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Abstract

High performance photonic devices increasingly rely on resonant micro-
and nanoscale structures to shape electromagnetic fields within compact
footprints. As two important classes of such resonant devices, this thesis
investigates metasurfaces and waveguide Bragg gratings (WBGs) as peri-
odically structured photonic components that enable precise control of light

propagation and emission.

In the first part, we studied metasurfaces as ultrathin resonant devices
that manipulate free space radiation through engineered scattering from
sub-wavelength meta-atoms. We employed established numerical and
semi-numerical tools to analyze linear and nonlinear responses, includ-
ing multipolar contributions to the scattering response of linear resonant
metamaterials and nonlinear scattering theory for second-harmonic gener-
ation (SHG). In the terahertz (THz) regime, we demonstrated an indium
antimonide (InSb)-based plasmonic metasurface that supports a spectrally
narrow surface lattice resonance (SLR) in a periodic meta-molecule array,
and we investigated its potential for sensing and tweezing applications.
We further investigated emission engineering in coupled emitter-antenna
systems using InSb-based resonant antennae, showing that magnetization
and multipolar resonances provide a practical route to dynamically control

the spontaneous emission of a quantum emitter.

We then focused on nonlinear plasmonic metasurfaces motivated by SHG
microscopy applications. We studied a structurally disordered metasurface
composed of asymmetrical L- and V-shaped gold meta-atoms and clari-
tied how the SH response is governed by polarization- and orientation-
dependent emission channels in the metasurface. To achieve both second-
harmonic (SH) signal strength and near-field resolution simultaneously, we
proposed a bi-layered stack metasurface design that combines a passive
linear metasurface supporting an SLR with an upper nonlinear antenna

layer supporting localized surface plasmon resonances (LSPRs), enabling



enhanced forward SH emission while maintaining improved near-field reso-

lution.

In the second part, we investigated higher-order WBGs as wavelength-
selective feedback components for distributed feedback (DFB) semiconduc-
tor lasers. We implemented a coupled wave analysis for higher-order
gratings with arbitrary profiles and accounted for the effect of radiative
waves, which enabled longitudinal mode discrimination for single-mode
operation. By extending this analysis into a threshold-oriented framework
for modeling lasing onset, we optimized and experimentally characterized a
compact third-order surface-etched grating DFB laser on the vertical integra-
tion platform, and we demonstrated good agreement between the modeling
approach and measured device performance.

Overall, this thesis provides practical designs and analysis approaches for
THz metasurfaces, THz resonant metamaterials, nonlinear SHG metasurface
platforms, and higher-order grating DFB lasers as promising building blocks
for sensing, emission control, nonlinear microscopy, and telecom photonic

integrated circuits (PICs), respectively.
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Chapter 1

Introduction

1.1 Introduction

Engineering electromagnetic waves with devices that are simultaneously
compact, efficient, and compatible with a straightforward fabrication pro-
cess is a main goal of modern photonics. Recent advances in fabrication
technologies and numerical electromagnetic modeling have enabled micro-
and nanoscale structures that reshape light propagation, accelerating the
transition from bulky free space optics toward flat [1] and integrated pho-
tonic components [2]. In this context, periodic optical structures provide a
powerful design framework [3] by enabling control over diffracted waves,
spectral response, and light-matter interaction, and therefore support appli-
cations ranging from spectroscopy and imaging to optical communications

and on-chip signal processing.

An optical grating component is a structure with a periodic spatial modu-
lation of geometry or material properties such as the refractive index. This
periodicity introduces additional spatial momentum components, enabling
engineered coupling between incident or guided optical fields and new
propagation channels [4]. Traditionally, gratings have been bulk optical
elements, such as ruled [5], blazed [6], or holographic diffraction gratings [7],
and have been widely used in spectrometers [8] and pulse compressors [9].
The advent of nanofabrication has further miniaturized and transformed
the concept of classical diffraction gratings, leading to compact photonic
components that form the core of this thesis, including metasurfaces and
waveguide Bragg gratings (WBGs). Although these platforms rely on dif-
ferent physical mechanisms, namely scattering for metasurfaces [10] and

guided wave interference for WBGs [11], both are governed by engineered
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grating arrays at micro- and nanoscales to achieve unprecedented control

over light.

Metasurfaces primarily control free space radiation through engineered
scattering and interference across a planar surface, enabling flat optics for
beam shaping [12], holography [13], and lensing [14]. In contrast, WBGs
control guided fields through distributed coupling and coherent interference
between forward and backward propagating waves, which is essential for
lasing [15], coupling [16], and filtering applications [17].

In this chapter, we briefly describe the fundamental concepts that provide the
general background for the research presented in the subsequent chapters.
Each research chapter then includes its own specific introduction and state-
ment of purpose, in which the motivation, relevant context, and objectives of

the corresponding project are discussed in more detail.

1.2 Metasurfaces

Metasurfaces represent a paradigm shift in optical engineering by trans-
forming bulky refractive and diffractive elements into planar components
with sub-wavelength thicknesses, often referred to as thin grating layers.
By engineering the geometry, composition, and spatial arrangement of their
constituent elements, metasurfaces overcome the limitations of traditional
optics by exploiting both localized resonant responses and collective lattice
interactions. Their ability to impart local phase discontinuities and control
scattering amplitude enables compact implementations of functionalities
including metalenses [18], beam steering [19], holography [13], polariza-
tion conversion [20], and spectral filtering [21]. Furthermore, metasurfaces
provide a powerful platform for tailoring and enhancing light-matter in-
teractions, which is central to applications in sensing, emission control, and

nonlinear optical processes [22].

As discussed in Section 1.1, a key link between metasurfaces and classical
grating physics is that a periodic array of resonant particles can support
not only localized resonances, but also collective surface lattice resonances
(SLRs), as illustrated in Fig. 1.1. In metasurfaces, the grating concept
appears as a two-dimensional arrangement of sub-wavelength scatterers,
often referred to as meta-atoms, that collectively tailor the amplitude, phase,
and polarization of the transmitted or reflected field at a sub-wavelength

structured interface [10]. Metasurfaces can scatter light over a wide range
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of angles, and they allow us to control which diffraction orders propagate
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FIGURE 1.1: (a) Schematic of a gold nanobar metasurface,
where the in-plane diffraction order (1,0) couples the LSPRs
of the meta-atoms and forms a SLR across the metasurface
plane. (b) Simulated transmission spectrum highlighting the
broad linewidth of the LSPR and the narrow linewidth of the
SLR. Insets show the corresponding electric field distributions.
(c) SEM image of the periodic metasurface designed to sup-
port an SLR in the x—y plane. (d) Comparison of simulated
and measured transmission spectra, emphasizing the narrow
linewidth of SLR with an ultra-high Q factor of 2400. Adopted
from M. S. Bin-Alam et al. [23] under the Creative Commons
Attribution 4.0 International License.

By engineering the geometry and arrangement of meta-atoms across the sur-
face, metasurfaces can support anomalous scattering responses. According
to grating theory, a square metasurface, as a general case, with periodicity
D placed at the interface of two materials with refractive indices n; and ny,
can support in-plane diffraction orders (m, p), whose spectral positions are
described by [24]

B \/n%(mz + p2) — n2p?sin® 0 & mny sin 0
Amp =D 1 , (1.1)
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where 6 is the angle of incidence, and m and p are integers indicating
diffraction orders along the x- and y-directions, respectively. Accordingly,
the metasurface can support in-plane diffraction orders such as (1,0), (0,1),
and (1,1), enabling resonant field confinement across the entire structured
surface and thereby dramatically strengthening light-matter interactions.
When the array period satisfies in-plane diffraction conditions associated
with Rayleigh anomalies [25], scattered fields from individual resonators
couple through diffraction channels, suppressing radiative loss and giving
rise to resonances with linewidths that are significantly narrower than those
of isolated particles. Metasurfaces can be broadly categorized according to
their resonant mechanisms into plasmonic and dielectric platforms, each
supporting distinct modes and therefore enabling different performance
characteristics and applications.

These properties have motivated metasurface platforms for sensing [26]
and spectral filtering [27], as well as for enhancing nonlinear optical pro-
cesses [28] and controlling emission from nearby coupled dipole sources [29],
which are central applications of the first part of this thesis.

1.2.1 Plasmonic Metasurfaces

Plasmonic metasurfaces typically utilize noble metals, such as gold and
silver, at optical frequencies, or highly doped semiconductors at infrared
and terahertz (THz) frequencies. They operate by exciting localized surface
plasmon resonances (LSPRs), where incident electromagnetic fields couple

coherently to collective oscillations of free carriers [30].

The main advantage of plasmonic metasurfaces is their ability to confine
electromagnetic energy into deeply sub-wavelength regions and generate
strong near-field enhancement. This feature significantly strengthens light-
matter interactions and makes plasmonic metasurfaces particularly impor-
tant for applications in which the interaction strength is the main limiting
factor. Accordingly, they have been widely explored for refractive-index and
biochemical sensing [31, 32], surface-enhanced spectroscopy [33], emission
enhancement of quantum emitters [29, 34], and nonlinear nanophotonics [28,
35], where the enhanced local field increases the induced nonlinear current

sources [36].

However, these advantages are accompanied by important limitations.

Ohmic losses associated with free-carrier absorption dissipate optical energy
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as heat, broaden plasmonic resonances, and reduce the resonance quality
factor, which can limit device efficiency, especially in wavefront-shaping
or nonlinear applications that require high transmission, strong radiation
efficiency, or narrow spectral response. Therefore, a central design challenge
in plasmonic metasurfaces is to preserve strong near-field localization while

reducing radiative and non-radiative losses.

1.2.2 Dielectric Metasurfaces

Dielectric metasurfaces are composed of high-index, low-loss materials such
as silicon, germanium, or III-V semiconductors [37]. Unlike plasmonic
structures, they support electric and magnetic Mie resonances driven by

induced displacement currents within the dielectric volume.

(©)

FIGURE 1.2: (A) Periodic array of high-index dielectric disk
clusters. (B) Near-field map of the E, component at the
toroidal resonance, arising from the cross-coupling of electric
and magnetic resonant modes. (C) Simulated magnetic field
distributions for dielectric metasurfaces with different oligomer
configurations, including trimer, quadrumer, pentamer, and
hexamer, respectively. Panels (A,B) reproduced with permis-
sion from Xu et al. [38]. Copyright © 2018 Wiley-VCH. Panel
(C) reproduced with permission Zhang et al. [39]. Copyright
© 2019 Wiley-VCH.

By tailoring the geometry and spatial arrangement of their constituent ele-
ments, dielectric metasurfaces enable precise control of optical wavefront for
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efficient beam shaping [40]. The simultaneous excitation of electric and mag-
netic resonances facilitates highly directional scattering and enables control
over the emission directivity of quantum emitters [41]. As shown in Fig. 1.2,
a main limitation of dielectric metasurfaces is that their resonant features are
typically confined to the resonator volume and governed by the refractive
index contrast with the background medium. As a result, their near-field
localization is generally weaker than in plasmonic structures, which can
make them less suitable for applications that rely on sub-wavelength elec-

tromagnetic hotspots.

1.2.3 THz Plasmonics

The THz spectral region, approximately extending from 0.1 to 10 THz, is of
significant interest for non-destructive imaging, security screening, molec-
ular fingerprint spectroscopy, and biomedical diagnostics [42]. THz waves
can penetrate many non-conducting materials and can directly probe low
energy excitations, such as molecular rotations and lattice vibrational modes
in solids [43].

For the further development of THz application systems, there is a strong
demand for efficient devices capable of guiding, modulating, and manip-
ulating THz waves in amplitude, phase, and polarization. However, low
power and bulky THz sources, together with weak detection sensitivity,
remain two major challenges of conventional THz technologies, motivating

the development of engineered structures that can address these limitations.

THz plasmonics aims to confine and enhance electromagnetic fields at sub-
wavelength scales, enabling miniaturized devices that mitigate the limita-
tions of traditional THz components by providing strong local electric field
intensities [44]. In addition to metals and graphene, which are commonly
used plasmonic materials in the THz range [45], III-V semiconductors pro-
vide an attractive route toward active and tunable THz plasmonics, since
their carrier density and transport properties can be modulated over a wide
range using doping, electrical gating, optical pumping, and temperature
control [46].

Among these materials, indium antimonide (InSb) is particularly promising
due to its narrow bandgap, small electron effective mass, high electron mo-
bility, and strong tunability of its optical response under external stimuli [47,

48]. Compared to passive structured metallic devices operating in the THz
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TABLE 1.1: Drude-Lorentz parameters used to model the plas-
monic response of III-V semiconductors in the THz regime [46].

GaAs GaAs InP InSb InSb InSb
n-doped p-doped n-doped n-doped p-doped undoped
wp (10 rad/s) 3.33+0.01 4.44 +0.02 4.70 +£0.01 2.82+0.01 0.63 £ 0.01 0.57 +£0.01
wp (ecm~1) 17692+ 1.9 2356.4+9.1 24941 +1.8 1495.20 + 1.83 332.60 + 1.49 302.40 £ 0.33
7, (10! ps) 0.71+0.01 0.09+£0.01 0.71+0.01 2.65 +0.04 0.75+0.01 5.16 £ 0.06
wy (108 rad/s) 5.06 +£0.01 5.06 +0.01 5.73£0.01 3.38+0.01 3.38+0.01 3.38 £0.01
wy (em™) 268.4 0.1 268.5+0.2 303.9 0.1 179.40 +0.13 179.40 + 0.06 179.50 + 0.06
T (ps) 279+0.27 1.95+0.29 3.01+£0.24 1.81+0.13 1.90 + 0.04 1.99 £ 0.04
AL 2.13 £0.03 2.15+0.09 2.89 £ 0.04 2.02+0.07 2.00 £ 0.01 2.02+0.01
€0 11.58 + 0.01 11.34 +0.02 10.01 £ 0.01 15.68 +0.03 15.74 +0.01 15.86 +0.01
0o (kS/m) 69.46 + 0.54 16.54 + 0.22 139.06 + 0.77 186.35 +2.63 2.51+0.04 14.83 +0.17

range, InSb-based plasmonic structures offer a versatile platform for THz
metasurfaces requiring both strong field enhancement and dynamic control
of spectral response.

A further and distinct advantage of THz plasmonic devices based on III-V
semiconductors is their pronounced magneto-optical properties [49, 50].
Owing to the small effective mass and high mobility of charge carriers in
InSb, the application of a relatively weak static magnetic field can induce
strong gyrotropy and corresponding anisotropy in the complex permittivity.
This enables magnetoplasmonic effects, in which plasmonic resonances can
be dynamically tuned or spectrally split using an external magnetic bias,
supporting functionalities such as polarization control [51], tunable filter-
ing [52], enhanced scattering [53], and bright THz sources within compact
platforms [54]. Table 1.1 summarizes the fitted parameters for III-V semi-
conductors exhibiting strong plasmonic response at low THz frequencies.

The complex permittivity of III-V semiconductors can be described by the
Drude-Lorentz model as [46]

2 2
Wp ALwry

& = €0 — . .
W +iw/T W —w?—iw/T’

(1.2)

where e« is the constant background permittivity, w, is the plasma fre-
quency, and T, is the carrier scattering time, which is inversely proportional
to the Drude damping rate y,. The last term in Eq. (1.2) represents the
Lorentz contribution, where wy, is the Lorentz frequency associated with

lattice vibrations in the semiconductor crystal, 7, = 1/ is the scattering
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time of the Lorentz term, and Ay is an empirical amplitude determined
by the difference between the permittivity below and above the Lorentz
resonance [46].

By combining the resonant response of individual meta-atoms with the
collective behavior of a periodic array, they provide a platform in which
local field enhancement, linewidth control, radiation channels, and material
tunability can be engineered together. This capability is especially important
for optical and THz processes that are intrinsically weak or difficult to access
in compact structures, where increasing the local electromagnetic field and
controlling the emitted or scattered radiation are both essential.

The plasmonic metamaterial platforms investigated in this thesis target ap-
plications in which enhanced light-matter interaction is the key requirement.
Narrow resonances and strong field confinement can improve refractive-
index sensing and medium perturbation detection, while large field gradi-
ents can support plasmonic tweezing and manipulation of nanoscale objects.
Resonant plasmonic structures can modify the electromagnetic environment
of nearby dipole sources and enhance radiative decay channels, providing a
route toward brighter and more directional THz emitters. In nonlinear optics,
the same local field enhancement can increase the nonlinear current sources
and strengthen second-harmonic generation (SHG), which is important for

near-field microscopy and label-free imaging.

Therefore, plasmonic metamaterials provide the physical basis for several
application directions considered in this dissertation, while their intrinsic
losses motivate the use of semiconductor plasmonics, collective resonances,
and hybrid metasurface designs to improve spectral selectivity, tunability,
and efficiency.

1.3 Waveguide Bragg Gratings

While metasurfaces manipulate free space radiation through engineered
scattering at a sub-wavelength interface, WBGs operate within guided wave
structures, shaping light through distributed coupling and phase-sensitive

interference.

Periodic structures play a complementary role in guided wave devices
through WBGs, where a periodic perturbation of the effective refractive in-
dex, introduced by an embedded grating layer, provides the phase matching
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required to couple a forward propagating wave to its backward counter-
part. This distributed coupling produces a spectrally narrow reflection band
around the Bragg wavelength, and therefore such waveguides can function
as wavelength-selective reflectors and filters within a compact footprint [55].
Waveguide Bragg gratings also serve as efficient sensing tools, since even
small perturbations in the effective index or the grating period can signifi-
cantly shift the Bragg resonance wavelength [56]. Most importantly, when a
grating layer is implemented along a waveguide containing a gain region, it
forms the feedback mechanism of a distributed feedback (DFB) semiconduc-
tor laser, providing strong modal discrimination and enabling stable single-
mode operation required for coherent optical sources in telecommunications
and photonic integrated circuits (PICs) [57].

According to grating theory, the diffraction angle 6; of the waves generated
by a WBG can be described by [58]
2m
inf; = — —1, 1.3
smduoy M ( )
where m is a positive or negative integer indicating the diffraction order, and
M is the grating order defined as

2A N

M = 1

(1.4)
with A the grating period, N the effective refractive index of the fundamen-
tal guided mode confined within the waveguide, and A the operating wave-
length satisfying the Bragg condition. In the ideal case of a first-order grating
(M = 1), corresponding to 6; = =+7/2, the forward wave propagating
along the longitudinal direction of the WBG couples directly to a backward
propagating wave. In this case, the WBG supports two diffraction orders,
m = 0 and m = 1, where coupling of light to the zeroth-order diffraction
corresponds to the feed-forward effect along the waveguide, while coupling
of light to the first-order diffraction generates the backward propagating
wave that forms the feedback effect [58]. As a result, the WBG enables
the forward and backward waves to couple to each other continuously
as they propagate through the periodically perturbed structure along the
longitudinal direction of the waveguide.

For higher-order WBGs with M > 1, the grating can support additional
diffraction orders that couple propagating waves to radiative waves. These

radiative waves scatter out of the waveguide, primarily perpendicular to
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the longitudinal direction, and escape from the WBG cavity, resulting in
additional optical loss. Importantly, they also introduce additional coupling
channels between the contra-directional propagating waves and therefore
must be taken into account in the design of higher-order WBGs, particularly
those employed in DFB laser sources operating in the telecom windows,
which are the focus of the second part of this thesis.

1.3.1 Higher-Order Grating DFB Lasers

Selective feedback mechanism is particularly critical for semiconductor laser
sources, where stimulated emission gain must be combined with precise
spectral selection inside a cavity. Modern semiconductor lasers achieve this
functionality through epitaxially grown heterostructures that simultaneously
confine injected charge carriers and the optical mode. The evolution from
single heterostructures [59] to double heterostructures [60], and subsequently
to separate confinement heterostructures (SCHs) incorporating quantum
well active regions [61], has enabled significantly lower threshold currents
by optimizing both carrier confinement and waveguiding region. In these
structures, the active region composition, typically based on III-V alloys
such as InGaAsP or AlGalnAs, is engineered to provide optical gain at
telecommunications wavelengths with minimal absorption loss [62]. The
surrounding waveguide layers ensure strong transverse confinement, pro-
mote single-mode operation, and harness carrier diffusion and modal leak-

age into unwanted regions.

Early semiconductor lasers relied on Fabry—Perot cavities formed by cleaved
facets, which provide broadband optical feedback and therefore support
multiple longitudinal modes within the material gain bandwidth [63]. This
multi-mode operation results in reduced spectral purity and wavelength
stability, which is impractical for dense wavelength division multiplexing
(DWDM) systems.

Distributed feedback lasers overcome this limitation by incorporating a peri-
odic grating structure along the propagation direction of the waveguide [64].
The WBG provides distributed and wavelength-selective optical feedback
by coupling counter-propagating guided waves at the Bragg wavelength.
The resulting cavity exhibits strong modal discrimination, enabling stable
single-mode operation with narrow linewidth and a high side-mode sup-
pression ratio (SMSR), which is essential for coherent optical sources in

modern optical communication infrastructures [65].
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The performance, fabrication complexity, and efficiency of DFB lasers de-
pend critically on how the Bragg grating is integrated with the active waveg-
uide. Conventional high performance designs often employ buried gratings,
in which the periodic corrugation is defined within or adjacent to the active
region and requires an epitaxial regrowth process [66], as shown in Fig. 1.3(a).
This approach maximizes the overlap between the optical mode and the
grating region, resulting in high coupling coefficients and allowing for short
cavity lengths [67].

However, the regrowth process significantly increases fabrication complexity
and reduces manufacturing throughput. For telecommunications wave-
lengths, first-order gratings require small periods that challenge standard
fabrication processes and often necessitate high-resolution patterning meth-
ods, such as electron-beam or deep-UV lithography [68]. Higher-order
gratings relax this constraint by using larger periods that are more com-
patible with standard optical lithography, thereby improving fabrication
tolerance and yield. However, higher-order designs introduce additional
complexities, including contributions from radiative waves and higher-order
partial modes, which can increase optical loss and threshold current. These
limitations have motivated the development of regrowth-free grating imple-

mentations, which can be categorized into several platforms.

(a) (b) = ﬁ”

FIGURE 1.3: Representative implementations of WBGs for
DFB laser cavities, including (a) a buried grating and (b) a
laterally coupled etched grating formed along the ridge side-
walls. Reproduced from Lei [55] under the Creative Commons
Attribution-NonCommercial-NoDerivs 2.5 License.

Surface-etched gratings are formed by etching a periodic trench pattern into
the upper waveguide or cladding layers above the active region [69], as
shown in Fig. 1.3(b) and Fig. 1.4. This approach eliminates epitaxial regrowth

and can provide substantial refractive index contrast between etched and
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unetched regions, enabling a high coupling coefficient. However, it requires
precise control over the etch depth to balance coupling strength against
scattering loss while maintaining sufficient optical confinement. Therefore,
the separation between the grating bottom and the upper boundary of the
waveguiding part must be optimized to ensure adequate overlap between
the guided mode and the grating perturbation, while keeping modal scatter-

ing losses minimized.

Laterally coupled gratings implement the periodic perturbation using
grooves etched on both sides of a ridge waveguide [70], as shown in
Fig. 1.3(b). In this configuration, the guided mode interacts with the grat-
ing through its evanescent field, leading to weaker coupling compared to
buried gratings but offering a simplified fabrication process. The grating
can be patterned concurrently with ridge definition in a single etch step,
eliminating additional epitaxial processes. The resulting coupling coefficient
is highly sensitive to geometric parameters, particularly the ridge waveguide
dimensions and the grating geometry. A ridge with a larger height generally
provides stronger lateral confinement and reduces the evanescent overlap
between the guided mode and the grating region, which decreases the cou-
pling strength. In contrast, a shallower ridge increases the interaction of the
guided mode with the lateral grating grooves and can enhance the coupling
coefficient. The ridge width introduces additional trade-offs. A narrow ridge
increases fabrication difficulty and electrical resistance, whereas a wider
ridge spreads the current distribution in the active region and increases the
mode size, which can reduce the optical confinement. From the grating side,
increasing the groove depth can increase modal overlap with the grating
region and strengthen coupling, whereas shallow gratings can bring the
guided mode closer to the metal contacts, which can increase absorption loss.
Accordingly, a laterally coupled grating design requires an optimized groove
depth and high-quality vertical corrugations, together with a balanced ridge
width and height, to maximize the coupling coefficient while maintaining

low modal loss [58].

Metal-assisted gratings incorporate periodic metallic features positioned on
the waveguide surface or along ridge sidewalls [71]. While attractive due
to their compatibility with regrowth-free fabrication, these designs introduce
additional optical absorption that can degrade laser efficiency and increase
threshold current. Design strategies typically involve thick cladding layers

for the waveguiding parts [72] to isolate the guided mode from metallic
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contacts and careful optimization of ridge dimensions [71] to balance modal
overlap with absorption losses.

——

G

r
Ridge waveguide | - t
~4 ym width \ BER grating

FIGURE 1.4: Scanning electron micrograph (SEM) of a high-

order DFB surface grating fabricated by focused ion beam (FIB)

etching on an InGaN/GaN green ridge-waveguide laser diode.

Adapted from Holguin-Lerma et al. [73] under the Creative
Commons Attribution 4.0 License.

The recent shift toward photonic integrated circuits (PICs) in optical com-
munication networks further constrains DFB laser design, since the semi-
conductor laser must function as a coherent on-chip source monolithically
integrated with modulators, multiplexers, detectors, and passive routing
waveguides. Regrowth-free integration strategies are particularly important
in this context. Vertical integration approaches address a key bottleneck by
enabling multiple waveguide layers within a single epitaxial stack, allowing
efficient coupling between active and passive components through tapered
vertical transitions [74]. In such architectures, the grating must provide suftfi-
cient optical feedback without disrupting vertical mode transfer or requiring
complex regrowth processes. Consequently, surface-etched and laterally
coupled higher-order gratings have emerged as promising solutions, offering
a viable pathway toward compact and efficient DFB lasers compatible with
advanced PIC platforms [75].

Accurate electromagnetic modeling methods that account for the interaction
between guided and radiative waves are therefore essential for designing
efficient higher-order DFB lasers with high SMSR and narrow-linewidth
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operation [76, 77]. To analyze these structures, coupled-wave theory pro-
vides a practical framework for relating the physical grating geometry and
optoelectronic parameters of a DFB cavity to its threshold response. Starting
from the classical coupled-wave description of DFB lasers, the forward and
backward propagating fields can be solved under steady-state conditions
with appropriate boundary conditions to obtain the threshold gain and
detuning eigenvalues of the cavity [77, 78]. This threshold-oriented analysis,
also discussed in the optoelectronic device modeling framework of Xun
Li [79], allows important parameters such as optical loss, confinement factor,
material gain, bias-induced refractive-index change, and facet reflectivity
to be included directly in the coupled-wave equations. For higher-order
gratings, the same formulation can be extended by incorporating direct and
indirect coupling coefficients associated with radiative waves and partial
modes, so that their influence on the eigenvalues, threshold response, and
longitudinal mode discrimination can be evaluated at lasing onset. There-
fore, a steady-state coupled-wave model provides an efficient route to assess
the near-threshold behavior of practical higher-order DFB lasers without
solving the full time-dependent carrier and photon rate equations, while
still capturing the dominant mechanisms that determine stable single-mode

operation.

By engineering the coupling-coefficient parameters within this framework,
the threshold response and the required cavity length can be accurately esti-
mated. This makes the modeling method a practical tool for optimizing the
output characteristics of higher-order DFBLs toward narrow-band operation,
high SMSR, and stable continuous wave (CW) output power.

1.4 Thesis Structure

This thesis is organized into two main parts. The first part investigates
sub-wavelength metamaterials and metasurfaces as thin, periodically struc-
tured layers in which light-matter interactions are governed by scattering
phenomena, and the resulting optical responses are emitted incoherently in
all directions. Metasurfaces, as thin grating layers, enable unprecedented
control over diffracted waves and inherently overcome the conventional lim-
itations of bulky components, such as phase-matching, phase accumulation,
and refractive-index contrast. This dissertation is presented in a paper-based
format and includes four published journal articles and one manuscript in

preparation.
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Part One comprises five chapters. Chapter 2 establishes the fundamental
physics of linear and nonlinear metamaterials and metasurfaces designed in
this thesis. Chapter 3 presents a published study on III-V semiconductor
metasurfaces exhibiting exceptional THz electromagnetic responses arising
from collective lattice plasmonic resonances. Chapter 4 discusses a published
paper focusing on emission enhancement in coupled emitter-antenna sys-
tems, achieved through III-V resonant metamaterials using a semi-numerical
design framework. Chapters 5 and 6 are related to nonlinear plasmonic
metasurfaces. Chapter 5 investigates the design and characterization of a
UV-visible metasurface for second-harmonic generation (SHG) microscopy
applications, while Chapter 6 introduces an optimized plasmonic metasur-

face design to improve near-field SHG microscopy performance.

The second part focuses on guided wave components, where optical re-
sponses arise from refractive index-based guiding principle and total internal
reflection in wavelength-scale structures. In contrast to the scattering-based
systems of Part One, these guided wave structures are highly sensitive to
phase interference effects. Waveguides and grating waveguides are key
components in this category, forming the foundation for the devices such

as semiconductor lasers.

Chapter 7 presents the theoretical framework for light propagation in grat-
ing waveguides using modified coupled wave equations, with particular
emphasis on DFB laser design. Chapter 8 is devoted to the study of a
practical on-chip third-order grating waveguide DFB laser, which achieves

a narrow-bandwidth response in the telecommunication band.

Chapter 9 concludes the thesis by outlining prospective research directions
and future developments based on the studied photonic components.



16

Chapter 2

Linear and Nonlinear

Metamaterials and Metasurfaces

2.1 Introduction

When light, as an electromagnetic wave, impinges upon an object, it will
scatter in all directions. Depending on the object’s geometrical and electro-
magnetic properties, the incident and scattered electromagnetic fields have
distinct properties [80]. The object’s features seem to be encoded in the
scattered field, and one can extract these features by solving the scattering
problems. The optimal method for solving the scattering problem is de-
termined based on the effective size of the scatterer relative to the incident

wavelength.

Quasi-Static Approximation (QSA) method [30] allows one to evaluate the
scattering response of the sub-wavelength particles by treating them as
spheres that only support electric dipole (ED) moments. By exciting the
spherical particle in a homogeneous medium with a linearly polarized plane

wave, the induced polarizability of the particle is defined as

3_elw)em @.1)

=4 ,
a(w) TTr () + 261

where r is the sphere radius, ¢(w), and ¢, are dielectric functions of the
sphere’s material and its surrounding medium, respectively. A Drude-
Lorentz model is a conventional method to define the dielectric function of a
material [81], described by

e(w) = € , (2.2)

W+ iypw
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where ¢ is the high-frequency permittivity, w, is the plasma frequency of
free electrons, and yp is the damping constant for free electron oscillations.
The second summation term represents the contributions from bounded
electron vibrations, each with a Lorentz frequency of wj, a damping constant

of 7j, and an oscillator strength of f;.

The material’s dispersive dielectric permittivity dictates how the particle
responds to the incident light, and its real and imaginary parts describe
the stored and dissipated energies by the particle, respectively. The sign
and magnitude of the dielectric permittivity can also determine the opti-
cal behavior of the particle, categorized into plasmonic, epsilon-near-zero
(ENZ), and dielectric responses. Knowing the dielectric permittivity and the
polarizability enables us to calculate the scattering cross-section (SCS) and

absorption cross-section (ACS) of the sub-wavelength particle, as follows [80]

4
Coua(w) = 8?” (‘;’—4) ()2, (2.3)
Cabs(®) = 7 ma(w)]. 24

In the following Section, we present the scattering responses of spherical
particles using the QSA method to compare light-matter interactions for

these three different optical behaviors.

