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ABSTRACT

Optical metasurfaces, planar arrays of subwavelength scatterers that enable pre-
cise manipulation of light’s amplitude, phase, and polarization, have emerged as
a compelling platform for next-generation photonic systems. While single-layer
passive metasurfaces have demonstrated remarkable optical functionalities, practi-
cal applications increasingly demand devices that are dynamically reconfigurable,
spectrally multifunctional, and compatible with scalable nanofabrication. This the-
sis addresses these challenges through the design, fabrication, and characterization

of active and multilayer metasurfaces across a diverse set of photonic applications.

We first propose and computationally investigate a nanoelectromechanically tunable
metasurface architecture based on slot-mode resonances at telecom wavelengths.
An on-substrate design employing high-aspect-ratio doped silicon slabs circumvents
the mechanical fragility of prior suspended architectures, achieving 80% amplitude
modulation and 1 4c phase modulation within 10V, and enabling beam steering

with up to 58% efliciency.

We then establish a high-throughput direct-write electron-beam lithography platform
in which an antimony-BDCA precursor decomposes in situ into high-index Sb,S3,
eliminating deposition and etching steps entirely and enabling efficient multilayer
fabrication. Leveraging this platform, we demonstrate three-layer quasi-bound-
state-in-the-continuum-derived metasurfaces with independently tunable resonance
wavelengths and quality factors, and construct decorrelated filter arrays achieving
average absolute pairwise Pearson correlation coefficients of 0.11 and 0.21 for sets
of 9 and 36 filters, surpassing prior metasurface and photonic-crystal implementa-
tions for compressive hyperspectral reconstruction. The same platform is applied to
vertical fiber-to-chip coupling, where adjoint-based inverse design with the Adam
optimizer across 204 geometric parameters yields a simulated peak coupling effi-
ciency of 89.5% ( 0.48 dB) at 1550 nm without any modification to the underlying

photonic integrated circuit.

We further apply the Sb,S3 direct-write platform to the design and fabrication of
ten-layer Bayer color routers operating in the visible spectrum. Six device variants
are designed by adjoint-based inverse optimization, spanning three refractive index
values and two RGB design wavelength sets, and fabricated on a transparent doped-

SiC substrate. To our knowledge, this represents the first free-form multilayer
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meta-optic Bayer color router in the visible spectrum and the highest layer count

demonstrated with the direct-write Sb,S3 platform to date.

We then present the design, fabrication, and Mueller-matrix polarimetric character-
ization of geometric-phase TiO, and amorphous silicon metasurfaces functioning
as phase aberration correctors for optical vortex coronagraphs, confirming spa-
tially uniform retardance of ,179 4 04" and average transmission exceeding 84%
across centimeter-scale apertures. Finally, a planar amorphous silicon metamirror
encoding a quadratic reflection phase profile is used to stabilize a Fabry—Pérot cav-
ity enclosing a YVO4:Yb?~ crystal for microwave-to-optical quantum transduction,
with spatially resolved finesse measurements confirming a greater than two-fold

improvement approaching the mirror-reflectivity-limited theoretical maximum.

Taken together, this body of work demonstrates that active and multilayer meta-
surface platforms, when co-developed with purpose-built fabrication methods and
physics-informed design tools, can meet the performance demands of applications
as varied as reconfigurable beam steering, spectral reconstruction, on-chip photonic

integration, astronomical imaging, and cavity-enhanced quantum transduction.
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Chapter 1

INTRODUCTION

The ability to shape, redirect, and con ne light with precision underpins virtually
every modern photonic technology, from the optical ber networks that carry global
internet tra c to the telescopes searching for biosignatures on distant exoplanets.
For most of the history of optics, this control has been exercised by bulk refractive
elements. These components impose strict limits on system size, weight, and
functional recon gurability, motivating a decades-long search for thinner, lighter,
and more versatile alternatives [1, 2].

Optical metasurfaces, planar arrays of subwavelength scatterers engineered to impart
spatially varying responses to amplitude, phase, and polarization, have emerged as
a compelling answer to this challenge [1, 3, 4, 5, 6]. By encoding an arbitrary
phase or amplitude pro le into the geometry of individual meta-atoms, a single
lithographically patterned surface only hundreds of nanometers thick can replicate
the function of alens [7], ahologram [8, 9], a beam steerer, or a spectral Iter[10], all
within a planar, chip-compatible form factor. This shift from bulk opticsto at optics

is not merely a matter of miniaturization: it opens qualitatively new capabilities in
multifunctionality, integration density, and, critically, active recon gurability. In
thisthesis, we address several of these challenges through the design, fabrication, and
characterization of active and multilayer metasurfaces across a range of applications.

This introductory chapter reviews the concepts and prior art that motivate the sub-
sequent chapters. We begin with a general introduction to optical metasurfaces and
their operating principles. We then focus on high-contrast dielectric metasurfaces
and their capabilities for controlling phase and polarization. Next, we discuss the
physics and prior work on multilayer and volumetric metamaterial architectures. We
follow with a review of active metasurfaces and their principal tuning mechanisms.
The chapter concludes with an outline of the thesis.

1.1 Flat Optics: Metasurfaces

Optical metasurfaces are two-dimensional arrays of subwavelength scatterers de-
signed to manipulate multiple properties of light[1, 4, 5]. The operating principle of

a metasurface rests on the ability of a single subwavelength scatterer, or meta-atom,
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to impart a well-de ned amplitude, phase, and polarization response to an incident
electromagnetic eld. When such meta-atoms are arranged in a two-dimensional
array with slowly varying geometry, the array acts as a locally periodic structure.
By the local periodicity approximation, each region of the array can be treated as if
it were an in nite periodic lattice with the local geometrical parameters [11]. This
approximation, which becomes exact as the meta-atom period decreases relative
to the wavelength, allows a continuous phase or amplitude pro le to be encoded
spatially across the device aperture by varying the geometry from pixel to pixel.

Phase control in metasurfaces is achieved through three broad mechanisms. The
geometric parameters of the meta-atoms can be used to control the amount of
propagation phase imparted locally for applications where slowly varying phase dis-
tribuitions and/or a large bandwidth are needed. In geometric phase (Pancharatnam-
Berry) metasurfaces, the phase shift is imparted purely by rotating a birefringent
meta-atom, producing a geometric phase of twice the rotation angle [12, 13]. Ge-
ometric phase metasurfaces are inherently broadband, however they act only on
circularly polarized light. Another approach is to tune the meta-atom geometry so
that we hit one of the eigenmodes of the electromagnetic system, i.e. a resonance,
accumulating a phase shift that varies steeply near the resonant wavelength [14,
15]. With resonant metasurfaces, although strong phase responses can be achieved,
it is generally limited to a narrow bandwidth. In this thesis, NEMS based recon-
gurable beam steering metasurface mentioned in Chapter 2 and multilayer optical
Iters mentioned in Chapter 3 rely on resonant metasurfaces for phase and ampli-
tude modulation respectively. Multilayer vertical coupler mentioned in Chapter 4
and metamirror designed for stable cavities mentioned in Chapter 7 rely on prop-
agation phase delay to locally modify the wavefront across the device. Finally,
phase abberation correction masks designed for coronograph mentioned in Chapter
6 utilizes geometric phase, controlling the circularly polarized light locally through
the orientation of the half-wave plate meta-atoms.

1.2 High-Contrast Dielectric Metasurfaces

Metasurface conceptual lineage traces to the re ect- and transmit-arrays that have
been studied in the microwave community for several decades [16], and to con-
ventional di ractive optical elements (DOEs) such as Fresnel lenses, holograms,
and blazed gratings [17]. The early demonstrations of optical metasurfaces were
based on plasmonic meta-atoms, where the resonances of metallic nanostructures
were exploited to engineer a spatially varying phase pro le [18, 19]. These early
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devices demonstrated the basic operating principles convincingly, but the intrinsic
ohmic losses of metals combined with fundamental limits on the achievable phase
coverage in a single thin layer [20] restricted their e ciency, particularly in trans-
mission. These limitations motivated the shift toward all-dielectric metasurfaces,
which use high-refractive-index dielectric nanostructures such as silicon, titanium
dioxide (TiQy), or gallium nitride (GaN) to achieve low-loss wavefront control [21,

22, 7]. Such metasurfaces have been demonstrated enabling thin metalenses [7,
23], holograms [8, 9], beam de ectors [1], and spectral lters [10], all in a planar,
chip-compatible geometry. Owing to the high refractive index contrast between
the meta-atoms and their surrounding medium, the electric eld is highly con ned
inside each nanopost, reducing inter-post coupling and making the phase response
of each post largely insensitive to its neighbors [11]. This local-sampling property
allows an arbitrary phase map to be constructed by spatially varying the post cross-
sections across the aperture, a design methodology that has been validated for a
wide range of applications from lensing to holography and beyond [7, 11, 23].

High-contrast metasurfaces also support a variety of optical resonances that dra-
matically enrich their spectral response. When the meta-atom structure is perturbed
away from a high-symmetry con guration, modes that were formerly decoupled
from free-space radiation, such as guided mode resonances (GMRs) and quasi-
bound states in the continuum (g-BICs) become accessible to an incident eld [24,
14, 15]. These resonances are characterized by high quality factors (&-factors) and
strong electromagnetic eld enhancements in and around the nanostructures. The
&-factor is continuously tunable through the degree of symmetry breaking in the
unit cell, o ering direct and independent control over the spectral linewidth of the
resonance while its central wavelength can be independently adjusted through the
lattice geometry [25, 26, 14]. This precise spectral engineering makes high-& res-
onant metasurfaces particularly attractive for biosensing [27, 25, 26], nonlinear op-
tical interactions, spectral Itering, and mechanically recon gurable metasurfaces.
Chapter 3 of this thesis discusses the use of g-BIC resonances for multiresonant op-
tical Iters due to the obvious geometric knobs that can control the speactral features
of the resonances. Similarly, Chapter 2 covers a NEMS recon gurable metasurface
that utilizes guided slot mode resonance which becomes accessible only through
grating-like perturbations to the device geometry for free-space radiation.

Despite these promises, a number of key challenges have limited the deployment of
metasurfaces in real systems. First, conventional passive metasurfaces are locked
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into a single function at fabrication time, whereas many practical applications de-
mand dynamic, user-programmable optical responses, a requirement addressed by
the emerging eld of active metasurfaces [28]. Second, single-layer metasurfaces
o er a limited design space; achieving multi-spectral, multifunctional, or better
performing optical devices generally requires the additional degrees of freedom
available only in multilayer or volumetric photonic architectures, yet fabricating
high-quality multilayer metasurfaces at visible and near-infrared wavelengths has
remained a major bottleneck [29]. The remainder of this Introduction reviews key
developments in multilayer and volumetric metamaterials, as well as active and
recon gurable metasurfaces.

1.3 Multilayer and Volumetric Metamaterials for Multifunctionality

Single-layer metasurfaces, despite their impressive capabilities, are constrained by
a fundamental limitation in the design space available for a single two-dimensional
array of meta-atoms. Achieving simultaneously high transmission or re ection

e ciency, broad spectral bandwidth, multifunctionality across several optical de-
grees of freedom, and high spectral selectivity within a single layer is generally not
possible [29]. The most natural route to overcome these limitations is to stack mul-
tiple metasurface layers vertically, allowing each layer to contribute an independent
degree of freedom to the overall device response [30, 31].

Earlier demonstrations of multilayer dielectric metasurfaces showed that achromatic
operation at multiple discrete wavelengths could be achieved by designing separate
layers for each color [30]. This strategy was subsequently extended to dispersion
engineering, where the sign and magnitude of chromatic aberration in a di ractive
lens could be tailored by co-designing two cascaded metasurface layers [32]. More
broadly, vertical integration of metasurfaces has enabled wider eld-of-view imag-
ing [33], folded optical systems for compact spectrometers [34], multi-wavelength
phase control [35], and inverse-designed 3D metmaterials that simultaneously per-
form multiple independent optical functions [36]. Switching from stacked/cascaded
metasurfaces where each metasurface layer is designed for a desired function and
combined, to designing metamaterials in 3D all together provided the extra degrees
of freedom needed to achieve multifunctional optics. Through advanced optimiza-
tion algorithms like adjoint inverse design with gradient descent and Adam (Adaptive
Moment Estimation), all these degrees of freedom can be iteratively tuned together
to optimize the design space for a certain complex optical objective function. Chap-
ters 3, 4, and 5 cover $83; multilayer metasurfaces for multiresonant optical lters,



vertical ber-to-chip coupling, and visible Bayer color routing respectively.

Despite their promise, multilayer metasurfaces remain far less explored than single-
layer designs, primarily due to the lack of a scalable, high-yield nanofabrication
platform. With standard CMOS nanofabrication techniques, multilayer metasur-
faces would require repeated cycles of lithography, deposition, etch, lift-o pro-
cesses, which makes the overall fabrication time consuming, high cost and low
yield. Several commercially available fabrication platforms aim to reduce process
complexity for multilayer structures, including direct laser writing techniques such
as two-photon lithography (TPL), as well as imprint-based approaches. Neverthe-
less, these methods either lack the resolution required for operation in the visible
and NIR regimes or restrict the device architecture to a limited set of polymers with
relatively low refractive indices for optical applications. In Chapter 3 and 4, we use a
precursor based direct e-beam write based fabrication platforms which is integrated
into multilayer metasurface fabrication for the rst time. Using this fabrication
platform, all the other fabrication steps other than lithography, such as deposition,
etch and lift-o can be avoided, which makes the overall fabrication quick, low cost
and higher yield.

1.4 Active Metasurfaces

While passive metasurfaces have demonstrated a remarkable range of optical func-
tionalities, their xed optical response after fabrication precludes their use in ap-
plications that require dynamic, programmable wavefront control. The realization
of active metasurfaces, devices capable of changing their optical function in real
time under external stimuli, has therefore become one of the central challenges in
the eld [28, 37]. Compared to conventional spatial light modulators based on
liquid crystals or digital micromirror devices, active metasurfaces o er a potentially
compact form factor, a wide eld of view, sub-wavelength spatial resolution, and
the ability to exploit novel optical modes with no classical counterpart. A large
number of tuning mechanisms have been explored in recent years, each with distinct
trade-o s in modulation speed, e ciency, power consumption, and compatibility
with semiconductor fabrication.

Electro-optic approaches based on transparent conducting oxides (TCOs), such as
indium tin oxide (ITO), exploit the epsilon-near-zero (ENZ) e ect to achieve large
changes in refractive index under an applied voltage [38, 39]. These devices have
demonstrated high-speed modulation and, in some implementations, continuous
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beam steering, but their e ciency is limited because operation near the ENZ regime
is inherently associated with strong free-carrier absorption, and such plasmonic
devices are generally limited to operate in re ection. Phase-change materials such
as GeShyTes (GST) and SBS; o er large, non-volatile refractive index changes
upon heating, making them attractive for recon gurable static patterns and logic
operations [40, 41]; however, their typically discrete (binary) switching and lim-
ited endurance impose constraints on their use as continuously tunable platforms.
Liquid-crystal-integrated metasurfaces achieve large and continuous phase modula-
tion with relatively low driving voltages and have been commercialized in devices
such as the LIiDAR systems, but their modulation speed is typically limited to the
kHz range, and achieving uniform liquid crystal alignment over a large metasurface
aperture is challenging [42, 43].

Nanoelectromechanical systems (NEMS) o er a complementary set of trade-o0 s
that are particularly well-suited to metasurface tuning. Prior demonstrations have
largely relied on suspended silicon bars [44, 45, 46, 47], whose suspension allows
large displacements but introduces fragility and low fabrication yield due to the
absence of a supporting substrate. Chapter 2 of this thesis proposes and compu-
tationally investigates an on-substrate architecture that addresses these limitations
while preserving high optical performance using highly con ned guided slot mode
resonances that are highly sensitive to mechanical displacement.

