fig. 2.1a). Since
guided modes have a higher in-plane wavevector than free-space waves at the same
frequency (B > k,, with n.g = B/k,), a truly guided mode cannot be excited directly
from free space, because phase matching requires Icl(lm) = f. In a guided-mode
resonant structure, the periodic pattern supplies the missing in-plane momentum
(q). By reciprocity, the mode can also radiate out through the grating, becoming
a leaky (quasi-guided) mode with a finite radiative lifetime, Y., set by the grating
geometry, manifesting in reflection or transmission spectra as a sharp guided-mode
resonance (GMR; Fig. 2.1b). By confining light inside the structure for multiple
optical cycles, GMRs yield strong near-field enhancements, and embedding a 2D
semiconductor in the waveguiding region therefore leads to enhanced excitonic
light-matter interactions. It is precisely this mechanism that we harness in our
hybrid-2D metasurfaces. How we fabricate these structures is described in the next

section.

2.2 FABRICATION

In this section, we detail the fabrication protocols for creating prepatterned sub-
strates (Section 2.2.1), van der Waals heterostructures (2.2.2), and dielectric sub-
wavelength gratings (2.2.3) used throughout this work. In addition, we discuss the
rationale behind certain design choices.
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2.2.1 Prepatterned substrates

In our metasurfaces, we employ electrostatic gating to control the charge density in
monolayer 2D semiconductors. A common approach to realize electrical contacts
starts by transferring the monolayer material, then creating a lithographic mask, and
finally depositing electrodes directly onto the material. This increases the contact
resistance by introducing defects, strain and atomic disorder in the contact region,
as well as degrading the material quality during the various processing steps.?”®
To circumvent this, we prepare chips with prepatterned gold (Au) electrodes and
deterministically transfer the 2D material onto the electrodes (described in the next
section). It should be noted that the devices presented in this thesis are designed
to operate in reflection, and we therefore create double-purpose gold pads serving
simultaneously as optical back-reflector and a localized electrical back-gate. Using
this strategy, we find that our fabricated devices show excellent tunability at ambient
conditions (Chapter 3).

Despite this, our strategy also has drawbacks. For instance, the surface roughness
of the evaporated metal and potential surface contaminants (including atmospheric
water and hydrocarbons) degrades the 2D semiconductor-metal interface, increasing
the contact resistance and the resistive-capacitive time constant of the electrical
circuits, thereby lowering the modulation bandwidth.?”® Fortunately, the interface
cleanliness can be improved post-hoc by thermally annealing the structure in a
vacuum environment (2.2.2).277278 Future work could employ several promising
methods that have recently been demonstrated to lower the contact resistance. For
instance, van der Waals contacts reduce process-induced damage®’®, semimetallic
contacts lower the Schottky barrier*®®, and edge contacts facilitate direct in-plane
carrier injection into the channel?®'.

To create our prepatterned substrates, we use the following protocol:

1. We start from commercially obtained silicon wafers with 100 nm or 300 nm dry-
grown thermal oxide!, which are diced into 12 x 12 mm? substrates.

2. The substrates are thoroughly cleaned using base piranha (a 1:1 solution of
NH;:H,0,) at ~75 °C for ~10 min, followed by an isopropyl alcohol (IPA) rinse
and nitrogen-gas (N,) blow-dry.

3. We spin-coat a ~400 nm layer of positive-tone electron-beam resist (chemical
semi-amplified resist, CSAR AR-P 6200, diluted 13% in anisole) at 4000 rpm
using a spin coater'l, and cure it on a hot plate for 2 minutes at 175 °C.

iUniversity Wafer
liS{iss MicroTec Delta 80
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Figure 2.2: Prepatterned substrates. (a) Large-area stitched image of a 2"4-generation prepatterned
substrate, and (b) close-up of several electrodes on a 3 generation chip.

4. The electrode outlines are patterned by electron-beam lithography' (beam
current 1.96 nA, dose ~150 uC/cmZ, dwell time 310 ns).

5. The resist is developed by immersing the sample for 60 s in n-amyl acetate,
followed by 7 s in o-xylene, and finally 15 s in MIBK:IPA (9:1) to stop the
development process. The samples are then rinsed with IPA and dried with N,
gas.

6. Next, we mount the samples in a custom thermal evaporator, pump it down
to ~ 107® mbar, and deposit a 3 nm chromium (Cr) adhesion layer at a rate of
0.5 A/s, followed by a 100 nm Au layer at 1.0 A/s.

7. The residual resist is removed by lift-off in anisole at elevated temperature
(typically 70 °C for ~20 min), assisted by intermittently creating turbulence in
the solvent using a syringe.

8. After lift-off, we thoroughly clean the substrate with the gold contacts using
another base piranha step, followed by an IPA rinse and N, blow-dry.

9. Finally, we apply a short O, /N, plasma treatment (~2 min at ~70 W) to remove
residual organic contamination from the prepatterned substrates, before ulti-
mately storing them in a N, atmosphere.

2.2.2 Van der Waals heterostructures

Since the first isolation of graphene in 2004,%'° the 2D materials community has made
tremendous progress in improving the size and quality of atomically thin layers via
top-down exfoliation.?%?-286 a5 well as bottom-up growth.?®”-2°° Additionally, by now,

iRaith Voyager, 50 kV acceleration voltage
iDjener Zepto
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countless protocols exist for handling, transferring, and stacking various layered van
der Waals materials to create heterostructures.**~2°* Since the aim of this thesis is
to leverage 2D materials in active and nonlocal metasurfaces, the methods outlined
below do not represent the latest advances, nor are they particularly well-suited for
commercial manufacturing. Instead, the employed techniques enable straightfor-
ward and reliable fabrication of high-quality van der Waals heterostructures with
precisely controlled geometries and active areas of tens of micrometers, making them
very valuable for prototyping and proof-of-principle demonstrations in a laboratory
setting.

Exfoliation

To start, we obtain bulk crystals of van der Waals layered materials commercially'. We
then manually exfoliate the crystals to obtain “flakes” of the desired thickness with
blue “surface protection” tape'! (polyvinylchloride film with an acrylic adhesive). For
excitonic materials, such as tungsten disulfide (WS,), this is typically the monolayer
limit, whereas for other materials, e.g. hexagonal boron nitride (hBN), the thickness is
often rather on the order of 10-100 nm, depending on the application. The exfoliation
procedure is inherently stochastic, such that we need a method of identifying and
selecting the flakes that match the size and thickness requirements of a particular
heterostructure. For this reason, after exfoliating 4-8 times with the blue tape, de-
pending on the thickness of the starting crystal,?°*2°3 we perform one final exfoliation
onto a transparent carrier substrate (“stamp”) cut from a sheet of ~ 150 um thick
polydimethylsiloxane (PDMS) with a polyester backing'.

In our experience, tape exfoliation should be performed slowly to prevent crack-
ing and folding of the flakes, while the transfer onto PDMS should be performed
rapidly to maximize the yield. The latter may be explained by the viscoelasticity of
PDMS: it behaves like a viscous liquid on long time scales and as an elastic solid on
short time scales, such that quick movements tend to promote adhesion. Oppositely,
the viscous regime facilitates detachment from the PDMS surface, which is exploited
for the deterministic transfer method outlined below. After the final exfoliation step,
the PDMS substrate is covered with a large amount of flakes of varying shapes and
sizes. We identify suitable flakes using our modular confocal microscope system'”
(Section 2.3).

'HQ Graphene
iiNitto SPV-224
liiGel-Pak WF-30
YWITec a-300
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Identification

To identify potentially useful flakes of an exfoliated Van der Waals material, we
employ different strategies depending on whether we are looking for a monolayer
or a multilayer. For a given material, monolayers can typically be identified by
measuring their Raman “signature”, i.e. the unique pattern of inelastic scattering
modes that characterize the material in question. Typically, Raman modes tend to be
different for monolayers then their bulk counterparts, such that they can be identified
by comparing the measured Raman response to a well-established reference, given
that it exists. However, monolayers of strongly emissive excitonic materials such as
WS, are much more rapidly identified by their photoluminescence, which is orders
of magnitude stronger in the monolayer limit than it is for thicker flakes (Section
1.6).22%225 For this, we employ direct photoluminescence imaging (see also Section
2.3.2) using widefield laser excitation' and a long-pass filter'! inserted before the
camera. When the camera gain is sufficiently increased, the monolayer emission
(~ 620 nm for WS, at room temperature) becomes clearly visible against an otherwise
dark background, allowing for rapid identification of large monolayer regions.

Beyond the monolayer limit, the use of van der Waals materials in photonic
designs generally calls for flakes with high thickness uniformity and precise knowl-
edge of the layer thickness to tailor interference in the scattered light. As such,
a fast and reliable technique is required to sift through large amounts flakes and
determine their thicknesses. To this end, potentially useful multilayers are first
identified by eye, after which their thicknesses are determined using reflectometry,
which leverages thin-film interference and a fitting routine to extract the thickness, as
discussed in Section 2.3.1. Although the throughput of this method is relatively low,
an experienced user can visually identify flakes with thicknesses in the right ballpark
(+20 nm) based on their apparent color (arising from thin-film interference), which
drastically speeds up the overall searching phase.

Transfer

When flakes of the desired size and thickness are identified, we use an all-dry deter-
ministic stamping technique that leverages the viscoelasticity of PDMS to transfer
flakes from the stamp onto the target substrate (Fig. 2.5). This approach was first
demonstrated in 2014 and has since been refined.?***° Despite substantial advances
in 2D-material handling—which now enable pick-up, rotation, flipping, and depo-
sition with high precision and cleanliness**'-*°'—all-dry PDMS stamping remains
relevant by providing one of the simplest methods to reliably create high-quality
heterostructures from tape-exfoliated flakes. In practice, this simplicity is often

For instance, using a Becker & Hickl 405 nm diode laser.
iThorlabs
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Figure 2.3: Monolayer identification. (a) Brightfield microscope image of a monolayer WS,, barely
visible against the PDMS substrate under LED illumination. (b) Direct photoluminescence imaging of
the same monolayer. The illumination is switched to widefield excitation using a 405 nm laser, and a
550 nm long-pass filter is inserted in the detection arm to suppress the reflected laser light, leaving only
the excitonic emission around 1, = 620 nm visible on the camera.

beneficial in the prototyping stage, compared to elaborate transfer schemes that
require specialized multilayer stamps or restrictive stacking routines, and whose
reproducibility can be sensitive to hidden variables such as surface hydrophilicity,
ambient humidity, and the precise polymer composition.

PDMS stamping is nonetheless subject to several limitations: (i) PDMS can leave
uncrosslinked surface oligomers on contacted surfaces that are difficult to remove; (ii)
the method is not selective, so nearby flakes are often transferred unintentionally; (iii)
it is not well suited for pick-up; and (iv) it is sensitive to surface chemistry (including
adsorbed water) and roughness, and tends to fail if adhesion between the flake and
the target substrate is too weak.!

a |dentification b Alignment c Approach d Contact
| s—
e Heating f Thermalizing g Peeling h Transfer

Figure 2.4: Deterministic transfer using PDMS. The general steps of PDMS transfer are: (1) identification

of a suitable flake; (2) aligning the stamp, and (3) approaching the substrate, (4) to make contact. (5) The
stack is heated, and (6) thermalized before (7) slowly peeling the stamp to (8) complete the transfer.

To address these limitations, a new transfer method was recently developed in-house that employs
common cling film to achieve selective pick-up and transfer onto low-adhesion substrates including
metasurfaces [306].
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The stamping setup is a self-built optical microscope' with long-working-
distance objectivesi!, a sample platform comprising a hand-calibrated,
PID-controlled heating element with a lateral translation stage that provides
micrometer precision, and a stamping stage comprising a mechanical fixture for
the stamp and three computer-controlled micro-actuators for lateral movement.

Figure 2.4 shows a schematic representation of the general stamping procedure
broken down into eight steps, whereas Fig. 2.5 shows representative microscope
images of some of these steps for a specific multilayer hBN flake being stamped onto
prepatterned contacts. In the following, we describe the procedure in detail.

1. We mount the stamp in the stamping stage in a cantilever-like geometry. To this
end, we first prepare a glass slide with a piece of double-sided tape at the edge,
attaching the polyester backing on the side farthest from the target flake to the
tape. By leaving the region containing the target flake overhanging (protruding
beyond the glass slide), the semi-flexible stamp bends slightly under gravity,
which helps to control the initial contact in a later step.i!

2. We mount the target substrate on the heating stage of the stamping microscope,
keeping in mind the orientation of the flake on the stamp and the desired
orientation on the substrate, as we have limited control over the rotation degree
of freedom afterwards.

3. Next, we mount the glass slide in the stamping stage, i.e. with the stamp
hanging upside down (flakes facing downward).

4. We align the stamp over the target substrate, and gently lower the stamp while
continuously monitoring and fine-adjusting the alignment.

5. As the stamp comes into close proximity to the substrate, a thin air layer
keeps them separated until they suddenly make contact at a nucleation point,
producing a propagating contact front that expels the intervening air. Because
the stamp is slightly bent, it typically makes first contact at the outer edge,
with the contact front traveling inward toward the flake."” If the stamp does
not nucleate spontaneously, gentle pressure is applied using a polyester-tipped
applicator” to initiate contact.

iComponents obtained primarily from Thorlabs.

iiNikon CFI Plan Fluor 4X, 10X, and 20X

liift also helps to avoid trapped air pockets at the target location, which can otherwise prevent transfer, and
ensures that no excessive downward force is exerted on the flake upon contact.

Mt is often possible to stop the contact front just beyond the flake by raising the glass slide slightly,
preventing further unintended transfer beyond that point.

vTed Pella, Inc.
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6. Once the stamp and flake are fully in contact, we heat the stack from room
temperature to 60-65 °C and let it thermalize for at least 5 minutes. This
promotes conformal contact and helps trapped air escape.

7. Next, we raise the glass slide at a controlled rate of 0.1-0.5 um/s to disengage
the stamp from the substrate. As the stamp gradually detaches, the contact
front moves from the outside in with a lateral speed of 0.5-1.5 um/s.! By heating
the PDMS (with the temperature chosen empirically), it becomes more viscous,
which further lowers adhesion such that the flake is reliably transferred to the
target substrate.

Flake identification b Alignment and contact

Peeling (T = 60-65 °C)

f

Transfer completed

: 1

15 um

Figure 2.5: Stamping hBN on prepatterned contacts. (a) Identification of a hBN flake on PDMS. (b)
After alignment of the flake over the prepatterned gold pad, the stamp is brought into contact. (c¢) When the
stack has thermalized at 60-65 °C, the stamp is slowly peeled. The contact front propagates in the indicated
direction. (d) The contact front passes the region of interest. (e) The flake is transferred successfully, (f)
with no visible damage or residue.

Annealing

Vacuum thermal annealing is a simple but powerful post-transfer step to improve
the interfacial quality of van der Waals heterostructures, reducing strain and promot-
ing conformal contact by relaxing interfacial bubbles and wrinkles.*°” In addition,

iSince the vertical motion indirectly controls the lateral speed, we sometimes pause to ensure that peeling
does not proceed too quickly.
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vacuum annealing removes contamination from exposed surfaces as well as buried
interfaces through diffusion, minimizing unwanted doping and improving electrical
contacts.””® Together, these effects make vacuum annealing an enabling step for
achieving more stable performance in hybrid-2D metasurfaces.

Specifically, after each transfer step, we thermally anneal the sample in a tube
furnace. We place the sample in a quartz boat, slide it into a quartz tube, and attach it
to a turbomolecular pump! to reach P ~ 107°~10"7 mbar. The furnace temperature is
set by a PID'! controller, and we calibrated the temperature inside the quartz tube by
measuring it at various positions and setpoints using a thermocouple. Typically, we
program a ramp rate of 1-3 °C/min, a set temperature of 100-300 °C, and a dwell time
of 1-24 h.

We note that the variability in ramp rates and dwell times is mostly due to
practical time constraints, and we generally aim for a slow ramp rate and a long
dwell time. To choose an annealing temperature, we first inspect the sample optically
for interfacial contamination.!! If the interface appears dirty, we typically use lower
temperatures, as we have observed that harsh annealing can cause the stack to
“explode”, likely due to excessive pressure build-up resulting from the coalescence of
interfacial contaminants into agglomerates.?**3°° Conversely, if the interface appears
clean, we set the temperature to 300 °C, as WS, has been shown to safely withstand
this temperature in a vacuum environment.3*°

The sample is then ready for another round of stamping, or for nanofabrication
if the heterostructure is complete.

2.2.3 Subwavelength gratings
To create subwavelength gratings, two primary routes can be identified: either the
structure can be shallow-etched into the topmost layer, or patterned in a spin-coated
layer of low-index (electron-beam or photo-)resist.?**!! The latter approach is espe-
cially useful in the prototyping stage because, if the patterning fails, the resist can
simply be dissolved and re-applied for another attempt. Moreover, based on recent
demonstrations of million-Q guided-mode resonators, it is clear that this approach
can be leveraged to achieve structures with exceptionally low disorder. Together,
these features make it an attractive approach for our hybrid-2D metasurfaces.

To fabricate the subwavelength grating on top of the encapsulated heterostruc-
ture, we use the following protocol.

1. Because the topmost layer is hBN, we can safely apply an oxygen plasma
cleaning step to remove organic surface contamination and improve resist

iPfeiffer Vacuum TSH 261
iBurotherm 2404
iiiNote that hidden residues may be present as well, as revealed by atomic force microscopy [308].
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adhesion, without directly exposing WS, to reactive chemistries. We apply a
brief 30-60 s O, plasma' at 5 mTorr pressure (30 mTorr strike pressure), 25 sccm
flow rate, and 50 W RF power. The typically observed DC bias is ~166 V.

. Next, we let undiluted CSAR AR-P 62.09 electron-beam resist equilibrate to

room temperature for ~15 min. To prevent resist from flowing underneath the
chip during spin coating, we stick a square of blue polyester tape underneath
the substrate. We then spin-coat the CSAR at 4000 rpm with 1500 rpm/s
acceleration for 50 s, yielding a resist thickness of ~210-225 nm. We cure the
resist for 120 s on a hot plate set to 150 °C. Finally, we make a small scratch in the
bottom-right corner using a diamond pen, which is used as a height reference
during pattern writing.

. After spin coating, we determine the CSAR thickness using reflectometry in

our confocal microscope setup'! and fit the reflectance with a transfer-matrix
model (similar to the method in Section 2.3.1). To this end, we first determine
the dielectric function of CSAR via spectroscopic ellipsometry of the material
iii

spin-coated on a Si chip." Using the measured resist thickness, we then refine

the grating pitch and fill factor before finalizing the GDSII layout.

. We expose the grating with electron-beam lithography'”, aligning the pattern

using a three-point adjustment—first with large alignment marks at the corners
of the prepatterned substrate, followed by small marks near the stamped
heterostructure (typical beam current 1.93 nA, dwell time 265 ns, and dose
~131 pC/cm?).

. The resist is developed by immersing the sample for 60 s in n-amyl acetate, 7 s

in o-xylene, and 15 s in MIBK:IPA (9:1) to stop the development. We then rinse
in IPA for > 15 s and dry with N, gas.

. To verify that the fabricated dimensions match the design, we characterize the

patterned grating by performing atomic force microscopy on a small, represen-
tative section of the grating.”

2.2.4 Electrical connections

To enable electrical contact and mounting in the optical microscope, we attach one

of the sample chips to a custom printed circuit board (PCB) using double-sided tape.

Using a manually operated wedge bonder (Fig. 2.6a),"! we wire-bond the gate and

i0xford Instruments Plasma 80

fWITec a-300

liif A, Woollam VB-400

VRaith Voyager, 50 kV acceleration voltage
VBruker Dimension FastScan

Viest.Bond 7KE
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Figure 2.6: Electrical connections. (a) Wire-bonding the chip to a custom PCB, (b) yields a stable
electrical interface. (c) The PCB is screwed onto the microscope stage for mechanical stability.

ground electrodes to the PCB with 25 pm diameter aluminium wires, yielding a stable
electrical interface (Fig. 2.6b) to electronic instruments using a 16-pin ribbon cable
(Fig. 2.6¢). For mechanical stability, the PCB is mounted on a metal plate that can be
screwed to the microscope’s piezo-actuated translation stage. In sum, this completes
the fabrication of a representative electrically tunable hybrid-2D metasurface.

2.3 CHARACTERIZATION

The primary experimental platform used throughout this thesis is Hyperion.! This
highly customized, partially self-built setup is centered around a modular, diffraction-
limited confocal microscope'’ and integrates a range of light sources, detection
schemes, and electronic instrumentation that collectively enable a wide variety of
measurement configurations. In Chapter 4, we additionally use Skadi! an in-
house-built 4f Kdhler-illumination microscope integrated with a closed-cycle helium
cryostat.! In this section, we briefly describe the configurations and procedures used
for the most important measurements throughout this thesis. For visual clarity, the
setup schematics are not drawn to scale and do not strictly match the full experi-
mental geometries, which are typically more convoluted due to practical constraints.
Rather, they should be viewed as idealized representations that highlight only the

components critical to each experiment.

2.3.1 Reflectometry

In general, Hyperion is well suited for various forms of optical spectroscopy, including
reflection and photoluminescence (Section 2.3.2), both in real space and in momen-
tum space (i.e., angle-resolved). In this section, we describe the standard reflection
configuration used for reflectometry experiments (Fig. 2.7).

The Greek Titan of Heavenly Light.
iwITec a-300

iiiThe Nordic Goddess of Winter.
YMontana CryoAdvance-50
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Figure 2.7: Reflectometry. (a) Schematic of Hyperion configured for regular (image-plane) reflection
spectroscopy. Focused LED illumination is collected by the objective, chromatically dispersed by a fiber-
coupled spectrometer and detected on a charge-coupled device (CCD) camera. XYZ: three-axis sample
positioning stage, BS: beam splitter. (b) Image of a hBN flake on PDMS. The stars indicate the measurement
positions. (c) Differential reflectance measured (light blue) and fitted (red, dashed) to a hBN thickness of
d =117 nm.

Determining a layer thickness using reflectometry relies on accurate thin-film
interference measurements and subsequent comparison to the theoretical thickness-
dependent response. Here, we use the microscope’s LED! as the white-light source,
which is directed onto the sample with a beam splitter (BS) and focused onto the
sample with an objective lens.!! The sample itselfis mounted on a stage that combines
long-range lateral translation driven by a stepper stage with fine three-axis motion
provided by a piezo stage. The reflected signal is collected by the same objective
and directed either onto the camera or into the detection arm for spectroscopic
measurements. The detection arm features a linear polarization analyzer, after which
iii

the light is out-coupled to a spectrometer™ that chromatically disperses the light onto

a charge-coupled device (CCD) camera."”

In general, there are two main methods to characterize the reflection, the abso-
lute reflection (reflectance, or R = |r|?, where r is the Fresnel reflection coefficient)
and differential reflection (AR). Experimentally, the reflectance is typically calculated
as

I- Idark

R= X Ry (2.24)

Tier = Igarc
where I is the reflected intensity from the sample and I4,, denotes the dark counts
measured on the CCD when the illumination is turned off, which in the diffraction-
limited detection scheme is simply given by the thermal noise of the CCD camera.
Moreover, I is the reflected intensity from the chosen reference, and R, is its

iAlternatively, a halogen lamp can be used for a broader and more uniform illumination spectrum, but this

comes with the disadvantage oflong stabilization times and temperature-induced drift in the microscope’s

optical response.

ii7eiss Epiplan 5x (NA = 0.13), 20x (NA = 0.4), 50x (NA = 0.75), 50x long working distance (NA = 0.55), or
100x (NA = 0.9).

liiyITec UHTS300 SMFC VIS spectrograph, with gratings of 150, 600, or 1800 lines/mm and center
wavelength of 500 nm.