2.2 Plasmonic Materials

Plasmonic materials exhibit distinctive optical properties when the real part
of their permittivity becomes negative, caused by the interaction of incident
light with free carriers at the particle’s surface [30]. This interaction results
in localized surface plasmon resonances (LSPRs) highly dependent on the
particle’s size, shape, and the surrounding medium’s refractive index. The
primary advantage of plasmonic materials is their ability to localize light
at the nanoscale, beyond the diffraction limit, significantly enhancing local
electromagnetic fields. This feature is critical to scaling down the optical
components and improving the performance of imaging, sensing, and fil-
tering applications [82].

Noble metals, such as gold, are widely used in plasmonic applications across
a broad frequency range. Figure 2.1 shows the optical properties of a single
gold sphere with three different radii. The complex permittivity of the
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FIGURE 2.1: (a) Real and (b) imaginary parts of gold permit-

tivity. (c) The real and (d) imaginary parts of polarizability for

gold nanoparticles with three different radii. (e) The SCS and
(f) the ACS of gold nanoparticles.

material was extracted from a database which is defined based on the Drude
model [83]. As shown in Fig. 2.1(a) and (b), the nanoparticle exhibits a nega-
tive real part and a positive imaginary part of the permittivity at frequencies
below the plasma frequency. The polarizability of nanoparticle, as mentioned
in Eq. (2.1), goes to infinity at this specific wavelength range due to the
Frohlich condition of ¢(w) = 2¢,, [30], corresponding to the LSPR phenom-
ena (Fig. 2.1(c) and (d)). At the LSPR wavelength, the optical response of the
plasmonic particle is governed by two main types of light-matter interaction
channels. Radiative interaction is defined as the diffracted waves escaping
into free space, and a non-radiative process involves light absorption by the
plasmonic particle. The scattered and absorbed powers can be calculated
from Eq. (2.3) and (2.4), respectively, as shown in Fig. 2.1(e) and 2.1(f). The
pronounced maxima in these spectra highlight the strong impact of LSPRs.
Furthermore, both SCS and ACS increase with the particle radius.

However, plasmonic materials show huge joule heating losses mainly due to
the imaginary part of the permittivity, impairing the efficiency of plasmonic
devices. Overcoming these losses is one of the main challenges in plasmon-
ics, such that most recent research focuses on reducing heat generation while

maintaining localized field enhancement [23].
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FIGURE 2.2: (a) Real and (b) imaginary parts of the permittivity

of ITO. (c) Real and (d) imaginary parts of polarizability for ITO

nanoparticles with three different radii. (e) The SCS and (f) ACS
of ITO nanoparticles.

2.3 ENZ Materials

Epsilon-near-zero (ENZ) materials exhibit a real part of the permittivity close
to zero over a finite spectral range, leading to very weak phase accumula-
tion and an almost spatially uniform phase inside the medium [84]. The
near-zero real permittivity also makes the refractive index highly sensitive
to optical intensity, substantially enhancing nonlinear effects for all-optical

phase modulation and beam steering applications [85].

The optical properties of Indium tin oxide (ITO) nanoparticles have been
studied to demonstrate the light-matter interactions of ENZ materials. Fig-
ure 2.2 shows the optical response of an ITO sphere with different radii,
such that the material’s complex permittivity is extracted from experimen-
tal data [83], shown in Fig. 2.2(a) and (b). As shown in Fig.2.2(c), the
nanoparticle exhibits very weak polarizability within the ENZ region (1050
nm < A < 1450 nm), where the imaginary part of polarization is also
negligible (Fig.2.2(d)). Scattering and absorption responses are dependent
on polarizability. When the real part of the polarizability goes to zero, the
nanoparticle is transparent with a minimum interaction with light, rendering
the particle invisible. Accordingly, the nanoparticle’s interaction with light
results in almost zero SCS within the ENZ region, as shown in Fig.2.2(e) and
(f), respectively. The ITO nanoparticle demonstrates plasmonic behavior and
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FIGURE 2.3: (a) Real and (b) imaginary parts of GaAs permittiv-

ity. (c) Real and (d) imaginary parts of polarizability for GaAs

nanoparticles with three different radii. (e) and (f) show the
SCS and ACS of GaAs nanoparticles, respectively.

experiences a transition from invisibility to the plasmonic region at longer
wavelengths. However, utilizing ENZ materials presents challenges due to

material losses, particularly at optical frequencies.

2.4 Dielectric Materials

High-index materials with low losses enable efficient light manipulation
by exciting electrical displacement oscillating current within the nanopar-
ticles [37]. Unlike plasmonic and ENZ particles, where conductive currents
are excited at the surface, high-index nanoparticles are excited by resonant
displacement currents inside their volume [86]. The low losses of these
materials mitigate Joule heating and absorption losses that limit the efficiency
of plasmonic and ENZ structures. High-index nanoparticles are particu-
larly attractive for applications such as high-Q resonators and directional
scattering with low energy dissipation [41, 87]. The permittivity of such
materials can be described solely by the Lorentz term, since the negligible
contribution of free carriers in high-index dielectrics and semiconductors

removes dependence of their permittivity on the plasma frequency.

Figure 2.3 shows the optical properties of Gallium arsenide (GaAs) nanopar-
ticles to clarify the light-matter interaction of high-index materials whose
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permittivity was extracted from the experimental database [83]. As shown in
Fig. 2.3(a) and (b), GaAs nanoparticles exhibit two different types of optical
response due to the band gap energy of GaAs, a typical III-V semiconductor.
Below the band gap (A < 870nm), the material experiences significant
interband absorption, resulting in large non-radiative losses that strongly
enhance the absorption process. Above the band gap (A > 870nm), the
permittivity becomes real with a trivial imaginary contribution, indicating
that the scattering processes dominate. More generally, III-V semiconductors
such as GaAs are recognized as efficient scatterers in the terahertz (THz)
regime, where the free-carrier contribution described by the Drude model
plays an important role [46].

Figure 2.3(c) and (d) show the real and imaginary parts of the polarizability,
where its real part increases with nanoparticle size and the imaginary part
remains significant at shorter wavelengths. At longer wavelengths, the
imaginary part of the polarizability approaches zero. Hence, there is no
room for non-radiative channels to dissipate the optical power. Figure 2.3(e)
and (f) present the SCS and ACS of the GaAs nanoparticles, respectively,
highlighting that GaAs nanoparticles achieve higher SCS and ACS compared
to plasmonic and ENZ counterparts.

The QSA is a simple and fast tool to estimate the scattering behavior of deep
sub-wavelength spherical objects. It simplifies the Maxwell equations by
assuming a static electric field across the particle. However, this approach
loses its validity when the particle dimensions become comparable to or
exceed the incident light wavelength. To circumvent this limitation, the sub-
sequent section is devoted to a semi-numerical framework that enables the
precise calculation of the scattering problem for particles of arbitrary shapes
and sizes at different wavelength ranges. By incorporating near-field and
tar-field interactions, this approach provides a comprehensive analysis of the
scattering phenomena, allowing for efficient design of the sub-wavelength
optical antennas.

2.5 Induced Linear Current Density Method

The interaction of an monochromatic electric field with an arbitrarily shaped
object induces an oscillating electric current density, ](r’ ,w), which serves as

the source of scattered or radiated electromagnetic field [80]. This current
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density arises from both free and bound charges within the material at each
position of r’ and is described by [88]

J(r', w) = —iweg [e(w) — ep(w) | E(¥, w), (2.5)

where ¢(w) is the complex permittivity of the object, €, (w) is the permittivity
of surrounding background medium, w is the angular frequency of the field,
and E(r/, w) is the total electric field inside the object, often obtained numeri-
cally via full-wave simulations (e.g., using COMSOL Multiphysics [89] ). The
scattered electric field outside the object can be defined within the framework
of Green's tensor formalism, as [90]

Esca(r) = iwpg /V G(r,v) - J(r)d°¢, (2.6)
where the dyadic Green’s function acts as the propagator operator connect-
ing localized current sources to the radiated or scattered field carrying multi-
pole moments. Here, r denotes the observation point, Vs is the object volume,
and k; is the wavenumber in the homogeneous background medium. In
the far-field regime, r = |r| > |r/|, the distance can be approximated
as [r—r'| ® r—n-r with n = r/r that denotes the unit vector of the
propagation direction toward the observation point [90]. Dyadic Green'’s

function of the homogeneous background medium can be defined by [80,
88]

A,

eikdr
Gs(r,¥') =

oy ([ =) emalnr), (2.7)

where (I — nn) is the transverse projection dyadic tensor that filters out the
longitudinal component of the field along n. By substituting Eq. (2.7) into
Eq. (2.6), the far-field scattered field is determined by

eikdi’

(I —nn) / e ka () (o) @By (2.8)

S

Esca (1) = iwy04nr

The exponential factor e~ (n-r')

, which accounts for the accumulated phase
delay from each source point t’ inside the object, plays a central role in the
decomposition of multipole moments [91]. An exact spherical multipole de-
composition can be found from Eq. (2.8) in the Cartesian basis by employing

the plane wave representation in terms of spherical harmonics [90], as below
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where j; (k") denotes the I-order spherical Bessel function and Y}, are the
scalar spherical harmonics. Here, v’ = (+/,60',¢') is the source point inside
the object in spherical coordinates, n = (60,¢) is the unit vector toward
the observation point, that angles of 6 and ¢ (¢’ and ¢') are the polar
and azimuthal angles of n (r) in the spherical coordinate system [90]. By

replacing this expansion into Eq. (2.8), the scattered field becomes

gikd”

47tr

< L ar(=i)'Yi(0,0) [ jilkar)Yin(6),¢)) ()
I,m s

(I —nn)

Esca(r) =iwpg
(2.10)

At this step, by substituting the spherical harmonics with the /-order Legen-
dre polynomial of P, the scattered field can be written as [90]

. eide R
o (2.11)
< V(=0 @4 1) | filker)Prlcos)I() 8,
1=0 Vs
where n = r/r = (sinfcos¢,sinfsing,cosf) is the unit vec-
tor pointing toward the observation direction, and n’ = ¥/ =

(sin®’ cos ¢/, sin 6’ sin¢’, cos 0') is the source coordinate inside the object. The
angle vy between n and n’ is defined as cosy = n-n’ = cosfcosb’ +
sin@sin 6’ cos(¢p — ¢’).

Equation (2.11) defines the scattered field as a multipole expansion where
the angular dependence is governed by P;(cosy) [90]. The corresponding
Cartesian multipole moments are systematically extracted through a trans-
formation procedure consisting of symmetrization, which ensures full index
symmetry of the Cartesian tensors, and detracing, which removes redundant
trace components [92, 93]. This procedure yields the irreducible Cartesian
multipole tensors that are consistent with the spherical representation and
introduced in the following equations [94], as
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Pa = —%[/Iadv—k%/((]-r)r,x—2r2]a) do
4

(2.12)
k
+ 280 <3r4]“ — 2r2(r . ])ra> dv] ,
1 k?
mazz[/(rxj)adv—ﬁ rz(rx])a dv}, (2.13)

g = —% [/ (rel + gl - %(r-])éaﬁ) v

2
+ Z—z (4(1‘ . ])1’041’5 + 25aﬁ(r . J)r2 _ 51’2(7’“]!3 + 7ﬁ]a)> dU] ,
(2.14)
1
B = 3 [/ (ra(x x))g +rp(r xJ)a) dov
2 (2.15)
_ kZ r (ra(x x J)p 4+ rp(xr x J)a) dv] ,
1 1
Zﬁv - _Z[/mrﬁh +rprola +1yta)p — 5%3 (72]7 +2(x)) 77) e
1 .
_§5m (rzf,x +2(r)) ra) — %&w <r2]ﬁ +2(x)) 7’[3) dv},
1
Wy = mg [ (rar (£ )y 4 1y (X D)y o 17 ()
Pr ™ 24 [/ < p v Ty v ﬁ) o)

1 1 1
—géaﬁrz (rxJ), — gémrz (rx]), — 55706’”2 (rxJ)g do],

and, hence the SCS from object can be defined in terms of multipole moments
obtained by Eq. (2.12) to Eq. (2.17), as
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FIGURE 2.4: (a) Multipole contributions to the SCS spectral
response of an L-shaped plasmonic particle, showing a zenith
at the LSPR wavelength corresponding to an ED mode. (b) SCS
of a U-shaped plasmonic particle, dominated by ED, EQ, and
MD modes. (c) SCS of a cylindrical hybrid InSb-Si structure in
the THz range, featuring an ultra-narrow MO mode.



Chapter 2. Linear and Nonlinear Metamaterials and Metasurfaces 26

At the end of this section, we study the scattering characteristics of objects
varying in shape, size, material composition, and operating wavelength
range. This investigation verifies the accuracy of the semi-numerical method
compared to the direct simulation performed using Comsol software. Fig-
ure 2.4(a) demonstrates the SCS of an L-shaped gold nanoparticle, with an ef-
fective area of 5 x 107> m?, subjected to a linearly x—polarized plane wave,
with a propagation constant along the z—axis. The nanoparticle, composed
of a conventional plasmonic material, demonstrates LSPRs characterized
by high local field enhancement. The L-shaped particle mainly supports
a dominant ED mode within the visible region due to its relatively small
effective area. The second study focuses on the SCS of a U-shaped gold
nanoparticle exhibiting plasmonic properties within the studied spectral
range. With an effective area of 8 x 1071°m?, this nanoparticle supports
LSPRs at the surface of its horizontal and vertical arms under the same
illumination setup. ED resonances emerge primarily due to the LSPRs driven
by surface-induced currents along its arms. A unique aspect of the U-shaped
geometry is the support of circular induced currents in the gap between
vertical arms, leading to contribution of EQ and MD resonances to the SCS
response around the wavelength of 750 nm. As illustrated in Fig. 2.4(b),
the SCS of U-shaped particle is notably higher than that of the L-shaped
counterpart, primarily due to the involvement of higher-order multipole
moments in the scattering response. As the next design, we consider a
cylindrical hybrid structure composed of indium antimonide (InSb) at the
bottom with a radius of 25 ym and a thickness of 7 ym, and silicon (5i) on
top with a radius of 25 ym and a thickness of 70 ym. The structure is excited
by a z-polarized plane wave with the wavevector along x- direction in the
THz region, where the scatterer exhibits dielectric behavior. Figure 2.4(c)
depicts the design’s scattering spectral response based on the contribution
of multipole moments. The electric displacement current induces high Q
resonances, particularly a MO mode around the wavelength of 125 ym. The
SCS magnitude of this dielectric structure exceeds that of its plasmonic
counterparts due to the size dependency of scattered power. Furthermore,
the linewidth of resonances is significantly narrower than that of plasmonic

resonances due to the negligible losses in dielectric particles.

As shown in Fig. 2.4, the induced current method evaluates the scattering
response of single particles as the smallest building blocks of photonic
networks, referred to as meta-atoms in the visible region and meta-molecules

in the THz. Engineering their SCS through induced multipole moments is
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central to designing optical antennas for field-enhanced spectroscopy [95]
and surface-enhanced Raman scattering applications [96] at sub-wavelength
scales. Such antennas can also amplify, direct, and reshape the spontaneous
emission (SE) of nearby quantum emitters [41, 97], providing a versatile plat-
form for controlling light-matter interaction beyond the diffraction limit [98,
99].

2.5.1 Optical Antennas

Spontaneous emission rate of a quantum emitter, such as an atom, molecule,
or quantum dot, is not an intrinsic fixed property. Following Edward
Purcell’s pioneering work [100], the SE rate can be tailored by embedding
the emitter in a structured electromagnetic environment. In such medium,
the local density of optical states (LDOS), or the density of available elec-
tromagnetic modes for transitions in the emitter, can be strongly modified
via radiative and non-radiative energy exchange between the emitter and its
surroundings. Conventionally, the SE rate modification has been achieved
using microcavities and photonic crystals, where the enhancement factor is

estimated by the Purcell factor [98], as

r 3 /A\°Q
Fp—-rad o 2 (A} K 2.1
"7 T 4712 (n) v’ 219)

where Q is the quality factor, V is the effective mode volume, A is the cavity
resonant wavelength, n is the refractive index of the surrounding medium,
I'ag and I’y are the radiative decay rates of the emitter in presence and
absence of the closed cavity or surrounding medium, respectively. However,
achieving a high Q factor in such bulky resonators often requires a long
optical propagation length, which limits their compactness and suitability

for applications requiring control at sub-wavelength scales.

Resonant optical antennas, such as the meta-atoms and meta-molecules
introduced in Section 2.5, have been proposed as efficient alternatives to
bulky closed cavities for sub-wavelength applications [101]. These antennas
support induced multipole moments as resonant modes that can couple to
the transition dipole moments of nearby quantum emitters in the near field

region.

From a quantum mechanical perspective, placing a two-level emitter, or
dipole source, in the near field of a resonant antenna modifies its relaxation

lifetime of the excited carriers. In many cases, this results in an accelerated
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FIGURE 2.5: Schematic of radiative and non-radiative coupling
channels in a coupled emitter-antenna system, leading to SE
rate modification of the quantum emitter.

radiative decay and thus an enhanced SE rate. From the perspective of
classical electrodynamics, which is consistent with quantum intuition, the
coupled emitter-antenna system can be regarded as an open cavity, where
the antenna’s scattered waves determine the enhancement of photon pro-
duction rate of the dipole source. As schematically presented in Fig. 2.5,
the total decay rate of an emitter near the antenna is sum of radiative and
non-radiative contributions as I'tot = I'yaq + I'nr that can be approximated
by [41]

rracl _ P, sca
Lo Py’

2.20
h _ P abs ( )
Ty Py’

where Psy and P,,q are the scattered and absorbed powers by the antenna,
respectively, and P is the emitted power by the dipole source in the absence
of antenna. The radiative channel corresponds to scattered power escaping
into the far-field, while the non-radiative channel accounts for power dissi-
pated within the antenna due to absorption. As highlighted in Eq. (2.20),
engineering the SCS of individual antenna through multipole moments de-
fines its resonant modes. This is critical for applications requiring enhanced
directional emission and also the development of single-photon sources with
ultra-high radiative decay rates [102, 103].
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In the next section, we extend the discussion from single antenna to ensem-
bles comprising millions of meta-atoms or meta-molecules that enable prac-
tical device fabrication and provide greater freedom in tailoring light-matter

interactions.

2.6 Linear Metasurfaces

In photonics, recent decades have witnessed rapid progress driven by ad-
vances in micro- and nano-fabrication technologies, opening avenues to
scaling down optical components. Metamaterials are artificially engineered
media with electromagnetic properties unattainable in natural materials.
Their fundamental building blocks are meta-atoms, introduced in Section 2.5,
which can be tailored in geometry, composition, and arrangement to realize

specific optical functionalities.

Metamaterials are generally classified into two categories according to their
thickness [104]. The first generation, known as three-dimensional (3D) meta-
materials, demonstrated unique optical properties such as negative refractive
index, near-zero index, electromagnetic cloaking, and optical magnetism [53,
105, 106]. However, their high optical losses, strong dispersion, and compli-
cated fabrication processes limited their practical functions. These challenges
led to the emergence of semi-3D metamaterials, or metasurfaces, which
are ultrathin designs with much simpler fabrication requirements [107].
Metasurfaces consist of deep sub-wavelength meta-atoms arranged either
randomly or periodically in an array [108]. The optical response of a metasur-
face can be described as a scattering problem, similar to the case of individual
meta-atoms. The structured surface scatters light into all directions, and this
collective scattering determines the transmission and reflection spectra of
the metasurface. By analyzing the mutual interactions between neighboring

meta-atoms, one can design metasurfaces with tailored functionalities.

In design, a periodic unit cell containing a single meta-atom is modeled to
evaluate the local electromagnetic fields inside the representative structure.
Once the local field distribution is obtained, the induced-current method, as
outlined in Section 2.5, can be applied to calculate the effective multipole
moments of the meta-atom. These multipoles reproduce the collective
response of the metasurface ensemble. Reflection and transmission spectra
of the metasurface under normal incidence can be defined based on the

induced multipole moments of the meta-atom in unit cell. For an x-polarized
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plane-wave excitation, they are expressed as
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and for a y-polarized plane-wave excitation, becomes
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(2.22)
with propagation along the z-direction [109]. Here, ¢, and k; denote the
background permittivity and wavenumber, v, is the phase velocity in the
background, Sy is the metasurface unit-cell area in the x—y plane, and Ej is
the incident electric field amplitude. Transmission and reflection coefficients
are defined as T = |t|?> and R = |r|?, respectively. Throughout this thesis,
Metasurfaces are defined in the x—y plane, while the z-axis represents the
propagation direction normal to the array surface.

Besides tuning the induced multipole moments of individual meta-atoms,
the periodic distance between them, known as the lattice constant, is another
critical parameter that governs the scattering response of a metasurface.
Metasurfaces can be regarded as thin grating arrays capable of modulating
the phase and amplitude of incident light at the sub-wavelength scale. In this
framework, the lattice constant tunes the diffraction directions [110], as

nP (sin6,, +sin6;) = mA, (2.23)

where n is the refractive index of the background medium, P is the lattice
constant in the x—y plane, 6; is the incident angle, 8, is the radiation angle
of m™ order diffraction, and A is the free space wavelength. For an array
embedded in a homogeneous medium and illuminated perpendicularly to
the plane (6; = 0°), the condition 0,, = 90° corresponds to Rayleigh
anomaly (RA) diffraction, yielding P = A/n [111]. In this regime, in-plane
diffraction enables constructive coupling of the scattered fields across the

lattice, giving rise to a narrow linewidth surface lattice resonance (SLR).
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Plasmonic meta-atoms, such as noble metals in the visible regime or InSb
in the THz range, naturally support LSPRs [23, 50]. These resonances
strongly confine light but typically exhibit broad linewidths due to intrinsic
absorption and radiative losses. When plasmonic meta-atoms are periodi-
cally arranged with lattice constants tuned near the RA diffraction condition,
their scattered fields couple constructively while suppressing out-of-plane
radiation channels. The resulting SLR features an ultra-narrow linewidth and
a high Q-factor, Achieving strong near-field enhancement at the array surface
with suppression of radiative losses. Such high-Q SLRs make plasmonic
metasurfaces highly attractive for applications in sensing, imaging, lasing,
and optical filtering at the sub-wavelength scale [112].

Figure 2.6 presents the optical response of a plasmonic metasurface charac-
terized by a SLR in the low THz frequency range [48]. The proposed design
consists of InSb meta-molecules embedded in a homogeneous medium with
a refractive index of n = 1.8. The metasurface is illuminated by a linearly
x-polarized plane wave with a wavevector k,. The lattice constants along
the x and y directions are Py = 167 ym and P, = 200 um, satisfying the
RA diffraction condition. The InSb meta-molecules, with dimensions L, =
25um, L, = 45um, and L, = 0.2 ym, support only ED modes due to their
broad LSPRs. Constructive interactions of these individual ED-LSPR modes,
through RA diffraction in the x—y plane, produce an ultra-narrow resonance
at the SLR frequency.

Another strong route for designing resonant building blocks for metasur-
faces is to use Mie resonant meta-atoms. A meta-atom supports its first
Mie resonance when the optical size satisfies A/ns ~ 2R;, where A is
the resonance wavelength, 1 is the particle refractive index, and R; is its
radius [113]. High-index dielectrics and undoped semiconductors with large
ns and low loss readily meet this condition (see Table 2.1), making them a

strong counterpart to the plasmonic meta-atoms discussed above.

Unlike plasmonic resonances, which arise from surface conduction currents
and are typically dominated by an ED response with large losses, Mie
resonant meta-atoms are driven by displacement currents of bound charges
and can concurrently support ED and MD modes with negligible radiative
loss. At deep sub-wavelength scale, the response of meta-atoms is governed
primarily by the ED and MD modes. When these meta-atoms are arranged
in a two-dimensional periodic array within a homogeneous medium, the

collective excitation of ED and MD modes leads to unique optical responses.
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FIGURE 2.6: (a) Plasmonic metasurface based on InSb meta-
molecules that numerically designed to achieve a high-Q SLR.
(b) Transmission spectrum of the metasurface shows emergence
of a narrow SLR due to coherent coupling of individual LSPRs.
The inset depicts electric field distribution at the SLR frequency,
extending across the entire surface with strong enhancement.
(c) Effect of cladding thickness on the SLR linewidth. In-
creasing the cladding thickness suppresses out-of-plane diffrac-
tion channels, while thinner claddings allow coupling between
LSPRs and photonic modes of the background medium, lead-
ing to multiple narrow resonances.

These collective interactions enable Mie-based metasurfaces to manipulate
light’s amplitude, phase, and polarization with high efficiency. One of the
most important collective response of metasurfaces based on Mie resonant
meta-atoms is described by Kerker’s theory. By engineering the shape,
material, and arrangement of a high-index meta-atom array, Kerker showed
that a silicon metasurface can support a frequency region with near-unit
transmission and no reflection, known as the first Kerker effect, and another
frequency range with full reflection and zero transmission, so-called the
second Kerker effect [114]. The Kerker condition depends on the phase and

TABLE 2.1: Refractive and absorption indices of high-index
materials [37].

] Materials \ Refractive Index \ Intrinsic Loss \

Si 35-5 0-0.2
Ge 4-58 0.23-24
Te 48-6.3 0
GaAs 3.3-52 0.07-2
InAs 3.7-4.46 0-0.2
AlGaAs 3.66 -5 0.06 -2
InP 35-44 0-0.2
GaP 3.1-54 0-02
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magnitude of ED and MD moments, and it can be described by
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where 1 and 1y, are the reflection terms of ED and MD modes, respectively.
The first Kerker effect is fulfilled when the magnitude and phase of r,
and r;, are equal. In this case, in-phase oscillations of ED and MD modes
with equal magnitudes suppress reflected waves, and the transmission is
near unity. On the other hand, out-of-phase oscillations of these modes
with the same magnitudes result in a near-unity reflection design or a sec-
ond Kerker metasurface. These uni-directional structures can be efficiently
employed for wave mixing and beam steering applications, and all fields
require high-directional antennas. Beyond the primary ED and MD multi-
poles, high-index meta-atoms can also support more exotic resonant modes
through multipolar cross-coupling [37]. By asymmetrically arranging Mie
resonant meta-atoms in a densely packed assembly, the enhanced near-field
interactions of ED and MD moments result in circular displacement currents
within the unit cell that excite high-Q non-radiating modes [115] known as
toroidal resonances and are described by

;1 [kz

I A . 9,2
prx_iw 10/(] r)r{X 2r ]Dldv ’
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mizm/rz[rx]]a dv.

Here, p!, and m! are toroidal ED and MD moments, respectively. Inter-
estingly, toroidal moments can interact with prime ED and MD moments,
leading to another non-radiating mode, the so-called anapole mode [116].
The destructive near-field interaction of ED and MD moments suppresses
the far-field radiation. Hence, the metasurfaces support high-Q resonances
highly confined around meta-atoms and promising to detect local perturba-

tions.

Figure 2.7 demonstrates the collective optical response of a Mie-based meta-
surface composed of pillar amorphous silicon (a-Si:H) meta-atoms to act as a
label-free biosensor [117]. Silicon meta-atoms with radii of A = 1.96 ym, and
B = 0.96 ym and the thickness of H = 0.7 ym are periodically deposited on a
MgF; substrate such that the lattice constants of the unit cell are P, = 3.92um
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FIGURE 2.7: (a) Reflection coefficient of the bared metasurface.
(b) The unit cell includes the pillar meta-atoms arrayed on
the substrate with a refractive index of n = 1.32. (c) Reflec-
tion modulation of the metasurface covered by a thin protein
later. (d) E-field profile of the metasurface in x — y plane
highlights the near-field interaction of ED moments at the outer
surface along the y-direction. ( Simulation results generated by
the author using structures based on the designs reported in
Ref. [117].
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and P, = 2.26 ym. The high-index meta-atoms are arrayed with a tilting
angle of 8 = 20° to block MD moments when the array is illuminated by
a linearly y-polarized plane wave with a wavevector of k,. Hence, The
near-field interactions of ED moments at the outer surface of meta-atoms
realize a high-Q non-radiating mode that strictly localizes the electric field
in the gap between adjacent meta-atoms along the y-direction. With a giant
local field enhancement, this design is conformally covered by a thin protein
layer to serve as a biosensor. Figure 2.7(a) shows the reflection coefficient of
the bared metasurface with a high Q resonance, which is spectrally tuned by
the scaling factor of S. The electric field profile of the unit cell demonstrates
how the electric field blocks inside the meta-atoms and enhances at the outer
surface (Fig. 2.7(d)). Figure 2.7(c) shows the reflection envelope when a
thin protein layer targets the metasurface. Interaction of ED moments with
the lattice vibrant resonances of the protein layer changes the ensemble’s

collective optical response and highlights the biosensor’s efficiency.

2.7 Nonlinear Metasurface

The emergence of high-intensity semiconductor lasers has been pivotal in
advancing photonics by enabling the study and application of nonlinear
light-matter interactions. Under intense optical excitation, bound and free
carriers are displaced beyond the linear regime, forming microscopic current
sources that oscillate nonlinearly and radiate at frequencies different from the
incident field. Coherent and in-phase oscillation of these induced currents
leads to efficient frequency conversion processes. Total induced current

density in a material can be expressed as
]tOt(r,w) = ]Lin(r,a)) + ]NL(r,w) , (2.26)
where the nonlinear term is given by
INL e, w) = —iweg [X(z)(w)Ez(r,w) + X (w)E¥(r,w) + - - ] . (227)

Here, E(r, w) is the electric field inside the medium, and x(") (w) denotes the
n-th order optical susceptibility, which becomes significant under strong ex-
citation. In this thesis, the focus resides on second-order nonlinearities, and
the following expressions is aligned accordingly. Substituting the nonlinear
current into Maxwell’s equations yields the nonlinear wave equation [118],



Chapter 2. Linear and Nonlinear Metamaterials and Metasurfaces 36

as
V x V x E(r,w) — kb e(w) E(r,w) = —iwug N (r, w) , (2.28)

where g is the free space permeability, k is the free space wavenumber, and
¢(w) is complex dielectric function of the medium. In a conventional bulk
material with sufficient second-order susceptibility x(?) (w), characterized by
arefractive index n(w) = n'(w) +in”(w) and illuminated by an intense field
E(r,w) = Ege!®™=“" the induced microscopic currents generate a second-
harmonic (SH) response whose output intensity can be written as [119]

w? ‘X(z)(w)’2 14T 2 ,—2k
_ —2K"(w)L—K" (2w)L |z AKL ' |2
2631 (2w) g [0 (w)]? [E'(w)| "L ‘smc( 2 > -
(2.29)
The efficiency of process depends on the uniform electric field amplitude

ISH(w)

E'(w) within the bulk medium, phase-matching factor Ak, and the material
length L. Constructive interference, ensured by phase-matching, typically
requires long propagation distances [118]. Consequently, conventional
bulk nonlinear crystals, while effective in macroscopic systems, become
impractical for sub-wavelength applications where compact devices demand
strong frequency conversion . This limitation has driven the development
of resonant meta-atoms and metasurfaces designed to achieve enhanced
nonlinear responses at sub-wavelength scales, enabling applications in
nanolasers [120], near-field microscopy [121, 122], and ultrafast optical signal
processing [123].