Beyond the NEMS and electro-optic platforms, several other tuning approaches
merit mention. Two-dimensional materials such as graphene and transition metal
dichalcogenides (TMDs) o er strong light-matter interactions in atomically thin
layers and can be gated to achieve signi cant modulation of optical absorption
and phase, particularly in the mid-infrared and at cryogenic temperatures [48].
Photonic cavities and microresonators integrated with all-optical excitation have
demonstrated high-speed amplitude modulation using photoexcited free carriers, at
the cost of additional optical pump complexity [49]. Thermally tunable metasurfaces
exploit the large thermo-optic coe cients of materials such as silicon or vanadium
dioxide [50] near their phase transition temperature to achieve passive temperature-
dependent modulation, though the slow thermal response and global (rather than
pixel-level) tuning typically limit their utility for wavefront control.

Across all these platforms, the fundamental challenge is the same: maximizing the
achievable modulation depth (both amplitude and phase) per unit of applied stimulus,
while maintaining low optical loss, high spatial resolution, and compatibility with
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standard photonic fabrication processes. The resonant enhancement provided by
high-& optical modes, such as GMRs, g-BICs, slot modes, or hybrid resonances,
is a general strategy for amplifying the sensitivity of the optical response to small
physical perturbations, and therefore uni es the design philosophy of the active
devices presented in Chapters 2 of this thesis.

1.5 Thesis Outline

The central goal of this thesis is to develop active and multilayer metasurface
platforms and to demonstrate their potential across a range of photonic systems.
The thesis is organized as follows.

Chapter 2 proposes and computationally investigates nano-electromechanically tun-
able dielectric metasurfaces based on slot-mode resonances at telecom wavelengths.
An on-substrate architecture using high-aspect-ratio doped silicon slabs circumvents
the mechanical fragility of prior suspended designs, while achieving beam steering
with high e ciency. Chapter 3 introduces a high-throughput direct-write electron-
beam lithography platform where 88 patterns can be created in situ, during lithog-
raphy without any pattern transfer through hard mask deposition and etching. Using
this platform, three-layer g-BIC derived optical Iter devices with independently
tunable resonance wavelengths and linewidths are designed and experimentally
demonstrated for compressive hyperspectral reconstruction applications. Chapter 4
applies the Sff5; direct-write platform to the problem of ber-to-chip coupling in
integrated photonics. An augmented two-layer grating coupler is optimized using
adjoint inverse design and the Adam stochastic gradient optimizer, achieving verti-
cal coupling with a high e ciency while imposing no modi cation whatsoever on

the underlying photonic circuit. Chapter 5 extends thgSglalirect-write platform

to ten-layer volumetric Bayer color routers operating in the visible spectrum. To
our knowledge, this represents the rst free-form multilayer meta-optic Bayer color
router in the visible spectrum. Chapter 6 presents the design, fabrication, and testing
of geometric-phase aberration correction metasurface masks4iamiamorphous
silicon for optical vortex coronagraphs targeting exoplanet detection. Broadband
unit-cell optimization is carried out in simulation, and Mueller-matrix polarimetry
con rms spatially uniform retardance and high transmission across centimeter-scale
devices. The performance sensitivity to fabrication errors is quanti ed and future
directions for broadband improvement are discussed. Chapter 7 describes the de-
sign and experimental characterization of a planar a-Si metamirror that stabilizes
a Fabry-Pérot cavity enclosing a YM(Yb® crystal intended for microwave-to-
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optical quantum transduction. A quadratic re ection phase pro le is encoded into
a subwavelength pillar array on a distributed Bragg re ector substrate, replacing
the role of a concave mirror, which is experimentally con rmed to contribute to
a signi cant improvement in the cavity nesse, approaching the theoretical limit.
Finally, Chapter 7 concludes the thesis with summary and outlook.



Chapter 2

NANO-ELECTROMECHANICALLY TUNABLE DIELECTRIC
METASURFACES FOR RECONFIGURABLE WAVEFRONT
SHAPING

The material in this chapter was in part presented in [51].

Active metasurfaces promise lightweight and compact recon gurable optics. Among
many other recon gurable architectures, nanoelectromechanical e ects are one of
the most e ective tuning methods. Various nanoelectromechanical implementations
have been demonstrated, but they generally rely on suspended structures that lead
to mechanical fragility. In this work, we propose and computationally investigate
an on-substrate design with high aspect ratio doped silicon slabs that can achieve a
near-2c phase response in re ection, utilizing a slot mode at telecom wavelength.
An amplitude modulation of 80% and a phase modulation of 1+4c can be achieved
within 10V. By adjusting the voltage con guration, switchable beam steering can
be achieved reaching up to 58% e ciency utilizing a back-mirror. Beam steering
with up to 42% e ciency can be performed by eliminating the back mirror, with

the added advantage of easier fabrication. This work paves the way for a solid-state
nano-electromechanical platform for amplitude and phase modulation, wavefront
shaping, and beam steering.

2.1 Introduction

Metasurfaces are at optical devices composed of arrays of subwavelength scat-
terers that enable precise spatial control of optical elds in amplitude, phase, and
polarization [3, 1, 4]. They hold great promise in replacing traditional bulky optical
components across many applications that use free space optics, including lens-
ing [52, 23, 7], holography [9, 8] and spectroscopy [10]. Conventional passive
metasurfaces are inherently constrained by their xed optical functionality, estab-
lished during the fabrication process. In contrast, active metasurfaces [28] o er
the exibility to create tunable devices, responding to user-de ned stimuli such as
electrical gating [38, 39], phase-change materials [40, 41], liquid crystals [42, 43].
Among all these tuning mechanisms, there has been an increasing interest in nano-
electromechanical/microelectromechanical systems (NEMS/MEMS) [53, 54, 55].
Although NEMS/MEMS had rst been developed for transistor-based electronic ap-



10

plications [56, 57], they proved to be promising platforms in optics as well, to achieve
ultra-compact, low power consumption and highly tunable metasurfaces [57, 58].
There is growing attention towards active metasurfaces in general due to the rise in
interactive and feedback-based technologies such as augmented and virtual reality
(AR/VR), light detection and ranging (LIDAR) and optical communication [37].

Despite the advantages of the NEMS platform, the optical response sensitivity
needs to be improved due to the short distance induced by the mechanical actuation.
There are di erent ways of increasing the tunability of active metasurfaces such
as operating near resonances that have a moderately high quality factor (Q-factor)
in addition to con ning and amplifying the electric eld by designing the device

to employ certain optical modes. In integrated photonics, slot modes have been
used to con ne light in narrow and low refractive index spaces to amplify the
electric eld due to the continuity of the electric displacement eld [59]. Slot
modes are promising candidates for various applications [60, 61, 62] including
NEMS/MEMS [47] as they can increase the sensitivity to the electromechanical
stimuli because of the ampli ed electric eld in the low refractive index medium.

In this paper, we propose nano-electromechanically tunable metasurfaces based
on slot mode resonances at telecom wavelengths. Utilizing high aspect ratio sil-
icon slabs that can bend towards each other on a substrate, we computationally
demonstrate a potentially robust device that can cover large areas and have a higher
fabrication yield compared to similar architectures using suspended bars [47, 46,
44, 45]. An amplitude modulation of 80% and a phase modulation of 1¢4c can be
achieved within 10 V. The proposed design can perform a near-2c phase response
without the help of a back mirror due to utilization of tall structures whereas most of
the previous work had to utilize back mirrors to achieve a strong phase response [47,
63]. Consequently, the proposed design constitutes a good candidate for phase mod-
ulation and wavefront shaping whereas the aforementioned suspended architectures
lack that ability. As a proof of concept, beam steering can be achieved computa-
tionally reaching up to 58% e ciency with the help of a back mirror. On the other
hand, it can be performed by eliminating the back mirror up to 42% e ciency but
with a much less complicated fabrication.

2.2 Results and Discussion

The system being proposed consists of doped silicon slabs (device layer) connected
to di erent contact electrodes, laying on a substrate layer (silicon dioxide/silicon) as
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Figure 2.1: NEMS metasurface architecture and slot mode characteristics. (a)

The overall device design where the slabs that have GND are all connected to the
same electrode and the other slabs are connected to independent contacts on the left.
The unit cell and the device parameters are shown on the right (b) The slot mode
electric eld pro le (electric eld norm) from front, side and top view (left to right).

(c) The re ected power and phase of the fully periodic and un-deformed device (no
applied voltage) that shows a critically-coupled resonance.

in a silicon-on-insulator (SOI) wafer setting (Figure 2.1.a). The voltage di erence
between the slabs in a unit cell leads to Coulomb forces that cause the slabs to
attract each other, resulting in a bending motion where the bottom of the slabs is
xed on the substrate and the maximum displacement occurs at the tips of the slabs.
The device layer is preferred to be doped to optimize the Coulombian attraction by
transferring voltage applied to the slabs. By adjusting the amount of bias voltage
applied, we adjust the amount of slab displacement. Therefore, the slot width and
shape can be altered, which has a direct e ect on the wavelength of the slot mode
resonance that the device is designed to host. There has been previous research for
similar architectures that involve suspending silicon bars to increase displacement
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per applied voltage [47, 46, 44, 45]. Nonetheless, these devices exhibit mechanical
fragility and encounter challenges related to low fabrication yield, primarily arising
from the constraints inherent to their suspended structural con gurations. In this
paper, the architecture is proposed to be on-substrate to address these issues, and
high aspect ratio slabs are utilized to counterbalance the displacement limitations
imposed by their attachment to a substrate.

The electric eld is enhanced and con ned in the narrow and low refractive index
region (the air slot) in between the slabs, creating a slot mode due to the continuity
of the electric displacement eld and high refractive index contrast [64], as opposed
to a slab mode where the electric eld is mostly inside the high refractive index
slab region [65]. The gap between the neighboring slabs within the same unit cell
has been intentionally kept under 100 nm in order to utilize slot modes (Figure
2.1b) and maximize the amplitude of electrostatic force. Slot modes have been
extensively used in integrated optical devices [64, 66, 67], however, free-space
coupling is not possible without introducing any perturbations due to momentum
unmatching. Similar to the idea behind the grating coupler, free-space coupling is
achieved through periodic perturbations (notches) as can be seen from the device
diagram (Figure 2.1.a) to satisfy momentum conservation from air to silicon [63].
The period of the notches (?) is chosen such that the device is coupled to the slot
mode at the telecom wavelength _, using the grating equation for normal incidence
= = _*?,where % is the e ective mode index of the slot mode without notches

at wavelength _.

Unit Cell Design

The unit cell is designed to host a slot mode at telecom wavelengths and is composed
of two long slabs (simulated as in nitely long) that are separated by a narrow air gap
(slot). Employing periodic boundary conditions, our simulations reveal that in its un-
deformed state (i.e., with no voltage applied), the unit cell hosts a critically coupled
resonance characterized by a 2c phase response (Figure 2.1.c). The silicon slabs
are oriented along the H-direction, while G-polarized incident light is introduced
from the 1 direction, coupling to the slot mode (Figure 2.1.b). Having precise
control over the slot's width and shape makes it practical to use the slot mode,
as the electric eld predominantly resides within this region, where mechanical
displacement yields maximum perturbation. Therefore, even minor changes in slot
parameters can induce signi cant spectral shifts and enable e ective amplitude and
phase modulation in re ection. The current unit cell design (Figure 2.1.a) has a
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750 nm lattice size (B and 1.5 "'m tall slabs with 50 nm notch depth{dzr), 75 nm

slot width (Fgjo) and 160 nm slab width (&a). An amplitude modulation of 80%
(Figure 2.2.a-b) and phase modulation of 1+4c (Figure 2.2.c-d) can be achieved
within 10V using the current unit cell design. The parameters of the unit cell have
been chosen based on how the characteristics of the device such as the coupling
strength, Q factor, e ective refractive index, phase coverage and tunability, change
with varying device parameters. The device parameters include the notch depth,
slot, slab and lattice size as they are de ned in Figure 2.1.a, a detailed analysis of
which will be provided in subsequent sections of this manuscript.

Coupling to the slot mode is achieved by introducing perturbations to the slabs
through notches. Therefore, the notch size (notch depth and width) a ects the Q
factor of the resonator as well as the coupling strength to the slot mode. From a
fabrication perspective, the feature sizes are much smaller, and the spatial frequency
is much higher in the G-direction, so it is easier to make small changes in the notch
depth compared to the notch width. Therefore, this change has been examined by
keeping the notch width constant at 100 nm and varying the notch depthdF

Figure 2.2: Amplitude and phase modulation under applied voltage. Re ection
(a) and re ected phase (c) for 0,5,7,8.5,10 V, and re ection modulation (b) and
phase modulation (d) for 5,7,8.5,10 V.
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Figure 2.3: Dependence of optical response on slab, slot, and notch parameters.
(a) The re ectance spectra forpgich = 25, 50 and 100 nm for &= 160 nm and
Fsiot = 75nm. The change in the Q-factor w.r.t.ndzh iS given in the inset. (b)
Re ected power and phase for OV and 10V for 130, 160, 190 and 220 ggg F
(Fsiot = 75nm and Foich = 50 nm). Legend is given both for panels b and c. (c)
Re ected power and phase for OV and 10V for 50, 75, 100 and 125 gg(F sjap=
160 nm and Foich= 50 nm), with Q-factors 525, 2.264 1% 2.705 103, 6.745 103
respectively. (d) The schematic shows the displacement in the slabs in nm.

(Fsiot = 75nm, Fgjap = 160nm, = 1¢5"'m, F. = 750 nm). As illustrated with 25,

50 and 100 nm deep notches,fkr) (Figure 2.3.a), the Q factor of the resonator
decreases with the increasing notch depth, and the coupling strength increases.
As the amount of perturbation (the notch deptRetfr) increases, the coupling to

the slot mode gets stronger and the slot mode resonance transitions from critically
coupled to slightly overcoupled as can be seen from the re ection spectra (Figure
2.3.a). The tunability gure of merit (FOM) which is de ned here as the ratio of the
shift in resonance frequency and the full width at half maximum (FWHM) of the
resonance, is proportional to the Q factor and it decreases with an increase in the
notch depth (Figure 2.4.a). Therefore, the notch depibi{f= 50 nm) is kept small
enough to have a large Q factor and tunability, and at the same time large enough to
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Figure 2.4: E ect of notch depth and thickness on Q-factor, tunability, and
phase coverage. (a) The shiftin the re ectance spectrum for 25 nm, 50 nm, 100 nm
F notch for OV and 10V applied. The dependence of the Q-factor and the tunability
FoM (frequency shift/FWHM) on FRoich for Fgap = 160 nm and Kot = 75 nmis
given on the right (b) Re ected phase for h = 250, 300, 350, 355, 400, 500 and
1000 nm respectively in units of 2c.

have a high coupling strength not to compromise the near-2c phase coverage.

Since high aspect ratio slabs are utilized to maximize the amount of slab bending,
the proposed design can easily perform a near-2c phase response without the help
of a back mirror as opposed to similar previous architectures [47, 63]. This can be
achieved with the right set of parameters since 1.5 'm tall silicon bars have a large
enough propagation distance to provide a strong phase delay. Previous work [47, 44,
45] was not able to achieve this strong phase response without using a back-mirror
due to the mirror symmetry in the I-direction of the suspended structures. The fact
that the high aspect ratio slabs lay on the bottom oxide layer in this work, plays a role

in breaking the I-symmetry to achieve this [46]. Using the same parameters as the
design, when the height of the bars is varied, one can see that the phase response of
the resonator gets progressively stronger with the increasing height of the slabs which
settles around 500 nm height (Figure 2.4.b) while the other parameters are preserved
(Fsiot = 75nm, Fgjap = 160 nM, Fyoich = 50nm, = 1¢5"m, F. = 750 nm). Given

that our design features even taller slabs, it becomes evident that these structures can
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indeed achieve near-2c phase response without relying on a back mirror, potentially
a ording a much easier fabrication process.