Andor Newton EMCCD camera, cooled to -60 °C
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theoretical spectrum. Common normalization references such as coated silver mir-
rors can be obtained commercially' together with tabulated polarization-resolved
spectral reflectance data. In practice, however, many different references can be used,
provided that their theoretical response can be accurately established. It is generally
beneficial to use a highly reflective surface, since low intensities in the denominator
of Eq. 2.24 can strongly amplify the normalization error. In this thesis, we broadly
use the (angle-resolved) intensity measured on an optically thick gold layer as the
reference (an example of the normalization procedure is shown in Fig. 3.A8). We
establish R,.; by taking the optical constants of thin-film gold from literature,®*'? and
use these to numerically calculate the corresponding thin-film reflectance.?

To determine the thickness of hBN flakes during the flake identification stage
(Section 2.2.2), we typically measure the differential reflection by recording the
reflected intensity I, of the PDMS substrate immediately next to the flake and
calculate the differential reflectance as

I- Isub

AR = .
I sub I dark

(2.25)
We then use a custom Python script that fits a transfer-matrix simulation of AR
to the measured spectrum using the refractive-index dispersion of the constituent
materials.! Provided that the optical constants accurately represent the material
under investigation, this procedure can determine the thickness with high accuracy.
For instance, for the hBN flake shown in Fig. 2.5 and Fig. 2.7b, we find excellent
agreement between the measured and fitted spectra and extract a thickness of d =
117 nm (Fig. 2.7¢).1ti

2.3.2 Photoluminescence

We perform photoluminescence spectroscopy and mapping with Hyperion in dark-
field mode using a fiber-coupled 532 nm continuous-wave laser (Fig. 2.8). The laser
is directed toward the sample with a holographic beam splitter (HBS) and focused
into a diffraction-limited spot with a dark-field-supporting objective. The same
objective collects the emitted light at high angles (relative to the surface normal) and
directs it toward a fiber-coupled spectrograph, where the HBS filters out the laser;
an analyzer can be inserted for polarization-resolved measurements. For spectrally

"Thorlabs

iThe optical constants are typically taken from literature as tabulated data, including hBN[313] and
PDMS[314] or, in select cases such as CSAR, measured by spectroscopic ellipsometry.

liift should be noted that, unlike ellipsometry, reflectometry as employed here does not uniquely determine
both the thickness and refractive index, since an error in one can often be partially compensated by the
other. Consequently, if the refractive index taken from literature does not accurately match the material in
the lab, the fit may still appear very good while the extracted thickness is inaccurate. In practice, however,
this is often not critical, provided that the same refractive index is also used in the simulations employed
to design the structures and that the mismatch is not too large.
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Figure 2.8: Photoluminescence spectroscopy. Schematic of Hyperion configured for photolumines-
cence spectroscopy and mapping. BS: beam splitter, HBS: holographic beam splitter, CCD: charge-
coupled device, XYZ: three-axis sample positioning stage.

resolved spatial mapping, we control the sample position using the piezo-actuated
stage. Light can also be directed onto the camera, where a long-pass filter suppresses
the laser; under widefield excitation, this enables direct imaging of a monolayer’s
photoluminescence emission on the camera (Fig. 2.3b).

2.3.3 Angle-resolved reflection

Source- Fiber AOTF  Supercontinuum

o laser
= +|measure ase
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Figure 2.9: Angle-resolved reflection. Schematic of Hyperion configured for angle-resolved reflection
measurements via back-focal (Fourier) plane imaging. BS: beam splitter, AOTF: acousto-optically tunable
filter, k, ), in-plane wavevector components. XYZ: three-axis sample positioning stage.

The microscope cannot be configured to use white-light excitation for angle-
resolved reflection measurements. Instead, we use a tunable laser system coupled
into the microscope via a single-mode photonic crystal fiber' (Fig. 2.9). Linearly
polarized coherent light is provided by a pulsed supercontinuum white-light source®,
which is spectrally selected with an acousto-optically tunable filter'!! (AOTF) to yield
monochromatic light with a bandwidth of ~1 nm across the visible range. The
collimated beam is directed to the entrance pupil (Fourier plane) of the 20x (NA = 0.4)
objective, producing a diffraction-limited spot at the sample plane. For direct-current
electrical gating measurements, the PCB-mounted sample can be connected to a
source-measure unit controlled via a custom script that ramps the voltage from zero

INKT Photonics SuperK, Connect FD7-PM
lipxtreme EXW-12; 78 MHz repetition rate, ~5 ps pulse width
figelect VIS/1X
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to the setpoint to avoid abrupt voltage steps and thereby limit transient current peaks
that could lead to dielectric breakdown. Since the incident polarization is fixed by the
microscope, we rotate the sample holder (PCB) by a quarter turn around the optical
axis to switch between orthogonal linear polarizations.

The reflected signal is collected by the same objective and imaged onto a 14-bit
monochromatic CMOS (complementary metal-oxide-semiconductor) camera’. A
Bertrand lens can be inserted in the detection path to switch between real-space
and momentum-space imaging. The incident power and camera exposure time
are calibrated and adjusted slightly per wavelength to maximize the signal-to-noise
ratio. For position-dependent dispersion measurements, we automate wavelength
sweeps and piezo-stage scans using a custom Python control script. Two reference
measurements are acquired: one without a sample mounted to account for internal
reflections, and one normalization reference.

We extract the k, and k, dispersions from the back-focal plane images by
carefully determining the center and radius in pixels of the back-focal plane in an
over-exposed image, and performing a coordinate transformation between image
pixels and the objective numerical aperture using the known back-focal plane radius
in millimeter. A distinct dust particle visible on the Fourier plane helps to align the
images and ensures a common center coordinate. We enhance the signal-to-noise
ratio by integrating traces over a small angular region (-3 < 6 < 3 mrad, 11 pixels).
By repeating this process at each wavelength, we construct the dispersion relation
line-by-line.

2.3.4 Alternating current modulation

We perform frequency-dependent alternating-current modulation measurements by
appropriately modifying the Hyperion setup (Fig. 2.10). We feed the tunable laser
into the microscope via another fiber port with an added collimating lens to achieve
wide-field excitation through the 20x objective. A square-wave modulation signal
(up to 20 V peak-to-peak) is provided by a function generator'’, which is interfaced
with the PCB via connections to the appropriate pins on the ribbon cable (Fig. 2.6).
The modulated beam is collected with the same objective, out-coupled into a fiber,
and detected with a biased Si photodiode'!. We connect the photodiode output via
BNC to a source-measure unit' (operated at 0 V as a current monitor and convenient
interface), and amplify the photogenerated current (responsivity =~ 0.43 A/W) while
converting it to a voltage (2 V/nA) with a transimpedance amplifier’. Finally, we

iZeiss Axiocam 705 mono

lingilent HP 33120A

iiThorlabs DET100A2

VKeithley 2600B SourceMeter
VStanford Research Systems SR-570
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Figure 2.10: Alternating current modulation. Schematic of Hyperion configured for alternating current
modulation measurements. BS: beam splitter. XYZ: three-axis sample positioning stage. REF: reference
input. SYNC: synchronization output.

measure the signal using a lock-in amplifier! or an oscilloscope’ (not shown), syn-
chronized to the function generator. For alternating-current reflection spectroscopy,
we scan the laser wavelength and record the measured signal at each step. The signal
is normalized similarly to regular reflection spectroscopy, according to Eq. (2.24),
by additionally recording a bright reference and a dark noise measurement. The
measurements are fully automated using custom Python programs.

2.3.5 Cryogenic reflection
LED  Aperture stop Field stop Vacuum chamber
a0 —| At | S

vy v

«—
Switchable ceD
mirror ;

Camera Spectrometer

Figure 2.11: Cryogenic reflection. Schematic of Skadi configured for image-plane reflection spectroscopy.
The sample, mounted on the cold stage, can be helium cooled down to T = 3 K. An aperture stop diaphragm
controls the incident angle range, while a field stop diaphragm controls the part of the image plane that is
illuminated. LED: light-emitting diode. BS: beam splitter, CCD: charge-coupled device.

We perform cryogenic reflectance measurements with Skadi by mounting the
sample (using silver paint for thermal contact) in a closed-cycle helium cryostat

iStanford Research Systems SR-830
iiTektronix TDS 3032
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that can be cooled down to 3 K and optically accessed with an objective' situated
inside the vacuum chamber.!! We illuminate the sample with unpolarized white
light, controlling the effective angular range with an aperture-stop diaphragm (in
the Fourier plane) and the excitation area with a field-stop diaphragm (in the image
plane). We capture the reflected signal by projecting the image plane onto the
entrance slit of a spectrometer'’, where it is chromatically dispersed and recorded on
the CCD camera.!” The full CCD image retains spatial information along the vertical
axis (parallel to the entrance slit), while the horizontal axis is spectrally dispersed
by the grating, yielding an instantaneous position-wavelength map. To calibrate the
spatial axis, we use a switchable mirror to direct the reflected light onto a camera and
thereby map the vertical position on the sample to the vertical axis of the CCD image.

Altogether, in this chapter we have provided the necessary modeling frameworks,
fabrication protocols, and measurement schemes to design, create, and characterize
electrically tunable hybrid-2D metasurfaces. In the next chapter, we leverage these
methods to realize a free-space optical modulator that shows nearly 50% reflection
modulation by gate-tuning excitons in atomically thin WS,.

1Zeiss Epiplan-Neofluar, 100x objective, NA = 0.9

iiThe custom-built microscope is highly modular and can readily be configured for reflection and photolu-
minescence measurements in the image plane as well as the back-focal plane.

iiprinceton Instruments SpectraPro 2300i, 300 lines/mm grating

Vpixis Si, cooled to —70 °C






FREE-SPACE OPTICAL MODULATION
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Figure 3.1: Concept of a hybrid-2D metasurface for optical modulation. The electrical tunability
of a monolayer 2D semiconductor in a heterostructure cavity is combined with the strong light-matter
interaction of a dielectric nonlocal metasurface to achieve strong intensity modulation of the reflected
beam.

3.1 INTRODUCTION

N THIS CHAPTER, we combine the pristine excitonic properties of a van der Waals

heterostructure with the nanophotonic field enhancement offered by a nonlocal
metasurface to demonstrate a dynamically tunable excitonic metasurface with high
efficiencies. This hybrid-2D configuration enables strong exciton-photon interac-
tions, which we harness for free-space optical modulation by electrically manipulat-
ing excitons in monolayer tungsten disulfide (WS,). By switching between the weak
and strong coupling regimes, we demonstrate 9.9 dB modulation of the reflected
beam at room temperature, which is a fivefold improvement over the previous
record reflection contrast achieved with excitonic 2D materials'*”. Furthermore, we
show that the gating-induced free carrier density governs the exciton’s nonradiative
decay rate, providing a continuous transition from strong to weak exciton-photon

41



42 3. FREE-SPACE OPTICAL MODULATION

coupling. Altogether, these results demonstrate that, by leveraging the combined
merits of dielectric metasurfaces and van der Waals heterostructures, electrically tun-
able hybrid-2D metasurfaces hold the key to realizing ultracompact optoelectronic
devices for dynamic wavefront manipulation at ambient conditions.

3.2 HYBRID-2D METASURFACE
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Figure 3.2: Electrical tunability of the A-exciton. (a) Experimentally measured photoluminescence
intensity for a bare heterostructure cavity as a function of gate voltage (color). The inset shows a micrograph
of the heterostructure, with the monolayer outlined in blue and the measurement position indicated by
the red cross. Scalebar: 5 pm. (b) Modeled real (n, solid) and imaginary (k, dashed) components of the
complex refractive index of monolayer WS, at intrinsic (blue) and strong n-type (red) doping.

Figure 3.1 illustrates a free-space optical modulator whose performance is de-
rived from the combined merits of monolayer 2D semiconductors and dielectric
metasurfaces. The hybrid-2D modulator achieves strong modulation of the input
field through the electrical tunability of exciton resonances in atomically thin tung-
sten disulfide (WS,) combined with the electromagnetic field enhancement offered
by guided-mode resonances*®-'*’. Applying a voltage between the gold (Au) back-gate
and the monolayer results in strong electron-doping of the WS,, which increases
the exciton-electron (Coulomb) scattering rate and thereby efficiently quenches the
so-called A-exciton transition®*®2¢3, To demonstrate this, we measure the excitonic
photoluminescence emission in a flat reference device at room temperature and show
a 108-fold reduction at A, = 618 nm, while the charged exciton?*® (trion) peak at
635 nm remains mostly unaltered (Fig. 3.2a). Although electrical tuning of exciton
emission is by now well-established, such efficient quenching has thus far mostly

been limited to cryogenic temperatures'**>!2213,

The designed optical modulator combines several key elements to leverage the
tunability of 2D excitons (Fig. 3.2b). First, the WS, monolayer is electrically con-
nected to the ground electrode, but otherwise isolated through encapsulation with
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Figure 3.3: Field enhancement in the hybrid-2D metasurface. (a) Schematic of the detailed geometry
of the modulator design (not to scale). (b) Electric field intensity enhancement for a transverse electric
(TE) polarized normal-incident wave at free-space wavelength 1, = 621 nm. Blue line represents the
monolayer.

hexagonal boron nitride (hBN; Fig. 3.3a). This provides screening from local charge
fluctuations and defects in the dielectric environment, resulting in a narrow exciton
linewidth3'®. At the same time, the resulting van der Waals heterostructure combined
with the Au back-reflector functions as an asymmetric optical cavity to confine
light inside the layer stack?'®. Second, to maximize the light-matter interaction
we introduce a dielectric subwavelength grating on top of the heterostructure to
enable resonant excitation of its fundamental TE, guided mode. The resulting guided
mode resonance (GMR) provides a 74-fold electric field intensity enhancement and
greatly increases the interaction length of light with the WS, monolayer (Fig. 3.3b).
Finally, the back-reflector additionally serves as a local back-gate to the WS, layer,
where the bottom hBN layer functions as the gate dielectric. As such, the back-gate
enables electrical manipulation of the carrier concentration in the monolayer. In the
strongly electron-doped (n-doped) regime, the exciton is effectively quenched, and
the reflectance spectrum shows a single critically coupled resonance, splitting into
two strongly coupled resonances when the monolayer is brought to intrinsic doping
instead (Fig. 3.4a). Consequently, in simulation, the device exhibits an absolute
reflectance contrast of AR = 47.5% (A, = 627 nm) when it is switched between these
two states. We quantify the modulation depth as 10log,,(R;/R,,), where R; and R, are
the reflectance in the intrinsic and n-doped regimes, respectively (Fig. 3.4b). Using
this definition, our modulator achieves 25 dB peak signal modulation at the operating
wavelength.

3.3 STRONG EXCITON-PHOTON COUPLING

Next, we outline our approach for maximizing the modulation efficiency by simulta-
neously designing for perfect absorption in the exciton-quenched state and strong
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Figure 3.4: Simulated modulator performance. (a) Calculated reflectance spectra for the device with
an intrinsic (R;, blue) and n-doped (R,,, red) monolayer. (b) The corresponding modulation depth
(10log, o (R;/R,,), magenta) extracted from (a).

exciton-photon coupling in the unquenched state. To this end, we use rigorous
coupled-wave analysis (RCWA) simulations to optimize the dimensions of the het-
erostructure cavity as well as the grating’s unit cell." Here, we choose to design
the modulator for operation around the A-exciton wavelength, 1, = 620 nm, with
normal-incident TE-polarized light, while retaining a mirror-like response for TM

polarization.

To start, we tailor the bottom hBN thickness such that the monolayer is posi-
tioned at a 1/2 separation from the back-reflector (Fig. 3.5a). In concept, this is
reminiscent of the famous Salisbury screen, in which a thin absorber is separated
A/4 from a mirror to enhance absorption through constructive interference. In
contrast, placing the WS, at 1/2 instead minimizes absorption losses in the cavity
due to destructive interference at the monolayer position. Since TM-polarized light
cannot couple to the TE, guided mode supported by the structure, it is predominantly
reflected from the cavity in this spectral and angular range (Fig. 3.5b). On the other
hand, TE-polarized light can pick up first-order grating momentum (equal to 27 /A,
where A is the grating period) and thereby couple to the GMR, which enhances the
interaction of light with the monolayer by confining the field inside the structure.

In our simulations, we phenomenologically capture the doping-dependent op-
tical response of monolayer WS, (Fig. 3.2b) by allowing the A-exciton nonradiative
decay rate, y, ,,, to increase with electron density. In the presence of excess charge
carriers, excitons can convert to trions, which exhibit a comparatively weak oscillator
strength and decay mostly nonradiatively.?*!*'” Consequently, the trion does not
appear as a distinct resonance in reflection (Appendix A.2), and we treat trion for-
mation as an additional nonradiative decay channel for the exciton. Accordingly, we

Implemented using the Python interface of S* RCWA [316].
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Figure 3.5: Mirror-like optical response under transverse magnetic polarization. (a) Standing wave
profile of the electric field under normal-incidence transverse magnetic (TM)-polarized illumination
showing minimal field overlap with the monolayer (blue line at z = 0 um). (b) Numerically simulated
angular (k) dispersion of the designed modulator under TM-polarized illumination showing mirror-like
reflectance.

WIite Ya nr = Yaph +Yae +Yar Wherey, o, and y, . denote the phonon- and electron-
assisted nonradiative decay rates and y, 1 corresponds to the exciton-to-trion conver-
sionrate, as outlined in Section 2.1.2. In the intrinsic doping regime, phonon-assisted
decay processes dominate, and we set the nonradiative decay to occur ten times faster
than the radiative decay (y, ,), with characteristic values y, , = 2.7 meV and y, ,,, = 27
meV chosen to match the rates observed in preliminary experiments. At strong
n-type doping, the exciton transition is severely broadened due to the increased
exciton-electron scattering rate and the formation of trions,?3%2633!7 which we model
by artificially increasing the nonradiative decay rate to y, ,,, = 270 meV. In this regime,
absorptive losses in the cavity reduce to those suffered evanescently in the gold and
by means of sub-bandgap absorption in monolayer WS, owing to impurities, defects

and edge states.®'®

We optimize the grating periodicity such that the GMR coupling condition is
satisfied at normal incidence for a photon energy matching the exciton energy, E, =
2.00 eV, while the duty cycle is tailored to achieve perfect absorption when the
monolayer is strongly n-doped (Fig. 3.6a). The resulting dispersion relation simply
resembles the bare cavity dispersion with a slightly broader linewidth (Fig. 3.A2).
Crucially, the n-doped dispersion is critically coupled such that the reflectance dips
to R = 0, and the I'-point is located near E,. As a consequence, a gap opens in the
dispersion around E, when the monolayer is neutralized?'**?°, indicative of strong
exciton-photon interactions (Fig. 3.6b).

To evaluate the coupling strength, we additionally simulate the normal-

incidence reflectance as function of grating period (Fig. 3.7a). This reveals the
characteristic anti-crossing behavior associated with strong light-matter coupling.
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Figure 3.6: Simulated angular dispersion. (a) Angle-dependent reflectance of the designed modulator
under TE-polarized illumination with monolayer WS, at strong n-type doping and (b) at intrinsic doping.
In the latter case, the A-exciton is strongly coupled to the GMR, resulting in the formation of a 38.2 meV
gap (indicated) at the exciton energy.

Two hybridized exciton-polariton branches emerge due to the rapid energy exchange
between excitons and photons, leading to an energy separation proportional to the
coupling strength g o< p &, where p is the exciton dipole moment and & is the local
electric field strength.32!%22 At resonance, a pair of coupled oscillators is said to be
strongly coupled if the mode splitting, characterized by the Rabi energy Q, is larger
than the average decay rate of the uncoupled resonances, i.e.,, Qg > (YA + Yomr)/2-
From simulations of the cavity in absence of the exciton resonance, we determine
Yomr = 23.3 meV for the bare GMR, in good agreement with the experimentally
estimated value of 22.9 meV. We subsequently fit the dispersion at intrinsic doping
using temporal coupled-mode theory (TCMT; Appendix A.1) to extract the complex
eigenenergies of the polariton modes.?*° From this, we extract a Rabi splitting of
Qp = 38.2 meV and a corresponding coupling strength g = 19.1 meV, putting the
system well into the regime of strong coupling ((yx + Yemr)/2 = 25.2 meV). Instead,
in the strongly n-doped regime (inset of Fig. 3.7a), the exciton decay rate is so large
that Qp becomes purely imaginary and the gap closes, as expected for a weakly
coupled system. Our metasurface leverages this tunability between strong and weak
coupling to achieve > 12 dB reflectance modulation in a broad wavelength range
around E, (Fig. 3.7b). This highlights how integration of a 2D semiconductor in a
hybrid metasurface configuration considerably enhances the excitonic modulation
depth.

3.4 EXPERIMENTAL REFLECTANCE MODULATION

To demonstrate our approach experimentally, we fabricate the designed hybrid-2D
metasurfaces following the general procedure outlined in Section 2.2. Specifically,
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Figure 3.7: Grating period dependence of the optical performance. (a) Reflectance at intrinsic doping
and strong n-type doping (inset). The calculated upper (UP) and lower polariton (LP) branches of the
coupled mode analysis are represented by the white dashed lines. In the inset, the A-exciton wavelength A,
isrepresented by the dashed line (black) and the GMR dispersion by the dotted line (white). (b) Modulation
depth as function of grating period, with the designed period A indicated (dashed line). The color scale is
capped at +12 dB for visibility.

we start by mounting a fresh prepatterned substrate in the stamping setup. After
aligning the bottom hBN flake (117 nm thick) with the back-reflector and the ground
electrode, we bring the stamp into contact and heat the stack to 60 °C for a minimum
of 5 minutes. We peel the stamp to transfer the bottom hBN, followed by vacuum
annealing at 150 °C for 8 hours. We repeat this process for the WS, monolayer
(annealing at 90 °C for 8 hours) and the 27 nm thick top hBN layer (120 °C for 24 hours)
to complete the heterostructure cavity.

For the subwavelength grating, we utilize an etch-free approach—where the
grating is patterned in a low-index resist rather than shallow-etched in the waveg-
uiding layer itself—to minimize fabrication imperfections and allow rapid prototyp-
ing?®%311,323 " To start, we clean the samples with a 30 second O, descum and then
spin-coat a 222 nm thick layer of CSAR resist. The gratings are patterned in the resist
with an electron dose of 130.8 uC/cm? and exposed upon chemical development
(Fig. 3.8a). Atomic force microscopy' confirms that the gratings match the designed
specifications and reveals excellent uniformity of the grating lines (Fig. 3.8b). We ad-
ditionally verify that the exciton resonance is not detrimentally red-shifted or broad-
ened during fabrication—by virtue of the heterostructure encapsulation—through
photoluminescence mapping spectroscopy (Fig. 3.A3). Finally, we wire-bond the
sample to a custom PCB to create a stable interface for electrostatic gating.