Metasurfaces, introduced in Section 2.5 as engineered arrays of resonant
meta-atoms, provide a powerful platform for enhancing nonlinear optical
processes. Unlike bulk crystals, they do not require long propagation lengths
to fulfill phase-matching conditions [124]. Instead, nonlinear responses arise
from local resonant interactions of meta-atoms acting as microscopic current
sources under intense illumination [125]. Beyond this phase-matching free
behavior, metasurfaces concentrate electromagnetic energy into the near-
tield regime, producing giant local field enhancements that directly amplify
the intensity of nonlinear response [126]. Together, these features make
metasurfaces promising for efficient nonlinear responses in sub-wavelength

devices, offering opportunities for integrated all-optical processing.
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In metasurfaces, the resonant properties of the constituent meta-atoms dic-
tate the mechanism of nonlinear enhancement. Plasmonic metasurfaces ex-
ploit localized and lattice resonances to generate nanoscale hot spots with ex-
treme field confinement, strongly boosting nonlinearities in surface-sensitive
applications such as ultrafast microscopy [127]. In contrast, Mie-based
metasurfaces sustain ED and MD resonances with negligible absorption,
enabling efficient energy storage and prolonged light-matter interaction that
improve wavelength conversion [128]. ENZ metasurfaces offer yet another
distinct advantage, as they can induce abrupt phase shifts due to high index
change in a sub-picosecond time scale, promising for beam steering applica-
tions [129, 130]. The geometry and symmetry of the resonant meta-atoms fur-
ther govern the type of nonlinear response, such that symmetric meta-atoms
typically enhance odd-order processes, whereas breaking inversion symme-
try enables even-order processes. Interestingly, Mie resonant meta-atoms
with symmetric geometries but supporting higher-order multipole modes

can also excite even-order nonlinearities [131].

Although bulk nonlinear media can be macroscopically treated by Eq. (2.29),
the design of nonlinear metasurfaces requires a framework that captures both
local and non-local responses originating from resonant meta-atoms. The hy-
drodynamic model provides such a framework by describing the nonlinear
optical behavior of plasmonic and ENZ metasurfaces through a fluid-like
treatment of free electrons’ clouds. This approach can also be extended
to Mie-based metasurfaces, where the nonlinear response is governed by

displacement current oscillations rather than free-carrier dynamics.

2.7.1 Hydrodynamic Model

The hydrodynamic model provides a rigorous framework for studying
nonlinear optical processes in plasmonic and ENZ metasurfaces. Unlike
conventional local response theories [132, 133], which treat free carriers as
independent dipole oscillators, the hydrodynamic approach incorporates
pressure and spatial dispersion terms due to collective interaction of the
electron gas. This extension is essential when the spatial variation of the
electromagnetic field approaches the electron mean free path, particularly
for resonant sub-wavelength meta-atoms, where a purely local description

fails to predict nonlinear light-matter interactions [121].

As introduced in Eq. (2.28), the NL current density governs the inhomo-

geneous wave equation as a source term, representing the acceleration of
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charges driven by intense optical fields. In plasmonic metasurfaces, where
free electrons dominate the nonlinear response, an accurate expression for
this current density is crucial for predicting nonlinear processes, such as
SHG response. The classical Drude theory remains a reliable model for the
linear optical response of plasmonic systems, yet it omits nonlocality, electron
gas pressure, and quadratic driving terms from Coulomb interactions and
the Lorentz force that generate harmonics. To include these effects, we
employ the hydrodynamic model, which describes the collective motion of
the electron fluid under electromagnetic excitation via the Euler equation,
defined as [133]

ov e p?

§+(V-V)v+7v:—%F—7Vn, (2.30)
where m™* is the effective carrier mass, —e is the electron charge, v is the
phenomenological damping rate, and v(r,t) and n(r,t) denote the velocity
and density of the electron fluid, respectively. The first term on the left-hand
side represents the local acceleration of the electron fluid, while (v - V)v
describes the convective acceleration associated with the spatial variation
of the carrier velocity. The term v accounts for momentum relaxation
arising from carrier scattering. On the right-hand side, the quantity F(r, t) =
E(r,t) + v(r,t) x B(r, t) contains the electric and magnetic contributions to
the Lorentz force, such that the total electromagnetic force acting on an
electron is —eF. The electric-field component drives the carrier motion,
whereas the magnetic component couples the electron-fluid velocity to the
local magnetic field and contributes to the nonlinear optical response.

The final term describes the pressure-gradient force within the electron gas
and accounts for spatially nonlocal corrections that are absent from the
conventional local Drude model. Within the low-frequency Thomas—Fermi
approximation for a homogeneous and degenerate electron gas, the nonlocal
parameter can be approximated as B ~ vp/\/3, where vr is the Fermi
velocity. In this approximation, § is evaluated at the equilibrium carrier
density and is treated as a material constant. The pressure term becomes
increasingly important for plasmonic particles with nanometre-scale dimen-
sions, narrow gaps, sharp geometrical features, or strong carrier-density
gradients, where the local optical response is no longer sufficient. Together
with the continuity equation and the relation ] = —env, this hydrodynamic

equation provides a self-consistent description of the linear and nonlinear



Chapter 2. Linear and Nonlinear Metamaterials and Metasurfaces 39

current densities. In particular, the convective term, the magnetic contri-
bution of the Lorentz force, and the density-dependent pressure response
act as nonlinear sources that contribute to second-harmonic generation in
plasmonic structures. Using ] = —nev, Eq. (2.30) can be rewritten in terms

of the current density [134], as

2

7’132 e

g
W&V'J‘J'V(

J

en

which presenting intrinsic sources of nonlocality and nonlinearity at deep
sub-wavelength scales. Combining Eq. (2.31) with the continuity equation,
V.J —eon/dt = 0, and performing a perturbative expansion for time-
—iwt)

harmonic fields (e , the induced current densities at the pump and second

harmonic frequencies satisfy [135]
2 2 . ne?
BEV(V-T) + (w* +iwy) )1 = —IWWEL

(2.32)

2
BV(V-)2) + (Qw)*+i(2w)y) Jo = —iZw%EQ — 12w S\L.

Here J1 = Jpin(r,w) and Jo = Jrin(r,2w), and the second-order nonlinear

source term at 2w is

e
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(2.33)
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Using Egs. (2.32) and (2.33), the total induced current density inside a
plasmonic resonant meta-atom can be written as the sum of a linear and a

nonlinear contribution. The linear current is

PR (rw), (2.34)

and the second-order current density that drives the SH response is [136]

2

p / 1.
ne (2w2+iw’)/) El(rlw) [v Jhn(r/w)]

Eo W

InL(r,2w) =

2

P (r,w) x B! (r,w
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FIGURE 2.8: Lorentz-reciprocity theory application for SHG
from a resonant plasmonic meta-atom.

To predict the radiated SH field, we recall Lorentz reciprocity as the following
form of [119, 135]
/ JaL-EbdV = / Yo - EndV. (2.36)
14 v

Here, the nonlinear current Jy; within the meta-atom volume acts as a
source for the far-field E; at 2w. A virtual current J,,, placed in the far field
and oscillating at 2w illuminates the structure from detection direction and
produces a local field E) inside the meta-atom [137]. Since local source is
defined in the far field, its radiation can be approximated by a plane wave.
For a current dipole of length Al polarized along j with complex amplitude
Jo, the incident field at 2w becomes [119]

(260) uAlJo o ikar—i(2w)t
Exo(r, 20) = —— F ; (237)
where, ky = ¢ n(2w) is the wavevector in backward direction. Accordingly,

the SH field emltted by the meta-atom into far-field along the polarization

axis of j can be defined as

Zw
. W ye
E,. / 238
2] = N TEol E2 | (2.38)
where r is the distance between meta-atom at the center of coordinates and

local dipole source at the far-field.

Figure 2.8 shows the Lorentz-reciprocity schematic for SHG from a plas-
monic meta-atom. Under optical pumping, a nonlinear current density

JNnL(r,2w) is induced within the meta-atom volume V and radiates a SH
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FIGURE 2.9: (a) Multipolar decomposition of the SCS of the U-
shaped InSb plasmonic meta-molecule, showing dominant ED
and weaker MD, and EQ resonances. (b) Normalized SH E-field
obtained via the NLST. The Lorentz term enhances SHG near
3.25 THz due to contribution of the magnetic resonance modes.

field E(r,2w) into the far field, as a forward problem . In the reciprocal
part, a plane wave of amplitude Ejg illuminates the structure from detector
side and generates a local reception field, E/(r,2w) inside the meta-atom.
The SH power P is proportional to the squared magnitude of the overlap
integral between the induced NL current and generated local field at the SH
frequency, Pspg o | [y, InL - B3/ |Exol dV‘Z.

Figure 2.9 presents a numerical study of SHG enhancement in an asymmetric
U-shaped InSb plasmonic meta-molecule operating in the THz regime [138].
The intentional asymmetry enables even-order responses, while the LSPRs
provide strong near-field confinement employed to amplify the nonlinear
sources. The SH response is obtained using a nonlinear scattering theory
(NLST) that combines the hydrodynamic model with Lorentz reciprocity.
In Fig. 2.9(a), the SCS is decomposed into multipolar contributions using
Eq. (2.18) for an x-polarized plane wave propagating along +2. A dominant
ED resonance originates from the LSPRs of horizontal arm. Constructive
coupling of the LSPRs between two vertical arms drives a circular surface
current that excites MD and EQ resonances. Strong spectral overlap of
these resonant modes enhances the Lorentz term in the nonlinear current, as
shown in Eq. (2.35). Figure 2.9(b) shows the SH E-field amplitude obtained
from the NLST overlap integral given in Eq. (2.38). The main SH peak
near 3.1 THz follows the local field enhancement due to LSPRs, while a

weaker resonance around 3.25 THz shows the Lorentz term contribution
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which becomes prominent when electric and magnetic resonances are excited

simultaneously [135].

A transition from single meta-atom to the collective behavior of metasur-
faces is crucial, as practical devices rely on arrayed surfaces to enhance
SH efficiently. In these structures, each meta-atom acts as a localized NL
current source, and their mutual coupling defines the overall emission of
the metasurface. The collective NL source within each unit cell is evaluated
from Eq. (2.35) at the pump frequency w, and the emitted harmonic fields are
then obtained using the reciprocity method. Accordingly, by considering the
unit-cell area S and free space impedance 17 = \/j /¢, the SH E-field emitted
or radiated by the metasurface in free space, in the forward direction, is given
by [139]

2w
B0 4y, (2.39)
| Exo

The corresponding forward SH intensity is defined as [118]

Epw(l‘, 2(,0)i = % /V JNL(r/ ZCU) .

1 2
£ = o |Epw (1, 2w)| " (2.40)

Equations (2.39)—(2.40) extend the NLST framework to metasurfaces with
well-defined nonlinear current sources inside resonant meta-atoms. The
collective far-field response of a metasurface then arises from the mutual
near-field interactions within the unit cell, which determine the forward

emission.

2.8 Conclusion

In this chapter, we focused on the fundamental physics of metamaterials and
metasurfaces by studying both individual resonant meta-atoms and their col-
lective optical behavior. Using the semi numerical induced current method,
we investigate the contributions of multipole moments to the far-field radi-
ation of arbitrarily shaped resonant meta-atoms over a broad spectral range.
This microscopic approach enables accurate modeling of single resonators
and can be extended to practical large area metasurfaces. The collective
optical response is governed by near-field interactions between neighboring
meta-atoms, which provides a powerful route to engineer metasurfaces with
tailored functionalities.
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Plasmonic and ENZ metasurfaces exploit free electron dynamics to achieve
giant local field enhancement or abrupt phase accumulation, while high-
index dielectric resonators utilize electric and magnetic Mie resonances with
low intrinsic loss to realize strong light confinement. These distinct mech-
anisms make metasurfaces compact and versatile platforms for advanced

optical sensing, imaging, and beam steering applications.

Engineered metasurfaces also offer unique opportunities to enhance nonlin-
ear optical processes such as SHG, high harmonic generation, and wave-
length conversion. By exploiting strong local field confinement, symmetry
breaking, and high-Q resonances, nonlinear responses can be dramatically
amplified. Symmetry broken plasmonic meta-atoms, for instance, enable
efficient SHG for real-time, high-resolution microscopy, while high-index
metasurfaces support cavity-like modes that enhance nonlinear wave mix-
ing. To study these effects, the NLST is employed as a rigorous framework

for analyzing the nonlinear response.
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Chapter 3

InSb-Based THz Plasmonic

Metasurface

3.1 Contribution Statement

Building on the well-established expertise of our group in III-V semiconduc-
tor devices and metasurfaces, I proposed the idea of exploring THz meta-
surfaces based on III-V semiconductors, and further developed this concept
through regular meetings with Prof. Dolgaleva. I performed the numerical
modelling for this work using 3D-FDTD simulations. In addition, to evaluate
the response of the proposed metasurface in a finite-array configuration that
is more representative of practical fabrication, I used the MATLAB-based
lattice-sum approach (LSA) developed in our group by Dr. Reshef and
Dr. Huttunen. The first draft of the manuscript was written by me together
with A. Amini and L. Shirafkan Dizaj.

Professor Dolgaleva supervised the project and led the development of the
manuscript. All co-authors contributed to the revision process and approved

the final version.
Conference publications related to this project are listed below:

* Aghili, Sina, et al. “Plasmonic Response of InSb Grating for Sensing Ap-
plications in the Terahertz Regime.” Advanced Photonic Congress (APC).
Optica Publishing Group, 2020.

e Aghili, Sina, et al. “InSb-based THz Plasmonic Array with High
Resonances.” Frontiers in Optics. Optica Publishing Group, 2020.

¢ Aghili, Sina, et al. “THz ultra-narrow resonance metasurface based on
InSb metamolecules.” 2021 Photonics North (PN). IEEE, 2021.
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3.2 Article

The results of this project were published in Optics Communications [48], and

this chapter is based on the following article.
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ARTICLE INFO ABSTRACT

Keywords:

THz plasmonic metasurface

Surface lattice resonance (SLR)

Localized surface plasmon resonances (LSPRs)
Lattice sum approach (LSA)

We propose an indium antimonide (InSb) THz plasmonic metasurface featuring a surface lattice resonance
(SLR) with the quality factor of Q ~ 375 and theoretically investigate the plasmonic response of the ensemble
of InSb metamolecules. The localized surface plasmon resonances (LSPRs) of individual metamolecules couple
together through Rayleigh Anomaly (RA) diffraction, leading to the appearance of the SLR at 0.75 THz ,
suitable for biophotonic applications. The major advantage of the proposed metasurface over metal-based
ones in the THz regime is the tunability of SLR frequency by changing the carrier concentration. Apart
from SLR, it is possible to achieve additional resonances by tuning the superstrate thickness exploiting
Fabry-Perot (FP)-like cavity effects. Achieving a narrow-linewidth SLR and the resultant remarkable local-
field enhancement in the InSb-based metasurface opens the door to a wide range of applications. Conducive
to optical manipulation and sensing, the capability of the proposed metasurface is examined in plasmonic

tweezing and medium-perturbation sensing fields.

1. Introduction

Plasmonic materials, artificial metal-dielectric structures, have at-
tracted much attention due to their ability to confine light down to
a sub-wavelength scale beyond the diffraction limit [1]. This property
relies on the existence of surface plasmon polaritons (SPPs), coupled
collective oscillations of free electrons with light, appearing at the
metal-dielectric interface [2]. Extended plasmonic structures support
SPPs that transport optical power as longitudinal bounded surface
waves [3,4]. Sub-wavelength plasmonic structures, comprised of metal
particles (metamolecules) residing on a dielectric substrate, exhibit
localized surface plasmon resonances (LSPRs) that allow one to enhance
the electromagnetic field near the metamolecules [5]. In the latter
case, one can tune LSPR by adjusting the nanostructures’ shape, size,
and material selection [6]. Near-field enhancement, flexible tuning,
and no demand for phase matching [7] are the unique features that
have attracted much interest toward LSPs. Plasmonic devices based
on LSP modes have a very wide range of applications including filter-
ing [8], sensing [9], modulation [10], imaging [11], tweezing [12],
photovoltaic devices [13], and spectroscopy [14].

Intrinsic absorption losses of metals and radiative and non-radiative
losses [15] of conventional plasmonic materials result in broadband
LSPRs and overshadow the efficiency of plasmonic devices for some

specific applications. As a solution, an alternative kind of resonances,
surface lattice resonances (SLRs), characteristic of an arrangement of
metal nanoparticles into a regular array, were recently considered
[15-17]. When metamolecules juxtapose in a periodic array, individual
LSP modes couple together through Rayleigh Anomaly (RA) diffrac-
tion [18]. The far-field coupling suppresses the radiative losses, and
constructive interference of scattered waves reinforces the LSPRs to
achieve an extraordinary in-plane lattice resonance that compensates
for the non-radiative losses [19]. Ultra-narrow SLRs with high-Q factors
(O = fres/Af, Where f, is the LSPR frequency and Af is the resonance
bandwidth) are more versatile compared to the localized ones.

SLRs have been studied in Meta surfaces with different shapes
and arrangements, consisting of metal [20], metal-insulator-metal
(MIM) [21], and all-dielectric metamolecules [22] in the visible and
near-IR spectral ranges. They have been considered for various appli-
cations, such as nanolasers [23], ultrasensitive tools [24], and mod-
ulators [25]. Moreover, the advent of SLR was a milestone in the
evolution of nonlinear plasmonics [26]; plasmonic metasurfaces with
ultra-narrow lattice resonances can help one enhance nonlinear optical
interactions [27,28].

The SLR of plasmonic arrays is often modeled using the coupled-
dipole method [29] or lattice sum approach (LSA) [30,31], which is a
simplified version of the discrete dipole approximation (DDA) [32].
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Using plasmonic devices is not limited to a specific frequency re-
gion, and their applications can be extended to ultraviolet and mid-
infrared spectral ranges. Unique spectral properties of THz waves with
broad bandwidth allow them to penetrate certain materials and ex-
cite rotational molecular resonances. These properties enable a wide
range of applications such as high-speed wireless communications [33],
sensing [34], imaging [35], and nonlinear THz photonics [36,37]. The
low power of THz sources and limitations of existing THz detection
techniques impede the observation of nonlinear optical effects at the
THz frequency range and represent the main challenges associated with
traditional THz-based devices [38]. THz plasmonic devices can allow
one to confine THz waves down to a small volume creating a high-
intensity region, thereby solving the insufficient power problem of THz
sources for inducing efficient nonlinear optical interactions [39].

To date, spoof surface plasmon structures [40] and metamate-
rials [41,42] have been conventional methods of engineering THz
plasmonic devices to enhance light-matter interactions at the sub-
wavelength scale. Despite the high potential of metamaterials in de-
veloping a new generation of compact THz devices, metallic blocks as
commonly used elements in these structures introduce huge absorp-
tion losses. These losses need to be compensated by creating more
complex structural configurations [43]. With its superb plasmonic and
optoelectronic properties and active tuning mechanisms, Graphene has
also been considered for THz plasmonic metamaterials [44]. How-
ever, graphene-based metamaterials require complicated fabrication
processes [45]. One can use semiconductors as active plasmonic mate-
rials to realize THz plasmonic devices as an alternative to the above ap-
proaches. The capability of semiconductors to mimic the plasmonic be-
havior of metals in the visible spectral range enables simple plasmonic
devices operation in the THz regime [46].

THz metamaterials are relatively well-studied, but only a few re-
ports are available in the SLR-based metasurfaces area for THz fre-
quency operation. Metasurfaces represent a subgroup of metamaterials
where nearly flat metamolecules are arranged in a 2D array [47].
Metasurfaces are promising miniaturized structures which can be em-
ployed to achieve unique characteristics of SLRs at THz frequencies
to enable devices with ultra-narrow resonances, simple configurations,
and conventional fabrication processes [48].

The first report in this field belongs to Rivas et al. (2003); they
presented a narrow plasmonic resonance in a periodic array of holes
consisting of highly doped silicon metamolecules [49]. In 2011, B.
Ng et al. used a metallic metasurface to realize SLR to improve the
sensitivity of a THz liquid sensor [50]. In 2015, Schaafsma et al. used
silicon and gallium arsenide (GaAs) metasurfaces to examine an SLR
for THz wave modulation [51]. Later, in 2017, Wang et al. proposed an
ultra-narrow THz perfect light absorber based on GaAs metamolecules
for sensing applications [52].

In addition to GaAs, InSb is another III-V semiconductor capable of
realizing plasmonic metasurfaces in the THz regime [53]. This material
has all the prerequisite characteristics for realizing THz plasmonic
metasurfaces, including a small bandgap, high free-carrier concentra-
tion, high electron mobility, and low effective electron mass. These
characteristics play an essential role in choosing suitable semicon-
ductors for THz plasmonic devices and enable InSb to surpass other
semiconducting candidates such as GaAs and InAs [46]. Furthermore,
the optical/electrical properties of InSb can be tuned passively by im-
purity doping or actively by thermal, electrical, or optical excitations.
Although the semiconductors cannot compete with metals in the plas-
monic efficiency, tunability of semiconductors and ease of fabrication
are their advantages over metals.

In this work, we propose an InSb-based metasurface for achieving
a high-Q SLR at low THz frequency range. To design our THz meta-
surface, we perform three-dimensional finite difference time domain
(3D-FDTD) simulations [54] and use LSA to validate our results. The
proposed structure exhibits narrow resonances and features high elec-
tric field confinement, suitable for tweezing and sensing applications.

Optics Communications 508 (2022) 127805

Owing to the narrow line shape of SLR, the light-matter interac-
tion is expected to be efficient, which makes the proposed device
suitable for tracking medium perturbations. Additionally, extensive in-
plane light confinement to the array due to far-field coupling among
metamolecules forms a hot region resulting in a highly attractive
gradient force that can manipulate the suspended microparticles close
to the metasurface. The ability to demonstrate hot spots and manipu-
late a suspended microparticle make the metasurfaces suitable for the
application of optical tweezers.

The manuscript is organized as follows: Section 2 describes the
methods, the proposed metasurface structure, and characteristics. Sec-
tion 3 introduces the performance of the proposed metasurface. Sec-
tion 4 describes optical sensing and tweezing applications of the pro-
posed structure, and Section 5 is devoted to the conclusions.

2. Methodology and proposed structure

InSb, a promising active plasmonic material, exhibits high carrier
concentration, high electron mobility (u = 41000 cm?/V s), and small
bandgap energy (E, = 0.17 V). One can use the modified Drude model
to express the conductive properties of InSb at THz frequencies [55].
The complex dielectric permittivity of InSb in the absence of a magnetic
field can be expressed as

g O 0
€= 0 g, 0 [ (@D)]
0 0 €,
where
2
[0}
P
£ =€y — ———, 2
T @ +iyw @

(i = x.y.z), and e, is the high-frequency permittivity, w, is the plasma
frequency, and y is the damping constant that plays an important
role in determining the linewidth of the plasmonic resonance and the
absorption losses of the plasmonic material. The plasma frequency of
InSb [see Eq. (3)] can be tuned by varying the free-carrier concentration
N either thermally [56] or by electrical excitation [57]:
Ne?

a)p = 607’ (3)
where e is the charge of electron and m* is the effective mass of InSb.

According to Eq. (3), higher plasma frequencies can be achieved
by increasing N due to a dynamic response to the imposed charge
separation, in which the restoration force is proportional to the concen-
tration of the displaced charges. To evaluate the effect of free-carrier
concentration, we considered an individual rectangular InSb meta-
molecule with the planar dimensions of L, = 60 pm.L, = 30 pm
and the thickness of L, = 200 nm inside a homogeneous medium
(n = 1.8) under normal plane wave illumination. Fig. 1(a) demonstrates
the blueshift and broadening in FWHM of LSPR with increased free-
carrier concentration. InSb is intrinsically an n-type semiconductor,
and the injection to the conduction band can be performed by doping
tellurium (Te) [58]. The mobility of electrons exceeds the holes [59],
and the small bandgap ensures sufficient free-electron concentration in
the conduction band. For lower carrier concentration, due to the lack
of enough free electrons in the conduction band, the light screening is
weak, and the metamolecule behaves as a dielectric that scatters only
a small fraction of the incident light. With increasing N, the resonance
frequency is blueshifted and the resultant higher amplitudes of scat-
tering cross-section represent the plasmonic behavior of InSb in the
moderate doping range. When N increases further, InSb behaves like
a metal with higher non-radiative damping, leading to a broad-band
resonance with a lower resonance peak.

Besides the active tuning of plasmonic resonances in InSb through
adjusting the free-carrier concentration, LSPRs can also be passively
manipulated by varying the size of the metamolecule [see Fig. 1(b)].
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Fig. 1. LSP resonance frequency and full-width at half-maximum (FWHM) as a function of (a) carrier concentration (N) with L, =60 pm.L, = 30 pm.L, = 200 nm. (b) Metamolecule
area at the fixed N ~ 8.5x10'7 cm~, FWHM and resonance frequency are obtained from the scattering cross-section of an individual InSb metamolecule. (c) Scattering cross-section
of Au particle (N ~ 5.9x 10> cm™3) is compared to that of InSb particle (N ~ 8.5x 10'7 cm~) in THz regime. (d) 2D electric field snapshot of the individual InSb metamolecule at

LSPR frequency (f = 1.1 THz) with N ~ 8.5x 107 cm™ is obtained from FDTD simulations.

An increase in the metamolecule’s area results in an expansion of the
interaction cross-section that augments the amplitude of the scattering
cross-section and reduces the FWHM [60]. The larger the particles, the
lower the resonance frequency because of the decrease in the restoring
force between an electron and a positive ion as the distance between
them increases.

Akin to the conventional plasmonic materials, InSb shows consid-
erable negative values of the real part of its permittivity at the THz
frequencies. The imaginary part is related to the material’s ohmic
losses, much smaller than those of metals at the THz frequencies [60].
The scattering cross-section of a single InSb metamolecule is compared
to that of an Au particle of the same geometry [see. Fig. 1(c)]. For
a single InSb metamolecule, increasing the free-carrier concentration
results in higher ohmic losses [see Fig. 1(a)] since the electronic states
in the conduction band become occupied and free carriers cannot find
any unoccupied states to move through the crystal under the influence
of the incident light. In Fig. 1(c), the higher carrier concentration of
Au particles (N = 5.9 x 102 cm™3) results in a broader resonance
lineshape, making InSb a better choice for plasmonic applications in
the THz regime. Similar to noble metals, InSb can also confine and
enhance the electric field in its near-field region. As shown in Fig. 1(d),
an x-polarized plane wave at the resonance frequency can excite LSPR
that oscillates in the incident wave direction in which the electric field
intensity is confined to the surface.

2.1. Design of the metasurface

To achieve high-Q-factor narrow plasmonic resonances, we ought
to mitigate radiative and non-radiative losses associated with LSPR.
In a periodic array of metamolecules, near-field [61] or far-field hy-
bridization [62] of resonant plasmonic eigenstates can occur. When the
distance between the particles is very small compared to the wave-
length, near-field resonances of LSPs hybridize together. Such hybrid

Table 1
Geometrical parameters of the proposed InSb metasur-
face, schematically depicted in Fig. 2.

Parameters Value

P, 200 [pm]
P, 220 [pm]
L, 60 [pm]
L, 30 [pm]
L 200 [nm]

w

resonance states appear to be shifted without any significant alteration
in their linewidth [5].

If the designed metasurface has the lattice constant on the order of
the incident wavelength, far-field waves scatter by metamolecules cou-
ple together through RA diffraction, and an in-plane SLR can emerge
at the RA frequency [63], given by

mc

=M =123
fra = pizeme M7 L3 Q)

where m is the order of diffraction, P is the lattice constant (see Table 1)
of the periodic array in the direction orthogonal to the polarization of
light (y-direction in this work, see Fig. 2), c is the speed of light, n is the
refractive index of the surrounding homogeneous medium, and 6 is the
angle of incidence light. Eq. (4) reveals that the RA frequency depends
on the refractive index of the surrounding medium and the periodicity
of the structure.

To achieve an in-plane SLR at the THz frequencies, which is appli-
cable for biophotonic devices, we propose a simple InSb-based meta-
surface, which is schematically depicted in Fig. 2. The lattice constants
and the medium refractive index should be defined in a way to realize
a lattice resonance at low frequencies (0.2 to 1 THz), since the THz
wave penetration depth in biological samples is significant in this
regime [64]. Metamolecules are embedded in a Polyethylene naph-
thalate (PEN) layer with a refractive index of ~1.8 that can serve as
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Fig. 2. Schematic of the proposed InSb metasurface and the geometrical parameters
of the unit cell are provided in Table 1. The periodic array is embedded inside
a homogeneous environment, with the substrate and superstrate having the same
refractive indices (n = 1.8). A plane wave launches on the metasurface from the
bottom of the substrate with the wavevector (k) and the polarization (E) along z and x
directions, respectively. The confined light in each particle in the x-direction represents
the LSPRs, and the constructive diffraction of light by each particle is represented by
short wave packets which cause an in-plane surface wave called SLR.

the homogeneous background medium [50]. Although the presence
of a homogeneous medium helps to form high-Q resonance, a slight
increase in the refractive index of substrate or superstrate would not
appear as a significant decrease in the Q-factor. Only SLR frequency
experiences pronounced redshift [65], making the device suitable for
sensing applications. The lattice constants of the proposed metasurface
are P, =200 pm and P, = 220 pm. Due to the RA condition, diffraction
is only constructive in (1 0 0) direction, leading to a formation of an
in-plane SLR at the frequency of 0.75 THz.

Besides the refractive index and the lattice constant, the amplitude
and linewidth of SLR rely on spectral characteristics of individual
LSPRs. The size of metamolecule should be such that it is possible to
realize a strong LSPR with narrow bandwidth. According to Fig. 1b,
the bandwidth of LSPR is inversely proportional to the metamolecule’s
area. In the case of metasurface, as LSPRs approach the Rayleigh
anomaly (RA) frequency, SLR starts to emerge and get enhanced, and
the linewidth becomes narrower [51]. Metamolecules with smaller
areas excite the LSPR at the frequencies higher than fr, = 0.75 THz,
and due to the lack of spectral overlap between the LSPR and RA
frequencies, the Q-factor drops significantly. On the other hand, meta-
molecules with larger areas guarantee a larger spectral overlap between
LSPR and RA frequencies. However, larger-size metamolecules will not
necessarily result in a higher-Q SLR due to the reduction of the gap
distance between metamolecules. Our numerical analysis has demon-
strated that, for designing an efficient metasurface in terms of Q-factor
and size to operate at the THz frequencies less than 1 THz, an InSb
metamolecule with L, = 60 pm and L, = 30 pm is an optimum choice
as a building block of the proposed structure. The superstrate thickness
(100 pm < A < 30 mm) is responsible for the number of additional
resonances via LSPR splitting [66]. It should be noted that, compared
to the noble metals, InSb shows higher plasmonic efficiency only in an
array with simple-shaped particles (rectangle in this case). For complex
metallic structures, the Q-factor in the THz regime can reach values on
the order of 10* at the expense of increasing fabrication complexity and
lack of tunability [67].