As for the slab parameters, when the slab thickneggdfs varied while keeping

all the other parameters the same (Figure 2.3.b), one can see that the slabs should be
on the thinner side to achieve near-2c phase response and higher tunakjdty (F
75nm, Fyotch = 50nm, = 1¢5"'m, F. = 750nm). However, it is imperative to
exercise caution, as excessively thin slabs result in an e ective refractive index of
the overall mode that becomes impractically small. In the context of our design
objectives, this index should ideally exceed the refractive index of 8 @revent
undesirable leakage of the slot mode into the substrate, a criterion that we nd
to be met with a slab thickness ofsf, = 160 nm. In addition, the background

re ection is high when Fjap = 160 nm compared to §p = 130, 190 and 220 nm.
Coming to the slot parameters, as shown in Figure 2.3.c, the Q-factor of the resonator
increases with an increase in the slot size. However, as opposed to the e ect of the
Q-factor on the tunability when changing the notch depth, we can see here that
the tunability does not have a direct relationship with the Q-factor. Although the
Q-factor decreases with the decreasing slot size, the e ective change in the unit
cell geometry, which is de ned here as the ratio of the mechanical displacement
and the slot size (&) is larger compared to the case where the slot size is larger.
It varies as maximum displacement of 3.4 nm for 50 nm slot, 1.5nm for 75 nm
slot, 0.84 nm for 100 nm slot and 0.56 nm for 125 nm slot for 10V (Figure 2.3.d).
Both the total displacement and the e ective change in the slot size (the ratio of
the total displacement and the slot sizey{fy) decrease with the increasing slot
size (for more details regarding the mechanics, please see Supporting Information:
Mechanics of the Architecture). Considering that the tunability is not proportional
to the displacement but the e ective displacement, narrower slots result in higher
tunability, as long as they also provide a high enough Q-factor, which motivates us
to nd a sweet spot for the slot size {l; = 75 nm).

Device Design

Beam steering can be e ectively realized through the emulation of the phase pro le
characteristic of a blazed grating, albeit in a discretized manner, enabling the precise
optimization of power directed into a speci ¢ di raction order. This controlled 0 to

2c phase gradient can be systematically achieved by selecting a suitable number of
discrete steps. In the context of our beam steering design, we opted for a con g-
uration featuring four phase steps, each separated by a c+2 di erence. Moreover,
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Figure 2.5: Beam steering and steering e ciency optimization. (a) Sampling

the phase ramp at 4 points to achieve beam steering into +1st order. The coloring
used on the slabs represent the amount of displacement that they perform for 0V,
9V, 9.5V and 10V in groups of four unit cells. (b) The library used when designing
the beam steering device: 0V, 9V, 9.5V and 10V bias voltages correspond to the 4
phase points with ce2 separation on the 0 to 2c phase ramp. (c) The optimal voltage
con guration in terms of steering e ciency (4 phase steps and each step is made
out of 4 cells) when there is no gold mirror but isolating walls, when there are both
gold mirror and isolating walls, when there are no isolating walls but a gold mirror
(from left to right). (d) The re ectance given for 4 phase steps that are made out of

3 cells (5.1 deg of steering angle), 4 phase steps that are made out of 4 cells (3.8 deg
of steering angle) and 3 phase steps that are made out of 6 cells (3.4 deg of steering
angle) (from left to right), all utilizing isolating walls and back-mirror.
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for the optimal design, each of these phase steps is meticulously constructed using
four individual unit cells (Figure 2.5.a). Using the library shown in Figure 2.5.b, to
achieve the phase steps with c+2 jumps, 0V, 9V, 9.5V and 10V are applied to the
four groups of cells. Here, even 0.5V jumps result in ce2 phase increments due to
the quadratic relationship with the maximum slab displacement and applied voltage
demonstrated in Figure 2.3.d.

The optimal scenario entails the utilization of a single unit cell for each phase step,
a ording the advantages of reduced pixel size and expanded steering angles. The
electric eld amplitude at the edge of the unit cell is 10 15 times smaller than the
maximum electric eld amplitude (the center of the slot) (Figure 2.1.b) for di erent
parameters. However, there is still signi cant crosstalk between the adjacent unit
cells observed since the electric eld is not perfectly localized in the narrow slots
which results in the loss of addressability of the individual antennas [63]. This
argument is supported by quite low steering e ciencies when there are one to two
unit cells per phase step. The crosstalk between the adjacent unit cells becomes less
and less important for the overall gradient when there are more cells for each phase
step, and the di raction e ciency into the ,1st order increases signi cantly with
respect to 1storder.

To reduce the crosstalk, a few strategies are utilized: The lattice size is increased
from 750 nm to 1400 nm in order to enlarge the spacing between adjacent pairs of
cells. 60nm wide isolating walls are introduced to each unit cell as in previous
work [63] to suppress coupling between the neighbor cells. A direct comparison
between the last two plots presented in Figure 2.5.c demonstrates the favorable
impact of these isolating walls, manifesting as an increase in the steering e ciency
from 43% to 58%. We de ne the beam steering e ciency here as the di erence
between the re ectance ofthe ,1storder and 1storder. Improving the nal steering
performance without reducing the crosstalk is also explored using a 100 nm thick
gold back mirror that keeps the re ection amplitude almost uniform by eliminating
the transmittance channel. Although there is no need to use a mirror for achieving
a strong phase, uniform re ected amplitude helps increase the e ciency from 42%
to 58%, comparing the rst two plots of Figure 2.5.c.

As mentioned earlier, each phase step in the phase gradient is formed out of multiple
cells to diminish the pronounced crosstalk e ects. This phenomenon is readily
evident when comparing the rst two plots presented in Figure 2.5.d, which exhibit
identical phase gradient sampling but di er in the number of cells sharing the
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same phase delay. However, a higher number of overall cells does not guarantee
a better performance all the time. Both how large each phase step is represented
in the metasurface and how smooth the phase gradient is sampled in uence the
steering performance. In Figure 2.5.d, the last two plots show that an 18-cell pixel is
outperformed by a 16-cell pixel device since the latter has a smoother phase pro le
despite having a smaller number of cells.

While di erent voltage con gurations yield varying steering e ciencies, altering
the applied voltage setup also allows for the adjustment of the device's steering
angle. Among the con gurations explored thus far, the one exhibiting optimal
steering e ciency (characterized by a pixel size of 4 and featuring 4 phase steps)
has yielded a steering angle of 3.8 degrees with an accompanying e ciency of 58%.
This angle can be enlarged at the expense of e ciency as in the case of the 12-cell
pixel device that can go up to 5.With 32% e ciency. By sacri cing some of the

e ciency, it is also possible to make these devices without a back mirror with a
much simpler fabrication.

Compared to its counterparts using suspended platforms, the on-substrate architec-
ture proposed in this paper is expected to be more mechanically robust and have
larger device apertures due to the di erence in the fabrication abilities. The sus-
pended structures surrounded by air are not the best candidates for phase modulation
and wavefront shaping applications either. The I-symmetry they have hinders over-
coupling as it is hard to support the coupling through one radiation channel in such
platforms. On the other hand, the on-substrate architecture breaks this symmetry
simply by using a substrate and high aspect ratio structures. Therefore, reported
modulation values exceed both intensity and phase modulation reported in [44].

2.3 Conclusion

In this article, we propose nano-electromechanically tunable metasurfaces based
on slot mode resonances at telecom wavelengths. Using this device, an amplitude
modulation of 80% and a phase modulation of 1+4c can be achieved within 10 V. By
changing the voltage con guration and therefore the phase delay each cell imposes
onto the input eld, this device can be tuned to achieve any kind of wavefront
shaping in principle. To exemplify that, a beam steering voltage con guration has
been demonstrated reaching up to 58% e ciency with the help of a back-mirror as
well as 42% e ciency by eliminating the back mirror with a much less complicated
fabrication.
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While prior proposals have explored similar architectures, they often relied on
suspended bars to maximize the inter-bar distance change. However, this approach
came at the expense of mechanical fragility and limited fabrication yield, which
motivated the transition to an on-chip design, employing slabs with higher aspect
ratios. Our proposed system entails elongated silicon bars paired with narrow slots,
designed to host slot modes at telecom wavelengths. We systematically investigate
the impact of various device parameters on a spectrum of optical characteristics,
elucidating the rationale behind our parameter choices. This design can achieve a
strong phase response due to using tall silicon bars that have a larger propagation
distance, which potentially eases the fabrication compared to the previous work
that utilized back-mirrors. Using this unit cell design and modifying it in order to
reduce the crosstalk between the cells using strategies such as enlarging the lattice
and adding isolating walls, a beam steering con guration is proposed. The optimal
steering e ciency (58%) has been shown by sampling 0 to 2c phase ramp at 4
points and using 4 cells for each sample point. The steering angle of the optimal
voltage con guration in terms of e ciency has been shown at 3.8 degrees of steering
angle because of the large pixel size due to the e ort made to reduce the coupling
between the adjacent cells. This steering angle can be altered by changing the
voltage con guration and therefore the e ective pixel size, but with varying steering

e ciency. This performance is either on the same order or better compared to
other beam steering devices in the literature which are mostly liquid crystal (LC)
based [68] such as LC optical phase arrays (OPAs) which achieve approximately
58% di raction e ciency within 5 range [69, 70] or compound blazed gratings
that can achieve around 40% e ciency for 0 2.3teering angle [71].

Although considerably high aspect ratio gratings have been demonstrated so far in
experiment, especially for X-ray imaging [72, 73, 74] going up to 200:1, the proposed
design which has trenches of di erent widths (slots and the gaps between unit cells)
makes the fabrication more challenging without optimizing a high aspect ratio etch
recipe. The etch rate of slots has been observed to be lower than that of wider gaps
in our experimental attempts (see Supporting Information: Experimental Attempts),
which results in overetching/undercutting of the slab pairs whereas the slots are not
fully etched during an inductively coupled plasma reactive ion etching (ICP-RIE)
pseudo-Bosch process. On the other hand, aspect ratios as high as 60:1 have already
been achieved for nanoscale structures such as nanowires [75] and gratings [76].
Therefore, it is feasible to successfully fabricate the proposed structures by process
engineering: optimizing the etchant and passivation gas amount and ratio, ICP
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and forward power [75]. Our numerical results pave the way for a solid-state
NEMS platform in amplitude and phase modulation, wavefront shaping and beam
steering, and therefore for numerous applications like AR/VR, LIDAR and optical
communication.

2.4 Methods

Simulation

The re ected spectra of the metasurface were computed utilizing the commercial
software COMSOL, which employs the nite element method (FEM). For the calcu-
lation of the e ective refractive index of the slot mode, we employed 2D simulations

to calculate the notch period (?), while 3D simulations were employed for all other
aspects of our analysis. 3D simulations can be examined under electrical, mechani-
cal and electromagnetics categories. For both 2D and 3D simulations, the unit cell
was represented as the silicon slabs with notches (Figure 2.1.a, right panel) on top of
silicon dioxide/silicon. 1.5 'm/3 "m thicknesses are used for silicon dioxide/silicon
substrate for part | of the manuscript where it is reduced to 1 "'m/1 "'m for part Il to
reduce the simulation time since the re ected power and phase are not signi cantly
a ected by that change.

To simulate the application of a bias voltage to the silicon slabs, we employed the
Electrostatics physics interface (PI). In this simulation, the entire slab was designated
as a terminal for both ground (GND) and voltage (V) contacts, assuming the loss in
the doped silicon slabs is negligible due to low resistivity and small distances. To
enable the deformation of the slabs, we incorporated the Solid Mechanics Pl within
the region corresponding to the slabs. Surface attachment was represented through
the imposition of xed constraints at the lower surface of the slabs. The unit cell's
box shape was preserved by prescribing a displacement of zero in the H-direction,
an option readily available in Solid Mechanics.

To establish a connection between Electrostatics and Solid Mechanics and subse-
guently calculate the slab displacement arising from the applied voltage di erence,
we harnessed the capabilities of the Multiphysics PIl. Subsequently, the deformed
mesh was exported, and electromagnetic simulations were performed on these de-
formed meshes to compute the re ected spectra resulting from the application of a
bias voltage.

For our electromagnetic simulations, we deployed the Electromagnetic Waves, Fre-
guency Domain PI. These simulations featured a periodic input port, which received
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normally incident, G-polarized input elds, as well as a periodic output port. Floquet
periodic boundary conditions were applied to the lateral sides of the simulations,
ensuring an accurate representation of the metasurface's behavior.

2.5 Appendix

Experimental Attempts

The proposed design with the given parameters is feasible to fabricate once a high
aspect ratio etch process is optimized. During our optimization attempts, the etch
rate was di erent for narrow slots and larger gaps between the unit cells which
resulted in the underetching of the narrow slots (Figure 2.6.a) although we were able
to fabricate notches with accurate size and period (Figure 2.6.b). However, when
we etch more to compensate for that, the slab pairs in the same unit cell start to get
undercut together and detach from the substrate even for the lower Q designs we
had with 130 nm slot width. When we take a FIB cross-section of the structures,

Figure 2.6: SEM characterization and experimental slot mode coupling. (a)
Tilted SEM view of test structures. (b) Top view of the slots, slabs and notches.
(c) FIB cross-section of the structures. (d) Slot mode resonance for notch periods
975 nm, 1000 nm and 1025 nm.
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although the slabs are deformed due to ion bombardment, we can still see that the
slabs are not separated from each other at the bottom and therefore, the electrical
isolation fails (Figure 2.6.c).

We con rm that we can experimentally couple to the slot mode from the experiments
done with di erent notch periods. Figure 2.6.d shows that as the notch period we
fabricate changes, the slot mode resonance wavelength shifts. Therefore, we can
say that our devices can couple to the slot mode intended at telecom wavelengths.
Consequently, the failure happens in the electromechanical part of the experiments,
not the optical part. To con rm that, we designed and fabricated (using the same
etching techniques and recipe) that have the same gap size everywhere across the
device (the slots and the gaps between the unit cells) without the notches so that
there is only one slab in the smallest periodic unit (lattice size a). If the structures
are electrically isolated, then the lattice size should double (2a) since neighboring
bars should be attracted to each other and di raction pattern of these grating should
change signi cantly. We built a simple optical setup to observe the Fourier plane
of these gratings yet observed no changes. Similarly, we tested the original devices
on a probe station inside an SEM and saw no mechanical change in the device upon
electrical excitation.

Mechanics of the Architecture

One limiting factor of this platform is the pull-in limit which is a well-known
phenomenon in electrical engineering and MEMS world. Pull-in occurs when the
capacitor plates that are d apart from each other are attracted to each other by
d/3. For our structures that are separated by 75 nm slots, Figure 2.7.a shows that

Figure 2.7: Mechanical response and spectral tuning of the NEMS architecture.
(a) Maximum displacement w.r.t. applied voltage. (b) Spectral shift w.r.t. maximum
displacement. (c) Slab movement chart and the region where the slot mode resides.
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we can apply voltages up to 40 V. One can question whether this would result in
dielectric breakdown of the air and device breakage. However, experiments show
that dielectric breakdown for small dimensions does not follow the Paschen curve
and even 18 atm.mm has a breakdown voltage more than 1 kV [77].

The maximum displacement changes quadratically with the applied voltage (Figure
2.7.a). As for the relationship between the amount of attraction (maximum dis-
placement of the slabs towards each other) and the modulation, Figure 2.7.b shows
that spectral shift of the resonance changes linearly with respect to the attraction
(maximum displacement). This seems unexpected at rst sight since the bending
of the slabs does not increase linearly from bottom to top for higher voltages (it can
be approximated as linear for lower voltages). However, we should draw attention
to the fact that the majority of the electric eld amplitude resides at the center of
the slot where the displacement is much smaller than the maximum displacement
(Figure 2.7.c). The parts of the slabs that surround the con ned electric eld move
in the approximate range of 0 - maximum displacement/2.
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Chapter 3

MULTILAYER Q-BIC-LIKE OPTICAL FILTERS WITH HIGH
THROUGHPUT DIRECT-WRITE MULTILAYER
LITHOGRAPHY

The material in this chapter was in part presented in [78].