Moving on, we measure the voltage-dependent reflectance dispersion through
back-focal-plane imaging spectroscopy with a tunable pulsed laser system (Fig. 2.9).1

Bruker Dimension FastScan
iiThe incident power is adjusted per wavelength to maximize the signal-to-noise ratio and lies in the range
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Figure 3.8: Fabricated hybrid-2D metasurface. (a) Optical microscope image of the device: a het-
erostructure comprised of monolayer WS, (blue) encapsulated by bottom (purple) and top (green) hBN
layers is placed on a gold back-reflector, which doubles as the gate electrode (V), and integrated with a
dielectric grating (white, dashed). The red star indicates the position of (b) the atomic force micrograph
(top) and the horizontal cross-section through the center (bottom). Scalebar: 500 nm.

We first apply a +25 V gate bias to induce strong n-doping of the monolayer and
thereby quench the exciton resonance. As shown in Fig. 3.9a, the dispersion relation
in this state resembles that of the bare cavity (Fig. 3.A4). Critically, the T'-point is
located very close to E,, such that when we neutralize the monolayer at -25 V, an
energy gap of Qp = 36.0 meV opens in the dispersion due to strong exciton-photon
coupling (Fig. 3.9b).
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Figure 3.9: Measured angular dispersion. (a) Back-focal plane imaging spectroscopy of the angular
dispersion at strong n-type doping (+25 V, red), and (b) intrinsic doping (-25 V, blue), with the latter
exhibiting a Rabi splitting energy of Qg = 36.0 meV.

Before proceeding, we make two noteworthy observations about these results.
First, to neutralize the WS,, we reverse the bias from +25 V (electron injection) to

P =36-80 nW, corresponding to fluences F = 7-16 nJ/cm?, well within the linear excitation regime [265,
324].
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-25 V (hole injection), indicating that the monolayer is significantly n-doped in the
unbiased state. This is rationalized by the natural n-doping of exfoliated transition
metal dichalcogenides due to chalcogen atom vacancies as well as extrinsic disorder
incurred during (nano)fabrication?%®:325:326, Despite this, the device performance is
not significantly impaired because the effects of unwanted doping are readily miti-
gated via electrostatic gating. Second, the fact that the absolute reflectance exceeds
unity does not imply optical gain in this case. Instead, the lateral confinement of
quasi-guided photons (exciton-polaritons) in the 30-pm-wide metasurface leads to
pronounced finite-size effects, which are analyzed in detail in Chapter 5. For the
present discussion, it suffices to note that these effects lead to broadening of the
resonant linewidth and pronounced interference fringes which can exceed unity
reflectance due to a redistribution of power in k-space. Apart from these deviations,
the measured dispersion relations are in excellent agreement with the numerical
simulations (Fig. 3.6).
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Figure 3.10: Measured modulator performance. (a) Normal-incidence TE-polarized reflectance spectra
extracted from the dispersion relations at k,/ky = 0, with a maximum reflectance contrast of 48.9% at
Ay = 627.5 nm indicated. (b) Modulation depth obtained from the spectra in (a), revealing 9.9 dB peak
signal modulation at Ay = 620.5 nm.

Next, we extract cross sections from the dispersion relations at k, = 0 um™

(Fig. 3.10a). At +25 YV, the exciton is suppressed, and the reflectance spectrum
contains one near-critically coupled resonance that dips to a minimum of 4% at
the operating wavelength A, = 620.5 nm. Reversing the bias to -25 V neutralizes
the monolayer, causing the spectrum to split into two strongly coupled polariton
branches and thereby raising the reflectance to 39%. By switching between these
two states, our modulator achieves a modulation depth of 9.9 dB (AR = 35%) at the
operating wavelength (Fig. 3.10b) and a change in reflectance up to AR = 49% at
627.5nm. To our knowledge, the measured modulation ratio and reflectance contrast
are 5 times greater than previously reported for excitonic metasurfaces at room
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temperature'*’, demonstrating the merits of our hybrid-2D approach.

We additionally assess the modulation frequency response of two more devices
in alternating-current experiments (the setup and procedure are described in Sec-
tion 2.3.4) and find that the —3 dB bandwidth is limited to f ;45 = 26 Hz (Figs. 3.A5
and 3.A6). We attribute this low bandwidth to a large resistor-capacitor time constant
of the electrical circuit, arising from excessive contact resistance as well as the high
sheet resistance of the 30 um-long active WS, channel.?”® We emphasize this is merely
a technological rather than a fundamental limitation, as bandwidths exceeding the
megahertz regime have already been realized with optimized contact geometries in
similar device architectures.'*%327,328

3.5 ELECTRICALLY TUNABLE STRONG COUPLING

To gain insight into the voltage-dependence of the fundamental rates governing the
metasurface’s optical response, we measure the normal-incidence reflectance at gate
voltages between +25 V in intervals of 5 V (Fig. 3.11). With increasing voltage, the
coupled modes gradually merge into a single resonance, continuously transition-
ing from strong to weak coupling.?46:319:327,329,330 Iy the following, we quantify the
characteristic decay and coupling rates from our measurements by performing a
comparative analysis using RCWA and TCMT.

0.75
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600 620 640
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Figure 3.11: Continuous tunability of the optical response. Normal-incidence TE-polarized reflectance
as function of gate voltage (color). The spectra measured at V = 0V, +25 V are omitted for clarity.

In the following, we first obtain the exciton decay rates by fitting the voltage-
dependent reflectance spectra. To this end, we constrain the geometry and optical pa-
rameters of the fabricated device to replicate the system within RCWA. The refractive
indices of Au®'? and hBN®'® are obtained from literature, while for CSAR we measure
it using spectroscopic ellipsometry', and for monolayer WS, we use the Lorentz-

i7.A. Woollam VB-400
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oscillator model introduced in Section 2.1.1. We approximate the A-exciton radiative
rate y, , using values from literature'*">'>2°* and determine the center energy E, and
total decay rate y, by fitting a spectrally resolved photoluminescence map (Fig. 3.A3).
The exact geometry (Fig. 3.3) is further established by a combination of white-light
reflectometry to measure the hBN thicknesses and atomic force microscopy to extract
the CSAR grating dimensions. Throughout, we do not explicitly account for finite-size
linewidth broadening (discussed in Chapter 5), and the extracted decay rates will
therefore be slightly larger than those set by the intrinsic resonance linewidths.

We start by fitting the spectrum at V5 = —25V (near-intrinsic doping) because the
clearly distinguishable polariton branches allow for the most reliable determination
of the constrained fitting parameters, and obtain E, = 2.00 eV, y,, = 2.7 meV, and
Yanr = 26.7 meV, closely matching the values used for our numerical simulations.
Subsequently, we fix not only the geometry but also y,, (taking it to be voltage-
independent) because allowing it to vary would over-parametrize the model in the
exciton-quenched regime, while noting that this is a slight oversimplification.?** We
then continue the fitting procedure to extract y, ,,, and E, at each voltage (Fig. 3.12).
In the strongly n-doped regime (at +25 V), we find that the nonradiative decay rate
increases fourfold to y,,, = 109.4 meV, while the center energy redshifts to £, =
1.99 eV. The observed redshift can be attributed to a doping-induced reduction of the
exciton binding energy due to screening of the Coulomb interaction, and is consistent
with earlier work.?®® Overall, the measurements are captured exceptionally well by
the model, which reproduces two distinct exciton—polariton branches that gradually
merge into a single resonance with increasing y, ,,, allowing us to directly overlay
the fitting results on the simulated reflectance map (Fig. 3.12a). Notably, the RCWA
model suggests that the modulator performance could be improved even further by
operating at higher voltages (i.e. raising y, ;) to bring the system closer to critical
coupling.

Next, we determine the exciton—photon coupling strength by fitting the cou-
pled exciton—-GMR response as two Lorentzian reflectance dips superimposed on
a non-resonant background (illustrated in Fig. 3.A7), which is modeled using the
TM-polarized reflectance (Fig 3.5b).! The inverted Lorentzians are taken to represent
the hybrid modes of the eigenvalue problem (Eq. (A.18) in Appendix A.1) and are
parametrized using the previously extracted linewidths and center energies of the
bare exciton and GMR, leaving only g and two weights w, and wgyy as free fitting
parameters. By fitting the spectra at each voltage using a least-squares routine, we
estimate a voltage-averaged value of g = 16.6 + 1.0 meV (inset of Fig. 3.12b), which
implies that the excitonic and photonic modes remain strongly coupled up to a total

Note that this is not a general approach; it applies here because, for TM-polarized illumination, no reso-
nance is present in the relevant spectral window beyond the Fabry-P’erot background, as the monolayer
is positioned in the heterostructure stack near an electric-field node of the standing-wave pattern.
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Figure 3.12: Electrically tunable strong coupling. (a) Spectral reflectance versus nonradiative decay
rate of excitons in monolayer WS,, simulated with the RCWA model for y,, = 2.7 meV and E, = 2 eV.
The colored datapoints represent the fitted energies, relative amplitudes (position and size of hexagons,
respectively) and linewidths (width of bars) of the coupled modes. (b) Exciton nonradiative decay rate
as function of gate voltage (electron density) obtained from the RCWA fits (colored datapoints). Purple
curve indicates the fitted optical rate equation, pink-shaded region represents the decay rates at which the
system is strongly coupled. The coupling rates g obtained from the coupled-mode analysis are shown in
the inset (fitting uncertainty in green).

exciton decay rate of y, ., = 43.3 meV.

Notably, the measurement at 0 V is also strongly coupled and appears to be a
significant outlier. However, this is explained by hysteresis due to trapped charges®*®
resulting from an imperfect measurement sequence, in which the monolayer was
slightly p-doped (at —25 V) before sweeping the gate voltage from 0 to +25 V and
finally from —5 back to —25 V. Because the described analysis does not account for
coherent interference effects, the magnitude of g is underestimated and should be
viewed as a conservative lower bound. Moreover, the trion resonance is excluded in
this analysis, since we find it is only weakly coupled to the GMR and therefore negli-
gibly impacts the fitted reflectance spectra (a full temporal coupled-mode analysis of
the driven response, including trions, is included in Appendix A.2).

To gain insight into the gating-induced doping density n.(V) in the WS, mono-
layer, we describe our device as a parallel-plate capacitor modified to account for
quantum capacitance effects, as described in Section 2.1.3. We fit the experimental
decay rates by plugging the expression for n, into the optical rate-equation model
described in Section 2.1.2.! From the fit, we obtain an estimate of the charge neutrality
point, Vyp = —21.3 V, which enables us to calibrate n, with respect to V; (Fig. 3.12b).
We estimate carrier concentrations ranging from n, ~ —0.4 x 10'> cm™ at —25V up

The free-electron density as function of gate voltage [270, 271] is computed numerically using the
measured hBN thickness d = 117 nm, its static permittivity € = 3.4 [239], and for monolayer WS, we take
Epg = 2.15 eV [331], g, = 2, g5 = 2, and m" = 0.34m,, [332]. We further obtain an estimate of the charge
neutrality point by fitting the decay rate with the optical rate-equation model [175, 241].
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to n, = 7.3 x 10’ cm™? at +25 V, with the maximum electron density up to which
the device remains strongly coupled 72, .y & 2.4 x 102 cm™2 (5.2 V). Altogether, our
results reveal that the metasurface’s ability to electrically tune the hybrid-2D system
in and out of the strong exciton-photon coupling regime fundamentally stems from
doping-induced variations in the nonradiative decay rate of excitons in monolayer
WS,.

3.6 CONCLUSION

In this chapter, we introduced a hybrid-2D metasurface platform that combines the
merits of a tunable van der Waals heterostructure cavity with the strong light-matter
interaction of anonlocal dielectric metasurface to achieve strong and tunable exciton-
photon interactions at room temperature, which is leveraged for free-space optical
modulation. The platform’s simple yet versatile design readily accommodates other
materials and is straightforwardly adapted to polarization-independent response and
various optical functionalities, as will be discussed in the next chapter. More broadly,
our platform highlights new opportunities for excitonic 2D metasurfaces for dynamic
wavefront manipulation in ultra-compact metadevices.
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3.7 ADDITIONAL FIGURES
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Figure 3.A1: Gate-dependent reflectance of a planar device. Experimentally measured reflectance
spectra for a bare heterostructure cavity (i.e., without subwavelength grating) as a function of gate voltage
(color).
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Figure 3.A2: Comparison of the modulator in the exciton-quenched state and the bare cavity. (a) Nu-
merically simulated period dependence of the normal-incidence TE-polarized reflectance of the designed
modulator in the exciton-quenched state, and (b) of the corresponding bare cavity. The fitted dispersion is
overlaid on the colormaps (dashed) and the extracted damping rate of the guided-mode resonance (GMR)
is indicated.
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Figure 3.A3: Photoluminescence characterization. (a) Brightfield microscope image of the fabricated
modulator. (b) Characteristic fluorescence spectrum (light blue) obtained by averaging a 1 pum? spot
indicated by the blue star in (a). The data is fitted with a double Lorentzian function (red, dashed) and sep-
arated into A-exciton (pink) and negatively charged trion (A-, brown) contributions. (c) Spatially-resolved
photoluminescence maps of the region (red, dashed) outlined in (a), showing the integrated intensity, (d)
the fitted A-exciton energy, and (e) the fitted linewidth (total decay rate). Scalebars: 5 um.
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Figure 3.A4: Experimental dispersion of the cavity with and without monolayer WS,. (a) k, and (b)
k, dispersion of the fabricated modulator under TE-polarized illumination.(c) k and (d) k,, dispersion
of the empty cavity, measured on a patch of the device that lacks the WS, monolayer.
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Figure 3.A5: AC modulation characteristics of two hybrid-2D modulators. (a) Modulation bandwidth
of devices OM2 (yellow) at A, = 631 nm with 3 dB cut-off at f_sqz = 12.8 Hz and OM3 (orange) at A, =
633 nm with f_34z = 20.2 Hz. Inset shows optical micrographs of OM2 and OM3 with monolayer (1L) WS,
outlined in magenta. Scalebars: 10 pm. (b, c¢) Corresponding time traces of the rise (left) and fall (right) of
the reflected intensity in response to a 1 Hz square-wave modulation signal for devices OM2 (b) and OM3
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Figure 3.A6: Reflectance modulation of device OM3. (a) DC reflectance spectra of device at +10 V (red)
and -10V (blue), and (b) reflectance as function of time in response to a 1 Hz pulse at Ay = 611 nm (light
blue), 617 nm (green) and 633 nm (orange). Colors correspond to the dotted lines in (a).
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Figure 3.A7: Parameter extraction via reflectance fitting. (a) Fit (dashed) of the normal-incidence
reflectance for an n-doped (+25 V) monolayer performed with rigorous coupled-wave analysis (RCWA),
and (b) with temporal coupled mode theory (TCMT). (¢, d) Similar to (a) and (b), but for a neutral (-25 V)
monolayer. The RCWA fits are used to extract the A-exciton energy plus the radiative and nonradiative
decay rates, y, and y,,, respectively, while the TCMT fits allow extraction of the exciton-photon coupling
strength as well as the energies and linewidths (y, and y,;) of the coupled modes. The TCMT fits are
offset by a non-resonant background reflectance obtained through RCWA simulations for TM-polarized
illumination.
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Figure 3.A8: Reflectance extraction from back-focal plane images. (a) Back-focal plane image at
A = 610 nm in absence of a sample (Ig5,4), (b) of the gold reference (I eference)> and (c) of the sample at
~25V (Iample)- (d) The extracted spectral intensities Igampie (blue), Ireference (Yellow), and Iy, (magenta)
at normal-incidence (k, = k, = 0). (e) Corresponding absolute reflectance of the sample before (dashed,
light blue) and after (solid, dark blue) corrected using the RCWA-calculated reference spectrum R ¢ference
(yellow).



COMPLEX AMPLITUDE MODULATION

4.1 INTRODUCTION

YNAMIC WAVEFRONT MANIPULATION calls for complex amplitude modulation:
D independent control over the amplitude and phase of scattered light over the
full 027 phase range. Despite the tremendous advances harbored by passive meta-
surfaces to control the scattered field at the nanoscale, active metasurfaces are typi-
cally hindered by undesired cross-modulation of the amplitude and phase, because
decoupling these parameters requires two independent control knobs.'>4242:333:331 At
the same time, accessing the complete phase range necessitates a delicate balance
of the metasurface’s radiative and absorptive losses.**> Due to these limitations,
platforms for complete complex amplitude modulation have mostly been limited to
the infrared spectral range where materials absorption is naturally lower!5*242333,

Monolayer transition metal dichalcogenides are promising candidates to extend
complex amplitude modulation into the visible regime. These materials exhibit
strong exciton resonances that dominate the optical properties due to their large
binding energies arising from quantum- and dielectric confinement in the atomi-
cally thin crystal®*®. Moreover, these excitons are highly tunable, with free-carrier
injection emerging as a particularly attractive mechanism for ultrafast modulation
and compatibility with existing electronic circuitry®3*2°2263:317 " However, limited
by their atomic thickness, metasurfaces patterned directly into bare monolayers
typically reach efficiencies of only a few percent?>!*%253, To enhance the light-matter
interaction, monolayers have been placed in the vicinity of metasurfaces to leverage
their strong Purcell enhancements'*”. Nevertheless, their performance remains
constrained by defects and disorder introduced into the unprotected monolayer
during nanofabrication.

Encapsulating the monolayer with hBN provides a robust route to preserve
pristine excitonic properties, owing to its atomically smooth surface, wide bandgap,
high dielectric strength, and chemical stability*'*23%:33¢_The merits of encapsulation
are exemplified by experimental demonstrations of planar heterostructures achiev-

59
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ing near-unity reflection modulation'**?'? and active beam steering'**>'*5, as well
as full complex amplitude modulation in simulation®*?. Yet, the latter was only
achieved by artificially eliminating the nonradiative losses that typically hamper
excitonic systems. In practice, these unwanted decay channels can be mitigated by
hybridizing planar heterostructures with metasurfaces to leverage strong coupling
between excitons and a photonic mode?>'. While this strategy has already delivered
record-high excitonic amplitude modulation at room temperature®*”, independent
phase control remains an important open challenge.

In this chapter, we numerically demonstrate a hybrid-2D metasurface platform
for independent amplitude and phase modulation in the visible regime. The high
dimensionality of the design space and the intricate interdependence of geometrical
and material parameters limit the utility of conventional forward-design approaches.
We therefore develop an inverse-design pipeline to optimize metasurface designs for
n-phase modulation and full complex amplitude modulation. We further validate the
platform’s applicability by demonstrating a three-level programmable beam-steering
metasurface. Crucially, all simulations are grounded in experimentally measured
material properties and are interpreted using TCMT to elucidate the underlying
physics and establish the generality of our approach.
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Figure 4.1: A hybrid-2D metasurface for free-space phase modulation. (a) Conceptual illustration of
the phase modulator, in which the gate voltage (V) controls the phase (¢) of the reflected light. (b) Cross-
sectional view of the metasurface design (not to scale), showing the hBN subwavelength grating, graphene
gate electrode, monolayer (1L) WS, encapsulated by hBN and placed on the Ag mirror. The grating period
(A) and other geometrical parameters are indicated.

4.2 T-PHASE MODULATION

Figure 4.1a shows an active hybrid-2D metasurface for free-space phase modulation,
where the gate voltage (V) shifts the phase (¢) of a reflected beam while maintaining
a constant amplitude. The device combines the tunability of excitons in monolayer
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WS, and the field enhancement offered by a nonlocal dielectric metasurface (Fig.
4.1b). To maximize the phase modulation performance under realistic constraints,
we design the metasurface architecture using full-wave RCWA! simulations, opti-
mized using a custom inverse design routine which proceeds in two stages: an initial
global search using Bayesian optimization' followed by local refinement with the
covariance matrix adaptation evolution strategy'! (Appendix A.3).

The designed modulator combines several key elements. First, a monolayer WS,
is encapsulated between two multilayer slabs of hBN, which is known to reduce
the linewidth of the exciton resonance by screening it from the dielectric environ-
ment??”315, The entire stack is situated on a silver (Ag) back-reflector to effectively

trap light in the heterostructure cavity®'?

and redirect it into the reflection channel.
The heterostructure is then functionalized with a planar array of hBN subwave-
length scatterers spaced with period A = 366 nm, enabling polarization-independent
normal-incident resonant excitation of a GMR which provides a 36-fold enhance-
ment of the incident field intensity (Fig. 4.2a). A single layer of graphene, situated
beneath the grating, acts as an etch stop during dry etching of the hBN nanostruc-

tures®3®

and serves as the gate electrode for modulation of the electron density (7,)
in the WS, monolayer. The thickness of the hBN gate dielectric is 7 atomic layers thick
(2.33 nm) to provide a sufficiently high breakdown voltage?**®-3%¢ (Fig. 4.A1a) to enable
significant amplitude and phase modulation at low-voltages (0-5 V). In this device,
the tunability is inherited from the sensitivity of monolayer WS, to the presence of
free carriers. Using electrostatic gating to control the doping level, the A-exciton
resonance (1, = 597 nm) can be actively and reversibly quenched, modulating the

material’s permittivity and thereby the overall metasurface response.?3%252263,317

Throughout, we model the carrier density-dependent permittivity of WS, using
the Lorentz-oscillator model introduced in Section 2.1.1."Y Although near-unity
quantum yields have been reported for transition metal dichalcogenides at cryogenic
temperatures in isolated cases,'****! such performance is not routinely observed
under standard laboratory conditions. Instead, to ground the simulations in reality,
we parametrize the model with experimentally established values for the A-exciton
energy E, and total decay rate y, (Fig. 4.2b).

To this end, we use deterministic stamping to create a hBN-encapsulated mono-
layer WS, using the protocol outlined in Section 2.2.2. Specifically, we sequentially
stamp the bottom hBN, monolayer WS,, and top hBN flakes on a 100 nm SiO,/Si

IImplemented using the Python interface of S* with circular lattice truncation and 561 Fourier orders to

provide convergence (mean absolute deviation < 0.1%) while maintaining reasonable computation times

on a self-hosted 64-core computing cluster [316]

scikit-optimize

iiipycma

vThe frequency-dependent optical constants of Ag, hBN and graphene are obtained from literature as
tabulated data [313, 339, 340].
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Figure 4.2: Resonant field enhancement and tunability. (a) Electric field intensity (| E,, |?) enhancement
offered by the guided mode resonance, simulated in absence of excitons for a TE-polarized normal-
incident wave at A = 596 nm. The positions of monolayer WS; (light green, solid) and graphene (dark green,
dashed) are indicated. (b) Modeled permittivity of monolayer WS, at T = 3 K, showing the tunability of the
A-exciton resonance as function of n,, (color).

substrate (Fig. 4.3a). At each step, we bring the stamp into contact at ambient
conditions (T = 21 °C, R.H. = 50 %), then set the stage heater to 65 °C and let it
thermalize for at least 5 minutes, after which we peel the stamp at a controlled rate
of 0.5 um/s to complete the transfer. Once the full heterostructure is assembled,
we anneal it at 200 °C in vacuum (P =~ 10~% mbar) for 2 hours to improve interface
cleanliness.