2.2. Methods

We used 3D-FDTD simulations to model an infinite InSb metasur-
face. An InSb metamolecule is considered a unit cell in a 2D square
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lattice. Due to the periodicity of the metasurface along with the x
and y directions, periodic boundary conditions are applied in these
directions. A perfectly matched layer (PML) boundary condition limits
the simulation box in the out-of-plane direction so that the outward
scattered light from the metamolecules is absorbed by the PML layers. A
plane-wave source launches on the metasurface from the substrate side.
The rigorous mesh sizes are set to be Ax = Ay = 1 pm and 4z = 4 nm.
It is impractical to consider an infinite array in the design process.
Therefore, it is crucial to determine finite dimensions of the array
with a fixed number of metamolecules. In 2019, Reshef et al. utilized
LSA to analyze a finite array of Au metamolecules, the best semi-
analytical tool to evaluate lattice resonances of finite metasurfaces.
Moreover, it is well suited for comparing the numerical results with
experimental data [66]. The plasmonic response of a finite metasurface
using LSA can be obtained by considering the local field acting on a
single metamolecule. This field is comprised of an incident wave and
scattered waves from other metamolecules [16]. The ability to take the
effect of the finite upper cladding thickness into account gives LSA an
advantage over other approaches [30]. Using the LSA approach, the
transmission spectrum of a finite metasurface can be written as

dzk .
T(a)):l—%PyIm[a], 5)

where o* is the effective polarizability representing the optical response

of the metasurface, defined as
a(w)

1-a(w)S (w)

In modified long-wavelength approximation, the polarizability of a

single particle encompasses the dynamic depolarization (2ik®a1¢/3)
and radiative damping (2k2a®21¢/3d) as

©

a* (w) =

aStath

)

a(w) B 1- 2ik3astatic _ Eastatic ’
3 d

with the effective particle length (d) and wavevector (k) of light

around the particle. Eqs. (6) and (7) show that the effective polariz-

ability depends strongly on the plasmonic response of an individual

metamolecule given by its static polarizability

Ag

astatic (@) = —,
w—wy+ 1y

®
where A is a constant parameter that can be determined numerically
or experimentally by fitting, w, = 2z f; gp and y is the linewidth related
to the lifetime of LSPR representing the quality factor of a single
metamolecule. Another essential parameter in Eq. (6) for effective
polarizability is the lattice sum S (). Lattice sum helps to consider
the effects of in-plane hybridization of LSPRs through RA diffraction
(S;,), and out-of-plane hybridization between the cavity modes, and
LSPRs (S,,,) through superstrate reflections in the calculations. S(w) is
determined by the expression

L oein [ ) (1 —ikr;) (3cos?0; —2)
S (@) = Sip+Sou = le 7, K2 (1+sin0;) + ”

)]

where r; is the distance to the jth dipole from the main dipole, 6; is the
angle between r; and the dipole moment component (p, in this work),
and L is the number of the nearest-neighbor dipoles.

3. Results and discussion

In the proposed metasurface, metamolecules scatter the incident
light, while the phase-matched coupling of such scattered fields through
RA diffraction mitigates the radiative damping of LSPRs. Further-
more, the constructive interference between the light scattered by
a metamolecule and the incident light reinforces the resonance of
the neighboring particles and vice versa, which partially compen-
sates for non-radiative losses of LSPs and realizes an extraordinary
lattice resonance called SLR. The transmission spectrum of the InSb
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Fig. 3. (a) Effect of the superstrate thickness on the transmission of the InSb metasurface. A finite superstrate thickness (h = 600 pm) results in additional resonances, and a
quasi-infinite one (k2 =30 mm) suppresses these resonances. (b) Q-factor of SLR versus the number of metamolecules in the array at the fixed SLR frequency (f = 0.75 THz). The
top and lower right curves demonstrate the shift in SLR frequency by changing the carrier concentration and refractive index of the surrounding medium, respectively. (¢ and d)
Transmission of the metasurface plotted as a function of the superstrate thickness and frequency is obtained using LSA (c) and 3D-FDTD (d). Besides the SLR with the resonance
frequency f = 0.75 THz additional resonances emerge in the proposed metasurface due to the out-of-plane hybridization of LSPR.

metasurface represents an SLR (fy = 0.75 THz) with Q = 375 [see
Fig. 3(a)]. The material above the superstrate is air with a lower
refractive index, reflecting the light at the upper interface. On the
other hand, the metamolecules, at frequencies other than SLR, play
the role of lower partial mirror that scatters light outward, thereby
forming a cavity-like medium. Embedding the InSb metasurface in
a cavity medium leads to the LSPR splitting due to the out-of-plane
hybridization exciting additional narrow resonances that can be tuned
by the superstrate thicknesses. When the superstrate thickness is finite,
the InSb metasurface supports additional resonances close to the LSPR
frequency (f_1.1 THz) but the quasi-infinite one (h > 30 mm) elimi-
nates these narrow resonances, and the broad LSPR remains unchanged
[see Fig. 3(a)].

In LSA, the local field at the position of each metamolecule in-
cludes the incident field and scattered fields from other metamolecules.
Adding extra metamolecule in LSA calculations means that the ra-
diative losses will be further suppressed, and the reinforcement of
LSPs would be stronger. As expected, the Q-factor of SLR increases by
increasing the number of metamolecules and converges to its maximum
for a higher number of metamolecules [see Fig. 3(b)]. However, there is
a trade-off between the Q-factor and fabrication limits. As investigated
in [68], the area of a metasurface cannot exceed 10* metamolecules.
Therefore, the array is set to 300 x 300 metamolecules.

The lower right curve in Fig. 3(b) shows the redshift of SLR fre-
quency for increasing values of the refractive index of the homogeneous
medium surrounding the metasurface. As shown by the top right curve
in Fig. 3(b), the SLR frequency is also sensitive to the carrier con-
centration of metamolecules which is the advantage of the proposed
metasurface over its metal-based counterpart in the THz regime. The
LSPR frequency blueshifts, and the resulting SLR frequency forms at
higher frequencies by increasing the carrier concentration.

Fig. 3(c) and (d) demonstrate the 2D snapshot of the transmission
spectrum of the metasurface for different values of the superstrate
thickness versus frequency. There is an agreement between the results
obtained from a finite array with 300 x 300 metamolecules in the

x-y plane using LSA and an infinite array using 3D-FDTD simulations.
Increasing the superstrate thickness leads to more additional resonances
with lower amplitudes originating from an out-of-plane hybridization
between LSP modes in the x-z plane. In addition, destructive interfer-
ences of LSP and FP modes make a gap around f = 1.15 THz which
bleaches the plasmonic resonances for all the superstrate thicknesses.
Fig. 4(a) depicts the transmission spectra of the metasurface for a
superstrate thickness 4 = 425 pm obtained by 3D-FDTD simulation.
This thickness was chosen to show the SLR and additional resonances
in a single frame. The electric field distributions of the corresponding
narrow resonances are used to study the nature of the resonances.
The SLR originates from the far-field radiative coupling of LSPRs and
results in an electric field highly confined in the x-y plane. As a result,
cavity modes do not affect the emergence of SLR mode [see Fig. 4(b)
and (d)]. In-plane SLR can be distinguished from LSPRs because of
its remarkable electric field enhancement factor, confined to the 2D
lattice rather than being scattered or limited to the edge of individual
metamolecules. On the other hand, Fig. 4(c) determines the origin of
the additional resonances arising from the out-of-plane hybridization
of LSP and cavity modes associated with the superstrate thickness.
From Fig. 4(d), it is obvious that the incident wave at the SLR fre-
quency is almost confined to the metasurface in the plane of the array.
This confinement and the narrow nature of the resonance at SLR fre-
quency open the door for applications that require high resolution and
enhanced localized electric field. To corroborate this claim, we consider
sensing and tweezing applications for our proposed metasurface.

4. Applications
4.1. THz liquid sensor

The proposed metasurface can monitor any small perturbation
in the surrounding medium as a liquid THz sensor. LSPR of a meta-

molecule is a standing longitudinal wave with near-zero momentum.
The average permittivity should be zero to have a longitudinal wave;
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Fig. 4. (a) Transmission profile of the metasurface with the superstrate thickness 4 = 425 pm. (b) Distribution of the electric field intensity at SLR frequency for an array of InSb
metamolecules. LSPRs couple together through RA diffraction leading to a remarkable electric field intensity in the x-y plane. (¢) Out-of-plane hybridization between LSPRs and
cavity modes results in additional resonances of the metasurface in the x-z plane. (d) Electric field intensity profile at the SLR frequency shows the hybridization between LSPRs
by confining the large fraction of light at the interface between the substrate and superstrate.

this condition is called the Frohlich condition [69]. Plasmonic particles
have negative permittivity, and they cannot satisfy this condition alone.
Immersing plasmonic particles inside material with positive permittiv-
ity (dielectric) allows one to achieve zero permittivity. The Frohlich
condition only occurs at a specific frequency (Frohlich frequency) due
to the dispersion of the refractive index of the plasmonic particles and
that of the surrounding dielectric medium. Consequently, the LSPR
depends strongly on the optical properties of its surrounding medium.
Since SLR naturally obeys the behavior of LSPR, it follows the Froh-
lich resonant condition that any change in optical properties of the
metasurface surrounding would change the SLR resonance frequency.

To evaluate the performance of the InSb metasurface as a liquid
sensor, we fixed the refractive index of the substrate at 1.46 (Silica).
We slightly increased the refractive index of the superstrate (1.46 <
n < 1.48) to show the sensitivity of the proposed metasurface to a
small variation in the refractive index of the environment. This range
can be associated with different fluids encompassing the substrated
metasurface, similar to the schematic depicted in Fig. 6. Fig. 5(a) shows
the redshift in the transmission spectra for the perturbation in the
refractive index of the superstrate. This shift can be explained by the
RA condition given by Eq. (4), in which the refractive index appears in
the denominator of the equation.

The Figure of Merit (FOM), Fig. 5(b), gives an insight into the
change in the Q-factor of SLR with an increase of the refractive index
of the superstrate. FOM is defined as the sensitivity (S; = Afg g/4n)
divided by the bandwidth (FOM = S; /FWHM). This explains a decrease
in FOM with an increase in the refractive index and FWHM. Higher
refractive indices result in a spectral broadening (Lower Q-factor) of
SLR. The sensitivity of the proposed structure is 2.67 THz/RIU, and the

average value of the FOM is 131.7 RIU~!, demonstrating the maximum
FOM compared to the other studies summarized in Table 2.

4.2. THz plasmonic tweezer

The proposed metasurface can confine light to the in-plane array
of the metamolecules and form a hot-spot region. In tweezing applica-
tions, a suspended particle tends to move toward a region with a higher
electric field intensity. Realizing a hot-spot region via the metasurface
exerts an attractive gradient force on the object and manipulates it
toward the region with high electric field intensity. The suspended par-
ticle near the metasurface experiences Lorentz force according to [70]

a—,EOVEO + a—NEqub, 10)

(F)=3 2

where E; and ¢ are the amplitude and phase of the incident wave
and @« = o + ia” is the suspended particle’s polarizability. The first
term on the right-hand side of the equation is the gradient force
originating from the redistribution of the electric field intensity within
the structure. The second term of the equation is the scattering force
originating from the incident radiation. In our work, the suspended
particle is much smaller than the incident wavelength (4 ~ 330 pm),
so the effects of scattering forces on the particle are negligible, and the
gradient forces are dominant [10,12].

The particle’s polarizability plays a crucial role in determining
whether the induced optical forces are attractive or repulsive. The
additional degrees of freedom in tuning the resonance frequency and
adjusting the polarizability available in core-shell particles make them
more attractive for tweezing applications than their uniform counter-
parts. We consider an InSb-Silicon core—shell microparticle with a core
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InSb Shell

Fig. 6. Schematic view of the proposed metasurface acting as a plasmonic tweezer.
The suspended microparticle is made of silicon core with r = 2 pm and InSb shell
with r = 3 pm. The refractive index of the fluid inside the container is n = 1.46. An
x-polarized plane wave illuminates the structure from below and the z-component of
the optical force (F,) is calculated in the position of the suspended microparticle. The
structural parameters for the metasurface are the same as before (see Table 1), and
the optical forces are analyzed at the SLR frequency.

radius of 2 pm and a shell radius of 5 pm as the suspended particle. The
polarizability of a core—shell particle is described as

2 (Eshell - Em) + (Ecore + 2“Eshell) + Veore (gcore - gshell) (1 + 2‘gshell)

a =4z
(eshell + 2) (ecore + 2eshell) + Vcore (zeshell - 2) (6core - 6shell)

an

where €,,, €core> and ege are the permittivity of the surrounding
medium, core, and shell, respectively; r is the radius of the particle,
and V. is the volume occupied by the core. Thanks to the plasmonic
behavior of InSb, the suspended particle exhibits a high local-field
enhancement which strengthens the induced optical forces. Depending

on the particle’s permittivity, the real part of the polarizability can be
positive or negative. For the positive polarizability, the forces acting
on the particle are repulsive, while the imposed forces are attractive
for the negative one. Consequently, the attractive gradient force can
exert an optical pulling force on the particle.

The schematic in Fig. 6 includes a container full of fluid with
a refractive index close to the metasurface’s substrate (n = 1.46).
This fluid can act as a superstrate and can provide a homogeneous
background medium for InSb metasurface. By launching the plane wave
from the substrate side, we induce SLR at f = 0.916 THz which forms
a hot-spot region at the in-plane array of InSb metamolecules. The real
and imaginary parts of the polarizability for the suspended particle are
depicted in Fig. 7(a). The real part of the polarizability at the SLR
frequency is negative. The attractive gradient force is the consequence
of high electric field intensity and negative real part of polarizability
at the SLR frequency; the particle experiences a pulling force.

Fig. 7(b) shows the z-component of the optical force with and
without the metasurface. In the absence of the metasurface, the scatter-
ing force is dominant, and the particle mostly experiences the optical
pushing force along +z direction. In the presence of the metasurface,
optical pulling force manipulates the particle along —z direction. The
strength of the pulling force reaches its maximum value at the SLR
frequency.

Fig. 7(c) illustrates the 2D snapshot of the electric field intensity at
the SLR frequency. The electric field intensity distribution indicates a
hot spot at the position of the metasurface, increasing the tendency of
the suspended particle with negative polarizability to move toward this
high-intensity region. The formation of the hot-spot region enables the
tweezing application for the proposed metasurface.

Besides the material and structural properties of the suspended
microparticle and metasurface, the applied optical forces also depend
on the particle’s distance from the metasurface. This dependency can
be understood from the electrostatic force acting between the electric
dipoles, wherein the force inversely depends on the distance between
the microparticle and metasurface. Fig. 7(d) shows the strength of the
optical forces as a function of the distance between the suspended
particle and the metasurface. As the particle approaches the hot-spot
region, the pulling forces act on the particle increase.

5. Conclusion

In summary, we studied the plasmonic response of a single InSb
metamolecule at the THz frequencies, which can be actively adjusted
by varying the free-carrier concentration or passively through chang-
ing the geometrical parameters of the metamolecule. Intrinsic non-
radiative losses of InSb lead to a broadband LSPR (Q < 10). When
the InSb metamolecules are placed in an ordered periodic array, the
coupling of LSPRs via RA diffraction leads to an extraordinary lattice
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Table 2
A comparison between the sensitivity and FOM of different types of metamaterials.
Type Material Frequency Sensitivity FOM Reference
Surface plasmon resonance Black phosphorus THz 2.52 THz/RIU N/A [71]
Plasmon induced transparency Graphene THz 4.31 THz/RIU N/A [72]
Fano resonance Au GHz 105 GHz/RIU 7.51 [73]
Bound state in the continuum Silicon THz 2.31 THz/RIU 12.7 [74]
Spoof surface plasmons Au THz 197 THz/RIU 19.86 [75]
Toroidal dipole resonance LiTaO, GHz 490 GHz/RIU 25.352 [76]
Plasmon induced transparency Graphene THz 4.2 THz/RIU 43,31 [771
Split ring resonators Au THz 1.12 THz/RIU 50.69 [78]
Split ring resonators Au THz 0.38 THz/RIU 63.83 [79]
SLR InSb THz 2.67 THz/RIU 131.7 This work
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Fig. 7. (a) Real and imaginary parts of the polarizability of a suspended microparticle. The gray ribbon shows the spectral range of the SLR frequency. The real part of the
polarizability accounts for the gradient force, while the imaginary part gives rise to the gradient force. (b) Optical pulling forces spectrum in the presence and the absence of the
metasurface. (c) Electric field distribution at the SLR frequency in the x-z plane. (d) Optical forces versus distance of the suspended microparticle from the metasurface. The inset
schematically shows the direction of the pulling forces imposed on the particle. In all these calculations, the substrate of the metasurface is silicon with a refractive index of 1.46,
and the fluid where the microparticle is suspended is chosen to have the refractive index close to that of silica ensure homogeneity.

resonance at the RA frequency. This resonance depends strongly on
the lattice constant and the refractive index of the surrounding homo-
geneous medium. We used 3D-FDTD simulations and LSA to obtain
the plasmonic response of the metasurface. The results represent a
narrow resonance at 0.75 THz (Q ~ 375) arising from the in-plane
hybridization of LSPRs. It is also possible to realize a higher Q-factor
metasurface at the expense of increasing fabrication complexity. By
breaking the symmetry of metamolecules and designing a complex unit
cell, metamolecules can support sub-radiant (dark) modes. The con-
structive interactions between the incident wave and sub-radiant modes
of the metamolecules can enable an ultra-high Q SLR. We have also
demonstrated that additional narrow resonances can appear through-
out the out-of-plane hybridization between LSPRs and FP modes. The
number, strength, and resonance frequency of such resonances can be
engineered by tuning the thickness of the superstrate. Simple geometry,
substantial electric field enhancement factor, and high-Q resonances
are the main features of the proposed structure. Practically speaking,
this design can be used for harmonic generations, plasmonic tweezing,
and sensing applications in the THz regime.
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Chapter 4

Dynamic Control of Spontaneous

Emission via III-V Metamaterials

4,1 Contribution Statement

I initially became familiar with the concept of dynamically controlling the
photon production rate of an emitter using a resonant optical antenna
through discussions with Dr. Alaee. The core concept of this project was
jointly developed by Dr. Alaee and me during regular meetings, and it was
further refined through continuous guidance and feedback from Prof. Dol-

galeva.

The modelling work was carried out by Dr. Alaee and me using a semi-
numerical framework implemented in the RF Module of COMSOL. I was
responsible for performing the simulations and carrying out the optimiza-
tion studies. Together with Prof. Dolgaleva and Dr. Alaee, I analyzed
the results and refined the proposed designs, and I also benefited from
technical discussions with E. Mobini. To further investigate and optimize
the coupled system, A. Ahmadnejad and M. R. Mohammadpour contributed
by implementing a machine-learning-based optimization, which supported
the main physical mechanisms and the key simulated outputs.

I wrote the first draft of the manuscript and prepared the figures, which were
substantially improved based on feedback from Prof. Dolgaleva, Prof. Rock-
stuhl, and Dr. Alaee. The project was led by Dr. Alaee and Prof. Dolgaleva.
All co-authors contributed to the revision process and approved the final

version.

Conference publications related to this project are listed below:
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* Aghili, Sina, et al. “InSb-based THz Plasmonic Antenna for Dynamic
Control of Radiative Decay Rate of Quantum Emitters.” 2023 Photonics
North (PN). IEEE, 2023.

e Aghili, Sina, et al. “High-Q Tunable THz Plasmonic Metasurface
based on InSb Particles.” 2023 48th International Conference on Infrared,
Millimeter, and Terahertz Waves (IRMMW-THz). 1IEEE, 2023.

¢ Aghili, Sina, et al. “THz Emission Engineering Using Resonant III-V
Semiconductor Metamaterials.” 2025 Photonics North (PN). IEEE, 2025.

4.2 Article

The results of this project were published in Journal of Physics: Photonics [140],

and this chapter is based on the following article.
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Abstract

We exploit InSb’s magnetic-induced optical properties to design THz sub-wavelength antennas
that actively tune the radiative decay rates of dipole emitters at their proximity. The proposed
designs include a spherical InSb antenna and a cylindrical Si-InSb hybrid antenna demonstrating
distinct behaviors. The former dramatically enhances both radiative and non-radiative decay rates
in the epsilon-near-zero region due to the dominant contribution of the Zeeman-splitting electric
octupole mode. The latter realizes significant radiative decay rate enhancement via magnetic
octupole mode, mitigating the quenching process and accelerating the photon production rate. A
deep-learning-based optimization of emitter positioning further enhances the quantum efficiency
of the proposed hybrid system. These novel mechanisms are promising for tunable THz
single-photon sources in integrated quantum networks.

1. Introduction

It has been long appreciated that the local density of states (LDOS), as seen by a quantum emitter, can be
altered in a structured electromagnetic environment [1, 2]. The spontaneous emission (SE) rate and
transition dipole strength, as the functional characteristics of a quantum emitter, greatly rely on LDOS
variations [3]. In simple terms, the electric or magnetic dipole transition of quantum emitters, when
considered as two-level systems, can couple to photonic resonances. Then, the enhancement of the LDOS,
thanks to the structured photonic environment, accelerates the spontaneous transition rates of the quantum
emitter. The SE rate enhancement is of great interest to diverse applications, including quantum source
emission engineering [4—6], ultra-brighter optoelectronic devices [7—10], enhanced light-matter interaction
for fluorescence spectroscopy [11-13], and single-photon sources (SPSs) [14-16].

Optical resonators are high-potential devices that can serve as the structured electromagnetic media for
quantum emitters by providing an enhanced LDOS [17, 18]. Radiative coupling channels emerge in a
coupled emitter-resonator system, allowing one to improve the SE rate of the quantum emitter.
Microcavities [19], photonic crystals, and hyperbolic metamaterials [20-22] have been extensively explored
as closed-cavity platforms with the potential to enhance the SE rate of quantum emitters significantly. In
recent decades, optical antennas have been the subject of this extensive research. Optical antennas are open
resonators composed of sub-wavelength dielectric or metallic elements that transfer the energy of their
resonance modes to quantum emitters via radiative and non-radiative channels [23—25]. Enhanced
light-matter interaction at the deep sub-wavelength scale is the distinguishing advantage of antennas over
cavities. This leads to LDOS enhancement of quantum emitters in the coupled emitter-antenna systems. In

© 2024 The Author(s). Published by IOP Publishing Ltd



Chapter 4. Dynamic Control of Spontaneous Emission via III-V 59
Metamaterials

10P Publishing J. Phys. Photonics 6 (2024) 035011 S Aghili et al

this direction, metallic antennas enable one to modify the SE rate of quantum emitters due to the high
near-field enhancement attained by localized surface plasmon resonances (LSPRs) [26—30]. Metallic
nanorods [31] and ring resonators [32] are highly effective plasmonic sub-wavelength antennas for
enhancing the SE rate of quantum emitters through the excitation of LSPRs, including transversal and
longitudinal plasmonic modes in nanorods, and concurrent electric and magnetic resonant modes in ring
resonators. In general, coupled emitter-plasmonic antenna systems usually introduce dominant
non-radiative channels due to high Joule heating losses of metallic building blocks, resulting in low quantum
efficiency for the coupled systems.

Alternative designs have been investigated to mitigate dissipation losses of plasmonic antennas.
Interestingly, it was shown that plasmonic devices using a dielectric spacer could avoid or limit non-radiative
decay channels [33]. This idea has flourished by employing dielectric optical antennas in a wide range of
applications such as surface-enhanced Raman spectroscopy [34], surface-enhanced fluorescence [35],
directional light emission [36], nonlinear processes [37], and Huygens sources [38]. Furthermore, optically
induced electric and magnetic Mie resonances make high-index dielectric antennas capable of efficiently
engineering the SE rate of quantum emitters with electric or magnetic transition dipole moment [39-42].
Besides the coexistence of electric and magnetic multipolar resonances at the sub-wavelength scale, unique
characteristics such as negligible inherent losses and comparable near-field enhancement with metallic
analogs enable high-index dielectric structures to suppress non-radiative channels and robustify radiative
channels in the coupled emitter-dielectric antenna systems. Concentric hollow structures [43], Yagi-Uda
designs [44], dimers [45], and oligomers [46] have been numerically and experimentally investigated to use
the high potential of dielectric sub-wavelength antennas in engineering the SE rate of quantum emitters.

Among the reported cases exploited to control the SE rate of quantum emitters for specific applications,
the research has been mostly limited to passive approaches such as design, material, and shape to improve the
efficiency of the coupled emitter-photonic systems. Here, we aim to employ active antennas to dynamically
control the SE or radiative decay rate of quantum emitters near the proposed antennas. By applying an
external static magnetic field, we dynamically tune the scattering response of an optical antenna, leading to
the radiative decay rate variations of a quantum emitter. In this respect, we need a material whose optical
properties can be modulated upon magnetization [47]. Hence, indium antimonide (InSb), a III-V
semiconductor with unique features of nonreciprocity, magnetoplasmonics, and magnetic tunability in the
THz region [48-50], has been exploited to achieve an active sub-wavelength antenna. Without a static
magnetic field, the scattering response of a spherical InSb antenna is divided into plasmonic,
epsilon-near-zero (ENZ), and dielectric regions. By placing an electric dipole (ED) source close to the
antenna as the quantum emitter, we observe different types of electromagnetic behaviors in the coupled
emitter-antenna system. Non-radiative channels dominate the plasmonic region due to inherent losses of
InSb below the plasma frequency, resulting in the quenching process. A transparency window corresponds to
the ENZ region; hence, the quantum emitter does not experience the impact of the antenna. The coexistence
of electric and magnetic multipolar resonances is observed in the dielectric region, leading to SE rate
enhancement associated with dominant radiative channels. In the presence of the static magnetic field, the
scattering characteristics of the InSb antenna are dramatically changed. The quenching effect becomes much
more intense in the plasmonic region. Therefore, the radiative decay rate is negligible compared to the
non-radiative one. The ENZ region completely disappears due to the Zeeman-splitting effect of plasmonic
modes, and the quantum emitter experiences considerable radiative decay rate variations compared to the
unmagnetized case. Despite dynamic control of the emission characteristics of the ED emitter via the
magnetized InSb antenna, dominant non-radiative processes degrade the efficiency of the proposed antenna
across the studied spectral range. To solve this limitation, as the next step, a hybrid dielectric antenna
composed of Silicon (Si) and InSb layers has been proposed to serve as the high-index dielectric antenna,
leading to a high radiative decay rate enhancement for the coupled magnetic dipole (MD) and ED
emitter-antenna systems. Dual-band SE rate enhancement, robust magnetic response, and high quantum
efficiency are important advantages realized by the magnetized hybrid antenna, opening up a possibility for
the emergence of tunable magnetic SPSs.

2. Methodology

The spontaneous decay of a two-level system, the so-called quantum emitter, is a radiating process at a
quantum level that can be estimated by Fermi’s golden rule [51]. When we consider the interaction of
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quantum emitters with optical antennas as open resonators and lossy media, the normalized total decay rate
(Ltot/1)) must be defined by LDOS in the form of [51]

- — ) = .
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where p, (ry,w) and py (ty,w) represent the LDOS at the position ry of the quantum emitter with a transition
frequency w in the presence and absence of the optical sub-wavelength antenna, respectively. The LDOS at
the position of the quantum emitter is computed using the imaginary part of the Green function [23], and n,
indicates the polarization’s unit vector. Without the antenna, the LDOS only depends on the electromagnetic
field generated by the quantum emitter (<(70> (ro,1o;w)) at its position. Besides the self-generated field, in the
presence of the antenna, the LDOS has another contribution from the electromagnetic field scattered by the
antenna ( G; (ro,1o;w)) at the emitter position, showing the impact of the local field provided by optical
sub-wavelength antennas on the total decay rate modification. The contribution of the LDOS to engineering
the decay rates of a quantum emitter is a common point of classical and quantum electrodynamics [51].
From a classical point of view, a quantum emitter can be modeled by a point-like dipole as an oscillating
current source located near an antenna. Both electrodynamical and classical approaches agree when the
intrinsic quantum yield of the point-like quantum source is unity. The total decay rate is defined as the ratio
of the total emitted power of a dipole source in the presence of the antenna to its total emitted power in the
absence of the antenna in the form of
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where the radiative and non-radiative decay rates are denoted by I and I,,, respectively. Here, P, and Py, are
also the scattered and absorbed powers by the antenna, respectively. The part of the total power incident on
the antenna decays into the non-radiative channels due to the inherent losses of the antenna [23, 51]. The
remaining fraction of the radiation escapes from the coupled emitter-antenna system to free space as far-field
radiation. It is thus necessary to calculate the corresponding powers represented in equation (2) using the
Poynting theorem [52]. The total emitted power is obtained by integrating the Poynting vector flux over a
surface enclosing the dipole source without the antenna. The far-field radiation of the coupled
emitter-antenna system is computed by placing a Poynting vector surface integral around the entire system.
The dissipated power is proportional to the power loss density, determined by a volume integral around the
antenna.

In this study, we use COMSOL Multiphysics RF module package 6 to numerically compute the coupled
emitter-antenna system’s power rates corresponding to the dipole source’s total decay rate [53, 54]. Owing to
the inherent duality in classical electrodynamics, particularly in Maxwell’s equations, the far-field radiation
patterns of a quantum emitter possessing a transition magnetic dipole (MD) moment are indistinguishable
from those with an ED moment. Consequently, the same numerical Poynting theorem applicable to EDs can
be employed within COMSOL’s RF module to compute the total decay rate of an MD emitter. The distinction
lies in the necessity to define a point source with a transition MD moment within the simulation model.

3. Results

3.1. Spherical InSb antenna

The primary purpose of this study is to investigate how a static magnetic field applied to an optical antenna
dynamically modifies the radiative decay rate of a dipole emitter in the weak-coupling regime. We first
consider a spherical InSb antenna embedded in free space to serve as a sub-wavelength THz antenna. The
antenna’s radius is set to 30 um, corresponding to the operation frequency range of 1.2-3 THz, matching the
range of InSb’s plasma frequency. The antenna’s geometry and spectral range are chosen such that the
antenna can support multipolar electromagnetic resonance modes. Upon magnetic excitation perpendicular
to the incidence plane, the dielectric permittivity of InSb becomes anisotropic. It enables the
Zeeman-splitting effects on the electronic energy levels of the material proportional to the cyclotron
frequency of w. = eB/m* depending on the external magnetic field (B), electron charge (e) and effective
mass of the n-doped InSb (m* = 0.0142my). The applied magnetic field strength is B= 0.2 T, a threshold
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Figure 1. (a) and (b) The comparison of SCS spectra of the spherical InSb antenna in the static magnetic field’s presence (solid
lines) and absence (dashed lines). The external magnetic field (B, = 0.2 T) is applied along the z-direction to dynamically modify
the scattering characteristics of the antenna in the plasmonic (a) and ENZ (b) regions. (c) and (d) The spectral features of the
radiative decay rate of the x-oriented ED source, which is placed at a distance of d = 3 ym from the antenna. (c) For frequencies
lower than wy, the coupled system realizes an enhanced multi-band radiative decay rate upon magnetization, while the
unmagnetized case demonstrates a larger enhancement factor in a single band. (d) Due to the presence of Zeeman-splitting
resonances, the radiative decay rate significantly improves in the ENZ region, highlighted by the gray area. The insets are the
normalized electric field distributions around the coupled emitter-antenna system, displaying how the ED source excites electric
resonant modes of the antenna through the radiative coupling channels. Variations of the radiative (e) and non-radiative (f) decay
rates as a function of coupling distance (d) at the fixed frequency of w/w, = 1.05.

value ensuring the Zeeman-splitting effect in the InSb semiconductor. Mérquez and Sirvent [55]. (See
supporting information for more detail.)

To gain insight into the light interaction with InSb semiconductor, we evaluate the scattering
characteristics of the proposed antenna using multipolar decomposition [56]. We consider a linearly
x-polarized plane wave with the wave vector k propagating along the y-direction (the illumination
direction). By applying a static magnetic field along the z-direction, we induce anisotropy in the dielectric
permittivity of InSb, thereby dynamically modifying the scattered light characteristics (see figure S1).

As shown in figure 1(a), the magnetically induced anisotropy lifts the mode degeneracy, leading to
separated plasmonic resonances in the magnetized InSb antenna at frequencies lower than and around w,,.
The Zeeman-splitting effect results in new resonant modes whose spectral positions can be predicted [55].