Multilayer metasurfaces provide substantially greater spectral design freedom than
single-layer devices, yet their implementation in the visible and near-infrared re-
mains limited by the complexity, cost, and low throughput of conventional nanofab-
rication. Here, we establish a recently proposed direct-write electron-beam lithog-
raphy approach as a high-throughput fabrication platform for multilayer resonant
metasurfaces, based on an antimony precursor that decomposes in situ into high-
index ShS;. This method eliminates deposition etch cycles and reduces each layer
to only two fabrication steps, enabling e cient realization of multilayer architec-
tures. Using this platform, we demonstrate multilayer g-BIC derived metasurfaces
with independently tunable resonance wavelengths and linewidths, allowing the
construction of compact multi-resonant lters with spectrally decoupled layers. We
experimentally demonstrate three-layer devices supporting three resonances and
show independent control of resonance wavelength and Q factor across layers.
Leveraging this capability, we generate decorrelated Iter arrays for compressive
sensing and hyperspectral reconstruction, achieving sets of 9 and 36 lters with
average absolute Pearson correlation coe cients of 0.11 and 0.21, surpassing prior
metasurface and photonic-crystal implementations. These results establish a prac-
tical route toward scalable multilayer resonant metasurfaces for spectral ltering,
on-chip spectroscopy, and computational imaging.

3.1 Introduction

Optical metasurfaces are planar optical devices composed of arrays of subwave-
length scatterers that enable precise spatial control of light. While single-layer
metasurfaces have demonstrated functionality comparable to that of conventional
optical components and more in a compact form factor, more complex and mul-
tifunctional objectives such as achromatic responses [30, 79, 80, 81, 31], optical
sorting [82, 83, 84, 85, 36], and optical computation [86, 87, 88, 89, 90] require
additional degrees of freedom in the design and optimization space. Volumetric
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and multilayer metamaterials provide such expanded design freedom [29]. How-
ever, this design space remains largely unexplored in the visible and near-infrared
(NIR) spectral regimes, primarily due to the challenges associated with fabricat-
ing high-resolution three-dimensional and multilayer nanostructures. Conventional
nanofabrication work ows which typically involve repeated cycles of deposition,
electron-beam or photolithography, etching, and planarization, become increasingly
complex, costly, and low throughput when extended to multilayer metasurface archi-
tectures. Several commercially available fabrication platforms aim to reduce process
complexity for multilayer structures, including direct laser writing techniques such
as two-photon lithography (TPL), as well as imprint-based approaches. Neverthe-
less, these methods either lack the resolution required for operation in the visible
and NIR regimes or restrict the device architecture to a limited set of polymers with
relatively low refractive indices for optical applications. As a result, despite their
promise, multilayer metasurfaces remain far less explored than single-layer designs,
primarily due to the lack of a scalable, high-yield nanofabrication platform.

Thermal decomposition of metal organic molecular precursors has been widely
employed to form metal chalcogenide Ims via post-deposition annealing, partic-
ularly in the context of solar cell research [91, 92, 93, 94, 95]. To the best of
our knowledge, this chemistry was rst adapted for direct-write patterning in Ref.
[96], where nanostructures were realized using electron-beam lithography (EBL)
and photolithography. More recently, this approach also has been extended to the
realization of Fresnel zone plates and metalenses [97]. In this work, we establish
this fabrication method as a high-throughput direct-write platform for multilayer
metasurfaces, as well as resonant metasurfaces, using an antimony-based organic
precursor that decomposes in situ into antimony (I11) sul des&). By leveraging

this platform, a conventional multilayer nanofabrication process can be simpli ed
to only two steps per layer: direct EBL writing of the spin-coated antimony-based
precursor and spin-coating of the planarization layer.

Quasi-bound states in the continuum (g-BIC) metasurfaces have emerged as a power-
ful platform for realizing high quality factor (&) optical resonances in subwavelength
photonic structures. By perturbing symmetry-protected BIC modes, these metasur-
faces enable strong light matter interactions with precisely engineered radiative
coupling, allowing narrow linewidths and large eld enhancements to be achieved
in compact, planar geometries [98, 14, 15, 99, 100, 101, 102]. Owing to their high
spectral selectivity and geometrically tunable Q factors, g-BIC metasurfaces are
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promising candidates for constructing Iter arrays with directly controllable spec-
tral features for hyperspectral imaging and spectral reconstruction. In such systems,
wavelength information is encoded through spectrally decorrelated lIters, and the
ability to generate low-correlation spectral responses directly determines the re-
construction performance and achievable device compactness [103, 104, 105, 106,
107, 108, 109]. In this work, we design a multilayer g-BIC derived optical Iter
architecture with independently tunable spectral features and propose its applica-
tion to spectral reconstruction and compressive sensing within a compact multilayer
metasurface platform.

3.2 Results and Discussion

Fabrication Flow

The fabrication approach employed in this work is a direct-write lithography method
in which the exposure-sensitive medium is not a conventional resist, but rather the
optical material itself. Direct patterning has been explored as an e cient route for
transferring nanoscale features; however, prior demonstrations have largely focused
on metals and metal oxides for electronic applications [110, 111, 112, 113, 114,
115], with comparatively limited exploration in optical devices. Thermal decom-
position of metal organic molecular precursors, such as metal BDCA (butyldithio-
carbamic acid) complexes, has been widely employed in solar cell research, where
metal chalcogenide Ims are formed via annealing-induced decomposition of the
metal-organic complexes [93, 116, 117, 118, 94]. In particular, antimony-BDCA
precursor solutions have been used to producssSthin Ims through thermal
decomposition for photovoltaic applications [95, 92, 91]. More recently, it was
demonstrated that $83, along with other metal/ semiconductor chalcogenides, can
be directly patterned through lithography-induced chemical decomposition of metal/
semiconductor organic precursors [96]. We focus on&bselected for its optical
transparency and high refractive index in the visible and NIR spectral regimes [119,
120, 121], and establish the £33 direct-write as a fast fabrication approach for
multilayer metasurfaces.

This fast multilayer lithography process is based on a solution-processed antimony-
BDCA precursor that decomposes intaShand organic byproducts upon exposure
during electron-beam lithography (EBL). Once synthesized, the precursor remains
stable for several weeks and can be readily used by spin-coating the liquid solution
onto the substrate and directly patterning it inteS(Reaction 3 in Supporting
Information, Precursor Solution Synthesis). In the exposed regions, the precur-
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Figure 3.1: Comparison of conventional nanofabrication and Si&; direct-write
multilayer fabrication ows. (a) An example ow of standard nanofabrication
processes to fabricate a multilayer metasurface. (b) Proposetd 8ivect-write
process for multilayer metasurfaces.

sor undergoes in situ conversion into the target chalcogenide material, while the
unexposed precursor and organic decomposition byproducts are removed during de-
velopment by immersing in isopropanol (IPA) (see the details in Fabrication Details
section of Supporting Information). For planarization, hydrogen silsesquioxane
(HSQ) is employed. HSQ is a negative-tone electron-beam resist that also functions
as a spin-on glass owing to the similarity of its chemical composition to that of silica
(SiOy). Itis a mechanically robust material with a low refractive index, providing a
high refractive-index contrast with the §& nanostructures. Following planariza-

tion, an additional layer of the precursor can be spin-coated, and the direct-write
process can be repeated using the same fabrication steps.

This approach eliminates both the material deposition and etching steps for each
layer, thereby signi cantly accelerating the overall fabrication process. For com-
parison, a conventional multilayer EBL process employing materials such as amor-
phous silicon (a-Si) and spin-on glass typically involves: (1) a-Si deposition using
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plasma-enhanced chemical vapor deposition (PECVD); (2) electron-beam resist
spin-coating; (3) EBL exposure; (4) development; (5) hard-mask deposition; (6)
hard-mask lift-o ; (7) plasma etching; (8) mask removal; and (9) spin-coating of
the planarization layer, such as a spin-on glass or a polymer. These steps must
be repeated from step (1) for each additional layer (Figure 3.1.a). In contrast, the
multilayer process introduced here consists of only four steps per layer: (1) spin-
coating of the precursor; (2) EBL exposure; (3) development and annealing; and
(4) spin-coating of a planarization layer, after which the process is repeated from
step (1) for subsequent layers (Figure 3.1.b). As a result, three time-intensive and
costly steps, PECVD, etching, and material deposition, are completely eliminated
while the interlayer alignment accuracy is still ultimately limited by the lithographic
resolution (below 10 nm).

Device Design and Experimental Results

Compressive sensing seeks to recover an unknown signal from a small number
of linear measurements, often obtained through randomized or weakly correlated
sensing functions [122]. Because the number of collected measurements is usually
much smaller than the signal's dimensionality, the reconstruction problem becomes
an underdetermined linear inversion. The quality of the reconstructed signal de-
pends critically on the degree of randomness and mutual incoherence among the
basis functions. In the context of spectral reconstruction, this requirement moti-
vates the use of basis elements with diverse spectral responses, encompassing both
broadband and narrowband features, in order to enable high-resolution and robust
reconstruction performance.

Leveraging our high-throughput direct-write multilayer lithography platform, we
design multilayer, multi-resonant optical Iters in which each layer comprises g-
BIC derived metasurfaces with distinct resonance wavelengths and & factors. The
patterned Sff5; layers are separated by spacer layers that are su ciently thick
to ensure minimal interlayer coupling. As a result, an #-layer device provides
2# independent degrees of freedom for spectral control, since both the resonance
wavelength and the & factor of each layer can be independently engineered. This
expanded design space is particularly advantageous for spectral reconstruction ap-
plications. In the following section, we construct a synthetic set of optical lters
with low pairwise spectral correlations to quantitatively demonstrate the e ective-
ness of these high-throughput multilayer optical Iters for compressive sensing and
reconstruction.
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Figure 3.2: Unit cell design and spectral tuning of g-BIC-derived Si53 meta-
surfaces. (a) The unit cell of the metasurface made of twgSzhlted posts on top

of a 1.3 um thick Si@ spacer on Si substrate and the de nition of parameters U and
\. (b) Simulated transmission for the square lattice (U=%=887 nm, \=35),

and the norm of the electric eld for the inter-post (top) and intra-post (bottom)
modes given in the orange boxes. (c) Simulated transmission for the rectangular
lattice (U=1.34, ¥673 nm, %=U% =902 nm, \=35), and the norm of the electric

eld for the inter-post mode given in the green box. (d) Simulated transmission
shown for\=35 and U=1.202, 1.230, ..., 1.477. The solid lines refer to the param-
eter con gurations used in Figure 3.3.b. (e) The change in the resonance linewidth
with\=5 ,12.5,...,80. (f) SEM images of the fabricated g% elliptical posts
for\=20 (left) and \=35 (right).
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The fundamental building block of the metasurface design is a rectangular unit cell
with lateral dimensions &and %, as illustrated in Figure 3.2.a. Each unit cell
contains two elliptical Sff53 resonators with a height of 400 nm, positioned on a
1300 nm thick SiQ spacer layer atop a silicon substrate as shown in Figure 3.2.a
(see details in Optical Design with FDTD section of Supporting Information). The
refractive index of SpS; is taken as 2.1 (Chemical and Optical Characterization
section in the Supporting Information), and normally incident light is x-polarized.
The major axes of the ellipses are rotated by an angle \ with respect to the normal,
forming a zigzag-like arrangement across the array. This tilted-ellipse geometry
has been widely employed to realize g-BIC resonances and has proven e ective in
a range of applications including biomolecular sensing, opto uidic manipulation
of nanoparticles via enhanced electromagnetic elds, and molecular ngerprint
detection [27, 25, 123, 26].

In this design, the resonance wavelength is predominantly controlled by the ratio of
the lattice constants $and %, de ned as U = %% while the quality factor &

(or equivalently, the resonance linewidth) is controlled by the tilt angle \. These
resonances can be observed in the transmission spectrum shown in Figure 3.2.b and
c. Within the explored parameter space, U is varied from 1.147 to 1.587, enabling
tuning of the resonance wavelength from 1150 nm to 1550 nm, a subset of which
is shown in Figure 3.2.d. Independently, the quality factor is tuned from & = 15 to
& = 82 by varying the rotation angle \ between &nd 80 (Figure 3.2.e). At larger
angles, the two elliptical resonators within a unit cell begin to merge (Figure 3.2.f);
numerical simulations indicate that this geometric transition does not qualitatively
alter the overall evolution of the resonance characteristics.

While the tilted-ellipse geometry supports a single g-BIC resonance when the struc-
ture is air-clad, this resonance splits into two distinct modes when embedded in
the dielectric environment used here. As shown in Figure 3.2.b, the rst mode
is localized primarily in the gap region between the resonators, exhibits stronger
coupling to external radiation, and therefore possesses a lower &. The second mode
is predominantly con ned within the resonators themselves, couples more weakly
to out-of-plane radiation channels, and exhibits a higher &. We refer to these modes
as the inter-post and intra-post resonances, respectively.

This resonance splitting arises from the modi ed dielectric environment relative to
the air-clad case, which alters the vertical boundary conditions and redistributes the
balance between upward and downward radiation channels [124, 125]. As a result,
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the inter-post branch no longer follows the ideal g-BIC behavior in which radiative
loss vanishes as the perturbation angle approaches zero. Instead, the modi ed index
loading introduces a residual radiative pathway that produces a nite linewidth even
at\ = 0 (hence the g-BIC derived terminology). Although the & still can be
controlled via the rotation-induced perturbations, the presence of this loss channel
imposes an upper bound, which is advantageous for practical spectral Itering by
improving robustness and signal throughput.

When the lattice is kept square (U = 1), both resonances are present within the
transmission spectrum (Figure 3.2.b). In contrast, when the lattice is elongated
along the H direction (U j 1), the intra-post resonance undergoes a blue shift
and is pushed outside the operational wavelength band, as shown in Figure 3.2.c.
Retaining a square lattice thereby enables a richer spectral response with multiple
resonance dips exhibiting diverse features. However, numerical simulations indicate
that the quality factor of the intra-post resonances can reach values in the range of
& 450 500 (Figure 3.4.c). Experimentally, we nd that such high-& resonances
are not supported by the present material platform and fabrication approach, as the
high-& intra-post resonances predicted by simulation do not appear in the measured
transmission spectra (Figure 3.4.c and d). Despite this limitation, it is still possible
to design devices targeting 2# resonances in simulation in order to experimentally
realize an e ective #-resonance device, a strategy that will be discussed later in this
section. While this design methodology can be extended to an arbitrary number
of layers, we focus on three-layer devices for the remainder of this manuscript for
clarity and experimental practicality.

Three-layer device simulations are performed using structures in which each layer
has a di erent lattice constant $owhile % is kept xed for computational sim-
plicity. Consequently, for each three-layer device simulation, a periodic supercell is
constructed in which di erent unit-cell repetition counts are assigned to each layer.
These repetition counts are chosen to introduce only a small deviation from the target
lattice constant gper each layer (deviation less than 0.6%), thereby enabling the
use of periodic boundary conditions in the nite-di erence time-domain (FDTD)
simulations, as illustrated in Figure 3.3.a (see details in Optical Design with FDTD
in Supporting Information). The primary design parameters in this framework are
the lattice-scaling parameter U and the post rotation angle \, as de ned earlier. Us-
ing this design space, we design and experimentally demonstrate two representative
devices to illustrate the full range of achievable spectral tuning. Device 1 (Fig-
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Figure 3.3: Three-layer rectangular-lattice device: simulation, measurement,

and eld proles. (a) The supercell for the rectangular lattice 3 layer device
simulation; the side view shows the di erent number of iterations per layer and the
periodic boundary conditions used on sides in FDTD. (b) Single layer simulations
for (U=1.23, \=35), (U=1.34, \=35), and (U=1.45, \=35 on the left; (U=1.23,
\=20 ), (U=1.38, \=65), and (U=1.45, \=35 on the right, while %673 nm is

kept constant. (c) Simulated device transmission normalized with respect to the
transmission through SigISi substrate for the 3 layer supercell simulation with
the parameters given in (b). (d) Measured device transmission normalized with
respect to the measured transmission through the/SiGubstrate, for the devices
simulated in (c). (e) The norm of the electric eld for the resonances given in (c);
the largest wavelength resonators sit at the bottom layer and the smallest wavelength
resonators sit at the top layer.
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Figure 3.4: Three-layer square-lattice device targeting six resonances. (a) The
supercell for the square lattice 3 layer device simulation. (b) Single layer simula-
tions for (%~=%=802 nm, \=35), (%+%=893 nm, \=35), and (%=%=1002 nm,

\=35 ). (c¢) Simulated device transmission normalized with respect to the trans-
mission through Si@ISi substrate for the 3 layer supercell simulation with the
parameters given in (b). (d) Measured device transmission normalized with respect
to the measured transmission through the;8Dsubstrate, for the device simulated

in (c).

ure 3.3.b, left) serves as a reference design, featuring uniform resonance wavelength
spacing and similar quality factors across all layers. In device 2 (Figure 3.3.b, right),
selective parameter variations are introduced: the rotation angle \ is modi ed only
inthe rst (top) layer, both \ and U are adjusted in the second (middle) layer, and the
third (bottom) layer is kept identical to that of device 1. This layer-wise parameter
variation demonstrates that the resonance wavelength and quality factor & can be
tuned independently on a per-layer basis, while leaving the spectral response of the
unmodi ed layers essentially unchanged. As will be shown, this result highlights
the decoupled nature of the multilayer design and its suitability for constructing
independently programmable spectral Iters.