We then mount the sample in the Skadi setup—a cryostat integrated with a 4f
Kohler-illumination microscope, as detailed in Section 2.3—and helium-cool it to 3 K.
We manually select a clean region of the sample and measure 13 spectra spanning
~ 3 um to account for spatial inhomogeneity arising from natural variations in the
local charge and strain landscapes—which are expected even in near-perfect samples.
We calculate the average reflectance contrast (Fig. 4.3b), (Rys,~Rngn)/Rupn, between
the heterostructure stack with monolayer WS, (Rys,) and without it (R,zx). By taking
the numerical derivative with respect to energy, we can fit the Lorentzian resonance
without precise knowledge of the hBN layer thicknesses (Fig. 4.3c). From this analysis,
we obtain E, = 2.078 eV and y, = 6.5 meV. Taking a conservative estimate of the
effective radiative component, v, , = 2.6 meV, based on literature'*”?'*25%2%1 and the
results presented in Section 3.5, we estimate a nonradiative rate of y, ,; = Yo — Ya; =
3.9 meV. Based on this analysis, we establish that an excitonic quantum yield of
Yar/Ya = 0.4 isrealistically achievable in pristine, hBN-encapsulated monolayer WS,
and we use this value throughout this chapter.

In this chapter, we use the rate-equation model outlined in Section 2.1.2 to
model the doping dependence of the A-exciton as a quadratic dependence of y,
on n,. Here, we use the linear and quadratic coefficients obtained in Section 3.5
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Figure 4.3: Experimental parametrization of the A-exciton. (a) Brightfield microscope image of the
fabricated planar heterostructure sample, with monolayer (1L) WS, encapsulated between hBN. (b)
Thirteen spectra (spanning ~ 3 um) measured at T = 3 K, showing the reflectance contrast of the
monolayer with respect to the hBN, (Rys,~Rign)/Rugn- (€) The calculated energy-derivatives of the
different reflectance contrast spectra (pale blue dots) and Lorentzian fit (red line) used to extract the total
linewidth y, = 6.5 meV and the A-exciton resonance energy E, = 2.0781 eV.

to parametrize the model (Fig. 4.Alb). We note that the tunable range of y,
is extrapolated to high carrier densities (~ 10" cm™2) where the approximations
underlying the rate equation model break down.'*”**! Tt has been demonstrated,
however, that the exciton resonance can be completely quenched at high carrier
densities due to a concomitant collapse of the oscillator strength (y, ,) at high doping
densities caused by Pauli blocking and screening of the Coulomb interaction.?*? As
such, the quadratic extrapolation used here can be viewed as a phenomenological
method to fully suppress the resonance in simulation.

By leveraging the tunability of the exciton resonance, the metasurface reflection
coefficient at 1 = 596 nm traces a path in the complex plane from ¢ = 0 rad to ¢ =
7 rad (Fig. 4.4a). Thus, when the monolayer is switched between intrinsic and strong
n-type doping (n, = 20.7 x 10'2 cm™2), the device flips the phase of a reflected beam
while maintaining a constant amplitude of |r| = 0.58 (Fig. 4.4b).

To understand how such a high modulation depth can arise from exciton res-
onance tuning in an atomically thin layer, we study how light interacts with the
guided-mode and A-exciton resonances in our metasurface (Fig. 4.5a). Broadly,
when the resonance condition is satisfied (matching of the in-plane wavevector by
addition of grating momentum g = 27/ A), free-space radiation couples to the GMR
with a coupling efficiency governed by the radiative rate y . Since the grating period
is subwavelength, coupling is entirely mediated by the direct 0™ order reflection
channel, making this a one-port system. The GMR, in turn, coherently excites
excitons through optical coupling with strength g that is governed primarily by the
field overlap between both resonances. By fitting the reflectance in absence of
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Figure 4.4: m-phase modulation. (a) Complex reflection coefficients of the metasurface at A = 596 nm
as function of 7, (color). (b) Corresponding electric field distributions of the reflected light (Re(E,~E,))

for intrinsic (n, = 0.0 x 1012 cm 2, left) and highly n-doped (1, = 20.7 x 10! cm™2, right) monolayer WS,
yielding the same amplitude but opposite phase.

excitons (setting y,, = 0 meV), we determine the radiative coupling rate and the
nonradiative loss rate of the GMR, y ; = 55.0 meV and y¢ ,, = 13.8 meV, respectively.
Since y¢; > 74, we consider direct coupling between excitons and free-space to be
negligible, such that the GMR is entirely responsible for the coupling to and from
free-space.
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Figure 4.5: Operation near critical coupling enables n-phase modulation. (a) Schematic of the
one-port coupled-resonator system. The GMR has intrinsic loss rate y . and facilitates free-space
coupling with radiative rate y¢,. The A-exciton is coupled to the GMR with strength g, and its decay rate
Ya is modulated by gate-induced changes in n,. (b) Top: reflection-phase spectra at intrinsic (blue) and
strong n-doping (red). Bottom: Phase as function of n,, with the operating wavelength indicated (dashed
line). The dashed black circle indicates the phase singularity arising from critical coupling.

To achieve the n phase flip, it is necessary to operate around the critical coupling
point (|r| = 0), where the phase is undefined and thus singular (Fig. 4.5b). In a
one-port system, this condition occurs when the metasurface’s radiative coupling
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rate matches the overall loss rate®****3, Apart from the losses suffered in the Ag
and graphene layers (characterized by y ,,,), excitonic absorption in monolayer WS,
constitutes the primary other loss channel (characterized by y, ,,) and can be actively
modulated via gate-induced changes in n,. In our device, critical couplingis reached
when the monolayer is at mild doping, n, = 3.5 x 10'? cm™? (Fig. 4.6a). At strong
n-doping, the exciton resonance is quenched and the bare GMR produces a single
reflectance minimum. On the other hand, at intrinsic doping, the exciton hybridizes
with the GMR, leading to an avoided crossing in the dispersion that appears as two
distinct reflectance minima. For both regimes, we plot the spectral evolution of the
reflection amplitude and phase in a phasor diagram (Fig. 4.6b). In the n-doped case,
the reflection coefficient traces a single loop in the complex plane (single photonic
resonance), whereas at charge neutrality a double loop is traced due to the additional
presence of the A-exciton (material resonance). At the design wavelength A = 596 nm,
perfect n-phase modulation is achieved with a constant amplitude of |r| = 0.58.
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Figure 4.6: Gate-dependent reflection. (a) Reflectance spectra at different carrier concentrations
showing the evolution from bare GMR at strong n-doping (red) to critical coupling at mild n-doping (gray)
to exciton-GMR hybridization at intrinsic doping (blue). Dashed line indicates the operating wavelength.
(b) Phasor diagram of the complex reflection coefficient, r, at intrinsic and strong n-doping. Vectors
indicate r at the operating wavelength and show the perfect n phase flip.

Next, we probe the fundamental limits of a n-phase modulator by performing a
TCMT analysis of a one-port two-resonator system (Fig. 4.A2 and Appendix A.4). We
estimate g < 20 meV as a reasonable physical bound based on the work in Chapter
3, which we plug into our model together with the stated radiative and nonradiative
rates. Using our inverse design framework, we find an upper bound on the reflection
amplitude that allows n-phase modulation of |r|,,, = 0.62, which highlights that
our modulator design (|r| = 0.58) operates close to this fundamental limit. The
TCMT model additionally allows us to quantify how changes in the metasurface’s
fundamental rates affect the achievable phase modulation depth (Fig. 4.A3). For
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instance, increasing the radiative coupling rate of the GMR could be achieved by rais-
ing the index contrast of the subwavelength grating through duty cycle adjustments
or by using a higher-index material. Reducing absorption losses may be achieved
by minimizing losses in the electrical contacts and in the back-reflector (e.g. using
a dielectric Bragg mirror). Moreover, the excitonic quantum yield could be further
optimized by improving the material quality of WS, or via strain engineering®*'.
Overall, we find that cutting the nonradiative losses provides the largest gain, with
the maximum modulation amplitude increasing to ||« = 0.81. Thus, eliminating
parasitic absorption channels in the metasurface is the most fruitful avenue to further
enhance the n-phase modulation depth.

Altogether, these results demonstrate a general strategy for achieving n-phase
modulation by sweeping through critical coupling using a single control parameter'>*.
Intriguingly, this concept can be extended to gain independent control over ampli-
tude and phase—and thus achieve complete complex amplitude modulation—by
introducing a second control parameter.

4.3 COMPLEX AMPLITUDE MODULATION

The two-control-parameter approach has previously been demonstrated as an effec-
tive route to full complex-reflection control in the infrared spectral domain'>*242333,
Here, we leverage the remarkable tunability of excitons in our hybrid-2D metasurface
platform to extend this mechanism into the visible regime. To achieve this, we
add a second monolayer at a different position in the heterostructure stack (Fig.
4.7a), which is independently addressable by applying a voltage (V) from the Ag
back-reflector, while the original monolayer remains electrically connected to the
graphene gate (V). Both monolayers are electrically insulated from each other by an
extra multi-layer hBN slab. To enhance the modulation depth with this architecture,
we choose to relax the maximum voltage constraint to V,,,, = 10 V. Again, we optimize
the metasurface geometry using our inverse design framework, updating the figure-
of-merit to maximize the amplitude |r| at which complex amplitude modulation is
achievable over the full 0-27 phase range.

In the optimized design, both monolayers are separated by 102 nm of hBN and
therefore experience different field overlaps with the GMR (Fig. 4.7b). The excitons in
the top and bottom monolayers therefore couple to the GMR with unequal strengths,
breaking the symmetry between both resonances (Fig. 4.A6 and Appendix A.4).
Consequently, the complex r(n,, n,,) is uniquely affected by gate-modulation of the
top and bottom carrier densities (n, and n,, respectively), with the extrema of n, (0
to 25 x 10'> cm™) and n,, (0 to 6.8 x 10'? cm™2) roughly defining the perimeter of the
tunable range (Fig. 4.8a).
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Figure 4.7: Double-gated metasurface design. (a) Cross-sectional view of the 21t phase modulator (not to
scale). The WS, monolayers are independently addressable via the top (V1) and bottom (V3) gate voltages.
The grating period and other geometrical parameters are indicated. (b) Electric field intensity (|E, ) in
absence of excitons, for a TE-polarized normal-incident wave at A = 594 nm. The positions of 1L WS, (light
green, solid) and graphene (dark green, dashed) are indicated.

To access the full 0-27 phase modulation range, the metasurface is designed
to center r around the origin of the complex plane and thus operate in the vicinity
of critical coupling (Fig. 4.8c,d; reflectance spectra shown in Fig. 4.A7). Whereas
with a single control parameter it is only possible to trace a straight trajectory
through the phase singularity, the two-control-parameter approach enables phase-
only modulation by tracing a constant-reflectance path around a phase singularity
(Fig. 4.8b). By judiciously selecting combinations of (n,, n;), we trace the largest
constant-amplitude contour that sweeps the full 0-27 phase range at |r| = 0.13.
We note that the maximum amplitude tunability extends beyond this cut-off with
a limited phase range, which can be advantageous for applications including beam
steering®**. Notably, the same mechanism remains functional at room temperature,
albeit it with a reduced constant-amplitude of |r| = 0.06 owing to the larger excitonic
nonradiative decay rate (Fig. 4.A8).

Again, we use TCMT to assess whether the observed reflection amplitude ap-
proaches the theoretical maximum (details in Appendix A.4). First, we fit the re-
flectance without excitons to obtain the GMR loss rates, yg, = 55.0 meV and yg ,,, =
18.6 meV. Notably, the nonradiative rate is slightly higher than before due to the
addition of another WS, monolayer in the heterostructure cavity. Even without
excitons, the monolayers exhibit sub-bandgap absorption from impurities, edge
states and defects®'8, which increases the overall absorption losses. We consider a
one-port resonator with three coupled oscillators (GMR and two exciton resonances)
and optimize the exciton-photon coupling strengths, the metasurface’s resonance
wavelength, and the operating wavelength. The resulting TCMT system achieves full
complex amplitude modulation at |r| = 0.15, indicating that our inverse-designed
metasurface operates close to the fundamental limits of a reflection-phase modulator
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Figure 4.8: Full 2 complex amplitude modulation. (a) The reflection coefficients, r, which result from
all possible combinations of carrier densities in the top (n;) and bottom (n;,) monolayers (the extrema
are color-marked, units: 102 cm~2). The metasurface achieves complete complex amplitude modulation
up to |r| = 0.13 (orange circle), allowing for (b) continuous phase modulation from -7 to 7 at a constant
reflection amplitude. (c) Reflectance map and (d) reflection-phase map as function of top and bottom
carrier densities. The carrier density combinations corresponding to |r| = 0.13 are indicated, where
combination #1 is indicated with an arrow.

with the stated internal and external loss rates (Fig. 4.A4a). Naturally, the modulation
depth is affected by modifying the fundamental rates that govern the metasurface’s
optical response. We again observe the strongest enhancement when absorption
losses in the metasurface are eliminated (yg,, = 0 meV), increasing the full-2n
amplitude to |7| = 0.22 (Fig. 4.A4b). Beyond this, optimizing the radiative coupling
rate, improving the excitonic quantum yield, or extending the modulation range of
excitons in the bottom monolayer each yield only modest additional gains.

4.4 PROGRAMMABLE BEAM STEERING

To demonstrate the utility of complex amplitude modulation using our hybrid-2D
metasurface platform, we design a three-level programmable beam steering device.
Building on the double-gated design outlined above, we create a supercell with period
A = 1.08 um consisting of three geometrically identical unit cells (Fig. 4.9a). The
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WS, monolayers are severed by carving 11-nm-wide slits along the y-axis to define
individually addressable strips in the top and bottom monolayers (six gates in total).
This segmentation lets us program the complex reflection coefficient of each unit cell
(under TM illumination) and enables sculpting of the reflected wavefront across the
supercell.

As a baseline, we design an intuitive forward-designed beam steering meta-
surface: a three-level electrically-blazed grating with a flat amplitude profile and
a constant phase gradient, i.e., a phased array (Fig. 4.A5a). Picking three carrier
density combinations from Fig. 4.8 at the maximum amplitude of |r| = 0.13 with
relative phases spaced 27 /3 rad apart, we design the phase ramp to steer light into
the —1 order (at an angle of # = —33.3°). The resulting phased array reaches a relative
diffraction efficiency of 72.2% at A = 595 nm, with the absolute reflected power
capped at R = 0.3%.

Next, we show how the diffraction efficiency can be increased by relaxing the
constant-amplitude constraint and instead freely engineering both the phase and
amplitude in each unit cell. This way, complex reflection coefficients with much
larger amplitudes can be reached at the cost of a smaller overall phase ramp. It has
been shown that these less intuitive configurations can be leveraged to enhance the
performance, and that inverse design techniques are especially powerful to arrive at
such unintuitive solutions.?**3*%, To this end, we utilize our optimization framework
again (details in Appendix A.3) jointly optimizing the element width and the carrier
densities in the top and bottom monolayers to generate a three-level (i.e. three unit
cells) complex-amplitude pattern that steers light into the —1 order (Fig. 4.9a). Here,
we kept all layer thicknesses from the preceding design but varied the grating-element
width to enlarge the tuning range of the reflection amplitude (Fig. 4.9b). The grating’s
blazingis achieved by electrically configuring each unit cell to a unique carrier density
combination (12,,7,; units of 10'> cm™?), and we determine the optimal configuration
to steer light into the -1 order as: 1(0, 6.8), I1 (3.7, 1.3), I11(25,6.8). This yields a marked
improvement over the forward-designed structure, with the total reflected power at
the operating wavelength (1 = 595 nm) rising to R = 3.4% (Fig. 4.9c), with 88.5%
diffracted into the —1 order (Fig. 4.9d). Simply reprogramming the carrier densities
to the mirror configuration, ITI-II-1, steers light into the +1 order instead (right-hand
panel of Fig. 4.9d).

The same programmable architecture can be electrically reconfigured to enable
other functionalities, such as perfect absorption or ~ 25% reflection in the 0 order
specular reflection channel. Naturally, increasing the number of independently
tunable elements within the supercell would transform the system from a coarse
three-level array into a fully programmable spatial light modulator. This comes with
the practical limitation of our current design’s reliance on a nonlocal resonance,
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Figure 4.9: Beam steering with a three-level programmable metasurface. (a) Bottom: three-level
programmable metasurface with supercell period A = 1.08 pm, designed to steer a normal-incident
p-polarized beam into the -1 order. The phase (middle) and amplitude (top) of levels I, II, and III are
programmed independently by tuning 7, and ny, to the indicated values (units: 10'2 cm™2). (b) Phasor
diagram of the achievable complex amplitudes at each level, with the optimized values I (magenta), II
(green), and I1I (orange) indicated. (c) Total reflectance (gray, dashed) and the -1 (red), 0 (blue), and +1
(yellow) diffraction orders for supercell configuration I-II-I11. (d) The corresponding diffraction efficiency
revealing that 88.5% of reflected power is redirected into the -1 order (left), or into the +1 order when the
configuration is electrically switched III-1I-I instead (right).

which imposes a larger unit-cell footprint than highly localized resonances would.
Yet, a hybrid approach that leverages both local and nonlocal resonances within
the same structure may mitigate this constraint while enabling multifunctional or
multi-wavelength operation'°®*45. Overall, these results demonstrate the flexibility
of our hybrid-2D platform for electrically reconfigurable metasurfaces.

4.5 CONCLUSION AND DISCUSSION

In this chapter, we have established hybrid-2D metasurfaces as a versatile platform
for active wavefront shaping, enabled by the electrical tunability of excitons in van
der Waals heterostructures combined with the field enhancement of a nonlocal
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resonance. Inverse design is used throughout the chapter to maximize the perfor-
mance within the physical constraints. With a single gate-tunable monolayer WS,,
sweeping through critical coupling enables a 7 phase flip at constant amplitude. The
metasurface reaches an amplitude of |r| = 0.58 which closely tracks the upper bound
of |r| = 0.62 retrieved from TCMT. Incorporating a second, independently gated
monolayer WS, extends the phase coverage to 0-27 and decouples the amplitude
to realize full complex amplitude modulation, which the optimized design achieves
up to |r| = 0.13, agreeing well with the TCMT ceiling of |r| = 0.15. Finally, we
demonstrate a three-level programmable metasurface for beam steering. The device
redirects light with 88.5% efficiency into the +1 order at § = +33.3°, with the 0" order
entirely suppressed, underscoring the applicability of our hybrid-2D platform.

The modest amplitudes associated with full complex-amplitude control reflect
the need to operate near critical coupling to access the entire 0-27 phase range—a
trend seen across other metasurface modulators. In an experimental realization'®*, a
conductive oxide plasmonic metasurface was capped at |r| = 0.08, while graphene

plasmonic metamolecules reached |r| =~ 0.19 in simulation®*3

. Crucially, both ap-
proaches remained restricted to polarization-dependent operation in the infrared
spectral region. More recently, these limitations were overcome in simulation using
an excitonic 2D materials heterostructure that enabled polarization-independent

242 However, this work

complex-amplitude control just beyond the visible regime
relied on an assumed unity excitonic quantum yield—a condition rarely observed
under standard laboratory conditions. Against this backdrop, achieving visible-
wavelength, polarization-insensitive complex amplitude modulation with realistic

material parameters is a meaningful advance for metasurface modulators.

As shown throughout this chapter, the efficiency of our modulator is ultimately
constrained by the radiative and nonradiative channels within the metasurface.
Improving the demonstrated design therefore hinges on reducing absorption or en-
hancing radiative coupling. The former may be achieved by minimizing Ohmic losses
in the gate electrodes and suppressing sub-bandgap absorption in the excitonic
materials by eliminating impurities and defects. The latter could be accomplished
by replacing hBN in the grating layer with a higher-index, low-loss dielectric such as
TiO, or Si.

In conclusion, the results presented in this chapter complement those of the
previous chapter. We have demonstrated that meticulously designed hybrid-2D
metasurfaces can be leveraged not only for active amplitude modulation, but also for
independent phase control. Thus, our results establish excitonic 2D semiconductors
as a promising platform for dynamic manipulation of free-space optical waves with
exciting opportunities in up-and-coming optoelectronic applications.
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Figure 4.A1: Electrical tuning of exciton decay rate. (a) Gate-induced carrier density n, in monolayer
WS, calculated with a parallel-plate capacitor model modified to include the quantum capacitance, using
hBN as a gate dielectric. Two representative hBN breakdown field limits are indicated:**®3¢ Ez, = 12 and
20 MV/cm for thicknesses d = 10-100 and 2-4 nm, respectively (green and cyan dashed lines). (b) Total
A-exciton decay rate y, o as function of n,, (fit: Y, (¢ = 6.5+ 2.9, + 1.2n2 (meV) with n, in units of 10'?
cm™2). The solid red curve is a fit to experimental data from Section 3.5 up to n, = 7.3 x 10'2 cm™2, the
dashed maroon curve is an extrapolation beyond this range.
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Figure 4.A2: Coupled mode theory analysis of a 7-phase modulator. (a) Complex reflection coefficients
of the optimized metasurface at operating wavelength A = 592.5 nm for different values of the total
exciton decay rate Y4 i (indicated by color), calculated using TCMT. The metasurface achieves 7-phase
modulation at |7|,.x = 0.62 at the optimized values of the resonance wavelength A, radiative linewidth
YG,r» nonradiative linewidth yg y,, and exciton-photon coupling strength g listed in the lower left corner.
(b) Reflectance spectra at intrinsic (blue) and strong n-type doping (red) indicated by their respective
exciton decay rates of y, (o = 6.5 and 565.7 meV showing that the system transitions from strong to weak
coupling. The dashed line indicates the operating wavelength.
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Figure 4.A3: Analysis of the limits to 7-phase modulation. TCMT calculations of the complex reflection
coefficients for different total exciton decay rates y, \ (colored dots), with the optimized free parameters
listed in the lower left corner of each diagram. The explored limiting cases are (a) optimized GMR radiative
rate yg,, = 149.2 meV (|| nax = 0.72), (b) no nonradiative GMR losses ¥ nr = 0.0 meV (| 7|yax = 0.81), and
(c) no nonradiative excitonic losses, Ya ny,min = 0.0 meV (|7|,.x = 0.66).
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Figure 4.A4: Analysis of the limits to 27-phase modulation. The complex reflection coefficients at A =
602 nm for all allowed values of the exciton decay rates in the top (Y4 op) and bottom (y, o) monolayers
(gray dots), calculated with TCMT for two cases. The optimized coupling strengths g, and gy, for each
case are listed in the lower right corner of each diagram. (a) The metasurface with the same exciton and
GMR decay rates as the full-wave simulations, and (b) the same system with no nonradiative GMR losses
(YG,nr = 0 meV). Reducing these losses is identified as the most promising avenue to boost |7 |-
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Figure 4.A5: Forward-designed beam steering metasurface. (a) Three-level programmable metasurface
with supercell period A = 1.08 um, designed for redirecting normal-incident p-polarized light at A = 595
nm into the —1 order, with a constant phase gradient (top) and uniform amplitude of |r| = 0.13 (not
shown) achieved by tuning n, and n,, to the indicated values (units: 10’2 cm™~2). (b) Total reflected power
(gray, dashed) and reflected power into the —1 (red), 0 (blue), and +1 (yellow) diffraction orders. (c) The
corresponding diffraction efficiency reveals 72.2% of reflected power is redirected into the —1 order at
A =595 nm.
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Figure 4.A6: Asymmetric reflection tunability through unequal coupling strengths. TCMT simulations
of the reflection coefficients r of a complex amplitude modulator calculated for three different scenarios
to elucidate the role played by the relative magnitudes of the coupling strengths g; and g, in shaping the
available complex amplitudes. (a) When g; = g,, the contribution of each exciton resonance is identical
and their impact on r is fully symmetric. (b) Reducing the coupling strength of one exciton to g; = 18.0
meV, (c) down to g, = 16.0 meV, shows that the difference in coupling strengths leads to the appearance
of two distinct lobes in the complex plane (corresponding to the tunable range provided by each exciton).
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Figure 4.A7: Reflectance evolution of the complex amplitude modulator. (a) Phasor diagram of the
reflection coefficients r at A = 594 nm for all allowed combinations (n;, ny) (gray dots). The red circle
with |r| = 0.13 indicates the maximum constant-amplitude contour along which the phase spans the full
0-2m range. Twelve evenly spaced points on this circle (colored dots) represent selected r values shown in
(b) the corresponding reflectance spectra to highlight the evolution thereof, labeled with their respective
(n, ny,) values. The operating wavelength is indicated (dashed, gray).
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Figure 4.A8: Complex amplitude modulation at room temperature. Phasor diagram of the reflection
coefficients r at A = 614 nm for all allowed combinations of carrier densities in the top and bottom
monolayers (gray dots), simulated at room temperature (T = 293 K). The optimized design achieves full
0-21 complex amplitude modulation at |r| = 0.06 (red circle) with the parameters indicated in the box.