4
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The splits in atomic energy levels are linearly proportional to the Bohr magneton in the presence of weak
magnetic fields. In the presence of the magnetic field B, = 0.2 T, a narrow linewidth electric octupole (EO)
resonance at w/wy, = 0.951 splits into multi-band EO resonances, where a peak at w/w, = 1.055
considerably amplifies the antenna’s scattering response. The magnitudes of the EO resonances have been
multiplied by ten to emphasize their critical role in the radiated power, as shown in figures 1(a) and (b). A
parent electric quadrupole (EQ) mode at w/w, = 0.94 is split into two distinct EQ resonances at

w_ po/wp = 0.84 and w4 pq/w, = 1.035. Moreover, a broad ED mode is also split into resonances at

w_ gp/wp = 0.8 and w4 gp/wy = 0.99. Contrary to the unmagnetized scenario, when an applied magnetic
field couples with localized surface plasmon resonances, it can excite magneto-plasmonic modes. This results
in the contribution of MD resonances to the antenna’s spectral response, as depicted in figures 1(a) and (b).

The unmagnetized InSb antenna also experiences a plasmonic to ENZ transition response at frequencies
slightly higher than wy,. This electromagnetic behavior provides invisibility, highlighted by a gray box in
figure 1(b). The inset depicts the minimum contributions of the multipoles, leading to an almost negligible
scattering response, rendering the antenna nearly invisible. In the presence of the magnetic field B, = 0.2 T,
the electromagnetic response of the antenna supports a strong splitting of the EQ mode at w/w, = 1.035 and
a high-Q EO mode at w/w, = 1.055, leading to a transition from invisibility to visibility associated with a
60-fold enhancement of the total scattering cross section (SCS). Besides splitting the EQ and EO modes,
broadband ED and MD resonances also contribute to the SCS of the magnetized InSb antenna.

The contribution of the LDOS to the total decay rate of a quantum emitter implies that local electric field
enhancement provided by the plasmonic characteristics of the InSb antenna significantly improves the
radiative decay rate of an emitter coupled to the antenna. Such a unique feature motivates us to study the
dynamic engineering of a dipole emitter’s radiative decay rate in microscale proximity to the spherical InSb
antenna beyond a quasi-static approximation. In this direction, the InSb antenna is fed by an x-oriented ED
source with the coupling distance of d = 3 ym. The coupled system balances the divergent effects at this
distance, avoiding the reduction of the emitter to a plane wave at larger distances and mitigating the
dominant non-radiative Forster rate energy transfer (FRET) at closer ranges [23]. The nature and
orientation of the emitter also play important roles in coupled system design, enabling the selective
excitation of the resonant modes of the antenna [57].

Figures 1(c) and (d) depict the dependence of the radiative decay rate on frequency for the InSb antenna
excited by the x-oriented ED source. Without the magnetic field, as shown in figure 1(c), the radiative decay
rate witnesses a significant enhancement in the frequency range from w/w, = 0.9 to 0.95, corresponding to
the spectral interval of the parent EQ and EO resonances. The radiative decay rate experiences approximately
200-fold enhancement due to the EO resonance with a high Q-factor, while a broader EQ resonance leads to
a lower enhancement. On the other hand, the magnetized coupled system realizes multi-band radiative decay
rate enhancement owing to the contribution of Zeeman-splitting EO, EQ, and ED modes to the radiative
coupling channels. The mechanisms of the radiative decay rate enhancement around frequencies of
w/wy = 0.85 and 0.925 are similar to the unmagnetized case. Lower Zeeman-splitting EO and EQ modes
resonantly interact with the transition moment of the ED source, realizing up to 50-fold radiative decay rate
enhancement at w/w, = 0.85. As shown in figure 1(c), another enhancement arises from the EO and EQ
modes at w/w, = 0.925, where the latter broadens the spectral response of the radiative decay rate. Another
maximum radiative decay rate is also observed at w/w, = 0.98, resulting from the higher Zeeman-splitting
EO resonance.

An interesting behavior of the magnetized InSb antenna is observed in figure 1(d), where the radiative
decay rate enhances up to 60 times due to the resonant interaction of the ED source’s transition moment
with both the broad EQ and higher Zeeman-splitting EO modes. However, without the magnetic field, the
InSb antenna is invisible; thus, the radiative decay rate equals one across the spectral range highlighted by the
gray area. As mentioned earlier, the antenna can dissipate the emitted energy of the ED source either
radiatively or non-radiatively. In the coupled emitter-antenna system, the radiative decay rate channel
corresponds to the antenna’s scattered electromagnetic field at the emitter position. In contrast, the
non-radiative decay rate channel is proportional to the absorption losses of the antenna.

As mentioned earlier, the coupling distance (d) is another crucial parameter modifying the total decay
rate. Figures 1(e) and (f) indicates the distance dependence of the radiative and non-radiative decay rates at
the fixed frequency of w/w, = 1.05 associated with the transparent window of the InSb antenna. Under zero
magnetization, the radiative decay rate is unity, irrespective of the coupling distance, since the antenna is
invisible and the surrounding electromagnetic environment evokes free space for the dipole source. By
applying the static magnetic field B, = 0.2 T, Zeeman-splitting modes realize a 60-fold enhancement for the
radiative decay rate when the ED source and the antenna are in close proximity. By increasing the coupling
distance, the resonant interaction of splitting modes with the ED source’s transition moment weakens, and
thus the enhancement factor decreases. For longer distances, the enhancement factor is unity as the dipole
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Figure 2. (a) The scattering spectra of the hybrid antenna under plane-wave illumination in the static magnetic field’s presence
(solid lines) and absence (dashed lines). By applying the static magnetic field (B, = 0.2 T) along the z-direction, multipole
moments experience a slight redshift due to the Zeeman effect, while the high-Q parent MO mode splits into two resonant modes
in the spectral interval from w /w, = 1.2 to 1.22. (b) The enhancement of the radiative decay rate for the coupled system is driven
by an x-oriented ED emitter as a function of frequency. In this orientation, every multipole moment contributes radiatively to the
coupling channels. The insets, showing the normalized electric-field distributions for each resonance peak, highlight the relatively
weak coupling between the multipole moments and the ED source. (c) The radiative decay rate of the z-oriented ED source
located near the hybrid antenna with the coupling distance of d = 3 pum. The spectral response of the radiative decay rate
demonstrates a strong dual-band enhancement factor upon magnetization, whereas the maximum radiative decay rate
enhancement is recorded under zero magnetic bias. The insets display the normalized electric-field distribution of the MO
resonance peak excited by the ED emitter. (d) The non-radiative decay rate of the magnetized system versus coupling distance
upon the z-oriented ED emitter excitation at the fixed frequency of w/w, = 1.205 corresponding to the resonance frequency of
the MO mode.

source cannot ‘feel’ the antenna (see figure 1(e)). As shown in figure 1(f), the unmagnetized coupled
emitter-antenna experiences a zero non-radiative decay rate due to the invisibility of the antenna. Under a
biased magnetic field of B, = 0.2 T, a strong near-field interaction between the ED source’s transition
moment and the broad ED mode of the antenna dramatically enhances the non-radiative decay rate for
shorter coupling distances due to FRET phenomena. This non-radiative dipole-dipole interaction becomes
ineffective for longer coupling distances, so the non-radiative decay rate falls to zero far from the antenna
(see figure 1(f)). The magnetized InSb antenna is an active photonic device that allows us to realize dynamic
tunable multi-band SE rate enhancement. However, the total emitted power of the ED source is mainly
absorbed by the antenna in the near-field region due to significant Joule heating losses of the InSb material,
as shown in figure 1(f). Dominant non-radiative channels in the coupled system design give rise to a low
quantum efficiency for the antenna, impairing the high free-space radiation rate required for SPSs. We
propose an all-dielectric antenna featuring a high quantum efficiency in the following.

3.2. Hybrid Si-InSb antenna
Let us consider a hybrid cylindrical antenna composed of silicon (Si) and InSb layers with the same radii of
r =35 um in the THz regime (depicted in figure 2). The Si layer, as a high-index and low-loss material,
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comprises the antenna’s upper part with a height of h; = 80 um to harness the Joule heating losses of the
design. The dielectric permittivity of Si is set to £g; = 10.6 since the material shows a constant permittivity
with negligible inherent losses in the studied frequency range. The lower part is made of InSb with a height
of h, = 8 um to supply the magneto-optical properties required for this active antenna. The design principle
resides in two aspects. First, the aspect ratio, (h; + h,)/r, of the cylindrical antenna is optimized to support
scattering resonances with high Q factors [58]. Second, a given spectral range far from the main absorption
band of InSb is chosen such that the material shows moderate positive dielectric permittivity and low losses,
as shown in figure S1. When both constituent elements of the antenna exhibit dielectric behaviors, an
induced displacement current exceeds the conductive one in the desired frequency range, and thus the
all-dielectric antenna can excite robust concurrent electric and magnetic resonances (See figure S3).

In figure 2, we investigate the radiative decay rate variations of an emitter with ED transition near the
hybrid antenna with the coupling distance of d = 3 um. We show the SCS of the cylindrical antenna under
plane-wave illumination in figure 2(a). In the presence of a magnetic field B, = 0.2 T, a dominant narrow
linewidth magnetic octupole (MO) mode is split into distinct resonances due to the Zeeman effect, while the
other broadband multipole resonances experience slight blue-shifts. Two MO resonances at frequencies of
w_ mo/wp = 1.202 and w4 mo/wp = 1.206 result from a parent MO resonance at w/w, = 1.204. Positioning
the x-oriented ED source perpendicular to the hybrid antenna’s nearest surface, specifically at the side,
enhances the radiative decay rate by a factor of 20 around w/w, = 1.24, due to the strong contribution from
the broad EQ mode to the radiative coupling channels. In this configuration, the high-Q MO mode has only
weak coupling with the emitter, resulting in a more modest, 10-fold enhancement of the radiative factor
around the resonance frequency of the MO mode (see figure 2(b)).

Under a magnetic bias B, = 0.2 T, the coupled system retains multi-band radiative decay rate
enhancement, akin to the unmagnetized case. However, the contribution of the MO splitting modes to the
radiative coupling channels undergoes further attenuation due to the Zeeman effect.

Considering the significant impact of the emitter’s orientation on decay-rate enhancement, we examine a
configuration in which a z-oriented ED emitter is aligned parallel to the incident polarization and situated at
the side position relative to the antenna, as illustrated in figure 2(c). Under zero magnetization, the MO
mode strongly contributes to the radiative coupling channels, and the radiative decay rate experiences up to a
140-fold enhancement. As shown in figure 2(c), the coupled system can enhance the dual-band radiative
decay rate when the magnetized antenna supports the MO splitting resonances. The insets display the
normalized electric field distributions of the coupled system, allowing us to perceive the contribution of
multipole moments in the coupling channels. In figure figure 2(b), the emitter is oriented perpendicularly to
the antenna’s surface and the incident electric field, predominantly stimulates the electric multipolar
resonances. In contrast, figure 2(c) shows that an emitter parallel to the antenna’s surface and the incident
electric field tends to couple more effectively with the magnetic multipolar resonances.

Figure 2(d) depicts the non-radiative decay rate of the z-oriented ED source as a function of the coupling
distance (d), highlighting that the power absorbed by the antenna at the MO mode’s resonance frequency,
corresponding to the maximum radiative decay rate, is negligible. This verifies the superior performance of
the proposed all-dielectric antenna in minimizing dissipative losses compared to plasmonic coupled systems,
demonstrated by the significantly reduced non-radiative decay rate relative to the radiative decay rate in the
near-field region. As demonstrated in figure 2, a magnetic hotspot is achieved due to the MO resonance with
a high Q factor, promising highly efficient control of the radiative decay rate of an MD emitter.

An x-oriented MD emitter, located perpendicular to the closest surface of the antenna, enables the strong
radiative coupling channels with the MO resonant modes in the spectral range from w/w, = 1.2 to 1.21. In
the coupled MD emitter-antenna system, the radiative decay rate demonstrates a 600-fold enhancement due
to a narrow-linewidth MO resonance under a zero-bias magnetic field that can be engineered in the presence
of the applied magnetic field (See figure 3(a)). Hence, selective emission is another promising advantage of
the magnetized hybrid antenna in which spectral bands of the enhanced radiative decay highly depend on the
applied magnetic field’s strength. Increasing the applied magnetic field makes resonance peaks
well-separated across a broader spectral range. The Zeeman-splitting effect is linearly proportional to the
cyclotron frequency for magnetic fields B, < 0.3 T, and the split lines are symmetrical to the original
resonance peak observed at B, = 0. Based on Bohr magneton approximation, we cannot estimate the spectral
position of splitting resonances for larger magnetic field values. New resonance peaks are asymmetrically
separated compared to the original resonance. As demonstrated in figure 3(b), higher-frequency splitting
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Figure 3. (a) Frequency-dependent radiative decay rate of the x-oriented MD emitter positioned near the hybrid antenna. The
high-Q MO resonance generates substantial radiative coupling with the emitter’s transition MD moment, leading to a 600-fold
enhancement in the photon production rate (b). Dynamically tunable dual-band radiative decay rate enhancement of the
x-oriented MD source employing the applied magnetic field increment in the frequency range corresponding to the high-Q MO
mode.

resonances experience considerable blue-shifts while lower ones are slightly red-shifted under a biased
magnetic field B, > 0.3 T.

3.3. Optimized coupled system design

As highlighted previously, the normalized total decay rate depends on the position, orientation, and type of
the dipole source or quantum emitter. Evaluating decay rates based on varied antenna parameters presents
complexity and labor intensiveness such that numerical and semi-analytical methods often ignore mutual
interactions, leading to suboptimal results. To address this challenge, we employ advanced deep-learning
methods recognized for navigating complex and multi-dimensional datasets. We propose a convolutional
neural network (CNN) architecture to discern spatial intricacies within the coupled emitter-antenna system.
This CNN design adopts several convolutional layers, employing rectified linear unit (ReLU) activation to
determine hierarchical data representations. CNN output undergoes flattening and feeds into dense layers
for predictive analysis.

As illustrated in figure 4(a), the CNN inputs encompass the spatial coordinates of the quantum emitter,
the operational frequency, the value of the applied static magnetic field, and the type of quantum emitter.
The initial computational step involves the convolution layer of C; = ReLU(Conv(X, W;) + b;), where C;
determines each layer output. Here, X represents the input data, W; is the weight matrix for the ith filter and
b; is its corresponding bias. The ReLU function introduces non-linearity, allowing the model to adjust its
prediction. This operation is repeated for i =1 to N, where N is the total number of filters in the convolution
layer.

The output is passed through fully connected layers, and the network undergoes a flattening process,
converting the 2D data structure from the convolution layer into a 1D vector. This process of transformation
is represented as FC = ReLU(Wyc X Flatten(Cy) + brc ), where Wi represents the weight matrix and byc is
the bias for the fully connected layers. The network concludes with the output layer, which uses the
expression of ¥ = Wy X FC 4 boy, where the output ¥ demonstrates the estimated radiative or
non-radiative decay rate.

Utilizing our approach, we can determine both the type and optimal positioning of a quantum emitter
near an antenna to optimize radiative decay rates. Figure 4(b) illustrates the radiative decay rate for a dipole
source positioned variably around the antenna’s external surface. Notably, an x-oriented MD source placed
adjacent to the hybrid antenna at (37 m, 0 4m, 40 pm) reaches an enhancement factor of 700 at the
frequency range corresponding to the MO mode’s resonance frequency under zero magnetization. To verify
this prediction, figure 4(c) displays the simulation result of both radiative and non-radiative decay rates for
m, dipole source at its prime location, mirroring CNN’s predictive output. The inset presents the far-field
radiation pattern of the maximum value corresponding to the dominant MO mode in a non-magnetized
state.
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Figure 4. (a) The CNN architecture is tailored to identify the ideal position of a variably oriented dipole source that yields the
maximum radiative decay rate near the hybrid antenna. This approach holds the constant coupling distance (d = 3 um). (b) The
radiative decay rate of the m, dipole source at varied positions around the hybrid antenna’s outer surface. The CNN prediction
indicates a seven-fold enhancement factor when m, is situated at (37 m, 0 um, 40 pm) within the frequency range
corresponding to the MO mode in a non-magnetized state (c). The radiative and non-radiative decay rates of the m, dipole
source at its optimal position align with the MO mode’s resonant frequency in a non-magnetized environment under numerical
simulation. The maximum value of the radiative decay rate validates the CNN prediction. The inset highlights the far-field
radiation pattern, emphasizing the dominant radiation efficiency of the MO mode in free space. (d) The radiative decay rate
variations for three different values of the applied magnetic field. The Zeeman-splitting effect becomes broader with the
increment in the applied magnetic field, while the enhancement factor decreases compared to the absence of the magnetic field.
The insets display the spatial variations of the far-field electric-field patterns corresponding to radiative decay rate maxima at the
resonant frequencies of w/w, = 1.207(B, =1.5T) and w/w, = 1.264 (B, =1T).

4. Conclusions

In this study, we numerically investigated the impact of an active antenna on the total decay rate of an
emitter. The active antenna allows one to dynamically manipulate the scattering response by external agents.
InSb material, a III-V semiconductor with strong magneto-optical properties in the THz region, has been
employed to realize the active antenna that can modify light—matter interaction via an applied static
magnetic field. We used the multipole decomposition method to obtain the SCS of the antenna under
plane-wave illumination. The scattering response of the antenna allows us to determine which type of
emitters efficiently interact with the antenna.

In the first section, we proposed a spherical InSb antenna to modify the radiative decay rate of an ED
source upon magnetization. We have shown that the radiative decay rate experiences a multi-band
enhancement when the magnetized antenna has plasmonic features. In contrast, the maximum enhancement
factor of about 200 times is observed for the unmagnetized case. Moreover, a transition from invisibility to
visibility has been shown in the ENZ region such that the transparent antenna turns into a strong scatterer
under a biased magnetic field. Thus, the radiative decay rate dramatically increases by up to 60 times.
However, the proposed active antenna suffers from high Joule heating losses, impairing its quantum
efficiency associated with a low photon production rate.

To mitigate this limitation, we proposed a cylindrical hybrid antenna composed of Si and InSb layers to
act as an all-dielectric active antenna. Due to its robust magnetic resonance, we have found that the hybrid
antenna is very promising for dynamic control of the radiative decay rate of an MD emitter. Results show that
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the magnetized hybrid antenna achieves an enhanced tunable dual-band radiative decay rate for the MD
source, so each band represents enhancement factors of several hundred. Moreover, we have found that the
hybrid antenna harnesses non-radiative processes, leading to high quantum efficiency.

Finally, we employed a modified deep-learning CNN to determine the emitter’s position within the
coupled system precisely. This position maximizes the radiative decay rate when an x-oriented MD source,
located at the coordinates (37 m, 0 zm, 40 m), couples with the hybrid antenna. Remarkably, this
configuration boosts the radiative decay rate up to 720 times under zero magnetization. This finding was
further validated through numerical simulations using Comsol, confirming the prediction of our modified
deep-learning network. Offering dynamic splitting bandwidth via the proposed coupled system holds
significant potential for designing tunable THz SPSs suitable for practical quantum applications.
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Supplemental Material

1 Dielectric Permittivity of InSb

We use the Drude model to express the permittivity tensor of InSb at THz frequencies,
denoted by

€z Eay 0
)= €y gy 0 |, (1)
0 0 e,

where the tensor elements of Eq. (1) are defined as
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We consider the parameters of an n-doped InSb semiconductor |1, 2|, where
£ = 15.6 is the background permittivity, w, = 12.56 x 10'? rad/s is the plasma
frequency, 7, = 0.01w, as the damping constant represents the Ohmic losses of InSb, and
we = eB,/m* is the cyclotron frequency depending on the external magnetic field (B.,),
electron charge (e) and effective mass (m* = 0.0142my). The low effective mass of InSb
results in a strong anisotropy under a weak external magnetic field [3, 2, 4|. Figure S1
compares the spectral dependency of InSb’s complex permittivities in the presence and
absence of the applied magnetic field.

Without the magnetic field (B, = 0), off-diagonal elements of the InSb permittivity
disappear due to the cyclotron frequency dependence. On the other hand, diagonal
elements are identical, showing negative real parts at lower frequencies than w,, and
positive values for the imaginary parts across the whole spectral range (Fig. Sla and c).
Under zero magnetization, the optical response of InSb only depends on the real part of
€..(w) so that its negative values result in a plasmonic behavior 5], and the positive ones
turn the material into a relatively high-index dielectric [2]. The positive values of its
imaginary part demonstrate the Ohmic losses of InSb, specifically in the plasmonic region.
In the presence of the magnetic field (B, = 0.2 T), the real parts of the components
remain almost unchanged, and only ¢,,(w) increases at lower frequencies compared to
the previous case (Fig. S1b). On the other hand, the imaginary parts of the magnetized
components experience major variations, in which off-diagonal components demonstrate
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Figure S1: (a, ¢) Real and imaginary parts of InSb’s dielectric permittivity as functions of
frequency under zero magnetization (B, = 0). The diagonal elements are identical, while
the off-diagonal ones vanish due to cyclotron frequency dependence. (a) The real part of
the diagonal elements is negative at frequencies w/w, < 1, representing the plasmonic region
of InSb. For frequencies w/w, > 1, InSb is a dielectric material due to the positive real
part of its permittivity. (c) The positive imaginary part of the diagonal elements is larger
in the plasmonic region, denoting the Joule heating losses of InSb as the plasmonic material.
(b, d) The real and imaginary parts of InSb’s permittivity as functions of frequency upon
magnetization (B, = 0.2 T). (b) The real parts of the diagonal elements increas compared
to the unmagnetized case, and e, (w) dissociates from ¢,,(w) at lower frequencies. On the
other hand, the off-diagonal elements remain almost unchanged, similar to the previous case.
(d) In the presence of the applied magnetic field, the imaginary part of the diagonal elements
is negligible, while the off-diagonal ones demonstrate considerable variations. €., (w) shows
negative values across the studied spectral range so that it improves the plasmonic behavior
of InSb at frequencies w/w, < 1. On the other hand, e,,(w) is positive throughout the broad
spectral range, increasing absorption losses of the material.

the same values with different signs. As shown in Fig. S1(d), €,,(w) indicates the negative
values that can robustify the plasmonic behavior of InSb in agreement with the negative
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real parts of the diagonal components, whereas ¢,, (w) increases the Ohmic losses of the
material in the plasmonic region due to its considerable positive values.

2 Scattering Cross Section of the Single Resonant Antenna

We first evaluated the scattering characteristics of the proposed antenna using multipolar
decomposition [6]. The incident light can induce an electric conductive or displacement
current on the antenna such that the scattered field originates from the induced oscillating
current carrying multipole moments mentioned in Eq. (S11). The respective induced
current is described as J(r,w) = iwep(e(w) — 1)E(r,w), where £(w) is the dielectric
permittivity of the antenna and E(r,w) describes the electric field distribution around
and inside the antenna that can be numerically calculated by the RF module of COMSOL
version 6 software. By having the electric-induced current, we can obtain the proposed
antenna’s total scattering cross-section (SCS) based on the contribution of multipole
moments as follows:
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and the scattering cross-section from the antenna can be expressed in terms of multipole
moments provided by Eqgs. (5) to (10) as

k‘4 4
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Here po/ma, Qf/Qus and Ofg /O are electric/magnetic dipole moments,
electric/magnetic quadrupole moments, and electric/magnetic octupole moments,
respectively, c¢ is the speed of light, Fj represents the electric field magnitude of the
incident light, and «, 8,7 = z,y, 2

2.1 Spherical InSb Antenna

We consider a linearly z-polarized plane wave propagating with the wavevector k along
the y illumination direction. By applying a static magnetic field, we dynamically modify
the scattered light characteristics of the antenna owing to the anisotropic behavior
observed in InSb dielectric permittivity (See Fig. S1).

Fig. S2 shows the SCS of the InSb antenna, allowing us to identify the electromagnetic
resonant modes excited in the system. The spectral response of the SCS is divided
into three specific regions corresponding to InSb’s dielectric permittivity shown in
Fig. S1(a). The induced electric conductive current excites a broad ED, a narrow
EQ, and an ultra-narrow EO with a very small magnitude corresponding to negative
values of InSb’s permittivity to realize a plasmonic antenna in the studied frequency
range of @/, < 1. The total SCS of the antenna at frequencies slightly higher than w,
nearly vanishes to provide a transparent region associated with near-zero values of InSh
permittivity. An induced circular displacement current is excited inside the antenna at
higher frequencies, so the total SCS also has contributions from magnetic dipole (MD)
and magnetic quadrupole (MQ) modes. The concurrent support of multipolar electric
and magnetic resonances realizes a dielectric antenna associated with positive real parts
of InSb permittivity. The scattering response of the antenna is dramatically enhanced in
the transparent region under an applied magnetic field due to the contribution of the
splitting EQ and EO resonant modes, as shown in Fig. S2(b).
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Figure S2: The scattering characteristics of the spherical InSb antenna with the radius
r = 30 pm under z-polarized plane wave illumination with the wavevector k,, (a) in the
absence and (b) in presence of the applied magnetic field. (a) The total SCS of the antenna
indicates five resonance peaks arising from the contribution of the dominant ED, MD, EQ),
MQ), and EO modes. The insets demonstrate the antenna’s instantaneous normalized
electric field distributions corresponding to the total SCS maxima, further clarifying the
nature of the electromagnetic resonant modes. (b) The scattering characteristics of the
antenna are modified upon magnetization where the Zeeman splitting effect makes the
originally invisible structures visibile around «/w, = 1. The insets specifically focus on
the SCS of the magnetized antenna in the ENZ region. Here, the high-) multiband EO
resonant modes significantly influence the antenna’s scattering response.
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Fig. S2 shows the SCS of the InSb antenna, allowing us to identify the electromagnetic
resonant modes excited in the system. The spectral response of the SCS is divided
into three specific regions corresponding to InSb’s dielectric permittivity shown in
Fig. S1(a). The induced electric conductive current excites a broad ED, a narrow
EQ, and an ultra-narrow EO with a very small magnitude corresponding to negative
values of InSb’s permittivity to realize a plasmonic antenna in the studied frequency
range of @/, < 1. The total SCS of the antenna at frequencies slightly higher than w,
nearly vanishes to provide a transparent region associated with near-zero values of InSh
permittivity. An induced circular displacement current is excited inside the antenna at
higher frequencies, so the total SCS also has contributions from magnetic dipole (MD)
and magnetic quadrupole (MQ) modes. The concurrent support of multipolar electric
and magnetic resonances realizes a diclectric antenna associated with positive rcal parts
of InSb permittivity. The scattering response of the antenna is dramatically enhanced in
the transparent region under an applied magnetic field due to the contribution of the
splitting EQ and EO resonant modes, as shown in Fig. S2(b).

2.2 Hybrid Antenna

In this section, we scrutinize the scattering response of the hybrid antenna excited by a
linearly z-polarized plane wave impinging along the z-axis, as shown in Fig. S3. The
antenna is made of a lower InSb layer and an upper Si layer with a radius of 35 ym and
a height of 8 ym and 80 pm, respectively. Under zero magnetization, the multipolar
decomposition of SCS reveals a resonance with a high @) factor in the spectral interval
around w/w, = 1.22, corresponding to the contributions of the dominant MO mode, which
is splitted into two resonant modes with high-Q) factors upon weak magnetization. The
insets demonstrate the normalized instantancous clectric field distributions of the total
SCS maxima, allowing us to elucidate how the incident wave resonantly interacts with
the antenna. The anti-parallel electric field’s polarizability at the opposite sides of the
dielectric cylinder induces a circular displacement current, leading to a narrow-linewidth
MO resonance inside the particle.

3 Optimization Method Algorithm

Our methodology employs stochastic gradient descent (SGD) to refine our model’s
parameters iteratively. SGD fine-tunes the CNN’s weights and biases by minimizing the
MSE loss. Given the intricate high-dimensional nature of the coupled system features,
we use a genetic algorithm to pinpoint the most relevant feature subset. This algorithm
evolves a population of feature sets over multiple iterations, leveraging crossover and
mutation techniques. The effectiveness of each feature set is assessed through the
accuracy of CNN’s predictions.

In our validation, we conduct rigorous tests on a contemporary dataset encompassing
diverse antenna systems. Our deep learning model outperforms conventional regression
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Figure S3: The SCS of the hybrid cylindrical antenna under z-polarized plane wave
illumination with the wavevector k, (a) in the absence and (b) in presence of the applied
static magnetic field. The scattering response of the antenna supports all multipole
moments across the studied spectral range in which the contribution of the MO mode is
significant and experiences the Zeeman splitting effect upon magnetization, leading to
the splitted MO resonant modes, as shown in panel (b). The upper part of the antenna
is made of a Si layer with the height and radius of 80 and 35 pum, respectively. InSb
layer comprises the lower part of the antenna with the height and radius of 8 and 35 pm,
respectively. The insets show the instantaneous normalized electric field distributions
around the antenna corresponding to the total SCS maxima.
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techniques. Furthermore, the genetic algorithm adaptly discerns the paramount features
crucial for precise decay rate prediction. Overall, integrating deep learning with genetic
algorithm-driven feature selection presents a significant advancement in addressing
challenges in coupled emitter-antenna systems (See. Algorithm 1).
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Algorithm 1 Enhanced Deep Learning and Genetic Algorithms for radiative decay rate

prediction

1:

W W N NN DN NN DN NN N R P P 2 = BB 2 BB =
e L = IR I S I SO I T

Data Preprocessing:

Normalize spatial coordinates (X, v, z)

Apply one-hot encoding for frequency and applied magnetic field
Neural Network Initialization:

Set up neural network architecture with random weights and biases
Genetic Algorithm Parameters:

Set population size P, number of generations GG, and mutation rate M
Initialize population of feature sets F' with P individuals

Deep Learning Training:

Define the number of epochs and learning rate

. for each epoch do

Compute predicted radiative decay rate Y
Compute MSE loss: MSE = 1% (Y; — V)2
Update model parameters via optimizer (e.g., SGD)

. end for
: Genetic Optimization:

for generation g = 1 to G do
Evaluate fitness of each feature set f € F' using the neural network
Select best-performing individuals for mating pool MatingPool
Populate NewF' by applying genetic operations on M atingPool
for each feature set f € NewF do
if random value < M then
Introduce mutation to f
end if
end for
Update population: F' < NewF
end for

: Optimal Features:

: Select feature set with topmost fitness value from the final population
: Final Prediction:

. Predict radiative decay rate using the selected feature set
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Chapter 5

SHG Plasmonic Metasurface with
Randomly Oriented Meta-Atoms

5.1 Introduction

Optical imaging has become an essential tool for probing the structural and
functional properties of complex materials and biological samples. Conven-
tional techniques, such as confocal microscopy and fluorescence imaging,
are widely used to detect and monitor intracellular variations [141]. While
these approaches are effective for far-field microscopy, they primarily probe
spatially averaged responses and remain constrained by diffraction-limited
resolution in label-free and real-time imaging applications [142, 143]. These
limitations are further pronounced in biological media, where scattering and

absorption reduce signal strength and limit imaging speed [144].