Device 1 consists of three layers in which U takes values of 1.23, 1.34, and 1.45 from
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the rst (top) to the third (bottom) layer (fabricated device shown in Figure 3.6),
while \ is kept at 35 throughout the device. On the other hand, device 2 consists
of three layers in which U is set to 1.23, 1.38, and 1.45, and \ is set {&8Q and

35 from top to bottom. The parameters required for targeting speci ¢ wavelengths
are calculated by rst conducting single-layer simulations (Figure 3.3.b). The three-
layer device simulations for device 1 exhibit resonance dips at 1224, 1321, and 1453
nm (Figure 3.3.c, left), while the experimentally measured dips occur at 1247 nm (23
nm shift), 1364 nm (43 nm shift), and 1509 nm (56 nm shift), respectively (Figure
3.3.d, left). For device 2, simulations show resonances at 1224, 1390, and 1455 nm
(Figure 3.3.c, right), whereas the experimentally observed dips occur at 1243 nm (19
nm shift), 1431 nm (41 nm shift), and 1512 nm (57 nm shift) (Figure 3.3.d, right).
The 23 nm and 19 nm shifts of the rst resonances can be attributed to fabrication
discrepancies, as these values are reasonably close to the simulated wavelengths. In
contrast, the wavelength shifts increase for the lower layers. This behavior can be
explained by the bottom spacer layers being exposed multiple times as additional
layers are added and patterned. We observe average redshifts of 21 nm and 35.5 nm
for layers 1 and 2, respectively, when fabricated geometry discrepancies are taken
into account. HSQ is an electron-sensitive material, and its refractive index changes
upon electron exposure. As shown in Figure 3.7, a change in the HSQ refractive
index of 0.045 results in a 21 nm shift, while a change of 0.067 results in a 35.5
nm shift. These values are reasonable when compared with the limited literature
on refractive index changes in HSQ as a function of electron-beam dosage [126].
Finally, we note that 1.4 "'m thick HSQ spacers are used between layers, as this
thickness was found to be the minimum required for the layers to remain su ciently
decoupled from one another. This is evidenced by the electric- eld pro les shown
in Figure 3.3.e for the resonances in Figure 3.3.c (left). The 1453 nm resonators
reside in the bottom layer, the 1321 nm resonators in the middle layer, and the 1224
nm resonators in the top layer, as indicated in Figure 3.3.e.

As mentioned above, we also designed a six-wavelength device. In this case, the
repetition of the unit cells for each layer is performed along both the G and H
directions due to the square lattice con guration (Figure 3.4.a). As before, single-
layer simulations are rst conducted to determine the appropriate design parameters
(Figure 3.4.b). The three-layer device simulations exhibit inter-post resonance dips
at 1239, 1370, and 1533 nm (Figure 3.4.c), whereas experimentally the resonances
appear at 1257 nm (18 nm shift), 1413 nm (43 nm shift), and 1588 nm (55 nm
shift) (Figure 3.4.d). As before, the 18 nm shift of the rst resonance can be
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attributed to geometric deformations during fabrication, while the larger relative
shifts of 25 nm and 37 nm are comparable to those observed in the three-wavelength
device and can be explained by refractive index changes in the HSQ spacer upon the
addition and exposure of subsequent layers. In addition, higher-order hybrid modes
appear as shallow dips in the transmission spectrum of the three-layer device. It
can be observed that the six-wavelength design layers are both numerically and
experimentally more decoupled than the three-wavelength design, as evidenced by
the absence of additional resonances with coupling strengths comparable to those
of the primary resonances. Compared to the three-wavelength design, the six-
wavelength design displays a simpler transmission response with three dominant
resonances, while additional coupling-induced features remain weaker. Although
the high-& intra-post modes do not appear experimentally, this behavior results in a
cleaner measured spectrum compared to the three-wavelength design. Consequently,
depending on the target application, either design strategy may be employed to
realize a multi-resonant lter with three operational resonance wavelengths. From
a spectral construction perspective, as long as direct and independent control over
the Iter spectrum is maintained through the available design parameters (U and ),
the presence of additional higher-order modes at distinct wavelengths can further
enrich the spectral response and enhance compressive sensing performance.

Filter Array for Compressive Sensing

In addition to having diverse spectral features for compressive sensing, a second
parameter needed for such reconstruction is to have a set of basis functions with
minimum correlation. In spectral reconstruction, the goal is to estimate the in-
cident optical spectrum from measurements obtained using a limited number of
arrayed lters. Designing metasurface Iters with decorrelated or minimally over-
lapping spectra reduces the mutual correlation of the measurement matrix, thereby
stabilizing the inversion problem and improving noise robustness [127, 128, 129,
130]. Moreover, low-correlation basis spectra increase the system's ability to re-
solve narrow spectral features and reduce the number of measurements required for
compressed sensing-based recovery. Owing to their capability for precise tailoring
of transmission and re ection spectra, metasurfaces have emerged as particularly
promising platforms for constructing such spectral basis sets [131, 132, 133, 134].

By enabling ne control over resonance wavelengths and Q-factors across multiple
layers, our multi-resonant metasurfaces naturally generate a set of decorrelated spec-
tral transfer functions that serve as an advantageous basis for stable and high- delity
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spectral reconstruction. Each multilayer Iter exhibits a rich spectral response, com-
bining both broadband and narrowband features arising from resonances localized
in individual layers, as well as from higher-order hybrid modes. A key advantage of
this platform is the direct and independent control over the shape of each basis spec-
trum through deterministic tuning of the resonance wavelengths and their associated
& factors. Previous approaches have demonstrated the use of single-layer photonic
crystal slabs [128] and free-form inverse-designed metasurfaces [135, 136, 131] for
spectral reconstruction. Multilayer Iter architectures have also been proposed to
further reduce mutual correlations between basis spectra; however, these implemen-
tations typically rely on stacks of thin Ims or combinations of metasurface pillars
and thin- Im layers to achieve spectral diversity [104, 137, 129, 130]. Such ar-
chitectures are generally not well suited for single-chip operation, as di erent Iter
regions require di erent overall thicknesses. In contrast, the approach presented
here maintains identical spacer thicknesses across all Iters and achieves spectral
tuning exclusively through geometric modi cation of the elliptical resonators. This
uniform-thickness design is inherently compatible with single-chip integration.

In literature, the correlation coe cient of such basis functions has been used as the
main metric to characterize and justify such spectra [128, 131, 135, 136]. Here we
use Pearson correlation coe cient to calculate the extent to which the spectrum set
is linearly independent using the expression:
I
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where @H) is the transmission value at wavelengtfor arbitrary two lters,

and G(H) is the mean of i) values for i=1,2,..,601 (from 1100nm to 1700nm).
Changing the parameters U from 1.147 to 1.587 (17 points) and \ fram&D (6
points), we chose the set of Iters shown in Figure 3.5. Again, to be able to operate
on a single chip, spacer thicknesses are kept the same (1.4 um) throughout the Iter
array.

In order to do an extensive literature comparison, we generate a set of 9 and a set
of 36 Iters with average absolute values of the pairwise correlation coe ciegis A
0.11 (Figure 3.5.a) and 0.21 (Figure 3.5.b) respectively in the 1100-1700 nm band.
To e ciently design a diverse set of multi-resonant lters, we rst approximate
three-resonance transmission spectra using 102 single-layer simulations (17 values
of U and 6 values of \). For every combination of three single-layer resonances, an
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Figure 3.5: Decorrelated Iter arrays for compressive spectral sensing. (a)
Pairwise correlation coe cients for the selected 9 devices with average absolute
value of the pairwise correlation coe cients 0.11 (left) and the heatmap for the
transmission spectra of these lters (right). (b) Pairwise correlation coe cients
for the selected 36 devices with average absolute value of the pairwise correlation
coe cients 0.21 (left) and the heatmap for the transmission spectra of these Iters

(right).

estimated multilayer response was constructed by taking the point-wise minimum of
the corresponding single-layer transmission curves, which provides a fast surrogate
for the composite three-layer device spectrum. The Pearson correlation coe cients
between all estimated spectra were then computed, and a greedy max min diversity
selection algorithm [138] was applied to extract subsets of 9 and 36 candidate
parameter sets that minimize pairwise spectral similarity. In this algorithm, the
rst spectrum is chosen based on its overall variance, and subsequent spectra are
added iteratively by selecting, at each step, the candidate whose maximum absolute
correlation with all previously selected spectra is the smallest. This ensures that
each newly added spectrum contributes maximal additional diversity to the selected
set. The resulting set of 9 and 36 Iters were subsequently validated through full 3D
simulations of the actual three-layer devices, con rming that the greedy selection
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procedure reliably identi es parameter sets that yield low-correlated, spectrally
distinct Iter responses. When we compare the average correlation values with
the literature examples mentioned above, we see that Wang et al. design a 3x3
array with average correlation coe cient 0.17 with photonic crystal slabs for 8-11.5
um wavelength band [128]; Hu et al. design a 5x5 array with average correlation
coe cient 0.22 with freeform metasurfaces for 380nm-680nm wavelength band
[131]; Chen et al. design a 7x7 array with average correlation coe cient 0.41
with freeform metasurfaces for 400nm-700nm wavelength band [135]; and, Chen
et al. design a 6x6 array with average correlation coe cient 0.49 with freeform
metasurfaces for 500nm-700nm wavelength band [136]. Our Iters (both setof 9 and
36) surpass these studies in terms of decorrelation within a comparable operation
band.

3.3 Conclusion

In conclusion, we have demonstrated a high-throughput direct-write fabrication
platform based on an antimony BDCA precursor for multilayer resonant metasur-
faces. This work greatly expands the design space of multilayer devices that has
remained comparatively unexplored due to the complexity and low yield of standard
nanofabrication ows. By combining SI$; g-BIC derived metasurfaces with HSQ
planarization layers, we realize three-layer architectures in which each layer remains
largely decoupled, enabling independent control of multiple resonances through the
geometric parameters U and \ while keeping all spacer thicknesses identical across
the chip. This yields compact multi-resonant Iters whose transmission spectra
can be arbitrarily tailored at design time, providing rich combinations of broad and
narrow features that are directly encoded by device geometry rather than by varying
Im thickness. We leveraged this capability to generate decorrelated lter arrays that
are well suited for spectral reconstruction based on compressive sensing, demon-
strating sets of 9 and 36 Iters with average absolute pairwise Pearson correlation
coe cients of jAg = 011 and 021, respectively, surpassing previously reported
metasurface and photonic-crystal based implementations in both decorrelation and
operational bandwidth. Beyond the speci c 3 and 6 wavelength devices realized
here, this platform paves the way towards structures with more patterned layers
to enable densely-spaced resonances and integration with on-chip detector arrays.
Ultimately, we envision application-speci ¢ metasurface Iters where arbitrary low-
correlated spectral basis arrays can be co-designed and monolithically fabricated for
compact, high-performance hyperspectral imaging and compressive spectroscopy
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systems.

3.4 Appendix
Fabrication Details
Precursor Solution Synthesis

The precursor was synthesized by reacting 1-butylamine (2 mL) with carbon disul-
de (1.5 mL) to get BDCA (reaction 1). The precursor, which is a Sb-BDCA
complex is created mixing antimony (lll) oxide (1 mmol) dissolved in ethanol (2
mL), and BDCA (reaction 2). When this complex is exposed to an electron bombard-
ment, it decomposes into 88 in addition to other organic byproducts (reaction 3).
Unexposed area and the byproducts of the exposed area remain organic and washed
away by immersing in isopropanol (IPA) for 10 mins.

The synthesis procedure follows: In a round-bottom ask, antimony (lll) oxide is
dissolved in ethanol and carbon disul de at room temperature as reported in Ref.
[96]. The ask was connected to a Schlenk line (nitrogen ow, no vacuum applied)
through a glass condenser, and the mixture was stirred under nitrogen. Subsequently,
1-butylamine was added to the ask drop-by-drop since the reaction is exothermic,
after which the reaction was allowed to proceed under continuous stirring overnight.

Preparation of the Substrate

1300 nm of silica was deposited using PECVD on a double sided polished (DSP)
doped silicon wafer. We fabricated gold markers on silica deposited silicon chips by
patterning an electron beam resist ZEP520A using EBL, depositing 50 nm gold with
electron beam deposition, and lifting o the excess gold. We used these markers
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sitting on the substrate for all of the layers patterned and no additional markers were
fabricated per added layer.

Figure 3.6: Cross-sectional SEM of the fabricated three-layer $B3 device.

SEM image of the cleaved 3 layer device given in main manuscript Figure 3.3.c and
d on the left; zoomed out cross section SEM where the posts are still intact on the
right (edge lifted during cleaving).

EBL Patterning

For Im deposition, 1 mL of the precursor solution was diluted with 2 mL of ethanol
and spin-coated at 6500 rpm to form a uniform thin Im. This spin-coating step is
repeated once more before exposure to have a thicker spin-coated Im. The coated
substrates were then patterned using a 100 kV EBL system with a beam current of
20 nA. A multipass exposure strategy was employed, consisting of 10 passes with a
dose of 50 mC/cm2 per pass (total accumulated dose of 500 mC/cm?2). A multipass
approach is preferred to avoid dumping all the exposure energy at a single location
and then switch to the next writing grid. Instead energy exposure is done bit by
bit over all patterned region. This makes the resulting patterns much closer to the
intended write patterns. For continuous pattern that are larger than the sub eld of
the EBL tool (4 um), this becomes a neccessity to avoid cracks.

Following the exposure, the samples were developed in IPA, and subsequently
annealed at 180 °C for 2 min on a hotplate inside a nitrogen glovebox. For pla-

narization, HSQ (FOx-16) was spun at 5000 rpm for 60s twice to reach to a thickness
of approximately 1.4 um on the Sb2S3 structures. Here, HSQ was used only as a
spin-on-glass for planarization (not as an electron beam sensitive medium). The
spun HSQ was annealed at 180 °C for 2 mins for partial curing. These steps are
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repeated to fabricate each layer. The 3 layer device mentioned in the manuscript can
be seen in Figure 3.6, left. Here, sincgifleach layer is di erent, the cross section

of the ziczac pattern appears as post cross sections with di erent sizes. We note that
the posts in the rst and second layer fell due to cleaving, however, we also maned
to image regions of the device where the posts were still intact (Figure 3.6, right).

Chemical and Optical Characterization

Although there are several reports on the refractive index §&5F), the value of =
depends strongly on the synthesis conditions of the precursor as well as subsequent
processing parameters such as precursor dilution during spin coating and the phase
of the resulting material [119, 120, 121].