FINITE-SIZE EFFECTS

5.1 INTRODUCTION

N THE PRECEDING CHAPTERS, we have demonstrated hybrid-2D metasurfaces that
I achieve electrical control over light by leveraging the combined merits of tunable
excitons and nonlocal resonances supported by the structure. As discussed in the in-
troduction (Chapter 1), nonlocal metasurfaces harnessing high-Q modes, including

guided-mode resonances®!3*7-349

and quasi-bound states in the continuum?>°-352
have emerged as a promising alternative to local metasurfaces,**® owing to their
potential for realizing tremendous spectral resolution and strong near-field enhance-
ments.3'1323:353 Recently, it was even shown that nonlocalities can be engineered
with locally varying features to ameliorate the loss in spatial resolution compared to
localized plasmonic or Mie-type resonances.'°*3%%3%% Together, these properties are

broadly applicable in biomolecular sensing,'?*-'2%

coherent light sources,?*¢-3%2 free-
space modulators,''*!!5337 mixed-reality eyewear,'°"'?! nonlinear optics,''5~*'2 opti-
cal image processing,?®*>° thermal metasurfaces,''®'?° and wavefront shaping.'''~*3,
It is therefore compelling to embrace nonlocality in the move toward ultracompact

meta-devices.

In the pursuit of miniaturization, however, the finite lateral extent of a metasur-
face may introduce unwanted effects. Whereas in local metasurfaces such finite-size
effects could largely be ignored, with only select works investigating them,?7-88:360,361
the inherent delocalization of high-Q resonances means finite-size effects can no
longer be neglected.''”3¢2:35% Indeed, not long after the introduction of guided-mode
resonant gratings,®>3°, it was realized that finite sizes can degrade their perfor-
mance.***-*7° Despite the importance of finite-size effects, nonlocal metasurfaces are
typically simulated as infinitely periodic due to the computational cost of modeling
finite arrays in full-wave solvers, and the inability to account for lattice truncation
in temporal coupled-mode theory.?*?371-37% Ag a result, the resonant response of
fabricated devices is often influenced by the unpredictable corollaries of finite size,
such as those encountered in Chapter 3, prompting efforts to develop mitigation

77



78 5. FINITE-SIZE EFFECTS

strategies®¢*374-37¢ and theoretical models.*””*"® Yet, so far, a broadly applicable
predictive modeling framework has remained elusive.

Here, we develop a model that intuitively and quantitatively captures how a finite
lateral footprint reshapes the scattering response of guided-mode resonant metasur-
faces. We use spatiotemporal coupled-mode theory (STCMT), a recent extension
of temporal coupled-mode theory that captures spatial inhomogeneity.*”*=*%! Our
model explicitly accounts for excitation of a traveling wave that can re-radiate within
a finite aperture due to the limited metasurface width. We show that when the
physical interaction length becomes comparable to the modal propagation length,
finite-size effects fundamentally modify the optical response, giving rise to excitation
position-dependent interference fringes and linewidth broadening. Crucially, we
derive an expression for the Q-factor that incorporates an additional dissipation
channel due to edge losses, demonstrating that the stored energy and effective
lifetime scale exponentially with the interaction length L, defined as the distance over
which the nonlocal mode travels after excitation at x, before reaching the termination
(Fig. 5.1a). We validate the model experimentally by performing position- and
momentum-resolved reflectance spectroscopy on the 30-pm-wide hybrid-2D meta-
surface fabricated in Chapter 3. The measurements show remarkable agreement with
the theory, directly confirming the predicted size effects and enabling quantitative
separation of the intrinsic, radiative, and edge-induced loss rates. Finally, we provide
concrete design guidelines for achieving the theoretical response and maximizing the
light-matter interaction in finite-size guided-mode resonators, establishing STCMT
as an invaluable tool for designing and interpreting footprint-limited hybrid-2D
metasurfaces.

5.2 SEMI-INFINITE METASURFACE

In the following, we study the effects of finite size on the optical response of a reflective
guided-mode resonator. Here, the structure consists of a truncated waveguide of
width W patterned with a subwavelength grating of period A and backed by a reflector
(Fig. 5.1a). The scattering problem is described in terms of a single modal parameter
a(x,t) that is excited from free-space by a spatially localized input field s, (x").
Compared to an infinite metasurface, lattice truncation can fundamentally alter the
scattered field s_(x) near the resonant frequency w, or, equivalently, the in-plane
wavevector k, ., introducing fringes and broadening the resonance (Fig. 5.1b,c).

To determine the origin of the finite size effects observed in Fig. 5.1c, we first
start with an infinitely periodic system. We consider a quasi-guided mode that is
characterized by a dispersion that is linearized around a point (w,, f,) as

Q(B) = wy—il'+ vg (B - Bo) (5.1)
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Figure 5.1: A nonlocal metasurface with finite-size effects. (a) An incident field s, (x', ) centered at
X, excites a right-propagating quasi-guided mode with amplitude a(x, ¢). The mode has an interaction
length L, over which it decays through intrinsic loss (T'j,;) and re-radiation (I';). Power reaching the right
edge, x = W, is irreversibly lost, giving rise to an additional edge loss channel I'q4q. The scattered field is
denoted s_(x,w). (b) Modeled reflectance for an infinite, and (c) a finite metasurface array, respectively,
showing the impact of finite size on the scattering response near the resonant frequency w, or in-plane
wavevector ky yes.

where f is the phase constant, v, is the group velocity, and I' = T, + I'ey is the
rate at which the mode decays due to internal (nonradiative) and external (radiative)
mechanisms, respectively (see also Appendix A.5.1). To achieve such dispersion,
we design a dielectric hexagonal boron nitride (hBN) waveguide on a gold (Au)
back-reflector that supports the fundamental TE, mode (Fig. 5.2a). The waveguide is
capped with a low-index dielectric polymer, specifically chemically semi-amplified
resist (CSAR), in which a subwavelength grating is patterned with period A = 368 nm
and duty cycle of 36%. In this system, the duty cycle governs the radiative coupling
(Text), while nonradiative losses (T'y,,) are incurred evanescently in the Au layer. We
optimize the geometry to achieve mirror-like background reflection over the relevant
bandwidth.

The periodic perturbation in the CSAR layer breaks the in-plane translational
symmetry and folds the dispersion of the guided mode into the light cone (Fig. 5.2b).
The subwavelength periodicity restricts scattering to the 0™-order direct reflection
channel, with the diffracted orders constituting both left- and right-propagating
evanescent waves owing to the grating’s symmetric design. From full-wave simula-
tions (Fig. 5.2¢), we find that the coupling between these modes is negligible except in

1

thevicinity of k, = 0 um™", and consequently we can treat them as independent linear

modes over most of the relevant k, range. This is not a general result, and a parabolic
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Figure 5.2: Semi-infinite guided-mode resonator. (a) Full-wave simulation of the electric-field profile
Re(E,) of the quasi-guided mode in a semi-infinite resonator comprised of a CSAR subwavelength grating
on a hBN waveguide with an Au back-reflector. (b) Calculated TE, guided-mode dispersion, where the
grating is modeled as an effective medium. The grating folds the dispersion into the first Brillouin zone
(=7 /A to +7m[A), shown by vertical dashed lines, with the portion that lies within the light cone indicated by
the gray shaded region. (c) Simulated momentum-resolved reflectance (|r|?) showing the corresponding
dispersion.

dispersion arises at the band edge when the coupling between forward and backward
propagating modes is non-negligible®”®. We attribute the minimal mode coupling to
their predominant confinement in the continuous waveguide layer (Fig. 5.2a) and to
the relatively weak scattering efficiency of the low-contrast grating.

To parametrize the dispersion within STCMT, i.e. Eq. (A.50), we obtain the guided
mode dispersion numerically using a slab waveguide mode solver by modeling
the grating as an effective medium.3#%#2 This directly yields most of the physical
parameters entering Eq. (5.1). However, since the eigenmode is computed for a
closed system, we must obtain the radiative rate I'.,; by other means. In this case,
we use the full-wave simulations of the driven semi-infinite metasurface response
(Fig. 5.2c) and fit it with the well-known TCMT expression for a system with a single
mode and one external port.*”* From this analysis, we find that a constant value of
T = 7.4 x 10" s7! is sufficient to accurately reproduce the full-wave response over
the bandwidth considered here (Fig. 5.A2), where the observed deviation at higher
frequencies is due to increasing optical losses in the gold layer, which we do not
explicitly account for in our model.

The decay rate sets the resonance lifetime and is closely related to the quality
factor, which is formally defined as the ratio of stored energy U in the resonator to
the rate of energy dissipation Py,

—, (5.2)
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as well as the modal propagation length,
L == (5.3)

which governs the characteristic length scale over which nonlocality must be con-
sidered (i.e. the nonlocality length [380]). When an impinging wave launches a
right-propagating mode at x’ = x,, the resulting excitation interacts with the structure
over a finite length L = W — x,. In the semi-infinite limit, L/ Lp — oo, the array
size negligibly perturbs the resonant response (Fig. 5.1b). Conversely, in the short-
grating limit, L < L,,, finite-size effects critically impair the theoretical performance
(Fig. 5.1c). Atw/c =9 pm™, we find L, = 11.9 pm and Q = 132, which reduces to
L,=64pmand Q=96 atw/c =115 um™! due to increased optical losses in the Au

layer at higher frequencies®'?.

The infinitely periodic limit discussed so far is typically the starting point of
metasurface design, but it is clear that if the lateral dimensions of the metasurface
are close to the propagation length L,,, we may expect significant finite-size effects. In
the following, we will discuss how to take those finite-size effects into consideration
using STCMT.

5.3 FINITE-SIZE EFFECTS

Generally, the spatiotemporal equation of motion for a system with one input port

and a locally linear dispersion is written as*#°

da(x,t) da(x,t) . .
Y + Uy I +l(w0—lF—vgﬁo)a(x,t) (5.4

= fK(x,x’)s+(x’, t)dx’'.

This equation describes the propagation of a single modal amplitude a(x,t) that
is excited from free-space by an incident wave s, (x', t) with coupling coefficient x.
The parameter a(x,t) is normalized such that its absolute value squared gives the
instantaneous stored energy in the nonlocal mode per unit area, while |s, |? captures
the input power density. As the mode propagates along the structure, it radiates to
free space (described by d) to build up the scattered field s_(x, t) (also normalized
such that |s_|? is the outgoing power density) in interference with the non-resonant

background, described by Cs_ (x', t) (additional details in Appendix A.5):

s_(x)= f(C(x,x’)s+(x’) +d(x,x")a(x"))dx'. (5.5)

Although the mode has a nonlocal spatial distribution, we assume scattering is
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purely localized®®°. As a result, the scattering coefficients become proportional to
6(x - x") (Appendix A.5.4). In the steady state, Egs. (5.4) and (5.5) then reduce to

Vg (% - l,B) a(x) =x(x)s,(x), (5.6)

s_(x)==-s.(x)+d(x)a(x), (5.7)

where we introduced the complex propagation constant =  + ia with attenuation
rate @ = I'/ v, in the standard waveguide form. In addition, we assumed a perfectly
reflective off-resonant response over the bandwidth of interest, i.e. C = —1.

To apply STCMT to a metasurface of width of W, we simply take the coupling
coefficients to be non-zero only over the interval x € [0, W],

K(x) = d(x)* = /2T, €9 0(x)O(W - x), (5.8)

where /2T, is the familiar radiative coupling term from temporal coupled-mode

371 and the phase factor (e?9~, with g = 27/A) encodes in-plane momentum

theory
matching between the guided mode and free-space radiation. Crucially, the Heavi-
side functions (®) restrict coupling to the finite interval x € [0, W]. Note that while
we have the standard TCMT identity |k|?> = |d|? = 2T, we also have the unusual
relationship x = d*, which is a consequence of the in- and out-coupling coefficients

carrying opposite grating momentum.

To capture the essential physics of interest here, we find that it is sufficient to
model only a single, right-propagating mode,

a(x) = s, (x)dx'. (5.9)

vV 2T eyt fx eiB(x—x’)eiqx’
v, Jo

While this simplification strictly speaking violates reciprocity (due to the absence of

a backward propagating mode), we find this approach justified in the regime where

the interaction between the forward and backward modes is negligible. We note that,

in principle, the theory can readily account for coupled, counter-propagating modes

at the cost of increased complexity.®”®

The preceding equations provide us with a method to solve the reflected field
from a finite nonlocal metasurface. In general, the easiest way to solve for the
reflection involves numerically integrating Eq. (5.9) to find the mode amplitude, and
then inserting this into Eq. 5.5. In certain cases, however, these equations can readily
be solved analytically: for example, when the resonance linewidth is much narrower
than the NA of excitation (o < k, 1,,c), we can approximate the diffraction-limited
input field as a point source (i.e. a §-function; the validity of this approximation is
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confirmed below. This collapses the reflection coefficient to a compact closed form,

2l ey

k)= 14—t
rky) " vg (@ +1iA)

(1- e (@+ibily, (5.10)
or similarly in terms of w (full derivation in Appendix A.5.5). Here, the first factor
recovers the familiar Lorentzian dependence on detuning A, = k, — k, .., while the
exponential term encodes the effects of finite size via the interaction length L. The
prevalence of these effects is governed by the relative magnitudes of L and L,,. In the
short-grating limit, L < L,, the finite aperture produces oscillatory spectral features
and apparent resonance broadening, whereas in the long-grating limit, L > L,,

the finite-size term vanishes and Eq. (5.10) reduces to the standard one-port TCMT
371

expression.
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Figure 5.3: Scattering response of a finite-size guided-mode resonator. (a) STCMT simulations of the
real-space input field | s (x")|? (salmon) and the corresponding scattered field | s_(x)|? (purple), calculated
for a P, = 1 W excitation at xo = 22 pm (L = 8 pm) and NA = k, ;. /ko = 0.4. The inset shows the
abrupt truncation of the mode amplitude a(x) at x = W. (b) The corresponding transverse-momentum
representation of the input field |S, (k,)|2. The resulting scattered field |S_(k, )| shows broadening and
fringes arising from edge truncation when compared to the semi-infinite response |S®|? (blue, dashed).

In the following, we apply the model to a finite metasurface with width W =
30 pm illuminated by a coherent, diffraction-limited input field arising from the
Fourier transform of a one-dimensional entrance pupil with numerical aperture NA =
k. max/ ko = 0.4. The excitation launches a right-propagating quasi-guided mode
that decays through absorption and radiation. As the mode reaches the termination
of the metasurface at x = W, we assume that any remaining power is irreversibly
lost. The finite width W thus restricts the mode’s interaction length, or scattering
aperture, to L = W — x,,. Figure 5.3a shows the input and output fields at frequency
ko = w/c = 9.7 um™! and centered at x, = 22 um, corresponding to an interaction
length L = 8 pum. We observe strongly localized excitation with characteristic sinc
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fringes (in salmon), and a reflected field that is only slightly reduced in amplitude
(in purple), since most of the incident power is distributed among non-resonant
k-vectors. However, when looking at the mode amplitude, we clearly observe an
excitation that is launched at x,, right-propagates and exponentially decays (Fig. 5.3a,
inset). At this frequency, the propagation length is L,, = 10.6 um such that the mode

—L/L

amplitude only reduces to e “/*» = 0.47 before reaching the termination at x = W,

and finite-size effects cannot be ignored.

150 T
o [ |
F k/k, =-0.13 L,
O 1 1 1 1 % 1 I 1 1 1
0 15 30
11 T 1.2
L I
= |
£ 10 4+ I
3 « =
e f [ o
3 g1 :
t 1 0.0
0 15 30
Xo (UM)

Figure 5.4: Position-dependent spectral response. STCMT-simulated evolution of the Q-factor (top) and
reflectance (bottom) as a function of x,, for fixed k, / ky = —0.13, with the propagation length L, indicated
with respect to the edge of the resonator (vertical, dashed). The Q-factor tends to the semi-infinite limit
(horizontal, dashed) as L increases.

While, in real space, the effects of lattice truncation appear to be mild, the same
cannot be said about Fourier space (Fig. 5.3b). The angular scattering response still
exhibits a resonant dip at k, / k, = —0.13 (in purple), consistent with the semi-infinite
structure (in dashed blue), but the overall response deviates strongly from a simple
Lorentzian lineshape. Instead, the resonant feature is modulated by a sinc-like
envelope set by the finite scattering aperture, with pronounced fringes arising from
coherent interference between radiation emitted from different positions along the
grating. We note that the scattered field |S_(k,)|* can locally exceed unity due to a
redistribution of power within the angular spectrum and does not imply optical gain;
the total scattered power is limited by the incident power minus the power dissipated
through absorption and edge losses.

Moving the point of excitation along the sample changes L and systematically
reshapes the spectral (Fig. 5.4) and angular response (Fig. 5.5a-e). As the beam
approaches the right edge (x, — W), the interference pattern becomes more pro-
nounced and the fringe spacing increases as Akginge = 277/ L, in direct analogy with
Fraunhofer diffraction from a rectangular aperture. Conversely, moving x, farther
away from the right edge reduces the fringe spacing. Ultimately, at L =29 um (L/L,, =
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2.7) the response appears indistinguishable from the infinite array. In this case, the

-L/L

mode decays to e “/*r = 0.06 before reaching x = W—providing an indication of the

relative sizes required to obtain unperturbed performance.
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Figure 5.5: Position-dependent angular response. (a-e) STCMT-simulated reflectance dispersion at
various positions x, showing position-dependent variation in interference fringes and linewidths.

Before proceeding, we briefly assess the validity of the point-source approxi-
mation for this system, with @/k, = 0.01 and NA = 0.4. Figures 5.A3a,b show the
resonant scattered field in real space and momentum space, respectively, calculated
under §-excitation and sinc illumination. While the real-space scattered fields differ,
with the sinc beam producing oscillatory fringes, in momentum space the fields
overlap almost perfectly: the mean relative error (calculated over the full NA range)
remains well below 1%, confirming that the point-source approximation is valid
for this system. We further quantify the regime in which the approximation holds
by varying the NA and computing the mean relative error between the reflectance
|r(k,)|? under effectively infinite-NA excitation and finite-NA excitation (Fig. 5.A3c).
From this analysis, we find that the error remains below 1% when the NA exceeds the
normalized resonance linewidth by roughly a factor of 16, i.e. when NA > 16 a/ k.

Having established the validity of the point-source approximation, we now use
the closed-form expression of Eq. 5.10 to derive an expression for the L-dependent Q-
factor. This is necessary because, in a finite metasurface, the apparent spectral width
of the resonant feature is not, in general, a direct measure of the stored energy and
power dissipation of the guided mode, and the Q-factor therefore cannot be directly
inferred from the spectrum. To capture the influence of edge losses, we introduce an
effective decay rate I (L) = I’ + [eqge(L) Where Tqq is the L-dependent edge loss
rate. We can then rewrite Eq. (5.2) as

_ Wy Wy —2L/L
N=—2  —9(1_ P 5.11

Q=55 oy (L—e7 ) (5.11)
which yields a lifetime-based Q that formalizes the dependence on the interaction
length and the propagation length, vanishing as L — 0 while approaching the semi-
infinite limit (Q — 130 at ky = 9.7 um™") as L > L, (Fig. 5.4). Together, these findings
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underscore the detrimental impact that finite size can have, even at a moderate Q-
factor.

5.4 EXPERIMENTAL VALIDATION
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Figure 5.6: Fabricated metasurface. (a) Optical image of the resonator. Inset: atomic force micrograph
of the subwavelength grating. The green star marks the excitation position (x, = 9 um). (b) Horizontal
linecut through the center of the reflected beam imaged in real-space. Inset: the same image recorded
with a longer exposure to reveal the low-intensity features, scaled to match the intensity in the main panel.

To test the model experimentally, we use a region of the hybrid-2D metasurface
fabricated in Chapter 3 that does not contain monolayer WS,. This section of the
device consists of 143 nm-thick mechanically exfoliated hBN on top of a 30 pum-wide
Au back-reflector, which is capped with a subwavelength grating patterned in a 222-
nm-thick layer of CSAR resist with A = 368 nm. Using atomic force microscopy, we
established that the grating is patterned with excellent uniformity and matches the
design parameters (Fig. 5.6a).
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Figure 5.7: Position-dependent angular response. (a—e) Measured momentum-resolved reflectance at
different incident positions x,, confirming the predicted interference fringes and linewidth variation.

We mount the sample in our diffraction-limited optical microscope setup and
illuminate it with a focused monochromatic laser beam (20x objective, NA = 0.4) at
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1 centered at coordinate Xo = 9 pm. In contrast to the STCMT model,

ky = 9.7 um~
the symmetry of the grating leads to the excitation of two counter-propagating guided
waves from the illumination spot. Figure 5.6b shows a horizontal linecut through
the real-space reflected intensity profile imaged on the camera. When recorded
with a longer exposure time, a delocalized radiation pattern and exponential decay
away from x, become apparent, characteristic of a leaky guided resonance (inset of

Fig. 5.6b).
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Figure 5.8: Comparison between model and experiment. (a) Measured reflectance versus excitation
position x4 and transverse momentum k,, at ko = 9.7 um™'. (b-d) Representative momentum-resolved
reflectance linecuts (green) at selected x,, overlaid with the global STCMT fit (purple). The fitted lengths L
are indicated. (e) Quality factor Q(L) inferred from the global STCMT fit, with the extracted propagation
length L, indicated (dashed line). Points represent fits performed independently at each linecut; the
shaded band indicates the corresponding model discrepancy (one standard deviation) relative to these
pointwise fits.