Nonlinear optical microscopy offers an alternative imaging paradigm by
exploiting frequency conversion processes to generate intrinsic optical con-
trast that is sensitive to molecular symmetry, orientation, and structural
ordering [145]. A broad range of nonlinear techniques, including two-photon
excited fluorescence, second-harmonic generation (SHG), third-harmonic
generation (THG), coherent anti-Stokes Raman scattering, and stimulated
Raman scattering, has emerged as powerful, high spatiotemporal resolu-
tion, and non-invasive diagnostic tools [145]. These modalities have en-
abled significant advances in biomedical imaging [145, 146], ultrafast mi-
croscopy [147], and nonlinear spectroscopic analysis [148]. In particular, non-
linear microscopy is well suited for probing real-time subcellular dynamics
of polar biomolecular structures, such as microtubules, collagen, x-amino
acids, and muscle myosin [149].
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Despite these advantages, nonlinear optical responses arising from higher-
order light-matter interactions are inherently weak and therefore often re-
quire high excitation power, typically provided by pulsed laser sources.
In conventional bulk nonlinear platforms, efficient frequency conversion
further depends on satisfying phase-matching conditions, which generally
require materials and structures with extended interaction lengths and high
Q-factors, such as photonic crystal fibers or quasi-phase-matched periodi-
cally poled materials [150, 151]. Moreover, the use of high excitation power
may induce photodamage or photobleaching in biological samples, limiting
the applicability of bulk nonlinear systems for compact, high-resolution, and

biologically compatible imaging platforms.

Plasmonics provides an effective strategy for overcoming the fundamental
limitations of conventional optical imaging by enabling strong confinement
and enhancement of electromagnetic fields at the nanoscale [152]. Through
the excitation of localized surface plasmon resonances (LSPRs) in metal-
lic meta-atoms and surface plasmon polaritons (SPPs) at metal-dielectric
interfaces, optical energy can be concentrated into deeply sub-wavelength
volumes, leading to a substantial increase in local field intensity without
increasing the input power [30]. This capability has enabled a wide range
of plasmonics-assisted imaging and sensing techniques. Among these,
surface-enhanced Raman scattering (SERS) exploits plasmon-induced field
enhancement to amplify intrinsically weak vibrational signals, achieving
sensitivities far beyond those of conventional Raman spectroscopy [153].
In parallel, plasmonic meta-atoms have been incorporated into near-field
imaging approaches, including atomic force microscopy (AFM) [154] and
scanning near-field optical microscopy (SNOM) [155], to achieve high spatial
resolution through surface-localized probing, thereby overcoming diffraction
limitations and weak optical responses [156].

Plasmonics has also emerged as a powerful platform for nonlinear optical
processes beyond its linear imaging and sensing applications. In plas-
monic meta-atoms, strong electromagnetic field confinement enables effi-
cient nonlinear frequency conversion in a phase-matching-free regime [35],
eliminating the need for long interaction lengths that are typically required
in bulk nonlinear media. Noble metals, as commonly used plasmonic
materials, possess centrosymmetric crystal lattices that suppress even-order
nonlinear optical interactions [157]. Consequently, plasmonic meta-atoms

are engineered with non-centrosymmetric geometries to support even-order
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nonlinear processes. Under resonant excitation, LSPRs strongly enhance the
local pump field, giving rise to local nonlinear current sources that oscillate
at frequencies different from the excitation frequency and act as efficient
emitters of nonlinear radiation. Within this framework, plasmonic structures
can either enhance nonlinear signals generated in nearby materials or operate
as intrinsic ultrafast nonlinear emitters when inversion symmetry is broken
at the nanoscale [158].

Plasmonic metasurfaces extend this concept by arranging resonant meta-
atoms into planar arrays, enabling collective effects that provide additional
degrees of freedom to engineer nonlinear generation and radiation. In
particular, periodic metasurfaces can support surface lattice resonances
(SLRs), which arise from the constructive coupling of individual LSPRs
through in-plane Rayleigh-anomaly diffraction channels [159]. Compared
to single resonant meta-atoms, SLRs exhibit higher Q-factors and more
spatially distributed electromagnetic field enhancement, which significantly
increases the effective light-matter interaction strength and improves nonlin-
ear conversion efficiency near the metasurface plane. Moreover, plasmonic
metasurfaces can be engineered such that plasmonic resonances occur at
both the pump and output nonlinear frequencies [126]. Resonances at these
frequencies simultaneously enhance the generation of nonlinear signals and
their emission or radiation into the far-field, enabling compact and high

efficiency nonlinear metasurface architectures.

Notably, coherent nonlinear processes such as SHG can be directly enhanced
in plasmonic resonant devices [122]. At the nanoscale, SHG in plasmonic
systems is described in terms of induced nonlinear current densities. Anhar-
monic oscillations of conduction electrons under intense optical excitation
generate oscillating nonlinear currents at the second-harmonic frequency,
which act as coherent radiation sources. The induced nonlinear current in
plasmonic meta-atoms depends on the dominant second-order susceptibility
tensor elements x;jx, and can be expressed as [119]

JNE = —i 200 €0 ( Xumn En Enft + ottt Exy o + Xt Eny Er

) ) G.1)
+ XitnEr Enty + XttnEtzEnt2> ,
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where the linear local electric field generated by the resonant plasmonic

meta-atoms can be written as
E(w) = Enﬁ + Etl/t\l + Etziz. (52)

Here, fi denotes the surface normal unit vector, while t; and t, are orthogonal
tangential unit vectors to the meta-atom surface. By assuming a negligible
contribution from bulk nonlinearities in plasmonic meta-atoms, the overall
SHG response is governed by the strength of excited second harmonic dipole

moments generated by the induced nonlinear surface currents.

From a biological imaging perspective, SHG is well suited for real-time
probing of polar and anisotropic structures, as many biological assem-
blies, such as microtubules, possess intrinsic polarity and can be treated
as asymmetrical configurations [160]. However, SHG intensity is strongly
polarization dependent and varies with the relative orientation between
the nonlinear emitter and the incident optical field [161, 162]. While this
orientation sensitivity provides rich structural information, it becomes a
practical challenge when emitters are not aligned or exhibit dynamically
varying orientations. Motivated by this limitation, this chapter focuses on a
randomly oriented SHG plasmonic metasurface as an engineered nonlinear
platform to identify how meta-atom orientation governs the measured SH re-
sponse. In this approach, meta-atoms are distributed in different orientations
such that, under a different excitation polarization, only specific orientations
efficiently couple to the pump field, generate strong plasmon-enhanced
nonlinear currents, and contribute substantially to SH emission, while other
orientations remain inactive. This random-orientation architecture therefore
clarifies which orientation channels dominate the overall emission and how

the SH response evolves in structurally disordered systems.

5.2 Design and Modeling

In this section, the SH response of a plasmonic metasurface composed of
asymmetrical L-shaped meta-atoms with different orientations is investi-
gated. Figure 5.1 shows the unit cell of the proposed metasurface, where
gold L-shaped meta-atoms are placed on a silica substrate. An interparticle
spacing of 1 ym is chosen to suppress near-field coupling and avoid hy-
bridization between the plasmonic resonances of neighboring meta-atoms.

The lattice constants of the metasurface unit cell in the x—y plane are set to
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FIGURE 5.1: Unit cell of the plasmonic metasurface composed
of asymmetrical L-shaped gold meta-atoms with different ori-
entations on a silica substrate.

Ly = L, = 2 ym. The geometrical parameters of the L-shaped meta-atoms
consist of two orthogonal arms with lengths of 180 nm and 170 nm, a
width of 80 nm, and a thickness of 25 nm. To eliminate non-physical field
singularities associated with sharp corners and to reflect realistic fabrication
conditions, the edges of the meta-atoms are rounded with a curvature radius
of 10 nm [163]. In addition, a chromium adhesion layer with a thickness
of 3 nm, which is essential in the fabrication process [162], is included
beneath the gold meta-atoms to accurately estimate the optical response of

the plasmonic metasurface.

As the first step, we study the linear optical response of the proposed
metasurface using full-wave simulations performed in COMSOL software.
The complex permittivity of gold is described by the Drude model with a

0 rad/s, free carrier concentration

plasma frequency of w, = 1.781 x 1
N = 856 x 102 cm~3, damping constant v = 3.35 x 10'® rad/s, and
effective mass m* = 7.83 x 107%° kg [30, 164]. The metasurface is excited
by a normally incident, linearly polarized plane wave propagating along the

z-direction.

Figure 5.2 shows the transmission spectra of the metasurface under x- and
y-polarized excitations. The metasurface exhibits two pronounced reso-
nances at wavelengths around 800 nm and 1100 nm, which originate from
individual ED-LSPR modes of the randomly oriented meta-atoms. The
strong polarization dependence of these resonances arises from the L-shaped
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FIGURE 5.2: Transmission spectra of the plasmonic metasurface

under x- and y-polarized plane wave excitation propagating

along the z-direction, showing polarization-dependent LSPRs
around 800 nm and 1100 nm.

geometry of the meta-atoms, which supports distinct current distributions
and effective dipole moments along its two orthogonal arms [165, 166].
Under x-polarized excitation, the incident electric field strongly couples
to the longer effective current path of the meta-atoms projected along the
x-direction, giving rise to a dominant red-shifted resonance around 1100 nm.
In contrast, under y-polarized excitation, a higher-energy resonance emerges
near 800 nm, which is stronger than that observed for the x-polarized case.
This behavior originates from the efficient coupling of the incident electric
tield to a shorter effective current path supported by the meta-atoms [167].

Following the polarization-dependent transmission spectra shown in
Fig. 5.2, the near-field response of the metasurface is analyzed to assess
the contribution of the randomly oriented meta-atoms to the observed reso-
nances. Figure 5.3 shows the plasmon-assisted field enhancement within the
metasurface unit cell at the resonance wavelengths under x- and y-polarized

plane wave excitation.

For x-polarized excitation at the wavelength of 1100 nm, as shown in
Fig. 5.3(a), pronounced local field enhancement is observed for the V-shaped
meta-atoms, where the incident polarization is oriented across their gap,
exciting a bright plasmon mode and generating hotspots at the antenna
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FIGURE 5.3: Local linear E-field enhancement distributions
within the metasurface unit cell at resonance wavelengths un-
der (a,b) x-polarized and (c,d) y-polarized plane wave excita-
tion, showing orientation-dependent LSPRs of the meta-atoms.

tips. In addition, the L-shaped meta-atoms positioned at the bottom of
the unit cell exhibit remarkable field enhancement which is consistent with
the low-energy bent longitudinal current mode reported for asymmetric
L-shaped antennas [165], in which charge accumulation at the outer corners
leads to strong local field enhancement. Figure 5.3(b) shows the near-field
distribution within the metasurface unit cell at the resonance wavelength
of 800 nm, where the local field enhancement becomes strongly orientation
dependent. In this case, the L-shaped and rotated central meta-atoms exhibit
pronounced hotspots that are localized near the junctions of their arms, con-
sistent with the higher-energy mode of L-shaped meta-atoms characterized
by out-of-phase longitudinal current oscillations on the two arms [165]. By
contrast, the V-shaped elements remain weakly excited at this wavelength

under x-polarized illumination.

Under y-polarized excitation, the V-shaped meta-atoms remain nearly inac-
tive at the resonance wavelength of 1100 nm, whereas the L-shaped meta-
atoms exhibit strong local field enhancement, as shown in Fig. 5.3(c). This
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behavior follows the polarization selectivity of the low-energy bent longi-
tudinal mode supported by L-shaped meta-atoms, such that only those ori-
entations whose effective dipole has a large projection along the y-direction
are efficiently driven. In particular, the rotated central meta-atom couples
most strongly under y-polarization and therefore produces the dominant
local field enhancement observed in the unit cell. Finally, at the wavelength
of 800 nm under y-polarized excitation, as shown in Fig. 5.3(d), the local
tield enhancement is associated with the higher-energy mode of the L-shaped
meta-atoms in which the two arms oscillate out of phase, leading to enhanced
fields concentrated near the junctions of their arms. In this case, only
orientations providing sufficient modal overlap with the incident y-polarized
tield exhibit strong hotspots, whereas the central meta-atom remains weakly

excited due to inefficient coupling under this excitation condition.

The local field enhancement of the individual meta-atoms provides direct
insight into which orientations dominate the linear optical response, and
hence control the SHG behavior of the metasurface. In ultrathin media such
as plasmonic metasurfaces, which operate in a phase-matching-free regime,
SHG is evaluated as a nonlinear scattering process. In this framework, the
SH emission is governed by the strength and spatial distribution of local
induced nonlinear current sources that oscillate within the metasurface plane
and radiate into free space over a broad range of angles.

As the next step of this study, the nonlinear SH response of the metasurface
is obtained using a two-step modeling process. In the first step, the linear
electromagnetic response of the metasurface at the pump light frequencies is
calculated using the RF module of COMSOL software. The resulting local
linear electromagnetic fields are then substituted into Eq. (2.35) to compute
the induced nonlinear current components defined within the hydrodynamic
model. These nonlinear currents are defined within the volume of the meta-
atoms in the unit cell and act as localized nonlinear sources distributed across
the metasurface plane, oscillating at the SH frequency of the incident pump
light. In the second step, a frequency-domain scattering problem is solved
using the same COMSOL software’s module, where the induced nonlinear
currents serve as the only excitation sources at the SH frequency, while the
background electromagnetic field is set to zero. The resulting SH radiation
emitted by these current sources is collected in the forward direction using
a planar monitor positioned 200 nm above the metasurface. The forward
SH response is quantified by collecting the Poynting vector flux at the SH
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FIGURE 5.4: Near-field distributions of the forward SH re-
sponse of the plasmonic metasurface. (ab) Forward SH in-
tensity profiles under x- and y-polarized pump excitation
at 1100 nm. (c,d) Corresponding total induced nonlinear

SH current distributions within the meta-atoms, highlighting
orientation-selective SH emission channels.

frequency, which provides direct access to the near-field distribution of the

radiated SH intensity.

Figure 5.4 presents both the forward SH near-field intensity and the cor-
responding spatial distribution of the total induced SH current inside the
meta-atoms. For x-polarized pump light at the LSPR wavelength of 1100 nm,
Fig. 5.4(a) shows that the strongest forward SH intensity originates mainly
from the V-shaped meta-atoms located at the top of the unit cell. This
behavior is consistent with Fig. 5.4(c), where |]ts‘i§| is significantly larger
on the same V-shaped meta-atoms due to the strong local electric-field
enhancement supported by these orientations. The L-shaped meta-atoms at
the bottom of the unit cell also induce noticeable |]tS°}tI| in Fig. 5.4(c). However,
their contribution to the near-field SH intensity profile in Fig. 5.4(a) is much

weaker than that of the V-shaped meta-atoms.
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Under y-polarized pump light at the same LSPR wavelength of 1100 nm, the
dominant SH emission channel changes. Figure 5.4(b) exhibits a pronounced
SH hotspot localized around the rotated V-shaped meta-atom at the center of
the unit cell. This observation is supported by Fig. 5.4(d), where the strongest
J54| is localized on the same meta-atom, while the V-shaped meta-atoms
remain inactive and the L-shaped meta-atoms at the bottom of the unit cell
emit only weak SH signals. At the LSPR wavelength of 1100 nm for both
x- and y-polarized excitation, the remaining orientations contribute weakly
to the SH response because their effective current distributions are not effi-
ciently driven by the incident field. These orientations can emit stronger SH
radiation at the LSPR wavelength of 800 nm. However, based on additional
evaluations not reported here, their emission strength is approximately two
orders of magnitude lower than the SH intensity observed in Fig. 5.4(a) and
Fig. 5.4(b).

5.3 [Experimental Results

Following the numerical evaluation of the proposed metasurface, this section
focuses on its experimental linear characterization to assess its transmission
spectral response. The sample was fabricated by Dr. Lais Fuji dos Santos
using electron-beam lithography. The structure consists of gold meta-atoms
with a thickness of 25 nm deposited on a 0.5 mm-thick glass substrate, and a
3 nm chromium adhesion layer was used to enhance adhesion of the gold to
the substrate.

Figure 5.5(a) shows a schematic of the optical setup used to measure the
transmission spectra of the metasurface. The diverging light from a broad-
band supercontinuum laser source is first collimated using lens L1 with a
focal length of f = 35 mm, and then aligned along the main optical axis using
two mirrors, M1 and M2. A polarizer is placed after the mirrors to control
the polarization state of the beam incident on the sample. Two apertures,
Al and A2, are positioned along the optical path to ensure that the beam
center passes through the sample along a straight trajectory. The beam is
then focused onto the sample by lens L2 with a focal length of f = 50 mm.
The forward-scattered light from the sample is collected using a microscope
objective with a focal length of f = 17 mm. At the final stage of the setup,
the collected light is collimated by lens L3 with a focal length of f = 70 mm
and coupled into a multi-mode fiber with a core diameter of 400 ym using a
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fiber coupler. The output light is analyzed by an optical spectrum analyzer

to record the transmission spectrum of the metasurface.
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FIGURE 5.5: (a) Experimental setup used to measure the meta-

surface transmission spectrum. (b) Image of the beam incident

on a single metasurface within the fabricated sample. (c,d)

Measured transmission spectra of the metasurface under x- and
y-polarized beams, respectively.

Figure 5.5(b) presents an image of the fabricated sample captured by a mi-
croscopy camera, showing an array of nine metasurfaces, each with an area
of 480 x 480 um?. Each metasurface is composed of unit cells identical to that
illustrated in Fig. 5.1. The meta-atoms within each unit cell are randomly ori-
ented, with sufficient inter-particle spacing to suppress near-field coupling
between individual plasmonic resonances. As shown in Fig. 5.5(b), the laser
beam is focused to cover the entire area of the metasurface, ensuring a high
signal-to-noise ratio for accurate transmission measurements. Figures 5.5(c)
and 5.5(d) present the experimentally measured transmission spectra of the
metasurface under x- and y-polarized excitation, respectively. The results
show extrema near 800 nm and 1100 nm, corresponding to the LSPRs of the

meta-atoms, in good agreement with the simulated results shown in Fig. 5.2.

To image the SH response from randomly oriented meta-atoms, we fabri-
cated an additional metasurface, as shown in Fig. 5.6. The basic repeating
block comprises five meta-atom variants (two L-shaped and three V-shaped
orientations), with each variant repeated five times, resulting in a total of 25

meta-atoms per block. This 25-element block is replicated 19 times along
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the horizontal direction. Along the vertical direction, each meta-atom is
repeated 480 times, yielding an area of 480 x 480 um?. Figure 5.6(a) shows the
metasurface layout that the narrow red stripes contain the L-shaped meta-
atoms in two orientations, and the wider blue stripes contain the V-shaped
meta-atoms in three orientations. Figure 5.6(b) provides a magnified view of
the layout, where the L-shaped and V-shaped meta-atoms are highlighted in
red and blue, respectively. With a lattice constant of 1 ym in both the x and
y directions, near-field coupling between adjacent meta-atoms is negligible.
Consequently, the metasurface fabricated for SHG imaging supports only
individual LSPRs, and its linear optical response is identical to that of the

metasurface based on the unit cell shown in Fig. 5.1.

(a) (b)

P T YT S S S S R YT T T S S Y

-

r

r

r

r

r

Y

.

3

Y

Y

.

.

.

.

0

>

»

»

»

»

-
o & & & & & a8 & & & & & 6 s & &
o & & & 6 8 8 8 s s & 6 6 s & &
o & & 6 6 8 8 8 s s s 6 6 s s a
P T T ST S ST S ST SR T Y T T ST SN

FIGURE 5.6: (a) Layout design of the metasurface used for SHG
imaging. The narrow red stripes contain L-shaped meta-atoms
in two orientations, and the wide blue stripes contain V-shaped
meta-atoms in three orientations. (b) Magnified view showing
the arrangement and shape diversity of the meta-atoms, with
L-shaped and V-shaped antennae highlighted in red and blue,
respectively. The layout design was prepared by Dr. Lais Fuji
dos Santos.

To obtain SH images from the sample, we used a home-built SHG microscope
in Prof. Francois Légaré’s laboratory. The sample was excited with an
ytterbium (YD) fiber laser delivering 125 fs pulses at a central wavelength of
1030 nm and a repetition rate of 25 MHz. The average excitation power was
in the range 30-50 mW.

Before performing SHG imaging, we evaluate the spatial distribution of the
forward-emitted SH signal by numerically modeling a finite metasurface
that reproduces the formation of fabricated layout, as shown in Fig. 5.7(a).
The forward SH response is calculated using the approach described in
Section 2.7.1. A planar monitor located above the metasurface is used to

map the near-field distribution of the forward SH intensity.
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FIGURE 5.7: (a) Finite metasurface geometry used in the sim-

ulation. Spatial distribution of the forward SH intensity I5}Y

evaluated on the plane monitor 200nm above the metasur-

face under (b) x-polarized and (c) y-polarized excitation at the
pump wavelength of 1030 nm.

Figure 5.7(b) shows the simulated forward SH intensity under an x-polarized
plane wave excitation at 1030 nm, as the wavelength of pump light, match-
ing the laser source wavelength used in the microscope. The V-shaped
meta-atoms dominate the SH response, whereas the L-shaped meta-atoms
produce a weaker yet detectable signal. By contrast, the column containing
the rotated V-shaped meta-atoms completely disappears under this polar-
ization. Under a y-polarized excitation at the pump wavelength 1030 nm,
the rotated V-shaped column becomes the strongest component, and the
L-shaped meta-atoms also contribute to the overall SH intensity profile,
while the two columns of V-shaped meta-atoms become inactive, as shown
in Fig. 5.7(c). These results are consistent with the orientation-selective SH
emission channels identified in the unit-cell simulations in Fig. 5.4(a) and
Fig. 5.4(b).

Figure 5.8 presents the recorded SHG images of the metasurface under x- and
y-polarized excitation at 1030 nm as the wavelength of pump light. Owing to
the finite spatial resolution of the SHG microscope, the images do not resolve
the contributions of individual meta-atom orientations within each stripe.

By comparing the image recorded under x-polarized excitation, shown in
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Fig. 5.8(a), with the simulated results in Fig. 5.7(b) and the metasurface layout
in Fig. 5.6, we infer that the wider stripes containing V-shaped meta-atoms
appear brighter, whereas the narrow stripes containing L-shaped meta-atoms
exhibit no observable response. We expected a more uniform brightness over
the full vertical extent of each wide stripe, but the image exhibits noticeable
nonuniformity.

Under y-polarized excitation, the narrow stripes are brighter than the wide
stripes, as shown in Fig. 5.8(b). This enhanced response is not solely from the
L-shaped meta-atoms. As shown in Fig. 5.6(b), the proximity of the rotated
V-shaped meta-atom columns to the narrow stripes results in a strong SH
signal under y-polarization. The rotated V-shaped meta-atom columns are
the dominant component in SHG, as demonstrated in Fig. 5.7(c).

(a) x-pol-1030 nm (b) y-pol-1030 nm

FIGURE 5.8: SHG images of the fabricated metasurface
recorded under (a) x-polarized and (b) y-polarized excitation
at the pump wavelength of 1030 nm. Under x-polarized excita-
tion, the wider stripes containing the V-shaped meta-atoms ap-
pear brighter. However, the brightness is nonuniform along the
vertical direction, in contrast to the uniform response observed
in the simulations. Under y-polarized excitation, the narrow
stripes containing the L-shaped meta-atoms are brighter than
the wider stripes. This strong SHG signal under y-polarization
probably arises from the column of rotated V-shaped meta-
atoms positioned adjacent to the narrow stripes, as shown in
Fig. 5.6.

At this stage of the project, we aimed to image the distribution of SH intensity
from each meta-atom orientation. While the SHG images confirm that the
metasurface generates a detectable SH signal, the orientation of meta-atoms
remain unresolved.



Chapter 5. SHG Plasmonic Metasurface with Randomly Oriented

92
Meta-Atoms

5.4 Conclusion

In this chapter, we designed and investigated a plasmonic metasurface com-
posed of randomly oriented meta-atoms to study SHG. Linear simulations
and transmission measurements confirmed resonant behaviour near 800 nm
and 1100nm, arising from the ED-LSPRs of the constituent meta-atoms.
Using nonlinear simulations, we predicted the spatial distribution of the
forward SH intensity and showed that different meta-atom orientations
govern the SH response of the metasurface depending on the polarization
of the pump light.

To experimentally image the SH response, we fabricated a metasurface
layout in which different orientations of L-shaped and V-shaped meta-atoms
are repeated vertically and arranged into a stripe pattern that enables classifi-
cation of the response. The narrow stripes contain L-shaped meta-atoms with
two orientations, whereas the wide stripes contain V-shaped meta-atoms
with three orientations. SHG microscopy at the pump wavelength of 1030 nm
confirmed that the metasurface generates a measurable SH signal and ex-
hibits polarization-dependent contrast at the stripe level. However, the lim-
ited spatial resolution of the microscope and the observed nonuniformity of
the stripe brightness along the vertical direction prevent direct identification

of the contribution from each individual orientation.



93

Chapter 6

Plasmonic Metasurfaces for SHG

Microscopy Applications

6.1 Contribution Statement

This study grew out of a main collaborative project between the research
groups of Prof. Dolgaleva and Prof. Ramunno on SHG plasmonic meta-
surfaces with randomly oriented meta-atoms, as discussed in the previous
chapter. During the regular meetings of this collaboration, I conceived and
pursued the idea of improving the efficiency of a plasmonic SHG metasur-
face specifically for near-field microscopy applications. The idea was then
developed through regular discussions with Prof. Dolgaleva and technical
input from A. Thulaseedharan and Dr. Lais Fujii dos Santos, which helped

refine the proposed structure and keep it compatible with future fabrication.

My main contributions to this chapter included (i) proposing the SHG
enhancement mechanism based on a hybrid resonance, and defining the
design direction, (ii) performing the numerical simulations and optimization
using nonlinear scattering theory (NLST) implemented in COMSOL, and
(iii) preparing and interpreting the main results. The theoretical framework
and interpretation were further refined based on comments from Prof. Ra-
munno, and M. R. Mohammadpour and I examined the outcomes through
a comprehensive and relevant literature review to benchmark the proposed

mechanism.

I wrote the first draft of the manuscript and prepared the figures, and the
draft was substantially improved through feedback from Prof. Dolgaleva and
Prof. Ramunno. All aspects of the project were supervised by Prof. Dolgal-

eva, and all co-authors approved the final manuscript.
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The conference publications related to this project is listed below:

e Aghili, Sina, and Ksenia Dolgaleva. “Second Harmonic En-
hancement with a U-shaped InSb Plasmonic Antenna in the THz
Regime.” Advanced Photonic Congress (APC). Optica Publishing Group,
2024.

6.2 Article

The results of this project were published in Journal of the Optical Society of
America B [218], and this chapter is based on the following article.
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This work presents a comparative numerical study of three plasmonic metasurface designs for near-field second-
harmonic generation (SHG) microscopy applications requiring enhanced forward (FW) second-harmonic (SH)
emission and high near-field resolution. We compare a localized surface plasmon resonance (LSPR)-based metasur-
face, a surface-lattice resonance (SLR)-based metasurface, and a bi-layered stack metasurface. All designs employ
V-shaped gold nanoantennae as the nonlinear building blocks, providing high local-field enhancement at the
pump wavelength and driving SH emission in the UV-visible range. The LSPR-based metasurface provides accept-
able near-field resolution but limited FW emission. On the other hand, the SLR-based design, thanks to higher
Q-factor enhancement through collective resonances, boosts the SH emission, while the near-field resolution is
inhibited due to the required thick cladding of the SLR-based metasurface design. The proposed bi-layered meta-
surface integrates a passive, centrosymmetric nanobar array supporting an SLR beneath the nonlinear V-antenna
layer, separated by a spacer optimized for vertical interaction. This design results in a 200 increase in FW SH
emission intensity and enhanced near-field resolution compared to the LSPR case. The results demonstrate that the
stack plasmonic metasurface enables simultaneous optimization of SHG efficiency and resolution, promising for
plasmonic-assisted near-field SHG microscopy applications. © 2026 Optica Publishing Group under the terms of the
Optica Open Access Publishing Agreement

https://doi.org/10.1364/JOSAB.586760

1. INTRODUCTION

Second-harmonic generation (SHG) is a coherent second-order
nonlinear optical process characterized by an ultrafast emission,
governed by a material’s second-order susceptibility, which is
intrinsically sensitive to structural polarity [1]. The SHG proc-
ess nearly vanishes in centrosymmetric media but is remarkably
enhanced in non-centrosymmetric environments, providing
physical insight into the concentration of polar structures [2].
Notably, many biomolecules possess twisted or chiral geom-
etries that induce localized polarity when optically excited
in the visible to near-infrared range, resulting in weak but
detectable second-harmonic (SH) emission in the ultraviolet—
visible spectrum [3,4]. The interplay of structural asymmetry,
nanosecond-scale fluctuations in spatial concentration, and
polarity-induced emission characteristics in these twisted

with early-stage neurodegenerative disorders [7]. However,
conventional SHG microscopy based on bulk nonlinear crystals
faces significant limitations. The weak intrinsic nonlinearity of
biological samples, diffraction-limited spatial resolution, and
strict dependence on phase accumulation over along interaction
length constrain the near-field SHG resolution. These factors
obscure the nanoscale features of biomolecules and subcellular
dynamics [8].

Plasmonic metasurfaces offer a powerful alternative by con-
centrating optical fields at deeply subwavelength scales [9,10],
well beyond the diffraction limit, thereby overcoming the limi-
tations of phase matching and interaction length that constrain
the efficiency of conventional bulk nonlinear platforms [11,12].
This intense electromagnetic field localization can amplify both
the pump and the SH emission response at polarity-sensitive
interfaces, enabling SHG at sub-femtosecond timescales [13].

biomolecules [5,6] enables the SHG process serving as an
instantaneous, highly sensitive, and label-free contrast mecha-
nism for bioimaging and real-time SH microscopy. This allows
the direct probing of intrinsic second-order polarizability in
complex biomolecular systems, specifically those associated

0740-3224/26/051024-10 Journal © 2026 Optica Publishing Group

Moreover, because many biological tissues and micro-organisms
exhibit nonlinear activities in the UV—visible spectral window,
SHG metasurfaces composed of asymmetric metallic nanopar-
ticles, specifically noble metals like gold, are highly desirable for
bio-compatible SHG platforms [14-16].



Chapter 6. Plasmonic Metasurfaces for SHG Microscopy Applications 96

Research Article

Various designs have been explored to enhance forward (FW)
emission and near-field resolution of SHG in plasmonic gold
metasurfaces in the UV—visible spectral window. One of the
most widely used approaches relies on localized surface plasmon
resonances (LSPRs) excited in asymmetric metallic subwave-
length antennae, such as L-shaped, T-shaped, U-shaped,
or G-shaped antennae, which can amplify the SH response
[17-20]. Despite the ability of LSPR-based metasurfaces to
improve near-field enhancement, these designs inherently suffer
from low quality (Q) factors due to intrinsic Ohmic and radia-
tive losses. This limitation reduces the energy accumulation of
light—matter interaction and weakens the SH emission intensity
in free space.

In parallel with plasmonic platforms, all-dielectric metasur-
faces based on high-index, low-loss resonant nanoantennae have
emerged as an alternative approach to enhancing nonlinear fre-
quency conversion. In these structures, resonances are induced
by displacement currents, giving rise to Mie resonances and
high-Q states such as bound states in the continuum (BICs),
which enable strong electromagnetic energy build-up inside
the dielectric antenna volume and enhance harmonic gener-
ation through the intrinsic material nonlinearity [21,22]. In
addition, high-index, low-loss dielectric nanoantennae can
support multiple electric and magnetic multipolar modes,
providing additional degrees of freedom for engineering non-
linear enhancement mechanisms in metaphotonics [23].
Furthermore, all-dielectric metasurfaces that support BIC
resonances can achieve ultra-high Q and exhibit Fano-like
resonances, thereby further strengthening light—matter inter-
actions for efficient nonlinear conversion [24,25]. However,
at deep sub-wavelength scales, the local-field enhancement
achievable with dielectric antennae is considerably lower than
that of plasmonic nanoantennae. In dielectric nanoantennae,
the local-field enhancement requires sufficient optical size
and field retardation to sustain oscillating currents. When the
thickness of the dielectric antenna becomes too small, the local-
field enhancement is significantly reduced [26,27], resulting
in a weaker nonlinear response than that of the corresponding
plasmonic nanoantenna.