Direct determination of the refractive index using ellipsometry is impractical in this

Figure 3.7: Optical and chemical characterization of Si5; thin Ims. (a)
Measured re ection from the sample and the t with the oscillator model (left)
and the consequent =, : data (right). (b) 100 um 100 um largeSlpattern on

Si substrate for the re ection measurements and the Lorentz oscillator model used,
where Y is a parameter that captures the e ects of higher energy contributions to the
dielectric function, and B,d, I, are the oscillator strength, resonant frequency,
optical frequency, and oscillator linewidth, respectively. (c) EDS measurement
showing the chemical composition of the nanostructures patterned on the substrate,
where cyan denotes sulfur (S), magenta denotes antimony (Sb), red denotes carbon
(C), and green denotes oxygen (O).
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case, as it would require patterning a continuous, centimeter-scee 8b, which

is prohibitively time-consuming due to the high electron beam doses involved. In-
stead, the dielectric function of $8; is extracted by tting re ection measurements
performed on a thin Si$3 Im using the transfer matrix method (TMM) (Figure
3.7.a).

To this end, we fabricated continuous 100 ‘'m 100 "m square;Sgpatterns on

a silicon substrate and performed re ection measurements using a supercontinuum
source coupled to a spectrometer over the wavelength range of 450 950 nm. The
incident beam was focused to a spot size of approximately 70 "'m on theSSb

Im. The measured re ectance spectrumwas tusing a thin- Iminterference model
based on TMM [139], enabling extraction of both the real (=) and imaginary (:)
components of the refractive index. Speci cally, the dispersive response of the Im
is parameterized using a Lorentz oscillator model, with the functional form shown in
Figure 3.7.b. Model tting is performed using a particle swarm optimization (PSO)
algorithm. The tting wavelength range is chosen to be 450 950 nm, rather than the
device operation band, as the re ectance data in this region exhibits stronger spectral
features that enable more reliable extraction of the dielectric function. Given the
monotonic behavior of the extracted refractive index, a constant value of = = 2¢1
is assumed over the device operation band, which will be shown to agree with the
experimental results.

The chemical composition of the patternegSdxstructures is further con rmed us-

ing energy-dispersive X-ray spectroscopy (EDS). As shown in Figure 3.7.c, the EDS
spectra clearly indicate the presence of antimony and sulfur, con rming the chemi-
cal decomposition of the precursor into,Sh. Additional signals corresponding to
silicon, oxygen, and carbon arise from the substrate, the underlying spacer layer, and
the conductive coating used for scanning electron microscopy (SEM), respectively.

Optical Design with FDTD

For single layer simulations two rotated &9 elliptical posts (n=2.1) that are 400

nm thick (rotated by \) are placed on a 1.3 um thick Sikbttom spacer on a Si
substrate. Here, the lattice constants are seigasBo 1020 nm and 9= U %g

The length of the semi-major axes of the elliptical posts are set as B 165 nm and
B 500 nm respectively where s is the scaling factor for all lateral features. This
constant scaling factor s is applied to all lateral features including the ellipses and
the lattice to make Q of the resonance only depend on the tilt angle \. In Figure 3.b,
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Figure 3.8: Resonance wavelength shift due to HSQ refractive index change
upon electron exposure. The shift of the resonance with the change in the HSQ
refractive index =s0=0.045 and =45g=0.067.

for the square lattice simulation, s=0.870 and U=1, and for the rectangular lattice
simulation shown in Figure 3.c, s=0.660 and U=1.34. The planarization layer is set
to HSQ with ==1.4. The top and the bottom boundary conditions are set as perfectly
matched layer (PML) where the side surfaces are set to Bloch periodic boundary
conditions. As for the 3 layer simulations, for each layer 8 with nominal lattice
constant % gwe choose an integer repetition numbey&hd de ne a common
supercell length |}y such that Iy = #8C’/§f|_,8Where %_gs a slightly adjusted lattice
constant. Because the nominal periodgs generally do not form an exact integer
ratio, we select f#g so that the adjusted value$| % ! ## g deviate minimally

from the design values (less than 0.6%).

HSQ Refractive Index Change

The shift between the simulated resonance wavelength and what is measured can be
explained by the index change of HSQ with the exposure per added layer as shown
in Figure 3.8.

Coupling Between Layers

While the 1.4 "m HSQ spacer thickness is chosen to minimize interlayer coupling,
perfect decoupling between layers is not achievable in practice for any nite spacer
thickness. As evidenced by the electric eld pro les in Figure 3.e, the resonant
modes are predominantly localized within their respective layers; however, the
evanescent tails of each mode extend into adjacent layers, giving rise to weakly
coupled hybrid higher-order modes that manifest as additional spectral features in
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Figure 3.9: E ect of HSQ spacer thickness on interlayer coupling and trans-
mission spectra. The transmission spectrum of the Iter shown in Figure 3.c in the
main manuscript for HSQ spacer thicknesses of 1000, 1400, and 3000 and 3000 nm.
(@), (b), (c) and (d) are the electric eld pro les corresponding to the resonance dips
pointed in these spectra for HSQ thickness of 1000 and 3000 nm.

the transmission spectra. The spacer thickness of 1.4 "m represents a practical
optimum: su ciently thick to suppress strong interlayer coupling and limit the
number of prominent hybrid modes, yet thin enough to avoid the dense higher
order modes that emerges at larger spacer thicknesses where the cavity resonances
of the dielectric stack begin to dominate the transmission response. Figure 3.9
shows the simulated three-layer transmission spectrum for a range of HSQ spacer
thickness varying between 1000nm and 3000nm. This gure demonstrates that
when the spacer is not thick enough, di erent layers that were designed to host
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independent resonances are coupled with each other. The resonances appear at the
target resonance wavelengths (Figure 3.9.a) and the extra features appeared (Figure
3.9.b) have similar electric eld pro les. On the other hand, when the spacer is too
thick, the layers are mostly decoupled from each other as the optical eld mostly
resides within its layer (Figure 3.9.c). However, Fabry-Perot variations become
more signi cant and many higher order hybrid modes appear (Figure 3.9.d), which
shows itself as shallow, high frequency variations in the transmission spectrum.
Therefore, a 1400 nm sweet spot is chosen for the spacer thickness as the layers are
fairly decoupled from each other as shown in Figure 3.9.e in the main manuscript,
yet the lter response is a clean multi-resonant spectrum with minimal small hybrid
mode variations.

Experimental Absence of High-Q Intra-Post Resonances

The absence of high-Q intra-post resonances in the measured spectra can be at-
tributed to several compounding loss mechanisms. We performed additional simu-
lations incorporating a nite imaginary part of the refractive index (k>0) for Sb2S3,
which show that the intra-post resonance is indeed quite sensitive to absorption
loss, and mostly suppressed at k=0.05 (Figure 3.10). Although zero k is expected
at operation bandwidth, the Lorentz model t to our re ection measurement might

Figure 3.10: Suppression of high-Q intra-post resonances under material ab-
sorption loss. The transmission spectrum of the square lattice Iter given in the
main manuscript in Figure 2.b for : =0, 0.01 and 0.05.
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not be perfectly accurate and the refractive index t can slightly vary based on the

t parameters. On the other hand, the lower-Q inter-post resonance remains largely
una ected, which supports the hypotheses that the high Q resonances disappear
experimentally due to a loss mechanism.

Second, geometric imperfections introduced during fabrication including edge

roughness and ellipticity deviations from the target dimensions could act as scat-
tering centers that couple energy out of the con ned intra-post mode. Because the
intra-post resonance is predominantly con ned within the resonators themselves
and couples weakly to external radiation channels by design, it is inherently more
sensitive to such perturbations than the inter-post mode.

Taken together, these e ects collectively explain why the high-Q intra-post reso-
nances (& 450 500 in simulation) are not observed experimentally (or observed
similar to one of the shallow hybrid-mode in the spectrum, which is hard to di er-
entiate), while the inter-post resonances with their lower Q values remain robustly
detectable.
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Chapter 4

SUB-DECIBEL EFFICIENCY AUGMENTED MULTILAYER
VERTICAL GRATING COUPLER VIA ADJOINT INVERSE
DESIGN AND SBS3; DIRECT-WRITE E-BEAM LITHOGRAPHY

The material in this chapter is part of an ongoing work, and will be presented in
Ref. [140].

We present a design study of an augmented two-laye®sSfrating coupler that
enables e cientvertical coupling of free-space light into the fundamental transverse-
electric (TE) mode of a silicon-on-insulator waveguide without any modi cation to
the host photonic integrated circuit, attaching only through a feature-free taper.
Using adjoint-based inverse design with the Adam optimizer in Tidy3D FDTD,
we co-optimize 204 geometric and source-position parameters under a bandwidth-
averaged gure of merit. The optimized structure achieves a simulated peak coupling
e ciency of 89.5% ( 0-48dB) at 1550 nm, and retains 50% e ciency under
cumulative fabrication deviations.

4.1 Introduction

E cient coupling between free-space or ber-guided light and on-chip photonic
waveguides is a fundamental requirement in integrated photonic systems spanning
optical communications [141, 142], LIDAR [143, 144], quantum information pro-
cessing [145, 146], and biosensing [147, 148]. Grating couplers remain the most
widely deployed interface for this purpose owing to their compatibility with standard
wafer-level testing and their relaxed ber-alignment tolerances compared with edge
couplers. Nevertheless, single-layer grating couplers are fundamentally limited in
coupling e ciency (CE) because diraction from a periodic grating is inherently
bidirectional: a signi cant fraction of the incident power is scattered downward
into the substrate rather than into the guided mode [149]. Apodized designs [150,
151], blazed pro les [152, 153], and integrated back-re ectors [154, 155, 156] can
partially recover these losses but typically require specialized process steps that are
incompatible with commodity foundry platforms [157].

A complementary strategy is to augment an existing grating coupler by depositing
additional patterned layers directly on top of the host photonic circuit [158, 159,



49

160, 161]. This augmentation paradigm o ers a decisive practical advantage: the
underlying PIC requires no modi cation whatsoever beyond the inclusion of a con-
ventional taper that transitions from the waveguide to the grating region without
additional grating features. As a result, the same set of augmentation layers can,
in principle, be applied to di erent photonic platforms or swapped out to achieve
distinct coupling objectives, including oblique coupling, broadband response, or po-
larization insensitivity, without altering the foundry-de ned waveguide layer. This
exibility is particularly valuable in heterogeneous integration scenarios where the
target PIC is fabricated under a locked process design kit (PDK) such as those of-
fered by commercial silicon-photonics foundries, where modifying the device layer
or adding a back-side mirror is either prohibited or prohibitively expensive. Despite
this potential, performatively competitive non-invasively augmentable vertical cou-
plers remain rare, as multilayer photonic devices are often avoided in practice due
to their fabrication complexity. A multilayer architecture is nevertheless essential if
augmentation is to deliver coupling e ciencies on par with conventional chip-level
couplers.

To navigate the high-dimensional parameter space of such a multilayer structure,
we employ gradient-based inverse design via the adjoint method [162, 163, 164]
in a parametric shape-optimization scheme. The adjoint method computes the
exact gradient of a scalar objective with respect to all design parameters from
only two electromagnetic simulations per iteration (one forward and one adjoint)
regardless of the number of free parameters. Automatic di erentiation through
the post-processing pipeline is handled by the Autograd package [165], which
propagates gradients from the coupling-e ciency gure of merit back through
the mode-overlap calculation. Combined with the Adam optimizer [166], which
adapts per-parameter learning rates using rst- and second-moment estimates of
the gradient, the framework e ciently explores non-convex loss landscapes and
avoids premature convergence to shallow local minima. Adjoint optimization has
been applied to grating-coupler design previously [167, 168, 169, 170], but, to our
knowledge, not in combination with a non-invasive augmentation layer stack of the
type considered here.

The contributions of this work are threefold. First, we propose a non-invasive
two-layer ShS; augmentation architecture in which the host PIC requires only a
feature-free taper, enabling deployment on locked foundry process ows. Sec-
ond, we develop and apply an adjoint-based shape-optimization framework that
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simultaneously co-optimizes 204 geometric and source-position parameters under
a bandwidth-averaged gure of merit, yielding a simulated peak CE of 0448 dB

at 1550 nm. Third, we quantify the design's robustness to cumulative fabrication
variations and identify the dominant sensitivity channels, providing a concrete path
to experimental validation.

Figure 4.1: Layer stack and simulation setup of the augmented two-layer grating
coupler. (a) Side view of the SOl waveguide and the two-layerSglaugmentation
grating coupler. The green line with a downward arrow represents the vertically
incident Gaussian source, and the orange mark indicates the mode monitor used
to evaluate coupling e ciency into the fundamental TE waveguide mode. The top
and bottom gray regions denote the perfectly matched layers (PML). (b) Three-
dimensional schematic of the full device, including the input single-mode waveg-
uide, the feature-free taper, and the two stackegb$hrating apertures embedded

in the HSQ planarization layer. (c,d) Top-view pro les of the rst and second opti-
mized ShS; grating layers, respectively.
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4.2 Device Design

The simulated device is built on a silicon-on-insulator (SOI) substrate. The sili-
con device layer is 220 nm thick, a common thickness across commercial silicon-
photonics foundries, and sits on a 2 'm buried oxide (BOX) layer that serves as the
lower cladding (Figure 4.1.a). The host photonic circuit consists of a single-mode
silicon waveguide that fans out through a 28 "m taper into a grating-coupler aper-
ture, followed by a 5 "m unpatterned waveguide section on which the mode-overlap
monitor is placed (Figure 4.1.b). Crucially, the host circuit contains no grating fea-
tures: all the nano structures used for phase matching between the free-space light
and the TE mode of the silicon photonic waveguide resides in the augmentation
layers above. This separation allows the same SOI layout to host any augmentation
stack tailored to a di erent coupling objective.

Above the device layer, a hydrogen silsesquioxane (HSQ) planarization Im is used
which increases the total silicon photonic layer thickness to 235 nm. HSQ is selected
because it converts to a near-gi@atrix after exposure and thermal cure, yielding an
optically homogeneous spacer between the silicon waveguide and the augmentation
grating [78]. On top of the planarized surface, two 230 nm thickSgltayers are
patterned independently, where Figure 4.1.c and d shows the top view of the two
ShS;3 patterned layers. The two patterned,Spgrating layers occupy the same
footprint as the underlying taper aperture but are laterally o set with respect to the
host waveguide by independently optimized amounts; these o sets set the inter-layer
phase relationship that drives constructive interference into the guided mode. These
two ShS; grating layers also have a total 235 nm thickness each, separated by only a
5 nm HSQ spacer layer between to maximize the interaction of the layers to increase
the degrees of freedom to optimize for in the device design space. Here, 230 nm
thickness for the patterned £ layer is determined by the optimized spin coating
and ShSz based direct e-beam lithography write conditions that result with the
ideal Im uniformity and the non-uniform grating pattern resolution. Although the
optimization starts from a 70 nm thick HSQ spacer layer in betweeB8:3bayers,

the optimization converges to the minimum limit set for the HSQ layer, which is

5 nm. The reason why a planarization layer to only Il in the voids with no extra
thickness in between layers is not used is two fold. First, for a later experimental
demonstration, that would increase the risk for over-etching the HSQ layer, hence
the SbS; layer which would create non-volatile byproducts in a typical uorine
based Si@ pseudo-Bosch etch. Second, a device that is designed for no extra
propagation in between the grating layers could be more sensitive to experimental
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HSQ thickness deviations. Although small (5 nm), if this is already taken into
account in an optimization like the current design parameters, the performance will
be more tolerant for the fabricated HSQ thickness deviations.

ShyS; is selected as the augmentation material for three reasons. First, its refractive
index (= 22 at 1550 nm) lies between that of the SOI silicon device layer (=
3+48) and the HSQ cladding (= 144), which improves impedance matching
for free-space coupling and reduces back-re ection compared with grating features
etched directly into the silicon layer. Second, it is transparent across the visible
and near-infrared, enabling the same augmentation strategy to be ported to shorter
operating wavelengths without changing the material. ThirdS$Is patternable
through a precursor based high throughput direct electron-beam write fabrication
platform [78], which allows the two grating layers to be fabricated by a single-
step lithography on each layer rather than going through the full cycle of PECVD,
patterning a electron beam resist, depositing hard mask, lift-o, plasma etching
required for conventional dielectrics [171, 172]. This is the intended fabrication
pathway for future experimental validation; the present work concerns only the
electromagnetic design.