By inserting a Bertrand lens, we image the back-focal (Fourier) plane of the
microscope objective to obtain the scattered field in momentum space (Fig. 5.A1).
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Two resonant features are observed as dips in the reflectance at k,/k, = +0.13.
Because the excitation is off-center, the left- and right-propagating guided waves
experience different interaction lengths. From the phase-matching condition of the
forward mode, k, + g = B, we obtain k,/k, = —0.13 and we therefore identify the
feature at negative k, as right-propagating. This assessment is directly corroborated
by the back-focal plane image, where this branch exhibits a narrower resonance than
the branch at k, /k, = +0.13, owing to its longer interaction length L.

To study the position dependence of the resonant lineshapes in more detail,
we scan the laser spot over the metasurface from x = 0 ym to x = W = 30 pm
in 1 pm steps. At each position, we sweep the laser frequency and record the
momentum-resolved reflectance. Figures 5.7a—e show the measured dispersion at
five representative incident positions. When the metasurface is illuminated near its
center (Fig. 5.7c), the response is symmetric and both counter-propagating modes
exhibit a narrow resonance while already showing an interference pattern indicating
that the finite sample size affects the response. As the spot is moved toward the left
(Fig. 5.7b), this symmetry is broken: the right-propagating branch narrows (due to
a longer L) while the left-propagating branch broadens, eventually becoming barely
discernible near the edge (Fig. 5.7a). This trend reverses when moving to the right
edge (Fig. 5.7d,e), consistent with the swapped interaction lengths experienced by
the two guided waves. To further illustrate this modal evolution, we plot the position-
dependent angular reflectance at a fixed k, = 9.7 um™' (Fig. 5.8a), emphasizing how
both the resonance lineshape and the interference fringes vary with the excitation
position. Overall, these observations are in excellent agreement with the STCMT
predictions (Fig. 5.5).

Motivated by this qualitative correspondence, we next extract the intrinsic decay
rates, I[';,; and T’y by fitting the measured reflectance. To reduce the parameter
space, we fix § and v, from the eigenmode dispersion (Fig. 5.2b) and capture
experimental deviations by a small Ak, offset. In addition, we introduce an ef-
fective width correction, AW, to account for a systematic reduction of L due to
edge apodization in the fabricated metasurface. Figures 5.8b—d show representative
linecuts at three excitation positions x,, with the STCMT fitted separately to the left-
and right-propagating branches (since the STCMT was developed for a single mode
only). The model accurately reproduces the reflectance data across the scanned
range for Ak, = 0.08 um™ and AW = —2.1 um, including many of the smaller
fringes around the resonant dips. From these fits, we obtain I'y, =~ 7.1 x 10'? 57!
and I, =~ 6.5 x 10'* s7', corresponding to a propagation length L, = 8.8 ym. Via
Eq. (5.11), we then retrieve the experimental Q(L) curve with Q — 107 as L > L,,
(Fig. 5.8e). Although the extracted radiative rate agrees closely with the modeled value

IS = 7.4 x 10" s71, the nonradiative rate exceeds the modeled ™ = 3.9 x 10'2 57!
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by almost a factor of two, which we attribute to additional dissipation due to surface
roughness, polymer residues and other forms of spatial inhomogeneity. As a result,
the experimental L, and Q are smaller than the modeled values. To nevertheless
assess the model discrepancy, we re-fit Q independently at each x, (data points in
Fig. 5.8e) and use this to define an uncertainty range on Q (shaded region). These
pointwise fits reproduce the same overall trend, further supporting the validity of our

model.
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Figure 5.9: Maximizing stored energy by matching illumination width to the grating. (a) Stored energy
(U) as a function of incident NA, calculated for varying grating widths W / L, (color) under sinc excitation
in the center (L = W /2) with constant total incident power P = 1 W. Inset: the optimal NA extracted at
each width (colored datapoints) is well approximated by NA,p, = 0.685 1o /W (light blue curve). (b) Stored
energy versus NA (brown curve) for the W = 30 pm grating discussed in the main text, with four highlighted
datapoints corresponding to (c) the normalized incident intensity profiles |s, (x)|? for the same four NA
values. The grating boundaries are indicated (dashed lines); incident field outside the grating (gray shaded
region) does not contribute to resonant energy build-up.

5.5 DESIGN PRINCIPLES

Although this work focused on a specific guided-mode resonant metasurface with
a moderate Q-factor to demonstrate the impact of finite size, we stress that our
observations apply more broadly. In principle, any propagating nonlocal mode that
can be described by a locally linear dispersion will feature a Q-factor approaching

the semi-infinite limit as 1 — e~2L/Lp.

Concretely, our design advice for reaching
the long-grating regime, in which finite-size effects can mostly be neglected, is to
fabricate a metasurface with a physical width of 5x the modal propagation length.
This ensures that a mode excited in the center of the structure (L/ L,= 2.5), decays
to about 8% of its original amplitude and the lifetime-based Q-factor reaches 99.3%
of the theoretical value. Of course, it may be interesting to operate in the limit of a

size-constrained grating. Remarkably, in this regime the quality factor is primarily
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governed by the mode’s transit time to the edge (Appendix A.5.6). This implies that,
for strongly footprint-constrained devices, high-Q requires increasing the interaction

time within the fixed footprint by engineering flat bands, i.e. slow light.362:384

Another aspect that we have not examined so far is the impact of the NA (spot
size) of the driving field, which relates to the experimental design rather than the
sample size. In general, for an infinite grating, it is favorable to minimize the angular
bandwidth such that all the incident power is concentrated at k, ,.;. This can be
particularly important for applications requiring the highest possible light-matter
interactions such as nonlinear optics.

In the following, we consider a finite-NA sinc-beam to explore how the stored
energy U in the resonator is maximized by matching the spot size to the grating width
(details in Appendix A.5.6). Keeping the total incident power fixed at an arbitrary
value of P;,. = 1 W, we vary the NA to control the diffraction-limited spot size. We
then evaluate w

U sfo la(x)|? dx, (5.12)

by plugging the solution of the mode amplitude, Eq. (5.9) for various normalized
widths W/L, (Fig. 5.9a), observing a pronounced maximum that is captured well by
the simple coherent aperture-overlap,

fw(x)s+(x) dx, (5.13)

Note that U does not vary monotonically with NA, but rather features a maximum at
some optimal NA value. For a sinc beam centered on the grating (L = W /2), we find
the optimum to be NAopt = 0.6851,/W. While the numerical prefactor depends on
the specific excitation conditions assumed here, the overall scaling NA,, o< Ao/ W
holds generally.

To explore the origin of this maximum, let us again consider the 30-pm-wide
metasurface discussed throughout this work (Fig. 5.9b). We choose four repre-
sentative numerical apertures to show that for a finite grating, as NA — 0 the
illumination profile s, (x) starts to extend well beyond the grating window [0, W],
and an increasing fraction of the incident power cannot excite the resonant mode
(Fig. 5.9c). On the other hand, if the NA increases, an increasing fraction of the
incident power is at wavenumbers outside of the resonant wavenumber, increasing
reflection and reducing power coupled into the resonance. As a result, U is maxi-
mized when the spot size is matched to the grating width, or vice versa, reflecting the
trade-off between matching the real-space footprint and matching the resonance in

momentum-space.

In sum, we have formalized the relations between the modal propagation length,
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physical metasurface footprint, excitation spot size, and critical performance metrics
of nonlocal metasurfaces, which is especially relevant amid the recent push toward
ultrahigh Q-factors. Our work provides practicable design guidelines that can be
leveraged to reach the theoretical linewidth and maximize the light-matter interac-
tion: i) to achieve a Q-factor close to that of the infinite array, the metasurface needs
to be over five propagation lengths long, and ii) to maximize the stored energy in the
resonator, the array size must be matched to the central lobe of the incident beam.

5.6 CONCLUSION AND DISCUSSION

In this chapter, we presented the effects of finite lateral extent on the optical proper-
ties of leaky-wave metasurfaces. In particular, we leveraged the STCMT framework to
derive approximate analytic expressions for the spectro-spatial scattering response
of a truncated guided-mode resonator. This reveals that, when the interaction
length is on the order of, or shorter than the guided wave’s propagation length, the
scattered field shows strong interference fringes that can exceed unity reflectance
due to a redistribution of spectral weight in momentum space, as well as a reduc-
tion of the effective lifetime and therefore the energy stored in the resonator. To
test the model’s predictions, we employed the guided-mode resonant metasurface
fabricated in Chapter 3 to measure position- and momentum-resolved reflectance
spectra. These measurements accurately reproduce the predicted finite-size effects
and thereby validate our model. In general, the framework presented here offers
a straightforward method to predict the impact of finite sizes on many relevant
physical parameters—including the stored energy and quality factor—given only
the theoretical dispersion of the guided wave. This further establishes STCMT as
a valuable technique to both qualitatively and quantitatively capture the scattering
response of real-world nonlocal meta-optical elements.

The broad applicability of STCMT leaves many promising directions for further
inquiry. For instance, future work could investigate the use of in-plane reflectors
to increase the effective interaction length by trapping light within a finite scatter-
ing aperture®*37®, Other directions include metasurfaces exhibiting a quadratic
dispersion arising from quasi-bound states in the continuum or strongly coupled
counter-propagating leaky waves, as well as two-port systems to model transmission-

based meta-optics?®:346:362,379

. Altogether, the framework presented here provides
fundamental insight into how finite size reshapes the resonant response of these
emerging photonic systems and establishes concrete design guidelines to mitigate

these effects.
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5.7 ADDITIONAL FIGURES
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Figure 5.A1: Back-focal plane reflection. Image of the Fourier plane (logarithmic intensity scale,
unnormalized) recorded at free-space wavevector ko = 9.7 pum~! and position xo = 9 um on the fabricated
metasurface.
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Figure 5.A2: Comparison of STCMT and RCWA simulations. (a) Loss rates used in STCMT: the
eigenmode-solver decay rate is taken as the internal (nonradiative) loss rate Iy, (purple, solid), while
the external (radiative) loss rate Iy, is treated as approximately constant over the relevant frequency
band and extracted by fitting to full-wave RCWA simulations (pink, dashed; Ty = 7.4 x 10'2571). (b)
Momentum-resolved reflectance |r(k,)|? from full-wave RCWA at selected frequencies (solid), overlaid
with the corresponding STCMT prediction (dashed) evaluated in the long-grating limit. Colors indicate
the frequencies w/ c as labeled.
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Figure 5.A3: Evaluating the point-source approximation. Comparison of the NA = 0.4 sinc excitation
(blue, solid) and the closed-form expressions of the infinite-NA §-function excitation (red, dashed). (a)
Resonant scattered field in real space, and (b) in momentum space evaluated at ko = 9.7 um™' and L =
10 um, where a/kq ~ 0.01 (c) The mean relative error between R(k,) calculated using the sinc and &-
function excitations, as function of NA, shows that the error diverges as NA — a// k.
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XCITONIC 2D SEMICONDUCTORS provide the key asset that conventional passive

metasurfaces lack: a strong, electrically tunable resonance. At this point, the
central obstacle to technological feasibility is no longer whether 2D excitons can be
harnessed to modulate light efficiently and rapidly, as demonstrated by femtojoule
switching energies and gigahertz-rate operation in simulations and cryogenic exper-
iments,'*>32% and now also by ~ 50 % reflection modulation at room temperature
(Chapter 3).3*” Rather, the primary obstacle lies in the reproducible manufacturing
of van der Waals materials and their heterostructures at useful scales. For TMDCs,
a realistic near-term path will likely rely on top-down manufacturing methods, in-

284

cluding improved high-throughput exfoliation,*** macroscopic gold-assisted exfolia-

385 and cleaner transfer protocols,*°° and

tion,?8%288 robotic heterostructure assembly,
may become commercially relevant in specialized, lower-throughput applications
(e.g., scientific and medical equipment), where performance per device matters more
than overall cost. Nevertheless, for large-scale integration and broad deployment, the
long-term goal remains bottom-up methods such as wafer-scale vapor-phase growth,
by virtue of their higher throughput and compatibility with existing semiconductor

processing pipelines.>#7288

For hybrid-2D metasurfaces, the scalability of hBN is another point of debate.
As an encapsulating layer, it crucially protects 2D semiconductors against contami-
nation, degradation, and disorder, thereby preserving pristine excitonic quality. At
the same time, hBN can be nanopatterned to realize high-Q resonances across the
visible spectrum and into the near-infrared,**® while also featuring a high breakdown
strength that makes it especially valuable in electrically tunable devices.?*%33¢ Never-
theless, the use of hBN in photonic metasurfaces and van der Waals heterostructures

remains closely tied to mechanically exfoliated flakes,32¢

whereas growth methods
for high-quality, optically uniform films with accurate thickness control, as well as
scalable heterostructure fabrication workflows, remain underdeveloped.?27,387,388

Electrical interfacing is a crucial factor that will likely determine whether active

95
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metasurfaces leveraging van der Waals materials remain a laboratory curiosity or
become a practical technology. This calls for thorough research into materials
and methods that can achieve low-resistance Ohmic contacts, overcome high sheet
resistances, and mitigate dielectric disorder.?”6:279:280:389,390 A second challenge is the
routing architecture across many active metasurface “pixels” that emerges when
devices are scaled from proof-of-concept demonstrations, such as our three-level
programmable beam steerer (Chapter 4), to large-scale, high-pixel-density electro-
optic technologies.''**!* The femtojoule and nanosecond electrical switching scales
already demonstrated with 2D semiconductors are encouraging proofs of feasibil-
ity,'*5328 but future work should continue pushing in this direction.

In parallel, the strong light-matter interactions enabled by nonlocal resonances
open up exciting opportunities. For instance, strongly coupled exciton—polaritons
can preserve partial coherence over tens of micrometers, even in systems where
dielectric disorder limits excitonic transport,>*#3°! and can be switched between the
strong and weak coupling regimes at ultrafast speeds.?> At the same time, harnessing
nonlocal resonances in ultracompact devices comes with practical challenges. Com-
pared to plasmonic or Mie-type nano-resonators, nonlocal modes exhibit inherently
lower spatial resolution. However, it has been pointed out that diffractive nonlo-
cal metasurfaces—in which nonlocal modes are combined with local resonances
or perturbations—can mitigate this resolution loss.**¢*5+35> Moreover, as we have
seen in Chapter 5, confining nonlocal modes in tiny structures leads to finite-size
broadening, which becomes especially punishing at high Q-factors. Fortunately,
several mitigation strategies have already emerged, including in-plane photonic mir-
rors,*”*37% topologically miniaturized modes,****** and slow-light dispersion,®¢*:33
and research in this direction will only accelerate as spatiotemporal coupled-mode
theory evolves into a mainstream predictive modeling tool.

Fundamental questions remain at the interface of electrical tuning and strong
light-matter interactions. While it is known that doping can modify the excitonic
oscillator strength through phase-space filling, screening, and other many-body

eﬁects,24l'265’266

itremains unclear how these changes translate to the exciton-photon
coupling strength in realistic devices. Intuitively, doping should attenuate the in-
teraction because the coupling strength scales with the exciton dipole moment (i.e.
the oscillator strength), yet this dependence has not been mapped systematically
across gate bias and temperature. Because the achievable modulation depth with an
excitonic metasurface can depend sensitively on the Rabi splitting, photonic design
should also account for the lifetime mismatch between the exciton and photonic res-
onance?®*®393 (Appendix A.1.4) as well as exciton decoherence (pure dephasing).'3'-262
In this sense, maximizing the Q-factor in isolation is rarely optimal. Instead, the

goal is to balance field enhancement, disorder tolerance, finite-size robustness, and
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electrical control simultaneously. This makes designing hybrid-2D devices a dynamic
co-optimization problem, for which computational methods such as inverse design

and machine learning are likely to play an enabling role.?**39

Altogether, ELECTRICALLY TUNABLE HYBRID-2D METASURFACES could find use in
optoelectronic technologies requiring active control over visible light. While many
emerging application areas have been identified—including analog optical comput-
ing, light detection and ranging, free-space optical communications, quantum pho-
tonics, and augmented-reality lenses—there is still a lack of a truly compelling “killer”
application that creates real market pull.>'* For technological integration, the largest
obstacle for excitonic 2D semiconductors has been low optical efficiency at room
temperature, driven by excessive nonradiative loss and limited light-matter interac-
tion, butitis now clear that these constraints can be mitigated through nanophotonic
designs. The primary challenges are now on the fronts of electrical engineering—to
reliably achieve high modulation speeds at low switching energies—and bottom-up,
industrially compatible manufacturing routines. Addressing them will require tight
integration of materials growth and transfer, nanofabrication, contact and device
engineering, and computational modeling approaches. If these pieces mature in
parallel, hybrid-2D metasurfaces are poised to move beyond lab-scale prototypes
toward scalable technologies.






APPENDIX

A.1 TEMPORAL COUPLED-MODE THEORY

Many optical systems can be described as a small set of interacting resonant degrees
of freedom that exchange energy among themselves and with free-space radiation.
A convenient and widely used approach to do this is temporal coupled-mode theory
(TCMT),*##371:372 jn which the internal dynamics of a resonant system are represented
by a vector of complex amplitudes,

a= . , (A 1)
an

in which each amplitude a; represents an oscillator such as an exciton or a photonic
mode.

The metasurfaces treated in this thesis typically exhibit only a single scattering
port that facilitates the interaction between the internal modes and the external radi-
ation continuum, i.e., the zeroth order reflection channel. The dynamical equations
for such a one-port system can be written as

a(t) =—-iHyza(r) + Ks;, (1), (A.2)

where Kis the coupling vector from the input wave into the internal resonances, s;, ()
denotes the complex amplitude of the incoming wave in the external port, and H is
an effective non-Hermitian Hamiltonian,

H;= Q- iT. (A.3)

Here, Q is a Hermitian matrix containing the resonance frequencies on the diagonal
and coherent coupling rates off-diagonally. The matrix I' contains the internal (non-
radiative/absorptive) and external (radiative) decay processes; in the simplest case it
is diagonal, but cross-terms can be included when needed.'*” In the sign convention
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used here, passivity corresponds to I' = 0 such that the undriven amplitudes decay in
time. Throughout, we adopt the standard time-harmonic convention for steady-state
solutions,

a(t) =a()e™!,  siy(1) = sip(w)e™ ™" (A.4)

A.1.1 Eigenmodes

The hybrid modes intrinsic to the coupled system are obtained in the absence of
a driving field, i.e. by setting s;,(¢) = 0 in Eq. (A.2). For a mode with complex
eigenfrequency @ = w — i, we seek time-harmonic solutions of the form

a(t) =ve 9, (A.5)
Substituting this ansatz into Eq. (A.2) yields the eigenproblem
HeffV = (Z)V, (AG)

such that each hybrid mode is characterized by @,,, while the eigenvectors v,,
quantify the composition of each hybrid mode in the original basis of uncoupled
resonances.

A.1.2 One-port scattering
In the frequency domain, inserting Eq. (A.4) into Eq. (A.2) gives

(miwl+ iHyg)a(w) = Ks;, (w), (A7)
which can be rewritten as
(wI-Hep)a(w) = i Ksip(w). (A.8)

Solving for the modal amplitudes therefore requires matrix inversion of the operator
(wI—Heg),
a(w) = i (01 - Hyp) 'K (@), (A.9)

The input-output relation for the one-port system reads
Sout(®) = C s, (w) + D'a(w), (A.10)

where C describes the direct (non-resonant) background pathway and D' is the
conjugate transpose of the out-coupling vector describing radiation from internal
modes into the external port. Substituting Eq. (A.9) into Eq. (A.10) yields the reflection



A.1 TEMPORAL COUPLED-MODE THEORY 101

coefficient
Sout(w)

sin(w)

This expression describes the resonant scattering process and includes coherent

r(w)= =C+iD'(wl-Hy) 'K (A.11)

mode coupling, energy dissipation, and interference with a background channel. In
physically constrained models, the quantities I', K, and D are not independent, but
constrained by time-reversal symmetry, reciprocity, and energy conservation.

A.1.3 Physical constraints

For a passive, reciprocal (time-reversal invariant) one-port resonator, energy con-
servation and time-reversal symmetry impose fixed relations between the radiative
decay rate and the coupling constants.®**? In the general multi-mode formulation, this
condition is expressed as

D'D=2T,, (A.12)

where T, is the total radiative decay rate into the external port. Time-reversal
invariance further relates the in-coupling and out-coupling amplitudes,

K=D, (A.13)

i.e., the same coefficient governs excitation of the resonance from the port and
radiation back into the port. Finally, time-reversal symmetry constrains the phase
of the direct (non-resonant) pathway relative to the resonant channel as

CD* =-D. (A.14)

Together, these relations ensure that the scattering matrix remains unitary in the
absence of internal loss.

A.1.4 Rabi splitting
In this section, we demonstrate how the strong coupling condition can be evaluated
by computing the complex eigenfrequencies using Eq. (A.6).%21322:395 [n the following,
we consider a simple system with two coupled modes—a photonic resonance (G)
and an exciton resonance (A)—for which the effective non-Hermitian Hamiltonian
of Eq. (A.3) becomes

Hef = (wG :g)y (A.15)
§ Wa



102 A. APPENDIX

where g is the coherent coupling rate. The hybrid eigenfrequencies follow from
Eq. (A.6) by solving the characteristic equation

det(Hyy — @) = 0, (A.16)

(O — @) (@, —@)—-g*=0, (A.17)

which yields

~ A =~ 2
:wG+wA+ 2+(wG—wA)

: (A.18)

+

- 2
The complex Rabi (mode) splitting is then Qy = @, — @_, whose real part corresponds

to the observable frequency splitting. When the uncoupled resonances are exactly
degenerate in frequency (wg = w,, and thus @g — @, = —i(Tg —T'y)), the splitting

Qp =\/4g2 - (Tg-Ty)%, (A.19)

which highlights that, all else being equal, the Rabi splitting is maximized when the

reduces to

decay rates of the uncoupled modes are matched.

Although multiple definitions of strong coupling exist in the literature, in this
thesis we use the criterion3%?

Qp >T+T,, (A.20)

i.e. the system is strongly coupled if coherent energy exchange between the modes
occurs faster than dissipation of the uncoupled resonances.
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A.2 ANALYSIS OF THE OPTICAL COUPLING WITH TRIONS

To investigate the impact of optical coupling between trions (charged excitons) and
guided photons on the exciton-photon coupling strength and the reflectivity of the
hybrid-2D metasurface of Chapter 3, we additionally model the system using tempo-
ral coupled mode theory (TCMT).?***"* The model includes three oscillators repre-
senting the guided-mode, A-exciton and trion resonances (denoted with subscripts
‘G, ‘A, and ‘T’, respectively). Since this is a one-port system and the coupling from
free-space directly to excitons and trions is negligible due to destructive interference
of free-space radiation at the monolayer position (Fig. 3.5a), the coupled equations
are written as

d ag Ag—ilg 8a 8t ag V2lgr
e —i ga Ap— il 0 a, |+ 0 Sin- (A.21)
ar gr 0 Ar—ilt ) \ar 0

Here, a, Aj = E;—E, I, and g denote the mode amplitude, energy detuning, damping
rate, and coherent coupling strength, respectively, and s;,, is the free-space input field.

The reflected signal follows from the one-port input-output relation,

Sout = C Sin +1/2I ¢ ag, (A.22)

such that the reflection coefficient becomes

V2l ag

r=C+ (A.23)
Sin
which yields:
2r
r=C+ ‘;2 - (A.24)
—iD+ T+ 3 57 T Tiarers

To account for a slowly varying Fabry—Pérot interference component, we introduce an
approximate background reflection C = r,,, where r,, = 1 over the relevant spectral
range.