Plasmonic metasurfaces supporting surface lattice resonances
(SLRs) have been introduced to achieve high Q-factor and boost
SH nonlinear response [28—31]. SLR arises from the coupling of
individual LSPRs with in-plane Rayleigh anomaly diffraction,
resulting in a collective resonance that exhibits a narrow spectral
linewidth and enables strong electric-field enhancement across
the metasurface plane, perpendicular to the emission direc-
tion. Although SLR-based metasurfaces strengthen nonlinear
interactions via high-Q collective resonances, their excitation
typically requires thick, index-matched dielectric claddings to
maintain the resonance Q-factor. This environment confines
most of the generated SH wavevector components within or
along the metasurface plane, suppressing their coupling into
free-space emission channels. Consequently, the SHG signal
remains largely trapped, resulting in moderate FW SH emission
and, more critically, blurring of near-field resolution, which
deteriorates spatial polarity variations essential for microscopy
applications [15].

Beyond LSPRs and SLRs, several additional strategies have
been explored to enhance FW emission and near-field resolution
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of SHG in plasmonic metasurfaces. One promising approach
involves doubly resonant metasurfaces, which are geometrically
engineered to support simultaneous resonances at both the
fundamental and SH wavelengths, thus significantly boosting
SHG efficiency [32-34]. In many such configurations, aux-
iliary symmetric elements are placed adjacent to the nonlinear
antennae to amplify the induced nonlinear local current sources.
However, while this approach amplifies the overall SHG signal,
it can reduce sensitivity to local variations of the main object, a
critical limitation for near-field SHG microscopy, where resolv-
ing subwavelength spatial features is essential. Despite their
distinct physical mechanisms and resonance strategies, most
SHG plasmonic metasurface designs remain constrained in the
context of near-field SHG microscopy, where both high spatial
resolution and detectable FW SHG emission are necessary.

These limitations have recently shifted attention from planar
metasurfaces toward vertically stacked metasurfaces, which
offer remarkable design flexibility and enhanced performance
for engineering linear and nonlinear optical processes such as
tailoring optical dispersion, controlling diffraction, and excep-
tional transmission and reflection [35-37]. A notable work in
this direction involves multi-layered L-shaped plasmonic meta-
surfaces vertically stacked along the propagation axis, which
demonstrated enhanced second-harmonic emission in the
backward direction [38]. While backward SHG efficiency was
demonstrated, the near-field resolution, particularly at the top
emitting layer, remains uncharacterized, leaving its efficiency for
near-field SHG resolution unresolved.

Motivated by these challenges, we propose a new stack design
based on gold plasmonic metasurfaces, specifically designed to
achieve enhanced FW emission and near-field resolution for
SHG in the UV-visible range. In contrast to previous multi-
layered designs, our structure integrates a nonlinear upper
metasurface composed of asymmetric V-shaped antennae
supporting LSPRs, and a linear lower metasurface made of
centrosymmetric rectangular nanoantennae engineered to sup-
port a high-Q SLR within the pump wavelength range. In this
configuration, the lower metasurface acts as a passive resonator,
generating a spectrally narrow and spatially coherent mode that
strongly enhances the electromagnetic field within and around
the upper nonlinear metasurface. Due to their centrosymmetric
geometry, the rectangular antennae do not contribute directly to
SHG, enabling the enhanced pumped light to be transferred to
the upper layer without an inter-quasi-phase-matching bottle-
neck. The upper V-shaped antennae are engineered to support
LSPRs over the predefined pump wavelength range. Vertical
coupling to the high-Q SLR metasurface gives rise to a spec-
trally narrow, Fano-like resonance, leading to intense localized
excitation in the V-antennae. Triggered by the SLR-enhanced
pump field incident from below, the antennae generate FW SH
emission and improve near-field resolution, which is critical for
SHG microscopy.

In this study, we perform a numerical analysis of three distinct
plasmonic metasurface structures to evaluate the efficiency of
the proposed stack design for SHG in microscopy applications.
For comparison, we consider conventional single-layer meta-
surfaces, one supporting LSPRs and the other supporting SLRs,
both composed of identical V-shaped gold nanoantennae. All
platforms are evaluated under identical excitation conditions,
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geometrical parameters, and background refractive indices to
ensure consistent verification. The lattice constants of the meta-
surfaces are selected to maintain a fixed pump wavelength range
across all configurations. For the LSPR-based metasurface, the
lattice constants are chosen to prevent near-field plasmonic
hybridization between the V-shaped nanoantennae, ensuring
that the targeted pump wavelength range is primarily deter-
mined by their intrinsic LSPR resonance. For the remaining
metasurface designs, the lattice constants are then engineered to
spectrally align their plasmonic responses with the same target
pump wavelength range. The results demonstrate that the stack
design simultaneously enhances near-field resolution and SH
emission into free space. This performance makes the stack
plasmonic metasurface a promising solution for high-resolution
near-field SHG microscopy in the UV-visible spectral range.

2. METHODOLOGY

The SHG process arises from the anharmonic motion of accel-
erated electrons driven by a strong optical pump. In this regime,
the electron response within the material becomes nonlinear,
inducing local current sources that oscillate at twice the fre-
quency of the incident field. This nonlinear induced current
acts as a source term in the inhomogeneous wave equation,
determining both the amplitude and spatial characteristics
of the emitted SH signal. In bulk nonlinear materials, SHG
efficiency relies on satisfying the phase-matching condition.
However, in ultra-thin media such as plasmonic metasurfaces,
operating in a phase-matching-free regime, SHG emission is
a nonlinear scattering phenomenon governed by the strength
of local induced nonlinear current sources that oscillate at the
metasurface plane and emit incoherently in all directions and a
broad range of angles [39-41].

In this work, we investigate SHG in a plasmonic metasurface
composed of resonant gold nanoantennae. When illuminated
by the pump field, each nanoantenna supports LSPRs that
concentrate electromagnetic energy into a subwavelength
region, which induces nonlinear oscillating currents inside the
nanoantenna. The hydrodynamic model is applied to find local
nonlinear sources [42,43]. In this case, the induced nonlinear
volume current within the plasmonic nanoantenna is defined as

[44,45]
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where N, m*, e, and y are the density, effective mass, charge,
and damping factor of free carriers, respectively. The electric
field and magnetic flux density components inside the resonant
nanoantenna in the unit cell are described by Ej,.(r, ) and
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By, (r, ), respectively, and the linear induced current within
the plasmonic nanoantenna is expressed by
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The first term of Eq. (1) indicates the non-uniform spatial
distribution of carriers, influencing nonlinear processes. The
second term arises from the Lorentz force acting on free carriers,
specifically strong for objects supporting circularly induced
currents, such as highly asymmetric nanoantennae. The last
term describes the nonlocal contributions to the nonlinear
current, where spatial variations in the free carrier density and
velocity lead to a nonlinear response. By utilizing the induced
nonlinear current source J(r, 2w) within the nanoantenna vol-
ume, we apply the Lorentz reciprocity theorem in the following

form [46]:
/J(L Za))~E2°“(r)dV=/E(r, 20) - J**(dS,  (3)
Vv N

which links the microscopic nonlinear current J(r, 2w) distrib-
uted inside the nanoantenna to the emitted SH field E(r, 2w) at
a virtual monitor surface S placed above the metasurface in free
space. For the LSPR-based and bi-layered stack metasurfaces,
the monitor plane S is placed 200 nm above the metasurface
plane in free space, and for the SLR-based metasurface, it is
positioned at the cladding—free-space interface. According to
the theory, a virtual surface current J* is used to excite the unit
cell from the monitor in the backward direction, resulting in a
potential SH electric field E*”(r) at the nanoantenna surface in
the unit cell. Assuming the virtual surface current corresponds to
a normally incident plane-wave excitation with amplitude E2*

inc’

the surface current density can be expressed as J** = 2EX*/n,

mnc

where 1 is the free space impedance [47]. Substituting this into
Eq. (3) gives the expression for the emitted SH electric field:
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where § is the monitor area, equal to the unit cell area of
the metasurfaces, and the FW SH intensity is expressed by
Y = ﬁ|E(r, 2w)|* [48].

To model the nonlinear optical response of the plasmonic
metasurfaces, we employ the COMSOL Multiphysics
software [49], using the Wave Optics module, to find the
linear and nonlinear electromagnetic response of the plas-
monic system. The gold material parameters [50] used in the
model [see Eqs. (1) and (2)], are w, =1.781 x 10" rad/s,
N=856x102?cm™>, y=3.35x 10 rad/s, and m*=
7.83 x 10™% kg. The nonlinear simulation includes a two-step
method [51,52]. First, a full-wave frequency-domain simula-
tion is performed to determine the local electromagnetic fields
and nonlinear current densities based on the hydrodynamic
model, as defined in Eq. (1) at the pump frequency. In the
second step, the SH scattered electromagnetic fields are modeled
using Lorentz reciprocity. The NL signal emits in all directions,
and the SH intensity is obtained by integrating the upward
Poynting flux collected by the monitor planes S placed in the
free space above the metasurface. In addition to the SH intensity,
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the spatial profile of the nonlinear induced current of J (r, 2w) is
extracted. This two-step modeling process provides a prediction
of the SH emission strength of the nonlinear metasurface under
plane wave excitation.

3. DESIGN AND RESULTS

In this work, among various asymmetrical nanoantenna geom-
etries, the V-shaped design is chosen as the building block of
the proposed SHG plasmonic metasurfaces due to its ability to
support spectrally and spatially overlapping LSPRs under both
x- and y-polarized excitations [34,53]. The similar V-shaped
nanoantennae, with identical geometrical and optical param-
eters, are employed in the proposed metasurfaces. A linearly
polarized plane wave at normal incidence is also used as the
excitation source across all simulations to ensure consistent
comparisons. The antenna arms are designed with the lengths
/; =125 nm and /, = 115 nm, an opening angle of 75°, width
w = 60 nm, and thickness / = 30 nm. Due to the geometry-
dependent nature of LSPRs, the dimensions are carefully chosen
to supporta resonant linear optical response in the near-infrared
(NIR) regime while enabling second-harmonic generation in
the visible-UV range.

To evaluate the resonant behavior of the nanoantenna, before
the metasurface designs, we find the scattering cross-section
(SCS) of the single V-shaped antenna in free space under both
x- and y-polarized plane wave excitations at normal incidence
along the z direction. The SCS is spectrally decomposed based
on multipole expansion into electric dipole (ED), magnetic
dipole (MD), and electric quadrupole (EQ) modes using the
method developed in our previous work [54]. Figure 1 presents
the spectral contributions of resonant multipoles to the SCS
under both x- and y-polarized excitations. The SCS spectra
exhibit a dominant ED resonance centered at approximately
750 nm, with a stronger response under the x-polarized source,
asshown in Fig. 1(a), compared to the y-polarized case shown in
Fig. 1(b). The near-field profiles at the resonance peaks are also

—FED —MD —EQ
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presented for comparison of the spatial characteristics of the res-
onances. These confirm that the ED-LSPRs are excited around
750 nm under both polarizations, showing strong spatial and
spectral overlaps.

As the first platform, we design an LSPR-based SHG
metasurface, where the SH emission originates solely from
the local-field enhancement provided by the LSPRs of the
nanoantennae. In this design, V-shaped gold nanoantennae
are arranged periodically on a silica substrate with a refractive
index of 7 =1.45, while the cladding is free space, as shown
in Fig. 2(a). The metasurface unit cell has the lattice con-
stants of 2, = 600 nm and 2, = 800 nm, ensuring the LSPRs
remain localized within individual antennae without collective
interactions. Under x-polarized plane wave excitation with a
propagation direction along the z direction, the transmittance
spectrum exhibits a broad ED-LSPR near 1050 nm, charac-
teristic of a low Q-factor, presented in Fig. 2(b). A redshift
relative to the free-space resonance of the single nanoantenna,
as shown in Fig. 1(a), is observed due to the presence of the
substrate. The inset in Fig. 2(b) shows the spatial profile of
the electric field at the resonance, revealing strong localization
around the antenna tips and within the nano gap. Figure 2(c)
displays the wavelength-dependent FW SH intensity 15,
collected by the plane monitor S. A prominent peak appears
around 525 nm due to the local-field enhancement from LSPRs
at the pump wavelength, and the inset of Fig. 2(c) shows the
spatial profile of the SH emission intensity. This intensity of the
LSPR-based metasurface serves as a reference for evaluating and
comparing both the emission strength and its spatial profile in
the subsequent metasurface designs.

As the second platform, we design an SLR-based metasurface
that features a higher-Q plasmonic resonance, in contrast to the
LSPR-based design, which suffers from a broadband resonance
with a Q-factor of nearly 3. The higher Q-factor of the second
metasurface originates from the constructive far-field coupling
ofindividual LSPRs through in-plane Rayleigh anomaly diffrac-
tion, resulting in a collective resonance. The SLR wavelength for

the (4, 0) diffraction order is given by [55]
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Linear SCS and near-field profiles of the single V-shaped nanoantenna under (a) x- and (b) y-polarized incident plane wave with a wavevec-

tor along the z direction. Dominant ED- and weak EQ-LSPRs appear near 750 nm in both cases, with effective spatial matching. The nanoantenna
also supports another strong ED-LSPR at 600 nm under y-polarized excitation, which achieves a hotspot at the bottom of the arms.
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spectral response shows LSPRs at the pump wavelength of 1050 nm. The inset illustrates the significant local-field enhancement resulting from the
resonance. (c) The FW SH emission intensity of the metasurface with the SH response at 525 nm, and the inset presents the spatial profile of the SH
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cladding of 4 = 1.5 um. (b) Linear transmittance spectrum showing the lattice resonance with Q = 90 at the pump wavelength of 1050 nm, with
insets showing the electric-field profiles in the x — y and x — z planes. These reveal strong light confinement and standing-wave behavior near the
metasurface. (c) Forward SH intensity spectrum demonstrates enhanced emission near 525 nm due to the SLR, a 20-fold intensity increase compared

to the LSPR-based design. The inset shows reduced spatial resolution due to emission distortion caused by the thick cladding.
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where 7 =1 corresponds to a lattice resonance along the x
direction, 7 is the refractive index of the surrounding medium,
and 6 is the angle of incidence, which is set to zero in this study.
The metasurface unit cell has lattice constants 2, = 600 nm
and 2, = 800 nm. The cladding thickness is set to # = 1.5 um
to support multiple lattice resonances [56,57], which enables
achieving a high-Q plasmonic resonance within the targeted
pump wavelength range. Figure 3(a) shows the SLR-based
metasurface, where the V-shaped nanoantennae are embedded
in a uniform refractive index environment with 7 = 1.45. The
metasurface is illuminated by the normally incident x-polarized
plane wave from the substrate along the z direction, and the
FW SH response is collected at the interface of the cladding
thickness and free space.

As shown in Fig. 3(b), the transmittance spectrum demon-
strates multiple resonances due to Fabry—Perot-like behavior

arising from the thick cladding. Among them, we focus on a
lattice resonance with a Q-factor of 90, centered near 1050 nm,
which can act as the pump wavelength range. The insets in
Fig. 3(b) show the local electric-field distributions in the x — y
and x — z planes, highlighting the lattice field confinement
near the metasurface plane. This standing-wave-like field dis-
tribution significantly enhances light—matter interaction time,
thereby enhancing the SHG process. The corresponding FW
SH intensity spectrum is presented in Fig. 3(c). Due to the
multi-resonant nature of the structure, the response exhibits
multiple peaks, with a dominant signal emerging near 525 nm.
Remarkably, the FW SH intensity is enhanced 20 times com-
pared to the LSPR-based metasurface. However, the spatial
profile of the emission intensity deforms at low resolution,
making it difficult to resolve the nanoantenna’s orientation.
This is caused by the thick cladding layer that distorts the spatial
pattern by confining the SH emission within the cladding and
suppressing out-coupling into free space [38,58].
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(a) Schematic of the linear metasurface composed of the periodic array of gold nanobars embedded in the uniform refractive index back-

ground of 7 = 1.45, the lattice constants of 2, = 600 nm and 2, = 731 nm, and the cladding thickness of 4 = 400 nm. (b) Scattering spectrum of
the single bar nanoantenna showing a broad ED-LSPR centered around 800 nm. (c) Transmittance spectrum of the metasurface, exhibiting an SLR
with Q = 100 at the pump wavelength range around 1060 nm. Insets display electric-field distributions in the x — y and x — z cross-sectional planes,
highlighting strong field confinement in the spacer region above the metasurface.

As the final platform, we design a bi-layered plasmonic
metasurface composed of two functionally distinct layers.
The bottom layer consists of a centrosymmetric array of gold
nanobars engineered to support a high-Q SLR at the pump
wavelength. This passive metasurface acts as a linear field ampli-
fier, generating a collective resonance that significantly enhances
the local electromagnetic field within the spacer region without
contributing to the nonlinear response. Before designing the full
stack, we first engineer the lower linear metasurface to ensure
maximum amplification of the pump light interacting with the
upper nonlinear layer. For this purpose, bar nanoantennae with
dimensions /=150 nm, w; =60 nm, and /; =30 nm are
selected as the building blocks. Figure 4(b) illustrates the SCS
of a single bar nanoantenna, which supports a broad ED-LSPR
centered at 800 nm under the x-polarized plane wave excitation
with the wavevector along the z direction. The configuration of
the bar nanoantennae in a periodic array is shown in Fig. 4(a),
where the metasurface is sandwiched between the substrate
and a spacer layer of thickness 4. This spacer layer serves as
the cladding for the lower metasurface and, simultaneously, as
the substrate for the upper layer in the full stack design. The
lattice constants are set to 2., = 600 nm and 2, =731 nm, and
the nanobar array is embedded in a uniform refractive index
environment with 7 = 1.45 to excite an SLR within the targeted
pump wavelength range under the defined plane wave excita-
tion. For the single-layer bar metasurface, the spacer thickness
is set to 4 =400 nm to illustrate the electric-field profile of
the SLR mode, which is uniformly distributed around the bar
metasurface plane. As shown in Fig. 4(c), the transmittance
spectrum exhibits an SLR with a Q-factor of 100, centered
around the resonance wavelength of 1060 nm. The insets of
Fig. 4(c) show the electric-field profiles in the x — y and x — z
cross-sectional planes, confirming strong field confinement
near the metasurface plane within the spacer layer. The x — z
field profile highlights the vertical extent of the SLR-enhanced
electric field supported by the bar metasurface, which plays a

key role in defining the effective interaction zone [59] for the
bi-layered stack design.

The upper layer consists of a nonlinear metasurface com-
posed of V-shaped gold nanoantennae, positioned above the
linear metasurface and separated by a spacer layer of thickness
d, as shown in Fig. 5(a). Similar to the previous metasurfaces,
the stack metasurface is excited by an x-polarized plane wave
propagating along the z direction. The lattice constants are
a, =600 nm and 2, = 731 nm, identical to those used for the
bar metasurface. In this configuration, the upper metasurface
supports a broadband LSPR within the pump wavelength range
and spectrally close to the SLR supported by the lower metasur-
face, as shown in Fig. 4(c). Consequently, the spacer thickness
d plays a critical role in governing both the SLR response of the
lower layer (in the presence of the upper layer) and the strength
of the vertical coupling between the two metasurfaces.

Figure 5(b) presents the transmission spectra of the stack
metasurface for various spacer thicknesses. For 4 =100 nm,
the spacer is too thin to sustain a well-defined SLR in the lower
metasurface, and the response is dominated by the broadband
LSPR of the V-shaped metasurface, centered near 1050 nm.
As the spacer thickness increases, the lower metasurface sup-
ports an SLR that can couple efficiently to the upper nonlinear
metasurface. For 4 =200, 300, and 350 nm, this interaction
produces a split spectral response comprising a narrow, Fano-
like resonance near 1090 nm together with a broader feature
spanning approximately 1000—1050 nm. The narrow resonance
mode reaches a Q-factor of 73 at 4 = 200 nm, indicating strong
LSPR-SLR vertical interaction. As 4 increases to 350 nm, the
narrow resonance weakens, slightly redshifts, and the separation
between the split resonances decreases. For d =400 nm, the
splitting largely disappears, and the spectrum blueshifts toward
the parent SLR mode of the lower metasurface near 1060 nm.
This behavior confirms that, at larger thicknesses of the spacer
layer, the coupling between the two layers diminishes, and
hence the enhanced SLR field remains confined near the lower
metasurface plane and does not efficiently excite the nonlinear
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(a) Bi-layered plasmonic metasurface consisting of a bottom linear metasurface and an upper nonlinear metasurface, separated by a spacer

layer of thickness & and excited by a plane-wave source incident from the substrate. (b) Transmittance spectra of the stacked metasurface for differ-
ent spacer thicknesses, showing narrow resonances around 1090 nm with a dominant response for & = 200 nm. (c) FW SH intensity of the bi-layered
metasurface for two spacer thicknesses, demonstrating an approximately 200 x enhancement factor in SH response compared to the LSPR-based
metasurface. The inset shows the near-field SH intensity within the metasurface unit cell for & = 200 nm. (d) Electric-field profile in the x — z plane
at the resonance wavelength of 1090 nm for & = 200 nm. (e) Spatial profiles of the near-field SH intensity within the metasurface unit cell for differ-

ent spacer thicknesses.

upper metasurface. To evaluate the maximum enhancement of
the FW SH response, we focus on spacer thicknesses of & = 200
and 300 nm, which both exhibit a narrow resonance centered
around 1090 nm, enabling a direct comparison under nearly
identical spectral conditions, as highlighted in Fig. 5(b).

Figure 5(c) shows the FW SH emission for 4 =200 nm
and 4 =300 nm. At d =200 nm, the SHG response reaches
an enhancement of approximately 200x compared to the
LSPR-based metasurface, with a strong SH peak near 545 nm,
corresponding to the narrow resonance near 1090 nm. When
the spacer thickness increases to = 300 nm, the SHG inten-
sity decreases significantly, consistent with weaker vertical
coupling and reduced local-field enhancement in the non-
linear metasurface. This reduction arises because the SLR
electric field becomes increasingly confined near the lower
metasurface plane as the cladding or spacer thickness increases,
limiting the field overlap with the upper nonlinear layer. The
inset of Fig. 5(c) shows the SH near-field intensity profile for
d =200 nm, confirming improved spatial resolution of the V-
shaped nanoantenna compared to the LSPR-based metasurface.
Figure 5(d) presents the x — z plane electric-field distribution at
the resonance wavelength of 1090 nm for 4 = 200 nm, showing
that the SLR field confined in the lower layer couples upward to
excite the LSPR of the V-shaped nanoantennae.

Finally, Fig. 5(e) compares the near-field SH intensity profiles
at 545 nm for different spacer thicknesses. For 4 = 300 nm, the
spatial pattern of the V-shaped nanoantenna remains resolvable
with sufficient contrast, whereas at & =350 nm, the pattern
is still distinguishable but with reduced resolution. In con-
trast, for 4 = 100 nm and & = 400 nm, both the SH intensity
and spatial resolution deteriorate markedly, consistent with
the resonance shifting away from 1090 nm as observed in the
transmittance spectra. Overall, these results demonstrate that
efficient vertical LSPR-SLR coupling yields a spectrally narrow,
Fano-like resonance near the pump wavelength (1090 nm)
for spacer thicknesses in the range of 200-350 nm. While this
narrow spectral response persists across this range, it weakens as
d increases, leading to a significantly reduced FW SH response
from the upper nonlinear metasurface. Consequently, the opti-
mal SHG enhancementand near-field resolution are achieved at
d =200 nm.

The emitted SH signal of the stack metasurface originates
from the local current sources distributed across the nanoan-
tenna induced by the enhanced pump field, as defined in Eq. (1).
Figure 6 presents the spatial profiles of the current components
over the V-shaped nanoantenna placed within the stack unit
cell. The results show that ]iH is the dominant component,

while J$H contributes moderately and J3 remains minimal.
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Table 1. Comparison of SHG Enhancement Factors Reported for Different Platforms’

Ref. Structure Mechanism Emission Direction Enhancement
[60] WSe;, on gold trenches Surface plasmon wave BW 7000

[61] WS, on silicon metasurface Quasi-BIC Not stated 1140

[31] Plasmonic metasurface Not stated 450
Ourwork Plasmonic metasurface LSPR + SLR FW 200

[62] Split-ring resonator Not stated 30

[63] Plasmonic metasurface LSPR FW 10

“FW and BW denote forward and backward emission, respectively.

4. CONCLUSION

The efficiency and spatial resolution of SHG emission in plas-
monic metasurfaces are strongly determined by how resonant
near-field confinement and emission outcoupling are engi-
neered. To address this, we investigated three platforms, an
LSPR-based metasurface, an SLR-based metasurface, and a
bi-layered stack metasurface under identical material proper-
ties, background refractive indices, and excitation conditions
to ensure a consistent comparison. The in-plane lattice con-
stants are selected for each platform to place its dominant
plasmonic resonance within the same pump wavelength range.
In particular, for the bi-layered stack metasurface, the lattice
constants are intentionally engineered to realize a high-Q SLR
around the pump wavelength and to maintain spectral align-
ment with the LSPR of the nonlinear metasurface, required
for the efficient vertical LSPR-SLR coupling. The LSPR-based
metasurface achieved strong local-field enhancement but lim-
ited FW emission, while the SLR-based platform achieved
higher-Q resonances at the cost of reduced near-field resolution
due to dielectric embedding. In contrast, the stack plasmonic
metasurface utilized the advantages of both, where a passive
SLR-supporting nanobar layer amplified the pump field and
an upper nonlinear V-shaped antenna layer converted this
energy into FW SH emission. Optimized vertical coupling
through the spacer enabled efficient FW outcoupling and strong
near-field resolution. This bi-layered design achieved a 200 x
raise in FW SH intensity and enhanced near-field resolution
compared to the LSPR case while avoiding the emission blurring
characteristic of the SLR configuration.

Table 1 summarizes the SHG enhancement factors reported
for representative platforms. Hybrid structures based on
two-dimensional (2D) materials, such as tungsten diselenide
(WSe;,), can provide very large SHG enhancement. However,
in [60], the enhanced SH signal was collected in the backward

direction, which may be less attractive for bio-compatible SHG
microscopy applications. The hybrid platform consisting of a
2D material integrated with a dielectric metasurface supporting
a high-Q quasi-BIC resonance, as reported in [61], also exhibits
a very high enhancement factor and has been proposed as a
promising platform for SHG microscopy applications. In con-
trast, the SLR-based SH enhancement reported for a plasmonic
metasurface in [31] was demonstrated in an SHG spectroscopy
configuration. In our work, the proposed bi-layered metasur-
face already provides a strong FW SH response and is designed
within a framework that supports systematic scalability of the
enhancement factor. Specifically, the upper metasurface can be
redesigned as a supercell containing multiple V-shaped nanoan-
tennae while preserving the lattice constants required for the
SLR of the lower layer. This would introduce near-field hybridi-
zation among the upper-layer antennae, which are driven by the
strong and spatially extended pump field generated by the SLR
supported in the lower metasurface, and could therefore lead to
aneven larger FW SH enhancement.

The analysis of the induced nonlinear current components
further revealed that /, dominates over /, and /. Overall, the
bi-layered stack plasmonic metasurface demonstrates an effi-
cient method to overcome the trade-offs of planar metasurface
designs, realizing both enhanced FW emission and near-field
resolution. These results highlight the strong potential of the
proposed platform for near-field SHG microscopy, enabling
the local probing of the SH response of biomolecules within the
hotspot region generated by the plasmonic nanoantenna in the
upper metasurface.
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Chapter 7

Higher-Order Waveguide Bragg
Gratings for DFB Lasers

7.1 Introduction

In previous chapters, we studied how resonant meta-atoms shape
light-matter interaction for linear and nonlinear functions at deeply sub-
wavelength scales. In contrast, this chapter focuses on waveguides as
engineered multilayer structures that confine and transport optical power
with manageable loss and dispersion. Fig. 7.1 presents a symmetric slab
waveguide with refractive indices n; > ny, where n; is the core index and
ny is the cladding index. An optical wave propagating in the core region
with higher index can be described by [210]

E(r,t) = 8 Eg(x,y) A(z, t) el (Poz—wot) (7.1)

where § denotes the unit vector along the polarization direction governed by
the electric field distribution Ey(x,y) in the transverse plane, and A(z,t) is
the envelope function of the longitudinal field with propagation constant S
along the z-direction. The factor ¢J(foZ~«0!) represents a plane wave traveling
with phase velocity wy/ Bo [79]. The time-invariant transverse E-field Ey(x, y)

satisfies the scalar wave equation

92 92
(52 + 5z ) Eoow) + B cn) Ealw) = B o), (72
corresponding to a propagation constant defined as By = koneg, where
the effective index neg satisfies np < ne < mny. This wave equation
admits multiple solutions (Ey, Bo), comprising guided and leaky modes. For
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n;

n;

x @ >
z

FIGURE 7.1: Schematic of the symmetric slab waveguide struc-

ture with core refractive index n; and cladding refractive in-

dices ny. The optical field propagates along the z-axis with a
propagation constant fy.

guidance to occur, the following quantities must be positive [211]
Kni—p >0,  BE—kn3 > 0, (7.3)

ensuring standing wave oscillation in the core region and evanescent decay

in the cladding. By defining the core thickness of 4, as
A _
0<d< Z(m-n3) "7 (7.4)

the waveguide supports only one eigenfunction, known as the transverse
electric (TE) fundamental mode, with a dominant E-field component along
the x-direction [211].

By placing reflective mirrors at both ends of the core layer as the guided
region, the slab waveguide acts as a Fabry-Perot (FP) cavity that provides
optical feedback for semiconductor laser sources. In this configuration, the
optical field resonates between the two facet mirrors along the z-direction
and the cavity resonant frequency is described by

mc

__me 7.5
fm 2neg L 75

where m is an integer representing the longitudinal mode number and
L is the cavity length. As m increases, the FP cavity supports multiple
longitudinal modes, with a frequency spacing of f = ¢/ (2ne¢L). Since the
facet mirrors lack wavelength selectivity, these resonant modes at different
frequencies can oscillate simultaneously and emit through the output facet
with lower reflectivity. Due to the overlap of these modes with the inherently
broad stimulated emission spectrum of the semiconductor gain medium, the
FP cavity exhibits multi-mode behavior, resulting in a wide spectral output
characteristic of FP-based semiconductor lasers.
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7.2 Waveguide Bragg Gratings

The growing demand for bandwidth-hungry applications and high-speed
data access has shifted attention toward semiconductor lasers with narrow
spectral emission in the telecommunication wavelength windows. Disper-
sion in optical fibers causes temporal broadening of optical signals during
long-haul transmission. Consequently, coherent optical communication sys-
tems require laser sources that operate in continuous-wave (CW) mode. This
condition is achieved by maintaining single-mode oscillation in both the

transverse and longitudinal directions.

The principle of population inversion of free carriers in excited states,
which provides stimulated optical gain, is common to all semiconductor
laser diodes. The distinction between different types of semiconductor
lasers arises from the cavity design, as the cavity defines optical feed-
back mechanism, governs modal selectivity, and controls spectral purity.
Distributed-feedback (DFB) lasers employ wavelength-selective cavities that
enable narrow band emission and precise control of the lasing spectrum.
These properties make DFB lasers superior to FP lasers, which rely on facet
mirrors for optical feedback and typically support multiple longitudinal

modes.