4.3 Methods

Simulation Setup

All electromagnetic simulations are performed in Tidy3D [173], a GPU-accelerated
implementation of the nite-di erence time-domain (FDTD) method. As can be
seen in Figure 4.1.a, the simulation domain spans roughly 70 'm along the propa-
gation direction (G) and 5.2 "'m in the out-of-plane direction (I). The domain fully
encloses the SOI waveguide and taper, the partially etched silicon grating, the two
ShS; augmentation gratings, the intervening HSQ spacer stack, the 2 "'m buried
oxide, and a silicon substrate.

The spatial grid is non-uniform, generated by Tidy3D's automatic mesh-re nement
engine at a target of 30 cells per free-space wavelength referencgetbe55 "m.
This yields a minimum cell size of approximately 15 nm inside silicon and 24 nm
inside the SpS; regions, with coarser cells in the oxide and air. The domain is
terminated by the default 12-layer perfectly matched layers (PMLs) along G and

| to absorb radiation into the substrate, into free space above the cladding, and out
through the truncated waveguide; periodic boundaries are used in H as appropriate
for the 2D cross section.
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The excitation is a vertically incident Gaussian beam with & ttdmeter of 10 “m.

The 10 'm beam waist is chosen to match both (i) the spot size produced by a typical
focusing objective used in free-space characterization setups and (ii) the mode- eld
diameter of a standard single-mode ber at 1550 nm, which is approximately in the
range of 8 10 ‘'m [174]. The Gaussian source is placed 50 nm above the top HSQ
spacer at normal incidence (\ = J) with TE polarization and a Gaussian temporal
pulse centered aty = 1¢55 'm and a bandwidth covering the C-band window

_ 2 »152—1+58Y% "'m. Coupling e ciency is evaluated at a mode monitor placed in
the silicon waveguide 5 "m downstream of the taper exit, computed as the fraction
of the vertically incident optical power that is projected onto the fundamental TE
mode of the 220 nm-thick silicon strip waveguide, sampling the same wavelength
range at 61 wavelengths. The silicon, HSQ, andSshefractive indices used are

=si = 3*476, Fisq = 1+44, and Jp,s, = 2°20 at 1550 nm [175, 176].

Inverse-design Framework

Inverse-design methods for photonic devices fall into two paradigms: topology opti-
mization and parametric shape optimization. Intopology optimization, the refractive
index at every pixel within a prescribed design region is treated as a free variable,
enabling discovery of freeform geometries inaccessible to intuition-guided design
[168, 177]. This approach has been applied to grating couplers [168, 167] and to
a wide range of other integrated photonic components [177], often achieving com-
pact footprints with competitive performance. However, the resulting geometries
frequently contain disconnected islands, sub-wavelength voids, and feature sizes
that violate the minimume-linewidth rules imposed by lithographic processes [178].
While density lItering, projection methods, and binarization schedules mitigate
these issues, none guarantee design-rule compliance throughout the optimization
trajectory. A further di culty for lithographic processes is that proximity-e ect
correction depends on local pattern density; spatially varying lithographic biases
are di cult to predict for the irregular freeform features produced by topology
optimization, complicating the path from simulation to fabrication.

Parametric shape optimization takes a complementary approach: the design space
is explicitly constrained to structures described by a physically motivated set of
geometric parameters. In the present case, these parameters are the tooth and gap
widths of each grating period, the lateral o sets of eachghayer, the spacer
thickness, and the in-plane source position. Because every parameter maps directly
to a fabricable geometric quantity, the resulting structures are inherently manu-
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facturable without topology sanitization. Gradients of the objective with respect
to all parameters are computed via the adjoint method [164, 177], preserving the
scalability advantage of topology optimization while operating within a physically
interpretable and lithography-compatible design space. This paradigm has been
applied successfully to grating-coupler design with tooth-and-gap parametrizations
[167, 150, 151].

Optimization and Parameters

The design objective is to maximize coupling e ciency at 1550 nm. Rather than
optimizing CE at a single wavelength, which can yield sharp, fabrication-sensitive
spectral peaks, we de ne the gure of merit F as the spectrally averaged CE over a

10 nm band centered at the design wavelength:
1 ' _0,_*2

—_ 0'2

F = CE! °d - (4.2)
where o = 1550nm and _ = 10nm. This broadband formulation penalizes
spectral sensitivity: a design that achieves high e ciency only over an extremely
narrow band is inherently susceptible to lithographic feature-size biases, which
manifest as a correlated shift of all grating tooth and gap widths and, equivalently, as
a shiftin the e ective Bragg condition [151]. Requiring the optimizer to sustain high
CE over a nite bandwidth therefore confers intrinsic tolerance to such fabrication
errors. The quantitative impact of this choice is veri ed a posteriori in Section 4.5.

Each ShS; enhancer layer comprises 50 grating periods. The etched w@fgp_g

and the unetched (tooth) Width:J%th_Sof the 8-th period in layer ( 2 fl-2g,

8 2 f1-+++—-50q) are independently optimized, yielding 200 geometric parameters.
This per-period parametrization allows the local duty cycle and period to vary along
the grating aperture, enabling apodization of the scattered eld amplitude to match
the Gaussian envelope of the incident beam [151, 150]. Both layers are initialized
with a uniform pitch of 580 nm and a duty cycle of 0.5.

Three additional parameters are co-optimized with the grating geometry. The inde-
pendent lateral o sets of the two $83 layers with respect to the host waveguide set
the phase relationship between elds scattered by the two layers, controlling lateral
constructive interference into the guided mode. The vertical separation between the
silicon device layer and the rst $B83 enhancer (the spacer thickness) controls the
vertical phase-matching condition; during optimization, this parameter converged
to its lower bound of 235 nm, indicating that a thinner spacer maximizes the near-



55

eld interaction between the waveguide mode and the augmentation layers. The
in-plane position of the Gaussian source relative to the grating aperture a ects the
overlap between the incident eld pro le and the inverse-designed grating scattering
envelope, and is therefore included as an optimization variable rather than xed by
hand. The total parameter count is 204.

Gradients of F with respect to all 204 parameters are computed at each iteration
using the adjoint method as implemented in Tidy3D [173], with automatic di er-
entiation of the mode-overlap post-processing provided by Autograd [165]. Each
iteration requires exactly one forward and one adjoint FDTD simulation, making the
per-iteration cost independent of the number of free parameters. The Adam update
rule used for maximization is

Pci= pc., U ﬁiﬁ—c— (4.2)

0(;, n

whererficand¥care the bias-corrected rst- and second-moment estimates of the
gradient, U is the learning rate, and n is a small constant for numerical stability [166].
By scaling the e ective step size for each parameter inversely with the square root
of its historical gradient variance, Adam assigns larger updates to parameters in at
directions of the loss landscape and damps updates in steep directions. The accumu-
lated rst-moment term carries directional gradient information across iterations,
facilitating escape from shallow local minima that would trap a standard gradient-
descent scheme. For this reason, Adam is chosen over classical gradient descent in
this work. Optimization is performed using the Adam optimizer as implemented
in optax, run for 2750 iterations at a learning rate of U =40 The remaining
Adam hyperparameters are left at their optax defaultg:=\0+9, b = 02999, and
n =108,

4.4 Results

Figure 4.2 shows the evolution of F over 2750 optimizer iterations. Three quali-
tatively distinct phases are evident. The objective rst rises rapidly from its initial
value to an early maximum near F 032, after which Adam escapes this shallow
optimum. The escape is driven by the rst-moment (momentum) term in Eq. (4.2):
the optimizer has accumulated a consistent gradient direction during the initial rise
and overshoots the local optimum, causing the objective to drop sharply as the
parameter con guration enters a destructively interfering regime. This behavior
distinguishes Adam from standard gradient descent, which would have settled at the
rst encountered local optimum.
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Figure 4.2: Convergence of the adjoint optimization and nal coupling e ciency
spectrum. Evolution of the bandwidth-averaged objective F in Eq. (4.1) over 2750
Adam iterations. The trajectory exhibits a rapid initial rise, a momentum-driven
escape from a shallow local optimum near F 032, and convergence to a plateau
in the range 080 0+83. The inset shows the simulated CE spectrum of the nal
design (parameter set from iteration 2682, the maximum among 2750), showing a
peak CE of 89.5% ( 048 dB) at 1550 nm and a 3-dB bandwidth of approximately
22 nm.

Following the escape, F rises steadily, re ecting the progressive co-re nement of
the grating apodization pro le and the inter-layer phase relationships across all 204
geometric parameters. Superimposed on the overall upward trend are transient
dips in the gure of merit. These dips arise from the interplay between Adam's
momentum and the non-convex loss landscape: when the optimizer overshoots a
ridge in parameter space, the objective temporarily degrades before the adaptive
second-moment correction redirects the trajectory toward a better con guration.
The objective eventually plateaus and oscillates in the range F 080 0-83. We
adopt the parameter set at iteration 2682, the maximum encountered during the
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Figure 4.3: Optimized grating coupler geometry and electric eld distribu-
tion.(a) Cross-sectional view of the multilayer vertical grating coupler at the start
(top) and end (bottom) of the optimization, showing the optimized grating-element
widths, source position, and lateral enhancer-layer o sets. (b,c) Electric- eld am-
plitude at 1550 nm for vertically incident light, shown in (b) top view at the level of
the silicon waveguide and (c) side view through the device center.
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2750-iteration run, as the nal design.

The simulated CE spectrum of the optimized structure is shown in Figure 4.2 inset.
A smooth, near-Gaussian lineshape is centered at 1550 nm with a peak value of
89.5% (0-48dB) and a 3-dB bandwidth of approximately 22 nm. The absence
of sharp spectral features con rms that the design exploits broadband constructive
interference between the two £ enhancer layers rather than a narrow-band
resonance, consistent with the design intent of the bandwidth-averaged objective in
Eqg. (4.1). Figure 4.3.a shows the cross-sectional geometry of the device at the start
and end of the optimization, illustrating the substantial reshaping of both grating
layers and the convergence of the lateral o sets and source position. Figure 4.3.b,c
show the electric- eld amplitude at 1550 nm in top and side views, respectively. The
eld is strongly concentrated within the two £8; layers and along the underlying
silicon waveguide; the near absence of downward-propagating eld beneath the
buried oxide con rms that the augmentation stack successfully redirects the scattered
power into the waveguide rather than into the substrate.

To complete the description of where the incident power is routed, we report that
power transmitted into the fundamental TE waveguide mode (the CE) is 89.5%,
power re ected upward into the free-space half-space above the device is approxi-
mately 2%, power transmitted downward into the substrate beneath the BOX is

approximately 8¢5%.

4.5 Fabrication-tolerance Analysis

For a design that does not yet have an experimental counterpart, the strongest ev-
idence of practical relevance is its robustness to the deviations that the structure
will inevitably experience during fabrication. We therefore perform a series of
cumulative-deviation checks in which the nominal design is perturbed simultane-
ously along several physically realistic axes, and the CE spectrum is recomputed
without re-optimizing any parameter.

Four perturbation axes are considered: (i) deviation in HSQ spacer thickness, repre-
senting variability in the ICP-RIE blanket-etch endpoint; (ii) deviation in the silicon
device-layer thickness, representing wafer-to-wafer variation of PECVD deposition;
(iif) a uniform lateral feature-size bias applied to all tooth and gap widths in both
ShyS; layers, representing exposure-dose or proximity-e ect-correction inaccuracy
in the direct-write lithography; and (iv) deviation in the HSQ refractive index, rep-
resenting variability in the post-cure stoichiometry. Each perturbation is applied
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cumulatively, so the last plot in Figure 4.4 corresponds to the design subjected to all
four deviations simultaneously.

The principal result is that even under cumulative deviations on all four axes,
the device retains a simulated peak CE of approximately 50% (Appendix, Figure
4.4). The amounts of deviations applied and showed in Figure 4.4 re ects the
discrepancies observed during experimetal e orts. The e ect of having a thicker
Cs shows itself as a 7% drop in the maximum coupling e ciency. On the
other hand, the dominant e ect of deviation from the target silicon photonic circuit
thickness is to shift the spectral peak in wavelength rather than to suppress its
magnitude due to the e ective index change of the guided mode. When we also add
afabricated lateral feature size bias on top, it results with both a coupling wavelength
band shift and a 38% maximum coupling e ciency drop, which is more signi cant
than any e ect explored in this section. The lateral feature size bias applied to
the original design parameters are determined based on the measured feature sizes
after SEM imaging the samples fabricated with theSlbased direct e-beam write
platform. The applied feature size bias varies with the feature size itself and an
interpolation is applied based on the observations: 100 nm features appear 30 nm,;
190 nm features appear 15 nm; and 230 nm features appear 7 nm larger where
features above 350 nm have no positive or negative bias. The spatially varying
deviations in the individually optimized grating unit feature sizes modi es the full
scattering picture which results with a more signi cant e ciency drop. Finally, the
HSQ refractive index £ is also changed from the nominal 1.40 indexto 1.45, which
results with a slight coupling wavelength band shift in the spectrum. These e ects
preserve the broadband interference mechanism on which the design relies and are
therefore well tolerated by the bandwidth-averaged objective of Eq. (4.1). A 50%
peak CE ( 3dB) is readily measurable in a standard ber-to-chip-to- ber loop-back
measurement and is well above the typical noise oor of a tunable-laser/photodiode
characterization setup [78].

By contrast, the design is more sensitive to deviations in the refractive indices of
the silicon device layer and of the direct-patternedSgblm (Appendix, Figure

4.4). This sensitivity is expectedsrand y,s, jointly govern the e ective index of

the guided mode and the scattering strength of the augmentation grating, and unlike
geometric tolerances, they modify both the scattering amplitude and the interference
condition. =;jis well characterized for commercial SOl wafers and is not expected to
deviate appreciably from the value used herg,s;, on the other hand, is relatively
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more sensitive to the synthesis and the conditions of the direct-write process and
can vary by several percent between samples [78, 176]. To mitigate this, design
variants are pre-generated for nominal indices in the range = = 20 2¢2 in steps
of = = 005, planned to be fabricated alongside the baseline design, and selected
a posteriori based on the measured Im index. Importantly, this strategy does not
alter the design framework itself; the robustness of the bandwidth-averaged objective
ensures that each index-speci c variant retains the geometric tolerance demonstrated
above.

4.6 Discussion

Augmented grating couplers that impose no circuit-level modi cations on the host
PIC are less explored than conventional invasive couplers, in part because prior aug-
mentation demonstrations have generally achieved lower coupling e ciencies than
their invasive counterparts [158, 159, 160, 161]. The present design, with a simu-
lated peak CE of 89.5% ( 048 dB), falls within the top tier of all grating-coupler
designs catalogued in Table 4.1 and, to our knowledge, is the highest reported peak
CE for a non-invasive augmentation grating coupler in the C-band. Four design
choices drive this performance. First, the Adam optimizer's momentum-driven
dynamics allow it to escape the shallow local optima that trap classical gradient
descent, as evidenced by the trajectory in Figure 4.2.a. Second, co-optimizing all
200 tooth-and-gap parameters jointly with the source position and inter-layer o sets
exposes a much larger fraction of the relevant design space than the uniform or
monotonically apodized parametrizations used in many earlier shape-based studies
[150, 151]. Third, the two-layer augmentation provides additional degrees of free-
dom, in particular, the inter-layer phase, that single-layer designs simply do not have
access to [169]. Fourth, the moderate refractive index e85 22) compared

with silicon (= 3+48) reduces the impedance mismatch at the free-space/grating
interface, suppressing upward back-re ection relative to direct-etch silicon gratings
with higher refractive index.