To analyze the impact of trions on r and g,, we first fit the model in absence
of trions (i.e., the two-oscillator TCMT model) by setting the trion-photon coupling
strength, g = 0 meV. Plugging all the extracted values from our RCWA fits (described
in the manuscript, see also Fig. 3.A7a, b) into the model leaves only g, and I';; as
free parameters. Using a least-squares fitting routine, we fit the optical response at
all voltages (—25 to +25 Vin 5 V steps) and find g, = 21.01 meV and I, = 7.45 meV
(Fig. A.1). Here, we note that this value is considerably higher than the one extracted
in Chapter 3, reflecting the fundamental differences between TCMT, which captures
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the full scattering response including interference effects, and the coupled-oscillator
model, which extracts the complex eigenenergies of the hybrid modes. While the
latter is, strictly speaking, most accurate for closed systems with fully guided modes,
it is nevertheless commonly employed in the literature to report polariton properties.
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Figure A.1: Comparison of two- and three-oscillator coupled mode theory models. (a) Fits of the
experimental normal-incidence reflectance (grey solid line) for an n-doped (+25 V) monolayer using
two-oscillator coupled mode theory (TCMT, orange solid line) and three-oscillator TCMT (red dashed line).
(b) Similarly, two-oscillator TCMT (light blue solid line) and three-oscillator TCMT (dark blue dashed line)
fits for a neutral (-25 V) monolayer. These fits are used to confirm that the two-oscillator TCMT model
with only the guided-mode and excitonic resonances is justified, and the contribution from a third trionic
oscillator to the reflectance is negligible (mean relative difference of 0.1%).

Next, we reintroduce the trion resonance with a characteristic energy E; =
1.9630 eV and a total decay rate of I'y = 23.6 meV obtained from the photolumi-
nescence data (Fig. 3.A3). To evaluate the impact of trions coupling to the guided
photons, we need to estimate the coupling strength g, which is proportional to the
transition dipole moment p and the local electric field strength & at the trion energy
E;. Since the transition dipole moment is proportional to the square root of the
oscillator strength py o< \/fr, we can write g o< \/f1&(Er) and similarly for the
exciton resonance: g, o \/f,&(E,). We may use this to estimate the trion-photon

coupling strength:
8r [fr E(Er)
- e , A.
8a = fa E(E,) (A25)
. |fr &(Er)
8r = 8a Fr E(Ey) (A.26)

Lien et al.**' show that in WS, the trion’s oscillator strength is 16x smaller than the
neutral exciton, such that /f/f, = 1/4. Furthermore, we know, from e.g. Novotny
& Hecht!, that the energy-dependent local electric field strength of the guided mode
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resonance can be expressed using a Lorentzian as:

Is
Ag+TG
Putting it all together, we evaluate the voltage-averaged ratio & (E;) /& (E,) = 0.351
and g = 1/4 x 0.351 x 21.01 = 1.84 meV. Clearly, the optical coupling between
guided photons and trions is an order of magnitude weaker than with excitons, due to
the smaller oscillator strength and decreased spectral overlap with the guided mode
resonance.

Finally, to quantify the impact on the metasurface reflectivity and g,, we now fit
thereflectance spectra with the three-oscillator TCMT model by setting gr = 1.84 meV
and leaving g, as free fitting parameter (Fig. A.1). From this, we extract g, =
20.93 meV, corresponding to a relative change in exciton-photon coupling strength
of 0.2% compared to the two-oscillator model. At the same time, the mean relative
difference in the reflectance across the spectral range of interest and all voltages is
only 0.1%. Hence, in this scenario, the use of a two-oscillator TCMT model with just
the excitonic and photonic modes is clearly justified. We emphasize that this is largely
due to the fact that excitons and trions are predominantly excited by guided photons
instead of being directly excited from free-space. As such, it is not necessary to
include the trion as a third oscillator in the TCMT analysis, except if the trion oscillator
strength would be much stronger and/or the spectral overlap with the guided mode
resonance much larger.
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A.3 INVERSE DESIGN OF HYBRID-2D METASURFACES

Throughout Chapter 4, optimization of the metasurface designs is achieved using an
inverse design framework implemented in custom Python scripts. In this section, we
describe the basic procedure used to create metasurfaces for m-phase modulation,
complex amplitude modulation and programmable beam steering. Generally, the
target optical response is encoded in an objective function, i.e., the figure-of-merit
(FOM), and the optimization seeks the set of parameters that minimizes the FOM.
This requires computationally efficient algorithms to navigate high-dimensional
parameter spaces and accommodate multiple objectives. Broadly, optimization
strategies fall into two categories: gradient-based and gradient-free.>?¢ Because the
S* implementation of RCWA does not provide direct access to analytical gradients,
we employ derivative-free techniques in this study.

Gradient-free optimization is well suited for electromagnetic design with a
modest number of parameters. Although the absence of gradients typically slows
convergence relative to gradient-based methods, these approaches are less sensi-
tive to initialization. Here, we combine two complementary schemes: Bayesian
optimization' for sample-efficient global exploration, followed by covariance matrix
adaptation evolution strategy' (CMA-ES) for local refinement. Bayesian optimization
constructs a Gaussian-process surrogate of the objective and focuses expensive
evaluations on promising regions of parameter space. This is particularly beneficial
for 2D periodic RCWA simulations where convergence requires many Fourier orders
N and the simulation time scales as N°. Once a promising region in parameter space
is identified, CMA-ES is employed to refine the solution. CMA-ES is a stochastic,
population-based evolutionary algorithm that iteratively adapts a Gaussian distri-
bution over design candidates, requiring minimal manual hyper-parameter tuning
which makes it straightforward to deploy.

A.3.1 n-phase modulation

For the n-phase modulation metasurface with one monolayer, two complex reflec-
tion coefficients, r; and r,, are calculated at intrinsic and strong n-type doping,
respectively. The optimization minimizes both the deviation from a perfect n-phase
shift and amplitude variation, while maximizing the mean amplitude:

|7l + |7

|Ap — |
b/ 2

FOM = w, wy |I] = [yl - s , (A.28)

Ap = |arg(r) —arg(r,)| . (A.29)

iscikit-optimize
fipyema
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Here, w; =9, w, = 3, and wy = 1 are the weights given to each sub-objective. For the
RCWA optimization, the free parameters are the grating period A, grating element
width w, grating height i, hBN thickness d, operating wavelength A and carrier
density in the n-doped state n,. On the other hand, for the TCMT analysis, the free
parameters are the operating energy E, GMR energy E;, and coupling strength g.

A.3.2 Complex amplitude modulation

Next, for the complex-amplitude modulation metasurface with two monolayers, the
complex reflection coefficient is sampled over the 2D carrier density space (n,, ny,) in
the top and bottom monolayers:

=T (nt’, n{)) (A.30)

The FOM aims to reward uniform phase coverage and maximize the amplitude over
all phases. To quantify phase coverage in the complex plane, we partition the interval
[-m, m] into M uniform angular bins ¢,, with:

bm =-—m+mAd, (A.31)

A = Zﬁ” (A32)

For each bin, we define a set %, containing all grid points ¢;; = arg(r;;) whose phase
lies in that bin and whose amplitude exceeds a fixed threshold |r|;,:

Hon = {6 )| Gmor < by < buns 17351 = [Tl (A33)
We then define the maximum achievable amplitude in bin m as:

max [r;|, if A, *@,
A, =4 0DEXm (A.34)
0, if %, = @.

Finally, a scalar metric is extracted to describe the phase coverage:

1 M
C= Vi mZ=1® (A,), (A.35)

where O is the Heaviside step function (a bin is “covered” if A, > 0).

In addition, we maximize the minimum achievable amplitude across all phases:

A*. = min A,,. (A.36)
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*
min

Crucially, this definition of A” . ensures full phase coverage before optimizing the

amplitude, because if at least one bin remains unpopulated, A;nn = 0. In other words,
this definition treats the lowest achievable amplitude across the full 0-27 phase range
as the limiting factor. This ensures that the metasurface maintains a usable reflection

amplitude for all phases, which is a prerequisite for complex amplitude modulation.

With these definitions, we calculate the FOM as:

FOM = —w,C —wp A, (A.37)
where we choose weights w; = w, = 1. In the RCWA simulations, we optimize this
FOM for the following free parameters: grating period A, grating element width w,
grating height h, top hBN thickness d, bottom hBN thickness 4, and operating
wavelength A. In the TCMT analysis, the free parameters are the operating energy
E, GMR energy E;, and coupling strengths with excitons in the top and bottom
monolayer g; and g, respectively.

A.3.3 Beam steering

Lastly, we leverage the complex amplitude modulator to demonstrate a three-level
programmable beam steering metasurface. Here, we denote with R the reflected
power (normalized to incident power) in diffraction order k, and R is the total re-
flected power. For beam-steering design ‘Configuration A, we target the -1 diffraction
order, and define the diffraction efficiency as:

R_,
n,=—r. (A.38)
' R
The objective function is given by:
FOM = -w;n_; —w,R_,, (A.39)

with weights w; = 1 and w, = 3. This favors both a high fraction of power into
the steered order as well as a large absolute value of that power, preventing the
optimizer from converging to trivial solutions with high relative efficiency but neg-
ligible absolute power. In our RCWA simulations, the grating element width w is the
only geometric parameter that is re-optimized. We further optimize the operating
wavelength A, and a pair of (n, ny,) for each of the three unit cells within the supercell.
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A.4 FUNDAMENTAL LIMITS OF PHASE MODULATION

In this section, we employ a TCMT analysis to study the fundamental limits of n-phase
and complex-amplitude modulation with hybrid-2D metasurfaces (as described in
Chapter 4). To achieve this, we first obtain the loss rates of the GMR (denoted by
subscript ‘G’) by performing RCWA simulations of the metasurfaces without excitons.
Since the metasurfaces can only be addressed from the top side, we describe this
system with a one-port one-oscillator TCMT model. The temporal evolution of the
mode amplitude, ag, driven by the incident field s;,,, is given by:

dag

dt = _i (AG - iFG) LZG + A\ /ZFG,I’Sin’ (A.40)

where Ag = E; — E is the detuning between photon energy E and resonance energy
Eg, and T'; = y/2 is the damping rate. The corresponding input-output relation for
a one-port resonator is given by:

Sout = rbgsin + \/ zrG,r aG) (A41)

where ry, is a constant that accounts for a slowly varying background reflection term.
In the steady state, solving the coupled equations for ag and substituting into the
input-output relation yields the reflection coefficient, defined as r = s,/ $;,:

V2T
LlG = —GJ Sin’ (A42)
2r
7 (E) = P+ ——e . (A.43)

From this procedure, for the metasurface with one monolayer, we findI'g , = 22.5 meV
and g ,, = 6.9 meV for the radiative and non-radiative components, respectively. For
the metasurface with two monolayers, the non-radiative damping rate increases to
Fgnr =9.3 meV.

With these rates locked in, we now add the excitons back into the model. We first
consider the metasurface with one monolayer and thus a single exciton resonance
(denoted with subscript ‘A’) coupled to the GMR (Fig. 4.A2). The intrinsic exciton
resonance energy E, and damping rate I'y are obtained by fitting the reflectance of
hBN-encapsulated WS, measured at 3 K (Fig. 4.3). The evolution of T'y with the carrier
density n, in monolayer WS; is taken from the section 3.5 in the previous chapter.
Since, in our system, I', > I'y ; and the exciton-GMR coupling strength g typically
exceeds I'y , by roughly an order of magnitude, we assume that optical coupling
from free space is mediated entirely by the metasurface, and therefore neglect direct
coupling between excitons and free-space'*”*3”. In the steady state, the coupled
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equations are then written as:
d Ag—il Vv2r
Q) o ;[P 8 el [Veier) g (A.44)
dr ap 4 AA - lFA(l’le) ap 0

Solving this system, we find that the reflection coefficient is described as:

2T
F= g+ — Gr . (A.45)
—iAg+Tg+

—iAp+Tp(ne)

Finally, we consider the metasurface with two monolayers (Fig. 4.A4a), top
(subscript ‘t") and bottom (subscript ‘b’), with exciton resonances described by the
same resonance energy E,, but unique decay rates I';(n,) and I'y(n,), as well as
coupling rates g and g;,. Since, in practice, both monolayers are separated by a tens-
of-nanometers-thick hBN layer, the coupling between the two exciton resonances
can be ignored. This gives a three-oscillator TCMT model with the following coupled

equations:
q (% Ag—ilg 8t 8b ag V2L,
K —i g Ap—iT(ny) 0 a, |+ 0 Sin- (A.46)
a, &b 0 Ap—iTp(ny)) \ay 0

and the reflection coefficient is:

ZFGJ

g + 19
—iAp+T(ny) —iAp+T (1)

= Tpg+ (A.47)

—iAg+Tg+

The closed-form analytic expressions for r of the two- and three-oscillator TCMT
models provide valuable insight into the principles governing phase modulation,
without relying on specific device geometries. In particular, for complex amplitude
modulation it is not self-evident why two degenerate exciton resonances should
uniquely impact the complex reflection amplitude. However, from the equation
above it is clear that the symmetry between both resonances is broken when g # gy,
(Fig. 4.A6). In addition, by modifying the fitted radiative and non-radiative rates, we
can assess the ultimate limits of both n-phase modulation (Fig. 4.A3) and complex
amplitude modulation (Fig. 4.A4D).
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A.5 SPATIOTEMPORAL COUPLED-MODE THEORY

In this section, we present the detailed derivations of the spatiotemporal coupled-
mode theory (STCMT) discussed in Chapter 5. We start by introducing the linear
dispersion relation in Section A.5.1 and the equation of motion in Section A.5.2.
Next, in Section A.5.3 we use the Green’s function formalism to derive the mode
amplitude, and we establish the free-space coupling to and from this mode in Section
A.5.4. Next, in Section A.5.5 we make the point-source approximation to derive a
closed-form expression for the reflection coefficient. Finally, in Section A.5.6 we use
this expression to evaluate several physical consequences arising from confinement
of anonlocal mode in a finite-size metasurface.

A.5.1 Dispersion relation

Consider a quasi-guided mode propagating in the positive x-direction described by
the modal parameter a(x, t), which evolves as

a(x,t) x e'hx-iwt (A.48)

with phase constant § and frequency w. Throughout, we approximate the dispersion
as locally linear (Fig. A.2), by expanding the complex propagation constant to first-
order near a reference point (8y,w,) as

W — wy d

+ia, v, = — (A.49)

B(w):ﬁ-'-ia:ﬁo-'- Ug g ﬁﬁoy

where «a is the spatial attenuation rate. Equivalently, in the momentum-domain
picture we can write the complex frequency

Q(f)=w— il =wy— il + v (6 - By), (A.50)

where I' = Ty + I'yy, = ypa is the temporal decay rate comprising the external
(radiative) decay rate I, associated with coupling of the guided mode to the far
field via the grating, and the intrinsic, non-radiative loss rate I';;. A closely related

parameter is the modal propagation length,
=2 (A.51)

i.e., the distance over which the mode amplitude decays to 1/e. This parameter is
particularly important because it governs the characteristic length scale over which
finite-size effects cannot be ignored.
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Figure A.2: Locally linear dispersion relation. Fundamental TE, eigenmode dispersion obtained with
a slab waveguide mode solver by treating the grating as an effective medium (blue). Overlaid is the
approximate STCMT dispersion Q (purple, dashed) which is linearized around the point wy, B, (green,
dashed). For reference, the light cone (shaded gray) and light line in air (black) are shown.

A.5.2 Equation of motion

The spatiotemporal dynamical equation for a system with a single mode a(x, t) may

be written as
da(x,t)

ot
where « is the in-coupling parameter that couples the external driving field s, to the

+iQa(x,t) = fK(x,x’)s+(x’, t) dx’, (A.52)

internal mode. Specifically, under the locally linear dispersion of Eq. (A.50), this
becomes

da(x,t) N

o i(wo —iT+vg(B - [50)) a(x,t)= fk(x,x’) s.(x', 1) dx'. (A.53)

Realizing the space-harmonic f — —id,, this can be rewritten in the form presented
in the main text:

da(x,t) Oa(x,t)
Ey + Vg P +1i

(wo—iF—vgﬁo)a(x,t)=f1<(x,x’)s+(x’,t) dx’. (A.54)

Instead realizing the time-harmonic 6, — —iw, we can write the expression for the
steady-state as a purely spatial differential equation:

da(x)
% "ox

+ i(wo —w—ill- vgﬁo) a(x) = fK(x,x’)s+(x’) dx'. (A.55)

We can rewrite the left-hand side as

(—i(w —wp) + vg% +T - ivgﬁo) a(x) = v, (% -~ zﬁ) a(x). (A.56)
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Introducing the spatial operator £,
ZLa(x)=v (i—iﬁ)a(x) (A.57)
-~ & \ox ’ '
we finally obtain the compact form

La(x) = fK(x,x’)s+(x’) dx'. (A.58)

A.5.3 Mode amplitude
To solve Eq. (A.58), we introduce the Green’s function G(x; x'), defined by,

LG(x;x")=6(x—-x"). (A.59)

For x # x', the Green’s function satisfies

£LG(x;x") =0, (A.60)
which implies,
0 - T ~
—G(x;x")=1|By+ @ %, i—|G(x;x") = iBG(x;x"). (A.61)
0x g Vg

The solution away from the source point therefore takes the form
G(x;x') = AeiPl—2) for x + x'. (A.62)

To determine the prefactor and the causal structure, we integrate Eq. (A.59) over an
infinitesimal interval around x/,
x'+e
LGdx =1 [G(x' +0;x") - G(x' - 0;x")] = 11, (A.63)
x'—€
where only the derivative term contributes to the discontinuity. Restricting to a right-
propagating solution enforces causality, G(x < x') = 0, such that G(x'—0; x") = 0. This
yields G(x'+0;x') =1/ V.. The Green'’s function can therefore be written as
1 iB(x—x") ’
—e for x > x',
G(x;x)=< Vs (A.64)
0 forx < x'.
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Equivalently, this can be expressed in compact form using the Heaviside step function
0,

1 . /

G(x;x') = — P o(x — x"). (A.65)
v,
g

The mode amplitude follows from convolution of the Green’s function with the driving
term,

a(x) = f_+ooK(x')G(x;x’) s, (x")dx’, (A.66)

Finally, inserting Eq. (A.65), the mode amplitude is found as:

1 S '
alx) = - M () 5, ()ax (A67)
Ug 0

A.5.4 Input-output relation

The general form of the scattered field is written as
s_(x,1) = f(C(x,x’) s, (X', 1) +d(x,x")a(x',1))dx’, (A.68)

where C denotes the contribution from non-resonant (background) scattering and
d(x,x") is a out-coupling parameter which mediates coupling from the internal
mode to external radiation. In this work, we assume spatially invariant background
scattering and spatially instantaneous in- and out-coupling, such that

C(x,x')=Cé(x—-x), (A.69)
x(x,x") =«x(x)6(x —x), (A.70)
d(x,x')=d(x)6(x —x'). (A.71)

Under these assumptions, in the steady state, the input—-output relation takes the
form
s_(x)=Cs.(x)+d(x)a(x). (A.72)

The resonant contribution is generated by out-coupling of the guided mode back to
the external channel. We write

sUe)(x) = d(x) a(x). (A.73)

Coupling between the external field and the guided mode is enabled by a subwave-
length grating of period A, which provides the grating momentum g = 27/A. In
addition, coupling is restricted to a finite grating region of width W, which we
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represent by a window function
w(x)=0(x)0(W —x), (A.74)

so that both in- and out-coupling vanish outside x € [0, W]. Adopting this description,
we model the in-coupling as

K (x) = ko w(x) e'*, (A.75)

and the out-coupling as
d(x) = dyw(x) e 9%, (A.76)

The factors e*9*

enforce grating-assisted momentum matching: the external field
acquires grating momentum upon coupling into the guided mode, and the opposite
phase factor appears upon re-radiation to the external channel. The overall coupling
strength is constrained by energy conservation [342, 380], such that x, = d, = \/Text,
and

K(x) = d(x)* = \/2T o ' w(x). (A.77)

Finally, by plugging Eq. (A.77) in Eq. (A.67), we obtain the general expression for the
mode amplitude for the metasurface under consideration:

a(x)= w(x')s, (x)dx'. (A.78)

V2l ext fx oiPlx=x") pigx'
Ug 0

Input field

In general, the incident field is modeled as a diffraction-limited spot centered at
position x,, which is represented in momentum-space as

S, (k,)=Sye *x%,  for|k,/ks| < NA, (A.79)

where |S,|* represents the incident power per unit k,. Here, the in-plane wavevector
is k, = kysin@ with free-space wavevector k;, = w/c and incidence angle 6. The

numerical aperture NA = k, .../ k, sets the excitation bandwidth.

In real space, this aperture-limited momentum-space distribution produces a
sinc illumination profile,

8, (x") oc sinc(ky, max (X = x0))- (A.80)

This is analogous to a diffraction-limited optical system, where an Airy disk is
produced by uniform illumination of the circular entrance pupil of a microscope
objective. Crucially, when the width of the resonance in k-space (governed by a)
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is sufficiently narrow compared to the numerical-aperture window (a / k, << NA), the
incident field can be approximated as a point excitation localized at x,

s, (x) = 8y8(x" —x4), with x, € [0, W]. (A.81)

This approximation enables the derivation of closed-form expressions for many
relevant physical quantities within our framework.

A.5.5 Point-source approximation

In the following, we first derive a closed-form expression for the resonant contribu-
tion S (k). We start from the formal solution of the mode amplitude, Eq. (A.78),
which, for the point-excitation approximation introduced above evaluates straight-
forwardly to
V2l et Sy i .
a(x) = Y20 pipl-x0) plaxo @ (x — x,), (A.82)
v,
g
with the understanding that scattering is restricted to the grating region by w/(x).
Plugging this into Eq. (A.73), we obtain

2rext SO

s&res)(x) — ei(l;*q)(x*xo)@(x - Xp)- (A.83)

Ve
To compute the resonant scattering contribution in k-space, we integrate from

X, to the right edge W, i.e., over the modal interaction length L = W — x,,,

w .
Sffes)(kx) — s£res)(x) e kX gy (A.84)

X0

Substituting u = x — x, and rewriting yields

(res) 2I‘extSO —ik L —i(ky+q)

St (k)= ——e"" xxof eihu gmilkerau qy (A.85)
V, 0
&

Itis useful to define the detuning between the guided-mode wavevector and the input
wave's in-plane momentum (for the m = +1 order) as

Ak = (kx + q) - .B = kx - kx,res’ (A-86)
where we additionally defined the resonant in-plane wavevector in free-space k,. ;s =
B — g. Using this notation, we can write

2rext SO e

Vg

L
SE9 (k) = ke [ erlarisngy, (A.87)
0
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which evaluates to

_ ,—(a+iAg)L
S(res)(k ) — 21—‘extSO e—ikxxg I-e k . (A.88)
-t Vg a+il
Reflection coefficient
The input-output relation in k-space is written as
S_(k,)=CS, (k) +S"(k,), (A.89)

and the reflection coefficient is defined as

S_(ky)

r(k,) = Sk

(A.90)

For the metasurfaces considered here, the off-resonant response is mirror-like, such
that C = —1 over the bandwidth of interest. The reflection coefficient is then readily
obtained by plugging Egs. (A.79) and (A.88) in Eq. (A.90):

2T o (1- e~le+idLy, (A.91)

k,)=-1+—7--"7--—
rky) " vg (@ +iAy)

Under a linear dispersion, A, = vgA;, such that we can equivalently express the
reflection coefficient in frequency-space for an ultrashort pulse as

2l ey

e (A a (A.92)
I'+iA,

rlw)=-1+
In both representations, the response consists of the familiar Lorentzian dependence
on the detuning as well as an exponential term which encodes the effects of a finite
interaction length L. This length scale should be compared to the propagation length
L, of the quasi-guided mode. When L < L,,, the finite aperture produces oscillatory
spectral features and effective broadening of the resonance. On the other hand, in
the long-grating limit L > L, the finite-size factor tends to unity and the reflection
coefficient reduces to the well-known one-port TCMT expression [371],

2T
Too(@) = =14 ——2, (A.93)
I'+iA,
and equivalently in k-space,
2r
(k) =—-1+ ext (A.94)

vg(a+iAy)
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A.5.6 Finite-size effects

Resonant anti-reflection

A vanishing reflectance (R = |r|> = 0) corresponds to a destructive-interference
condition in the output channel, which is modified by finite size. At resonance

%L in the resonant

(A = 0), the finite interaction length L introduces the factor 1 — e~
scattering amplitude, and the well-known critical coupling criterion I',,; = I';;; no

longer corresponds to R = 0. Instead, the anti-reflection condition becomes

Pext _ 1
I 2(1-e9l)

(A.95)

which generally requires stronger external coupling (more over-coupling) than the
infinite-length case.