Among the works in Table 4.1, only Huang & Barz [181] report a higher simulated
peak CE (035dB), using topology optimization combined with an integrated
back-mirror. We expect that, when reduced to practice, the present design will
compare favorably for two reasons. First, the topology-optimized geometries of
Ref. [181] contain sub-wavelength freeform features whose fabrication accuracy
is limited by lithographic resolution and proximity-e ect-correction delity; the
present shape-optimized geometry is parametrized by tooth and gap widths that are
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Table 4.1: Summary of grating coupler designs reported in the literature, including
peak coupling e ciency, optimization method, and primary design objective.

Peak CE (dB) Optimization

Primary Objec-

Method tive

Reference

Chenetal. [179] 397
Hammond et al. [169] 4¢7/ 7+
Hansen et al. [180] 6e8 7420
Huang & Barz [181] 035

Jin et al. [182] 2+07 28P
Marchetti et al. [151]  0¢& 049°
Sapra et al. [167] 3¢0to 54
Shen et al. [183] 0+68

Van Lange et al. [184] 92
Xiong et al. [185] Ge2P

Yang et al. [186] 586
Zhong et al. [187] 054 (TE}

Inverse design High CE; fabrica-

tion tolerance
opti- Foundry-

compatible;

dual polarization

Shape optimiza- High CE;

Topology
mization

low

tion back-re ection
Topology opti- Sub-dB CE; com-
mization pact footprint

Gradient-based Perfectly vertical;
optimization CMOS compati-
ble

Parameter sweepPeak CE without

(apodized) back-re ector
Gradient-based Broadband
inverse design  (j100nm 3-dB
bandwidth)
Nonlinear opti- Compact coupler;
mization polarization split-
ting
Analytical / pa- Free-space top-
rameter sweep  coupling for
atom photonic
arrays

Parameter sweepCompact; achro-
+ metalens matic S/C/L-band
operation

Perfectly vertical,
back-re ection
suppression
High CE; O-band
TE and TM oper-
ation

Gradient-based
inverse design

Adjoint-based in-
verse design

2 Simulated value.

b Experimental value. Where both are listed, simulated is given rst.



62

individually well-resolved on a typical e-beam tool. Second, the integrated back-
mirror of Ref. [181] requires backside processing or a buried metal layer, neither of
which is available in a locked foundry process, whereas the present design adds only
top-side patterned layers and is therefore compatible with deployed photonic chips.
The remaining sub-dB designs in the table [151, 183, 187] are likewise invasive and
either etch directly into the silicon layer or require multi-step etches of the silicon
device layer.

A few caveats temper the present results and motivate near-term follow-on work.
First, the design's sensitivity to the g& refractive index (Section 4.5) means that
experimental validation will need to be accompanied by careful Im characteri-
zation, and the design-variant strategy outlined above will be used to bracket the
as-deposited index. In addition, the present analysis treats the augmentation grating
in isolation. In a deployed PIC, the coupler will sit adjacent to other components
and the augmentation layers will extend over the full chip; cross-talk between ad-
jacent couplers and the e ect of a continuous top-side HSgBSHBm on nearby
waveguides will need to be evaluated separately. Although the e ect of this is ex-
pected to be negligible as HSQ is chemically and optically very similar to a typical
SiO, cladding, and the Si$s grating coupler has a small footprint minimizing its
intearction with other parts of the photonic circuit.

Because the photonic circuit is never altered in this work, the same waveguide
layout can host di erent sets of augmentation layers tailored to distinct application
requirements including oblique coupling for Doppler LiDAR, broadband coupling
for wavelength-division-multiplexed systems, or polarization-insensitive coupling
for coherent receivers, without requiring a new mask tape-out of the underlying
silicon layer. We view this re-targetability, more than any single peak-e ciency
number, as the most consequential implication of the augmentation framework
demonstrated here.

4.7 Conclusion

We have presented a design study of an augmented two-lay8s §tating coupler

that achieves a simulated peak coupling e ciency of 89.5% ( 048 dB) at 1550 nm
with a 3-dB bandwidth of 22 nm. The structure is engineered to sit on top of an ex-
isting SOI photonic circuit without any modi cation of the underlying device layer;
the only requirement on the host PIC is a standard feature-free taper terminating the
waveguide into the grating region. The design is obtained by adjoint-based shape
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optimization with the Adam optimizer in Tidy3D, simultaneously co-optimizing
204 geometric and source-position parameters under a bandwidth-averaged gure
of merit that intrinsically confers tolerance to lithographic feature-size biases. A
cumulative-deviation tolerance analysis con rms that the design retains 50% peak
CE under simultaneous deviations in spacer thickness, silicon thickness, and lateral
feature size, supporting its experimental viability. The augmentation paradigm,
combined with a manufacturability-aware parametric design space, provides a scal-
able, high-e ciency coupling solution that is in principle compatible with post-
fabrication augmentation of deployed photonic chips and with the locked process
ows of commercial silicon-photonics foundries.

4.8 Appendix

The adjoint method implemented in tidy3D, combined with Autograd for di eren-
tiating through the mode-overlap post-processing chain, renders a 204-dimensional
optimization tractable within a realistic simulation budget [173, 165]. The broad-
band objective function in Eq. (4.1) serves a dual purpose: it provides a smoother
gradient signal compared with a single-frequency objective, and it naturally encodes
fabrication robustness by penalizing spectral sensitivity. This can be seen in Figure
4.4.a. Even when four di erent parameters (HSQ thickness, Si layer thickness,
lateral fab bias and HSQ refractive index), we can get a 50% coupling. On the
other hand, the design seems sensitive to the refractive index discrepancies for Si
and ShS; as can be seen in Figure 4.4.b. This can be understood by noting that the
refractive indices of these two materials directly govern the e ective index of the
guided mode and the scattering strength of the grating teeth, respectively. Unlike
geometric tolerances such as linewidth bias or layer thickness, which predominantly
shift the coupling e ciency peak in wavelength while preserving its magnitude, a
refractive index error modi es both the scattering amplitude and the interference
condition.
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Figure 4.4: Fabrication tolerance analysis for the optimized grating coupler. (a)
Coupling e ciency (CE) for the nominal design and for cumulative deviations (text
given in red represents the deviations shown at each step) for the in HSQ thickness,
Si thickness, lateral feature size, and HSQ refractive index. (b) CE for Si ai84 Sb

refractive index deviations.
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Chapter 5

MULTILAYER BAYER COLOR ROUTER IN THE VISIBLE VIA
DIRECT-WRITE E-BEAM LITHOGRAPHY

The material in this chapter is part of an ongoing collaboration with lan Foo and
will be presented in Ref. [188].

Conventional CMOS color image sensors employ Bayer color Iter arrays in which
dye-based or thin- Im absorptive lIters discard roughly two-thirds of the incident
visible light to assign each pixel a single color channel. Volumetric metaa-optics
as color routers o er a fundamentally di erent approach: rather than rejecting the
unwanted spectral content, a multilayer dielectric structure is inverse-designed to
spatially redirect each wavelength band toward a di erent sub-pixel of the detector
array, in principle preserving the full incident photon budget. Demonstrating such
routers in the visible spectrum requires a fabrication platform capable of produc-
ing many densely stacked patterned dielectric layers with sub-wavelength feature
sizes. In this chapter, we apply the,Sb direct-write electron-beam lithography
platform introduced in Chapter 3 to the design and fabrication of ten-layer Bayer
color routers operating at visible wavelengths. Six device variants are designed
by adjoint-based optimization, spanning,S§ refractive indices of = = 20, 21,

and 22 and two RGB design wavelength sets centered on 1475-550-650° nm and
1550-650-750° nm. The devices are fabricated on a transparent doped-SiC sub-
strate selected to support the high electron-beam doses required for the precursor
chemistry while remaining su ciently transmissive in the visible. This work is on-
going; experimental characterization is in progress, and we present here the design
framework, the fabricated device set, and the simulated routing performance.

5.1 Introduction

Color image sensors built around Bayer-pattern absorptive lter arrays are nearly
universal in consumer and scienti ¢ imaging, but the underlying paradigm is intrin-
sically lossy: each pixel records only one of the three primary color channels and
discardsthe remainingincidentlight[83, 189, 190]. Each Iter discards roughly two-
thirds of the incident photons, directly reducing the signal-to-noise ratio, particularly
under low-light conditions. Smaller pixel sizes in modern CMOS image sensors ex-
acerbate these problems: as pixel dimensions approach the di raction limit, photon



66

collection per pixel decreases, optical crosstalk between adjacent pixels intensi es,
and the signal-to-noise ratio degrades substantially [191, 192, 193], which makes it
hard to miniaturize pixels in image sensors to increase imaging resolution. Meta-
optics can tackle this problem by optimizing the design space to minimize crosstalk

to achieve smaller pixel sizes. Replacing absorptive Iters with dispersive optical
elements that spatially separate, rather than absorb, the spectral content has therefore
emerged as a compelling route toward higher-throughput color imaging. Di ractive
and metasurface-based color routers have been demonstrated using a range of archi-
tectures, including color-sorting metalenses [194], dispersion-engineered dielectric
gratings [195], cascaded Huygens metasurfaces [83], and freeform inverse-designed
structures [36, 85, 189, 190]. Among these, three-dimensional volumetric routers

o er the largest design space with more degrees of freedom to engineer, and have
been shown to outperform single-layer counterparts in routing e ciency and angular
response [85, 29].

Despite their attractive performance, volumetric color routers in the visible spec-
trum remain di cult to fabricate. Two-photon lithography supports true three-
dimensional patterning but is restricted to low-index polymers and has limited
resolution where the minimum feature size is typically 500 nm [196], limiting the
achievable contrast and routing e ciency for sub-wavelength visible features [85,
189, 197]. Conventional multilayer nanofabrication using high-index dielectrics
such as TiQ or amorphous silicon requires repeated cycles of deposition, lithog-
raphy, etching, and planarization, which becomes prohibitively expensive and low-
yield as the layer count grows beyond a few. TheSghdirect-write platform
introduced in Chapter 3 [78] addresses this gap directly by patterning the high-index
optical material in situ during electron-beam exposure, eliminating per-layer deposi-
tion and etch cycles and reducing each layer to a spincoat-expose-develop-planarize
sequence. In Chapters 3 and 4, this platform was used to realize devices with a
small number of patterned &% layers (three resonant Iter layers and two grating-
coupler layers, respectively). Here we extend it to a substantially deeper stack of ten
patterned S§f5; layers, demonstrating that the platform supports the layer counts
and minimum feature sizes required for visible-band volumetric color routing.

5.2 Device Architecture

Although single layer inverse design color routers were demonstrated before using
advanced optimization techniques [189, 190, 83], the free-form, multilayer meta-
materials overperform their single layer counterparts as they provide more degrees
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of freedom to engineer. Although such devices have been explored extensively
in infra-red spectrum through fabrication techniques such as two-photon polymer-
ization lithography, such designs in the visible have not been yet explored due to
the di culty in fabricating high resolution multilayer photonic devices that require
high resolution patterning tools like e-beam lithography, and hence the full standard
nanofabrication cycle. To our knowledge, this is rst exploration of the free-form
multilayer metaoptics to realize multilayer Bayer Iter color routers in the visible
spectrum, and this precursor based direct write lithography platforms makes that
possible by simplifying the fabrication process and increasing the yield.

The deviceisa4 'm 4 "m 6325 "'m volumetric Bayer router consisting of ten
patterned Sff5; layers separated by nine HSQ planarization spacers. Each Sb
layer is 340 nm thick, and each layer-plus-spacer unit cell in the vertical direction is
665 nm thick (corresponding to a 325 nm HSQ spacer above eafh Blger), and

the minimum lateral feature size is set to 115 nm. The device is designed to focus
and route the red, green, and blue spectral bands to spatially separated quadrants of
a focal plane located below the substrate, mimicking the layout of a conventional
Bayer color Iter pixel cluster.

A central practical constraint of the g direct-write platform is the very high
electron-beam dose required to drive the precursor decomposition reaction (a total
accumulated dose of 500 mC/ctas detailed in Chapter 3). For thin- Im resist
patterning, using a conductive antistatic agent over the resit layer, or a thin ITO layer
on a glass substrate is the standard transparent conductive coating used to mitigate
substrate charging during electron-beam exposure. However, at the doses required
here, the ITO/glass combination proved insu cient: the ITO Im is too thin to
dissipate the accumulated charge due to the large exposure doses, leading to pattern
distortion. Although di erent thicknesses of ITO Ims with reactivities as low as

20 ohm/sq are used, the experiments proved the need for a bulk conductive substrate
rather than a thin Im. To circumvent this limitation while retaining transparency

in the visible, we adopt a bulk doped silicon carbide (SiC) wafer as the substrate
with low resistivity. The bulk doping provides a continuous, low-resistance path
for charge dissipation throughout the entire device write, while the SiC remains
substantially transmissive in the majority of the visible spectrum. The principal
limitation of this choice is that SiC absorbs signi cantly below 500 nm due to
doping, which directly motivates the exploration of design wavelength sets centered
above this absorption edge, as described below.
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5.3 Inverse Design and Optimization

The ten-layer routers are designed by adjoint-based gradient optimization within a
nite-di erence time-domain (FDTD) framework, using an Adam optimizer [166],
similar to the one employed in Chapter 4 for the vertical grating coupler. The
simulation setup mirrors that of the previousShkdevices in this thesis: a normally
incident Gaussian excitation with an 85 "m waist radius (e ectively a plane wave at
the device aperture) illuminates the structure from above; perfectly matched layer
(PML) boundary conditions terminate all six faces of the simulation domaigSsSh

is treated as lossless with a single-valued real refractive index in the design band,
and HSQ is treated as a lossless spacer wih= 1+4. Transmission into each
color quadrant is normalized to the total power transmitted through an aperture of
identical lateral dimensions in the absence of the device. The Adam optimizer is run
with a learning rate of 001 and updates the in-plangs$pattern of every layer
simultaneously, so that interlayer coupling and constructive interference between
layers are exploited rather than treated as parasitic e ects.

Six device variants were generated to span the practical uncertainty in the as-
deposited Sff5; refractive index and to evaluate two distinct visible-band design
targets. The Si5; index was swept across = = 2¢0, 2¢1, and 2¢2, bracketing the
values reported for the precursor-derived Imsin Chapter 3. Two RGB design wave-
length sets were evaluated: *475-550-650° nm, which targets a conventional R/G/B
partition centered near the eye's photopic response; and 1550—650—- 750° nm, which
is shifted to longer wavelengths to remain entirely within the high-transmission win-
dow of the SiC substrate. Each combination of ‘zeg° yields one full ten-layer
optimization, for a total of six fabricated designs.

5.4 Fabrication

Fabrication follows the Si&; direct-write process described in Chapter 3, with the
substrate replaced by the bulk doped SiC wafer described above. After substrate
cleaning and gold-marker patterning, each of the tesSSlayers is fabricated by

(i) spin-coating the antimony-BDCA precursor solution (twice, to reach the target
post-decomposition thickness of 340 nm), (ii) electron-beam exposure at 100 kV
using the multipass strategy described in Chapter 3, (iii) IPA development and a
brief annealing step to complete the precursor-teSglzonversion, and (iv) spin-
coating of an HSQ planarization layer followed by annealing for partial curing of
the HSQ planarization layer. The same set of gold alignment markers patterned at
the substrate level is reused for all ten layers, and interlayer registration is set by the
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Figure 5.1: Visible Bayer Iter transmission spectra for di erent device

design con guration. (a) Ten layer Bayer Iter optimized for n = 2.1 and
1475-550-650° nm. Transmission spectrum for (b) n = 2.0 and *475-550- 650° nm,
(c) n = 2.1 and 1475-550-650° nm, (d) n = 2.2 and 1475-550-650° nm, (e) n =
2.0 and 1550-650-750° nm, (f) n = 2.1 and 1550-650-750° nm, (g) n = 2.2 and
1550-650-750° nm. Red, green, pink and blue curves represent the R, G1, G2, and
B.

lithographic alignmentaccuracy (® 10 nm) ofthe EBL tool. The minimum patterned
feature size of 115 nm is well within the resolution demonstrated previously for this
precursor chemistry.

The resulting stack consists of ten layers of patterne&$Sseparated by nine HSQ
spacers, with no deposition or etch step performed at any point in the process.
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