Solving Eq. (A.95) for L yields

Vg
L=-L1n|1- (A.96)

2l ex ) '
Given T = 0, a necessary condition for a real, positive solution of (A.96) is that [, >
I'/2 (equivalently T, > I';,,), otherwise no finite L can produce R = 0. It should be
noted that, contrary to the infinite-length limit, the combination of parameters that
yields perfect anti-reflection need not coincide with that which maximizes the stored
energy U in the resonator.

Stored energy

We next derive a closed-form expression for the stored energy
U= [la@P dx, (A.97)
for x € [0, W]. Using the definition of a(x) (Eq. (A.82)), we have

2
S
la(x)|? = 2T o, (U—O) e 2e(x=%) @ (x — x,). (A.98)

g
Since the excitation point lies within the grating (x, € [0, W]), the integral reduces to
the interval x € [x,, W]:

So\2 v
U=2Fext(—0) f e~2a(x=%o) qx, (A.99)
D, Xo

4
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Substituting u = x — x, and defining L = W — x,, gives

2 2
So)” [F So) 1-e 2k
U =2T | = f e 2 dy = 2T | 2| ———. (A.100)
Vg | Jo Ug 2a
Therefore, the stored energy is
Sg rext —2al
U=—-2(1-¢2"). (A.101)
v T
In the long-grating limit L > L, the stored energy saturates to
ST
U— 2= (A.102)
vy T

Edge loss

The finite grating length introduces an additional loss channel associated with leak-
age of the quasi-guided wave at the grating edge. We assume that the guided mode
propagates only in the positive x-direction and that any power reaching the right edge
x = W is irreversibly lost, with no reflection back into the guided mode.

The guided power flux at position x is proportional to
P(x) o v, la(x)|?. (A.103)
Using the expression for the mode amplitude derived above (Eq. (A.98)), the power
reaching the right edge is therefore
Pegge Vg la(W)]? = 2rexti—§e-m, (A.104)
g

where L = W — x,, is the distance from the excitation point to the right edge.
It is convenient to express this edge loss in terms of an effective decay rate I'qqge,
defined via the standard coupled-mode relation

Peage = 2T eqgeU, (A.105)

with U the stored energy obtained in the previous section (Eq. (A.101)). Substituting

the closed-form expressions for P4, and U yields
e—ZaL r
Tedge =T T——5a7 = S2ar 7" (A.106)

This expression highlights the exponential suppression of edge loss with increas-
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ing grating length. In the long-grating limit (L > L,,), the edge contribution becomes
negligible, whereas in the short-grating limit (L < L,) the edge loss is dominated
by the transit time to the boundary. Within this picture, edge loss constitutes
an additional, geometry-induced decay channel that is distinct from intrinsic and
radiative losses.

Quality factor

While the finite grating length gives rise to sinc-like broadening in the k-space
reflectance spectrum, this effect is geometric in origin and does not correspond to an
intrinsic energy-decay process. A physically meaningful quality factor must therefore
be defined in terms of the energy lifetime of the guided mode rather than the apparent
spectral width of |r(k,)|?.

The quality factor of a resonance at angular frequency wj, is defined as

U W,
Q = w, = 0 , (A107)
Ploss zrtot

where U is the stored energy, P, is the rate of energy dissipation, and I, is the total
energy-decay rate.

For an infinitely long grating, the total decay rate is simply I' = I',,, + I';,,;. For a
finite grating of length L, however, we must include the additional edge loss channel.
As shown above, this edge-induced loss can be expressed as an effective decay rate
(Eqg. (A.106)), such that the total decay rate becomes

Tr
rtot(L) =I'+ I‘edge(L) = 1 (AIOB)

_e2aL’

The corresponding quality factor is therefore given by the closed-form expression

__ W W o,
Q(L) = r_ (D) 2T (1-e ). (A.109)

This definition yields a lifetime-based quality factor that is not affected by apparent
linewidth broadening arising from the finite scattering aperture.

In the long-grating limit (L > L,,), the edge contribution vanishes and the quality
factor approaches its intrinsic value

Wy
- —, A.110
Q-2 (A.110)

In the opposite limit of a size-constrained grating (L < L), the exponential may
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be Taylor-expanded to yield

w, T wol wy L
Q)= 22— ="-=22 (A.111)
2I' v, Uy rr,

Remarkably, in this regime the quality factor is primarily governed by the mode’s
transit time to the edge, t = L/v,. This implies that, for strongly footprint-constrained
devices, high-Q requires increasing the interaction time within the fixed footprint by
engineering a reduced group velocity (slow light).

Interference fringes

In addition to setting the resonance lineshape, the finite grating length also gives
rise to oscillatory fringes in the k-space reflectance. Specifically, the region over
which the guided mode can couple out to the far field is defined by the effective
length L = W —x,,, and the resulting fringes arise from coherent interference between
contributions emitted from different positions along the grating. This corresponds
to multiplication of the real-space field by a rectangular window, whose Fourier
transform produces a sinc-like modulation in k-space. As a result, the reflected
intensity exhibits an interference pattern with characteristic fringe spacing
2n

Akfringe = T (A.IIZ)

Owing to redistribution of spectral weight in k-space by this finite-aperture inter-
ference, the reflectance can locally exceed unity without implying optical gain; the
scattered power remains constrained by the input power minus the dissipated power.
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SUMMARY

Today, building on the rapid progress in nano-engineering in recent decades, visible
light can be controlled at the subwavelength scale using optically resonant nano-
antennas and metasurfaces. Although these structures provide unprecedented new
ways to control light, the functionality of optical metasurfaces has largely remained
passive due to the weakly tunable optical properties of most natural materials. To this
end, monolayer semiconductors have emerged as an exciting class of materials with
efficiently tunable excitons that dominate their optical properties. However, their
application in active optoelectronic devices is limited by the excessive nonradiative
losses at room temperature and the short interaction length of light with the atomi-
cally thin material. In this thesis, we introduce a new platform to overcome both of
these problems simultaneously: ELECTRICALLY TUNABLE HYBRID-2D METASURFACES.
By combining the pristine excitons supported by van der Waals heterostructures with
the strong field enhancements offered by nonlocal metasurfaces, our metasurfaces
achieve strong and dynamic modulation of the amplitude and phase of visible light

at room temperature.

Chapter 2 outlines the design, fabrication, and characterization techniques
underpinning the thesis. We first describe the modeling of the electrically tunable
optical response of excitonic 2D materials. Next, the chapter details the fabrication
protocols as well as the rationale behind selected techniques. The chapter concludes
with an overview of the custom experimental setups that were used to probe the
optoelectronic response of the metasurfaces.

Chapter 3 demonstrates active metasurfaces for free-space optical amplitude
modulation. The devices consist of atomically thin WS, encapsulated with hBN
and integrated with a dielectric subwavelength grating that couples incident light
to a guided mode resonance, producing strong nonlocal field enhancement at the
monolayer. In the intrinsically doped regime, excitons hybridize with guided photons
to form exciton-polaritons. By electrostatically doping the monolayer to suppress
the exciton by increasing its nonradiative decay rate, the metasurface is continuously
tuned between the strong and the weak coupling regimes. Leveraging this mecha-
nism, we achieve 9.9 dB reflectance modulation and a 48.9% absolute reflectance
change at room temperature, representing a fivefold improvement over previous best
achieved with excitonic 2D semiconductors.
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In Chapter 4, we numerically extend the hybrid-2D metasurface concept to
complex-amplitude modulation at visible wavelengths. We achieve independent
control over the amplitude and phase of reflected light using two electrical control
channels and operation near critical coupling, where radiative and nonradiative
decay are delicately balanced. To navigate the high-dimensional design space and the
interdependence of geometry and material response, we develop an inverse-design
pipeline. We realize metasurfaces capable of m-phase modulation at constant am-
plitude, full 0-27 complex-amplitude control, and diffractive beam steering. We
interpret the results using temporal coupled-mode theory to elucidate the underlying
physical mechanisms and fundamental limitations.

A central theme of the thesis is that nonlocal resonances enable ultracompact ac-
tive meta-optical elements. However, the large propagation lengths associated with
nonlocal modes render them sensitive to finite-size effects. This calls for a predictive
framework that can be used to understand and predict the impact of finite size on
the optical properties of footprint-limited nonlocal metasurfaces. In Chapter 5, we
develop such a framework using spatiotemporal coupled-mode theory. We show
that, when the metasurface width approaches the modal propagation length, finite-
size effects fundamentally reshape the scattering response, producing interference
fringes and linewidth broadening. An analytical expression for the Q-factor is derived
that incorporates an additional dissipation channel due to edge losses, revealing that
stored energy and effective lifetime scale exponentially with the interaction length
of the nonlocal mode. Position- and momentum-resolved reflectance spectroscopy
on a 30-pm-wide hybrid-2D metasurface confirms the theoretical predictions and
enables quantitative separation of intrinsic, radiative, and edge-induced loss rates.
The intuitive and quantitative insights offered by our results establish spatiotemporal
coupled-mode theory as a powerful tool for the design of highly compact hybrid-2D
metasurfaces.

Taken together, this thesis shows that, by uniting nonlocal dielectric resonances
with excitonic van der Waals heterostructures, ELECTRICALLY TUNABLE HYBRID-2D
METASURFACES provide a uniquely versatile platform for achieving strong and tunable
light-matter interactions in 2D quantum materials, which can be leveraged to study
and control light at the nanoscale.



SAMENVATTING

Dankzij de snelle vooruitgang in de nanotechnologie van de afgelopen decennia, kan
zichtbaar licht tegenwoordig beheersd worden met optisch resonante metaopper-
vlakken op een schaal kleiner dan de golflengte van het licht. Hoewel deze structuren
ongekende mogelijkheden bieden om licht te manipuleren, is hun functionaliteit
tot nu toe grotendeels passief gebleven, doordat de optische eigenschappen van
de meeste natuurlijke materialen nauwelijks verstelbaar zijn. In dat opzicht zijn
monolaag-halfgeleiders veelbelovend, omdat hun optische eigenschappen worden
gedomineerd door efficiént verstelbare excitonen. Hun toepassing in actieve opto-
elektronische componenten wordt echter beperkt door grote niet-stralende verliezen
bij kamertemperatuur en door de korte interactielengte van licht met een atomair
dun materiaal. In dit proefschrift introduceren wij een nieuw platform dat beide
beperkingen tegelijk ondervangt: ELEKTRISCH VERSTELBARE HYBRIDE-2D METAOPPER-
VLAKKEN. Door de hoogwaardige excitonen in Van der Waals-heterostructuren te
combineren met de sterke veldversterking van niet-lokale metaoppervlakken, wordt
sterke en dynamische modulatie van de amplitude en fase van zichtbaar licht moge-
lijk.

Hoofdstuk 2 beschrijft de ontwerp-, fabricage- en meettechnieken die aan dit
proefschrift ten grondslag liggen. Eerst bespreken we hoe de invloed van vrije
ladingsdragers op de optische eigenschappen van excitonische 2D-materialen wordt
gemodelleerd. Vervolgens behandelen we de fabricageprotocollen en de overwe-
gingen die aan de gekozen technieken ten grondslag liggen. Tot slot geven we een
overzicht van de op maat gemaakte experimentele opstellingen die zijn gebruikt om
de opto-elektronische respons van de metaoppervlakken te onderzoeken.

Hoofdstuk 3 demonstreert actieve metaoppervlakken voor optische amplitude-
modulatie. De structuren bestaan uit een monolaag WS,, ingekapseld in hBN en
geintegreerd met een diélektrisch subgolflengterooster dat invallend licht koppelt
aan een geleide-modusresonantie. Hierdoor ontstaat een sterke, over het oppervlak
uitgespreide veldversterking in de monolaag. In het intrinsiek gedoteerde regime
hybridiseren excitonen met geleide fotonen tot zogeheten exciton-polaritonen. Door
de monolaag elektrostatisch te doteren worden de excitonen onderdrukt doordat
hun niet-stralende vervalsnelheid toeneemt, waardoor het metaoppervlak continu
kan worden versteld tussen het regime van sterke koppeling en dat van zwakke
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koppeling tussen excitonen en fotonen. Met behulp van dit mechanisme bereiken we
bij kamertemperatuur een reflectiemodulatie van 9,9 dB en een absolute verandering
in reflectie van 48,9%, wat neerkomt op een vijfvoudige verbetering ten opzichte van
de beste eerdere resultaten die met excitonische 2D-halfgeleiders zijn behaald.

In Hoofdstuk 4 breiden we het concept numeriek uit naar modulatie van de
complexe amplitude bij zichtbare golflengten. We bereiken onathankelijke controle
over de amplitude en fase van gereflecteerd licht met behulp van twee elektrische
stuurkanalen. Daarbij werkt de modulator nabij kritische koppeling, waar stralende
en niet-stralende verliezen zorgvuldig met elkaar in evenwicht zijn gebracht. Om
de weg te vinden in deze hoog-dimensionale ontwerpruimte, waarin geometrie
en materiaalrespons sterk met elkaar verweven zijn, ontwikkelen we een inverse-
ontwerpmethode. Daarmee realiseren we metaoppervlakken die in staat zijn tot
n-fasemodulatie bij constante amplitude, volledige controle over de complexe ampli-
tude in het fasebereik van 0-27, en diffractieve bundelsturing. We interpreteren de
resultaten met temporele gekoppelde-modustheorie om de onderliggende fysische
mechanismen en fundamentele beperkingen te verhelderen.

Een centraal thema van dit proefschrift is dat gedelokaliseerde resonanties het
mogelijk maken om ultracompacte actieve meta-optische elementen te realiseren.
Juist doordat zulke modi zich over relatief grote afstanden uitstrekken, zijn zij ech-
ter gevoelig voor eindige-afmetingseffecten. In Hoofdstuk 5 ontwikkelen we een
voorspellend model met ruimtelijk-temporele gekoppelde-modustheorie waarmee
de invloed van een eindige afmeting op de optische eigenschappen van compacte
metaoppervlakken begrepen en voorspeld kan worden. We laten zien dat, wanneer
de breedte van het metaoppervlak in de buurt komt van de voortplantingslengte
van de modus, eindige-afmetingseffecten de optische respons fundamenteel hervor-
men: er ontstaat een interferentiepatroon en de lijnbreedte neemt toe. We leiden
een analytische uitdrukking af voor de Q-factor, waarin een extra dissipatiekanaal
door randverliezen is opgenomen. Daaruit blijkt dat de opgeslagen energie en de
effectieve levensduur exponentieel schalen met de interactielengte van de gedelo-
kaliseerde modus. Door op een 30 pm breed hybride-2D-metaoppervlak plaats- en
invalshoek-opgeloste reflectiespectroscopie uit te voeren, bevestigen we de theoreti-
sche voorspellingen en kunnen we de intrinsieke, extrinsieke en randverlieskanalen
kwantitatief van elkaar scheiden. De inzichten die uit onze resultaten voortkomen,
vestigen ruimtelijk-temporele gekoppelde-modustheorie als een krachtig raamwerk
voor het ontwerp van uiterst compacte hybride-2D-metaoppervlakken.

Al met al laat dit proefschrift zien dat de hybridisatie van diélektrische metaop-
pervlakken met excitonische Van der Waals-heterostructuren unieke kansen biedt om
sterke en verstelbare interacties tussen licht en tweedimensionale kwantummateria-
len te realiseren.



GEARFETTING

Tsjintwurdich kin sichtber ljocht, troch de flugge foartitgong yn nanotechnology
fan de 6frine desennia, stjoerd wurde op in skaal lytser as de golflingte fan ljocht
mei optysk resonante nanoantennes en metaopperflakken. Hoewol't dy struktueren
tinkende mooglikheden biede om ljocht te behearskjen, is de funksjonaliteit fan
optyske metaopperflakken oant no ta foar in grut part passyf bleaun. Dat komt
trochdat de optyske eigenskippen fan de measte materialen harren mar beheind
ferstelle litte. Monolaach-healgelieders foarmje dérom in beloftefolle klasse fan
materialen, om'’t harren optyske eigenskippen dominearre wurde troch ferstelbere
eksitoanen. Harren tapassing yn aktive opto-elektroanyske komponinten wurdt
lykwols beheind troch grutte net-strieljende ferliezen by keamertemperatuer en troch
de koarte ynteraksjelingte fan ljocht mei in atomér tin materiaal. Yn dit proefskrift
yntrodusearje wy in nij platfoarm dat beide beheiningen inderfangt: ELEKTRYSK
FERSTELBERE HYBRIDE-2D METAOPPERFLAKKEN. Troch de heechweardige eksitoanen
yn Van der Waals-heterostruktueren te kombinearjen mei de sterke fjildfersterking
fan net-lokale metaopperflakken, wurdt dynamyske modulaasje fan de amplitude en
faze fan sichtber ljocht mooglik.

Haadstik 2 beskriuwt de tintwerp-, fabrikaazje- en mjittechniken dy’t oan dit
proefskrift te 'n grinslach lizze. Earst beprate wy hoe’t de ynfloed fan frije ladings-
dragers op de optyske eigenskippen fan eksitoanyske 2D-materialen modellearre
wurdt. Dérnei behannelje wy de fabrikaazjeprotokollen en de oerwagings dy’t oan
de keazen techniken te 'n griinslach lizze. As léste jouwe wy in oersjoch fan de
eksperimintele opstellingen dy’t briikt binne om de opto-elektroanyske respons fan
de metaopperflakken te tindersykjen.

Haadstik 3 demonstrearret aktive metaopperflakken foar optyske amplitude-
modulaasje. De struktueren bestean Gt in monolaach WS,, ynkapsele yn hBN en
yntegrearre mei in diélektrysk subgolflingteroaster dat ynfallend ljocht keppelet oan
in geliede-modusresonansje. Dértroch Untstiet in sterke, oer it oerflak tutsprate
fjildfersterking yn de monolaach. Yn it yntrinsyk dotearre rezjym hybridisearje
eksitoanen mei liede fotoanen ta saneamde eksiton-polaritoanen. Troch de mono-
laach elektrostatysk te dotearjen wurde de eksitoanen Ginderdrukt trochdat harren
net-strieljende ferfalsnelheid tanimt, wértroch’t it metaopperflak kontinu fersteld
wurde kin tusken it rezjym fan sterke keppeling en dat fan swakke keppeling tusken
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eksitoanen en fotoanen. Mei help fan dit meganisme berikke wy by keamertemperat-
uer in refleksjemodulaasje fan 9,9 dB en in absolute feroaring yn refleksje fan 48,9%,
wat delkomt op in fiiffaldige ferbettering neffens eardere resultaten mei eksitoanyske
2D-healgelieders.

Yn Haadstik 4 wreidzje wy it konsept numeryk 1t nei modulaasje fan de kom-
plekse amplitude by sichtbere golflingten. Wy berikke tinéfhinklike kontrole oer
de amplitude en faze fan reflektearre ljocht mei help fan twa elektryske stjoer-
kanalen. Dérby wurket de modulator tichtby krityske keppeling, dér’t strieljende
en net-strieljende ferliezen yn lykwicht brocht binne. Om it paad te finen yn
dizze heech-diminsjonale intwerpromte, dér't geometry en materiaalrespons sterk
mei-inoar ferweve binne, intwikkelje wy in ynverse-tintwerpmetoade. Dérmei rea-
lisearje wy metaopperflakken dy’t by steat binne ta w-fazemodulaasje by konstante
amplitude, folsleine kontrole oer de komplekse amplitude yn it fazeberik fan 0-27x
en diffraktive bondelstjoering. Wy ynterpretearje de resultaten mei help fan de tydlik
keppele-modusteory om de tinderlizzende fysyske meganismen en beheiningen te
ferdadlikjen.

In sintraal tema fan dit proefskrift is dat delokalisearre resonansjes it mooglik
meitsje om ultrakompakte aktive meta-optyske eleminten te realisearjen. Krekt
trochdat sokke modi har oer relatyf grutte 6fstannen ttstrekke, binne hja lykwols
gefoelich foar einige-6fmjittingseffekten. Dat freget om in model dér’t de ynfloed fan
in einige 6fmjitting op de optyske eigenskippen fan kompakte metaopperflakken mei
begrepen wurde kin. Yn Haadstik 5 Gintwikkelje wy sa’'n model mei help fan romtlik-
tydlike keppele-modusteory. Wy litte sjen dat, as de breedte fan it metaopperflak yn'e
buert komt fan de fuortplantingslingte fan de modus, einige-6fmjittingseffekten de
optyske respons herfoarmje: der tntstiet in ynterferinsjepatroan en de linebreedte
nimt ta. Wy liede in analytyske ttdrukking 6f foar de Q-faktor, dér’t in ekstra dissi-
paasjekanaal troch raneferliezen opnommen is. Dér docht it bliken dat de opsleine
enerzjy en de effektive libbensdoer eksponinsjeel skale mei de ynteraksjelingte fan
de delokalisearre modus. Troch op in 30 pm breed hybride-2D metaopperflak plak-
en ynfalshoeke-oploste refleksjespektroskopy tt te fieren, beféstigje wy de teoretyske
foarsizzingen en kinne wy de yntrinsike, ekstrinsike en raneferlieskanalen kwantitatyf
faninoar skiede. De yntuitive en kwantitative ynsichten 6flaat fan s resultaten,
féstigje romtlik-tydlike keppele-modusteory as in kréftich ramtwurk foar it intwerp
fan uterst kompakte hybride-2D metaopperflakken.

Almei allit dit proefskrift sjen dat de feriening fan diélektryske metaopperflakken
mei eksitoanyske Van der Waals-heterostruktueren, in unyk en alsidich platfoarm
foarmje foar sterke en ferstelbere ynteraksjes tusken ljocht en twadiminsjonale kwan-
tummaterialen.
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