In DFB structures, the cavity is formed by a waveguide Bragg grating (WBG),
as shown in Fig. 7.2. A periodic corrugation is embedded into the slab
waveguide along the propagation direction. This configuration ensures that
only wavelength components close to the Bragg resonance condition can
build up inside the cavity. The WBG thus acts as a narrow band-pass
tilter, suppressing undesired wavelength components far from the Bragg
wavelength. In this case, the lasing wavelength is determined by the Bragg
condition [211], as

A= 2A7’leff

M
where A is the grating period, and M denotes the grating order. This relation

(7.6)

also describes the Bragg resonance wavelength(A ~ Ap), which is directly
proportional to the grating period and inversely proportional to the grating

order.

First-order WBGs are the standard choice for most DFB laser designs because
they provide strong optical feedback for the fundamental mode with mini-
mal radiation loss [77]. In the first-order WBG, the optical field propagates

along the longitudinal direction and diffracts directly backward along —z,
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FIGURE 7.2: Schematic of a WBG showing forward and back-

ward guided waves A(z) and B(z) within the guide region or

cavity. The grating period A and edge functions w;(y) and

wy(y) define the refractive index modulation between n;, and
nj.

establishing the feedback necessary for amplification. However, imple-
menting a first-order grating at telecom wavelength range is challenging,
as the short grating period requires high-resolution patterning, making the
fabrication process complex [212]. In contrast, higher-order gratings ease
these fabrication constraints due to their larger period [70]. Higher-order
WBGs can support diffraction order modes in addition to the fundamental
TE mode propagating within the guided region of the slab waveguide [76].
The partial modes radiate with wavenumbers

2mit

,Bm = ,BO + T, (7.7)

where m is the diffraction order, and By = % is the wavenumber of

fundamental mode for a WBG with order M > 1. At the Bragg resonance
wavelength, these partial modes can interact constructively or destructively
with the fundamental mode [213]. Thus, the electromagnetic analysis of
a higher-order WBG must be described as wave propagation in a periodic
structure. In this framework, the transverse E-field component of the funda-
mental mode is represented as an infinite sum of standing waves along the
z-direction in Floquet-Bloch theorem form [214], as

(x,,2) ZE (x,y,z)elPmz, (7.8)

that satisfies the scalar wave equation defined as

V2Ey(x,y,2) + k3n?(x,v,2)Ex(x,y,2) = 0. (7.9)
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The grating layer, acting as a weak perturbation source in the waveguide,
periodically modulates the refractive index along the propagation direction.
The three-dimensional refractive-index profile of the grating region can be
described by

]27‘[qz

n?(x,y,2) = my(x,y,2) + ) Ag(x,y)e (7.10)

970
where the harmonic Fourier components Ag(x,y) define the periodic
refractive-index variations determined by the corrugation shape. For an
arbitrarily shaped grating profile, A; is governed by

(F — 1) [ ()
j2mq

B e<7j2m1“/;1(y)> , 7.11)

Aq(x,y) =
where, as shown in Fig. 7.2, the functions wi(y) and wy(y) represent the
leading and trailing edges of the grating profile, respectively, and nj and n;
are the refractive indices of the intact (higher-index) and etched (lower-index)
regions, respectively. The averaged refractive index of the grating region
over single period is obtained by substituting 4 = 0 into Eq. (7.11), denoted
as n3(x,y,z), and is given by

1’12
m(xy,2) = 8 [waly) — 1) + LA+ w(y) —wa)],  (12)

which represents the uniform refractive index profile of the grating region in
the transverse plane of the WBG. Accordingly, by substituting Eq. (7.8) and
Eq. (7.10) into Eq. (7.9), the wave equation can be expressed as

v2E§’“><r> + 13| m3(r) — B EX" (1) =
aE( )

Ag(x, ES D (1),
az q;;)

(7.13)
—2jBm—s—"

where r = (x,y,z) denotes the spatial coordinates. Higher-order WBG
supports two guided modes corresponding to the forward (m = 0) and
backward (m = —M) propagating waves. Using the Floquet-Bloch theorem,
as shown in Eq. (7.8), these guided waves are defined as

EJ(CO) (7’) = A(Z) Eo(x, y) ejﬁOZ’
(7.14)
ECM (1) = B(2) Eo(x, ) e,
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where A(z) and B(z) are the complex envelopes describing the forward (FW)
and backward (BW) longitudinal modes propagating contra-directionally in
the guided region of the WBG, respectively.

By substituting m = 0 and m = —M into Eq. (7.7), the wavenumbers of
guided waves are defined as By = —f_y = MZ. Accordingly, the general
form of the optical field traveling inside the higher-order WBG cavity is given

by

E(r) = & {Eo(x,y) |A(z)elPo= + B(z)e 0% 4 #02 ) E(™ (r)efﬁmZ} , (7.15)

where the impact of radiative waves on the longitudinal modes is negligible
due to their adiabatic variation along both the FW and BW propagation
directions. By assuming the slowly varying envelope approximation and
considering m = 0 in Eq. (7.13), the FW wave equation becomes

., 0A(z
AR [VAEo(x.y) + Eolx,y) (Gr3(r) — B2)] = 280 251
B (7.16)
~KAm(x,y)B(2)Eo(x,y) — K ) Ag(x,y)ECT (),
q70,M
and the BW wave equation is obtained by setting m = —M, as follows
., 0B(z
B(2) V2 Eo(xy) + Eolx,y) (Brd(r) — B3)] = +21o 220
(7.17)

—KA m(xAGRE () =k Y, Adxy)ECMO ().
q7#0,—M

The left hand-side of these wave equations can be separated into transverse
and longitudinal parts. The transverse component, representing the spatial

diffraction V2 Eo(x,y), is replaced by

V2 Eo(x,y) = (B* — kgng(x,y)) Eo(x,y), (7.18)

In Eq. (7.16) and (7.17), as the unperturbed part of the WBG has a fixed
fundamental mode profile in the transverse (cross-sectional) plane without
variation along the z-direction and its propagation constant is given by g =
konegs. The refractive index term in the longitudinal part must be redefined
in Eq. (7.16) and (7.17) along the z-direction as [79]

(1) = m3(x,9) + 20, 1) 8 2) = o malx, ) (G(2) =), (719
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where G(z) and An(z) are the induced gain and associated refractive index
change, respectively, introduced by an externally applied electrical bias in
active WBGs, while these terms are zero for passive WBGs. The term a(r)
accounts for optical losses in the guided region, arising from free-carrier
absorption and scattering due to intraband processes [79]. By substituting
Eq. (7.18) and (7.19) into Eq. (7.16), the FW wave equation is defined as

2 _ @
) Ea(ay) + AG)Ea(ny) | — 1L 2D
kgno(x,y)An(z)  kono(x,y) B
jlareley 028 (6(2) ~ a(r)
_ k3Am(x,y)B(2)Eo(x,y) | . kS (=)
=j= 2%, g, q%MAAx,y)Ex (1), (7.20)

where the detuning parameter, describing the deviation between operating
and Bragg wavelengths, is described by

LB
2Bo

The FW wave equation can be described in terms of optical power by

~B—Bo. (7.21)

multiplying Eq. (7.20) with Ep(x,y) and then integrating over the entire
cross-sectional plane of the WBG, as

d/{;_iz) /CS E%(x,y) dxdy + A(z)

B ],k%An(z)
Bo

Bo (G(z) /mre no(x, y)Eg (x, y) dxdy —

—'5/ E2(x,y) dxd
70 ) o(x,y) dxdy

/ no(x,y)Eg(x, y) dxdy
core

core

i)
- +jB(Z)%O [ By A () ddy

) / Eo(x,y)A4(x, y)E( q)( r)dxdy, (7.22)

+
]2[50 q7#0,M

where the integration of terms containing the optoelectronic parameters is
limited to the guided region, and the integration of terms including the

Fourier harmonic coefficients is restricted to the grating region. By assuming
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the following terms as [79]

2
fcore no('x’ y)EO (x’ y) dxdy ~ rneff , (7.23)
fcs Eé(x,y) dxdy

where the optical confinement factor I' is

Jiore E3(x,y) dxdy _

R~ (7.24)
Jes B3 (x,y) dxdy
and the uniform absorption loss within the guided region as
V) ES(x, dxd
S Mo YR y)a(r) oy 725

fcs E%(x,y) dxdy

the FW wave equation simplifies to

é%;g_jA@x5+den@D—FA@X—FG&)+“@D
— k(z) (B(z)/ E%(x,y) Apm(x,y) dxdy
2B /cs E§(x,y) dxdy er

+ ) / Eo(x,y) Aq(x,y) E§_q)(r)dxdy). (7.26)

g70,M 7/ CF

Neglecting the impact of radiative waves along the z-direction due to their
adiabatic variation, the last term of Eq. (7.26) becomes

Y B = ¥ [A@E ey +BRE N xy)],  027)
4#0,M 4£0M

where E(()_EI) (x,y) and E(__AZ) (x,y) denote the generated partial modes in the
FW and BW directions, respectively. Finally, the modified version of the FW
wave equation can be written as

dA(z)
dz

T A(2) (—j6 — jkoTAn(z) — jrn — TG(2) + a(2)) = jB(z) (knt + x12) |
(7.28)

where the coupling terms are defined as follows

kg

) /152 ) dxd
Bo - 0(x,y) dxdy

KM /Gr E3(x,v)Am(x,y) dxdy, (7.29)
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k2 B
= - )3 / Eo(x,y) Ag(x,y)ES ™ (x,y) dxdy,
2B /CS E3(x,y) dxdy q#0om 7/ Cr
(7.30)
K (—q)
12 = )3 /G Eo(x,y)Aq(x,y)EL,F (x,y) dxdy .

2B / E3(x,y) dxdy q#0M
CS
(7.31)
Similarly, the BW wave equation is also described by

B Ba) (b — jkoTn(z) — jiz — TG(2) + (2)) = jAG) (k2 + 1)
(7.32)
where the coupling terms are
k2
KoM= 0 / E3(x,y)A_pm(x,y) dxdy, (7.33)
2,80/ E3(x,y) dxdy ’Cr
CS
k2 M-
Koy = 0 Z / Eo(x,y)zﬁlq(x,y)lf(fj\f\l/I q)(x,y) dxdy,
280 /CS E3(x,y) dxdy q+0,—Mm”/Gr
(7.34)
k3 M-
K21 = 0 /Gr Eo(x,y) Ag(x,y)ES ™9 (x,y) dxdy .

2B /CS E3(x,y) dxdy q#;—M

(7.35)
Here, k11 and k2, represent the self-coupling terms, which are identical for
all grating shapes [76]. The direct coupling terms, x1);, and the indirect
coupling terms, xjp and xp;, describe the energy exchange between the
contra-directional FW and BW propagating waves, with the latter mediated

by the radiative waves.

By assuming An(z) ~ An, G(z) =~ G,and a(z) ~ & as the uniform parameters
inside the guided region under the steady-state condition, the dispersion
relation of the higher-order WBG becomes [76, 79]

v = :I:\/[(FG — &) +j(0 + TkoAn + K11)]2 + [(km + x12) (K_p + %21)] S
(7.36)
where the effective coupling coefficient in this relation is defined as

Keff = \/(KM +x12) (K—m +K21) , (7.37)
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which plays an important role in determining the eigenfunction of . The
paired eigenvalue of an active higher-order WBG is described by

TG+ jé = /7*— % — j(x11 + ThoAn) + &, (7.38)

where G is the maximum amplification factor that the optical field experi-
ences while propagating within the guided region, and 4 is the minimum
deviation from the predetermined Bragg wavelength. The transmission
and reflection coefficients for passive higher-order WBGs, without external
biasing parameters (G = 0 and An = 0) and in the absence of facet mirrors
at both ends of the guided region, are determined by the contra-directional
longitudinal modes of A(z) and B(z) as [76, 215]

r=fa(5)f - 706yt + 1) 2
2 j(k—m +121)[y cosh(yL) — (a + jo + jr11) sinh(yL)] |
(7.39)
L\ [ ' inh (7L 2
R = ‘B (__) — ’ ](K—M+K21)Sln (,Y ) (740)
2 v cosh(yL) — (a + jé + jry1) sinh(yL) | ~

where the length of the guided region is defined as L <z < %, and
the optical feedback mechanism arises solely from the coupling strength
introduced by the grating layer.

As shown in Eq. (7.14), the FW (m = 0) and BW (m = —M) propagating
waves are included in Eq. (7.13) to describe the coupled wave equations,
while the fundamental mode of the higher-order WBG is found by Eq. (7.18).
To obtain the partial modes that are important for determining the effective
coupling coefficients and the corresponding paired eigenvalues, the wave
equation is defined as

VAEM (1) + (Kb (x,y) — B2 ) BV (r) =

) (7.41)
k[ An(r ) ES (1) + Ansn(xETM ()],
02 J 2 2 .
2 ~0 < ~0, A , i
by assuming 52 N 0 5~ 0, and n§(r) ~ n§(x,y) due to the negligible

impact of uniform gain on partial modes. Using Eq. (7.14) in the source term

of Eq. (7.41), the FW wave equation becomes

V2E (x,y) + (B3 (xy) - B2) ES" (xy) = —k3An(x,y)Eo(x,y), (7:42)
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and the BW case is described by

V2E" () + (KB, y) — B3) BV ) = —k3 A (x,y)Eo(x,y),
(7.43)
allowing one to find all partial modes in both directions.

Figure 7.3 presents the results of a 1D WBG with a Bragg wavelength of
850 nm [76, 216]. A third-order blazed grating with a thickness of t; = 0.2 ym
is defined above the core region, which has a refractive index of n¢ore = 3.6
and a thickness of t.ore = 0.8 pm. The substrate and cladding layers, with re-
fractive indices of n = 3.4, provide optical confinement for the guided mode.
Figure 7.3(a) presents the schematic structure in the x—z plane, modeled in
COMSOL software [89], where perfectly matched layers (PML) are applied
to absorb scattered light in the transverse direction. Figure 7.3(b) shows the
refractive index profile of the WBG along x-axis, where the red-highlighted
region represents the average index of the grating layer and the blue part
shows the refractive index of the core region. According to Eq. (7.10), the
average refractive index of the grating region in the transverse direction is

described as

Wo(x) — Wi(x
n%(x) = ngore + (nglad - ngore) < ( ) A 1( )) ’ (7-44)
where A A A
Wi(x) = t—x Wy (x) = (_t—)x +A, (7.45)
8 8

are the leading and trailing edges of the blazed grating profile, respec-
tively [76]. In this work, the grating period and duty cycle are set to
A = 356 nm and A = 0.25A, respectively. The harmonic Fourier coefficient

of the grating region is expressed as

Aglx) = Meore ~ Mag (e—f“quz(") _ e—fz""VAv”")) . (7.46)
j2mq
The fundamental mode of the WBG is numerically obtained using Eq. (7.18).
Figure 7.3(b) presents the E-field profile of the fundamental mode confined
within the core region and evanescently leaking to other layers. By including
the third-order grating, it is thus necessary to account for the impact of
partial modes, as they can interact with the fundamental mode and modify
the coupling coefficients, which serve as key parameters of the WBGs. For

a third-order grating (M = 3), partial modes with diffraction orders in
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FIGURE 7.3: (a) Schematic cross-sectional view of the third-
order blazed WBG structure. (b) Refractive index profile ng(x)
across the transverse direction, where the blue region repre-
sents the core region and the red region indicates the grating
layer. (c) Fundamental transverse electric field profile Ey(x)
confined within the guided region. (d) Transverse profile of the

partial modes ]E(()m)] for diffraction orders m = +1, £2.
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TABLE 7.1: Coupling terms of the third-order blazed WBG.

K11 = K22 [1/cm] K12 K21 KM
—251+j2.62 —1.387+j235 | —2.53 -;0.03 | =5.07 —j19.45

the range of —3 < m < 3 are the dominant electric field components
interfering with the E-field of fundamental mode. Figure 7.3(d) illustrates
the dominant partial modes in the FW case, numerically obtained by solving
Eq. (7.42) using COMSOL software. It is evident that these modes are
confined within the grating region and exhibit radiative decay away from
the grating boundaries. By determining both the fundamental and partial
modes, the coupling coefficients can be calculated using Egs. (7.28) to (7.35)
for the fixed duty cycle of A = 0.25A (Table 7.1).

The coupled wave equations described in Egs. (7.28) and (7.32) can be used
to analyze the output characteristics of higher-order DFB laser sources under
threshold conditions in steady-state. In this case, the electrical biasing current
provides optical gain inside the guided region of the DFB laser that the
threshold gain value G = gy, is estimated by

thh = & + Kgca + Emirror T &0, (7.47)

where @ is the modal loss, asca = 2Im(k11) represents the scattering loss of the
optical field escaping from the guided region or cavity, ag is the free-carrier
absorption loss, and amirror = % In (%2) is the mirror loss determined by the
reflectivities of facet mirrors (r1,72). To analyze DFB lasers at the threshold
condition, the coupled wave equations must be solved numerically to obtain
the longitudinal modes A(z) and B(z), governed by the eigenvalue pair
(gth,0), where the mirror loss is self-consistently incorporated into these

coupled equations as boundary conditions at the facets [211, 217].

7.3 Conclusion

Optical coherent sources require CW operation, achieved through single
mode oscillation with narrow bandwidth response. WBGs as the core of DF-
BLs enable these features using wavelength-selective gratings. Conventional
DFBLs often employ first-order gratings for their strong coupling and low
loss. However, fabrication challenges and mode degeneracy in first-order

DFB lasers impose constraints on the efficiency of their output characteristics.
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Higher-order WBGs overcome these limitations by allowing a simpler fabri-
cation process due to their larger grating periods and by introducing complex
coupling coefficients. The real part of the effective coupling coefficient rep-
resents the strength of the grating, while its phase indicates the longitudinal

mode discrimination capability.

This chapter focused on the theory of higher-order WBGs based on the cou-
pled wave equation under steady-state conditions. By considering the influ-
ence of radiative waves governed by arbitrary grating shapes, the coupling
coefficients were obtained, which play an important role in determining the
strength of optical feedback mechanisms in DFBLs. The same analytical
approach can also be applied to components where light escapes vertically
from the guiding region, such as couplers, interconnectors, and coherent

array structures.

The modeling framework presented in this chapter also served as the the-
oretical basis for the published work “Finite-difference coupled-mode analysis
of waveguide gratings and their optimization for single-mode DFB lasers” [216].
In addition, the modified coupled wave equation and the effective coupling
coefficient formulation described here, including the role of radiative waves
in higher-order gratings, were implemented in COMSOL software to validate
and confirm the accuracy of the finite-difference model developed by Shayan
Saeidi in that paper.
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Chapter 8

Short-Cavity Single-Mode
On-Chip DFBL Source for
Monolithic PICs in the Telecom
Range

8.1 Contribution Statement

This project aimed to optimize the performance of an on-chip distributed
teedback (DFB) laser designed by INTENGENT, Inc. to operate as an optical
emitter in photonic integrated circuits (PICs). This project originated from
a collaboration between Prof. Dolgaleva’s research group and INTENGENT,
Inc., and was initially pursued by Tuhin Paul and Dr. Rosenstein, and after
I began my PhD studies, I joined the project through the Mitacs Accelerate
internship program. My main contributions were: (i) developing a multi-
physics simulation framework in COMSOL to reproduce and optimize the
performance of a third-order trapezoidal surface-etched-grating DFB laser,
and extending the solver so it can be applied to industry-based DFB designs
including laterally coupled or surface-etched higher-order gratings with
arbitrary profiles; and (ii) characterizing the available DFB laser chips on the
proprietary taper-assisted vertical integration (TAVI) platform provided by
INTENGENT company. The modeling workflow and solver implementation
were further refined by me through regular meetings with Prof. Dolgaleva,
Dr. Tolstikhin, and Dr. Rosenstein.

For the experimental characterization, Dr. Espinosa and I built the initial
setup for LIV and PIV measurements to extract the output characteristics
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of the fabricated samples provided by the company and to establish bench-
marks for validating the modeling approach. Ozan Oner later upgraded the
setup by improving the output edge-coupling efficiency and by stabilizing
the sample temperature, which is critical for reliable optoelectronic charac-
terization. Dr. Flizikowski and Lisa Fischer developed the automated mea-
surement tools. M. R. Mohammadpour and Kushal Jayarathna contributed
additional measurements on more samples to further confirm the accuracy

of the results.

I carried out the threshold-oriented modelling algorithm, generated the
tigures for the manuscript, and wrote the initial draft of the paper, except
for the experimental sections prepared based on the measurements led by
Ozan Oner. The manuscript was further refined through multiple rounds of
edits by Prof. Dolgaleva. The project was supervised by Prof. Dolgaleva, and
all co-authors approved the final manuscript.

8.2 Article

The results of this project were published in Journal of Physics D: Applied
Physics [218], and this chapter is based on the following article.
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Abstract

We present a numerical study of a third-order surface-etched-grating distributed-feedback laser
(DFBL) with narrow band operation around 1275 nm. The device is treated as a representative on-
chip source implemented on a proprietary taper-assisted vertical integration (TAVI) platform. A
threshold-oriented semi-numerical framework is developed in COMSOL software to analyze cav-
ity dynamics at lasing onset, using steady-state coupled-wave equations that account for the role of
radiative waves in the energy exchange between forward and backward propagating waves. Using

a numerical shooting method, the model extracts the paired eigenvalues corresponding to thresh-
old gain and detuning. The modeling results demonstrate stable single-mode operation at a cavity
length of L = 200 zzm, enabled by a strong complex coupling coefficient kg = 9.5 +731.7 cm™!,
whose coupling phase lifts the stop band and suppresses longitudinal mode degeneracy in the
output spectral response. The model predicts minimum detuning with lasing near 1274 nm.
Experimental characterization of available DFBL chips fabricated on the proprietary TAVI plat-
form shows lasing at 1272.4 nm, in good agreement with simulations. These results support the
validity of the proposed framework for capturing the key spectral behavior of higher-order grating
DFBLs and highlight its potential for the design and optimization of compact single-mode sources
in integrated photonic platforms under limited access to the parameters of the fabricated devices
and the associated optoelectronic characteristics.

1. Introduction

The increasing demand for bandwidth-intensive applications and high-speed access has highlighted the
importance of coherent optical communication systems [1]. Next-generation coherent optical networks
rely on photonic integrated circuits (PICs), which integrate multiple photonic components with well-
defined functionalities on a single substrate, significantly reducing the size and complexity of optical
infrastructures [2-5].

A critical parameter in PIC design is the performance of on-chip active components, particularly
laser sources. Key design requirements for these sources include narrow spectral emission within the
telecommunication windows, a high side-mode suppression ratio (SMSR), and low sensitivity to tem-
perature variations and fabrication imperfections. Distributed-feedback lasers (DFBLs), based on a
wavelength-selective cavity, can provide single-mode emission with a narrow linewidth, which is critical
for minimizing signal distortion over long fiber links and enabling dense wavelength-division multiplex-
ing systems [6, 7].

© 2026 The Author(s). Published by IOP Publishing Ltd
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DFBL cavities rely on multi-beam interference in a periodically perturbed waveguide, where the
effective index and/or the modal gain are modulated along the propagation direction. This periodic per-
turbation provides wavelength selectivity and enhanced optical feedback through engineered grating fea-
tures [8, 9].

DFBL operation is commonly analyzed using coupled-wave theory, in which the lasing condition is
formulated as an eigenvalue problem that yields the threshold gain and the detuning from the Bragg
condition. In this formulation, the coupling coefficient is a central design parameter because it strongly
influences both the threshold point and the lasing frequency [10]. The coupling coefficient is set by the
grating order and pitch, the grating shape and duty cycle, and the overlap between the guided mode and
the grating region [11].

The nature of the coupling mechanism depends on the grating etch position relative to the gain
region. Buried gratings placed within, or close to, the active region can yield a complex coupling
response because the periodic perturbation can include both effective-index modulation and gain modu-
lation [6]. When the grating is defined away from the active region, the feedback is typically dominated
by index coupling realized through an effective-index perturbation of the guided mode. In this case, the
grating order plays a key role in determining the available diffraction channels and the resulting coupling
behavior [8, 10].

First-order gratings can provide strong coupling between contra-directional guided waves while typi-
cally exhibiting relatively low radiation loss into diffraction channels, which supports low-threshold oper-
ation and short cavity lengths [12, 13]. For first-order gratings positioned sufficiently far from the gain
region, the feedback is predominantly index-coupled, and the coupling coefficient is purely real, which
can lead to degenerate longitudinal modes with identical net threshold gain corresponding with dual-
mode operation [8, 10]. Stable single-mode operation is commonly enforced by lifting this degeneracy,
for example, by introducing a phase-shift section along the grating length [14] or by using asymmetric
facet coatings [15]. More generally, a complex coupling coefficient with a sufficiently large imaginary
part or coupling phase provides another route to break the degeneracy and achieve a single longitudinal
mode for lasing [6, 10].

Higher-order gratings open additional diffraction channels that support radiative waves. These radia-
tive waves can interact with the guided waves, providing indirect coupling paths between the forward
(FW) and backward (BW) guided waves while also introducing distributed scattering loss [16—18]. As
a result, the effective coupling becomes complex, and its magnitude and phase govern the longitudi-
nal mode selectivity and the threshold eigenvalues [8]. Accurate threshold prediction for higher-order
DFBLs, therefore, requires capturing not only the fundamental guided mode but also the dominant
radiative (partial) modes supported by the grating geometry, since these modes contribute to the cou-
pling and loss terms appearing in the coupled-wave equations. At lasing onset, the optoelectronic param-
eters can be treated as time independent within a steady-state threshold analysis [8].

Laterally coupled gratings (LCGs) and vertically coupled surface etched gratings (SEGs) are common
implementations of higher order gratings positioned away from the active region and compatible with
regrowth-free fabrication flows [20-22]. In LCGs, gratings are etched on the sidewalls of ridge waveg-
uides, and the coupling strength is mainly governed by the overlap of the lateral evanescent part of the
guided mode with the sidewall grating region [23]. In vertically coupled SEGs, trenches are etched from
the top surface of ridge waveguides or upper emitter layers, yielding a vertical refractive index pertur-
bation with potentially high index contrast between etched and unetched regions [24-26]. By vertically
confining the modal field distribution, SEGs can increase the overlap between the guided mode and the
grating region and therefore support higher coupling coefficients [27-29]. At the same time, scattering
and radiation losses must be managed through the grating design [30]. By tailoring the radiative wave
content of SEGs through the grating geometry [30, 31], the magnitude and phase of the resulting com-
plex coupling coefficient can be engineered to improve the DFBL threshold response and enable robust
single-mode operation at shorter cavity lengths.

In this paper, we present a numerical study of an on-chip DFBL incorporating a third-order SEG
vertically coupled to a mesa structure, based on a representative architecture consistent with the taper-
assisted vertical integration (TAVI) framework [32] and compatible with regrowth-free processes. Due
to proprietary constraints associated with the commercial platform, the exact epitaxial compositions and
fabrication details are not disclosed. Instead, the analysis is carried out using an equivalent refractive-
index representation that captures the passive optical behavior of the device. A threshold-oriented mod-
eling framework, implemented in COMSOL software [33], is employed to identify conditions for stable
single-mode operation at the shortest feasible cavity length. This work focuses on steady-state opera-
tion at lasing onset, where the optoelectronic parameters are assumed uniform and time independent
along the cavity. Within this framework, the grating geometry is linked to the threshold eigenvalues
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Figure 1. (a) Cross-sectional view of the DFBL in the x—y plane, with light propagation along the z-direction. The numbered
layers correspond to table 1 and form three main parts: the substrate (layer 1), the passive router waveguide (layer 2), and the
mesa structure extending from the top surface of the lower emitter to the upper emitter (layers 3—11). The third-order trape-
zoidal SEG (layer 10) is defined at the center of the mesa by etching into the upper emitter. The color bar maps the layer colors to
their corresponding refractive indices. (b) One period of the third-order trapezoidal grating profile shown in the y—z plane along
the propagation direction (z). The grating has a fixed duty cycle of v = 0.72, with geometrical parameters A = 586.65 : nm,

d =488 : nm, [, = 422.6 : nm, and /; = 250.5 : nm, and is filled by the cladding layer (layer 12).

through both direct and radiative-wave-mediated coupling terms and the associated radiative-loss con-
tributions, enabling estimation of the threshold response and the resulting spectral behavior. The lasing
wavelength near 1275 nm is set by the available DFBL chips used to validate the simulated results and
was not independently selected in this work. The proposed modeling framework is general and can be
applied to devices operating at other telecom wavelengths by adjusting the grating parameters and the
effective indices accordingly. Experimental characterization of representative DFBL chips fabricated with
different cavity lengths on the same TAVI platform is used as a benchmark for validating the model. The
comparison between simulations and experiment supports the validity of the proposed framework.

2. Structure and methodology

Figure 1(a) shows the representative vertically integrated DFBL architecture studied here, consistent
with the designs reported in [28, 29]. It can be conceptually divided into three parts: (i) a substrate
layer (layer 1), (ii) a passive router waveguide (layer 2), and (iii) a mesa structure. The router (layer 2)
serves as the passive waveguide that directs the laser output toward other on-chip components. The mesa
region comprises the lower and upper emitter layers (layers 3 and 11), referred to here as emitter layers
to distinguish them from conventional cladding layers, which serve as functional waveguiding and injec-
tion layers in the vertically integrated architecture, with the SEG (layer 10) defined in the upper emitter.
The undercut layer (layer 4) and the capping layer (layer 5) form the bottom part of the mesa structure.
The waveguiding part of the mesa is formed by the separate-confinement heterostructure (SCH)-multi
quantum well (MQW)-SCH stack (layers 6-8). The SEG region and the upper SCH layer are separated
by a spacer layer (layer 9). The entire structure is encapsulated in the cladding layer (layer 12), which
also fills the etched grating region. In such regrowth-free vertically integrated platforms, the router layer
serves as a passive routing plane, and optical transfer between functional regions is achieved through
evanescent field coupling defined by the refractive index profile.

Figure 1(b) shows a single period of a trapezoidal grating with order M = 3 in the y—z plane, which
is made of an upper emitter material (Layer 11), and the etched region is filled with a cladding material
(Layer 12).

Figure 1(a) shows the numbered layers, whose refractive indices and geometrical parameters are listed
in table 1 and serve as the effective optical parameters used in the modeling. Due to proprietary con-
straints associated with the commercial device platform, the exact material compositions and doping
profiles are not disclosed.

Continuous-wave (CW) operation is a crucial requirement for this on-chip DFBL as a telecom laser
source, resulting in a constant and stable output power. In this regime, the system reaches equilibrium,
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Table 1. Bottom-to-top layers’ specifications of the DFBL.

Layer Refractive index Thickness (pm) Width (pm)
1- Substrate 3.2141 30 6.4
2— Router 3.2842 0.44 6.4
3— Lower emitter 3.2136+j2.03 x 10~* 0.48 6.4
4— Hole aperture 3.2344j1.34x 104 0.05 1.8
5- Capping 3.214+471.35 x 1074 0.05 44
6- Lower SCH 3.308 +73.05 x 10— 0.10 44
7- MQW 3.4586 0.123 4.4
8— Upper SCH 3.28+j1.1x107° 0.20 4.4
9— Spacer 3.21+j1.04 x 1074 0.024 3.9
10— SEG Mes 0.488 1.1
11— Upper emitter 3.21+j1.04 x 10~* 0.488 3.9
12— Encapsulation 2.04 — —

with the gain provided by the cavity balancing the total losses. This balance ensures that the photon and
carrier densities inside the cavity stabilize, leading to a time-invariant optical field [19]. To determine
the lasing onset of the studied DFBL, as shown in figure 1(a), we investigate the interaction between FW
and BW waves propagating within the WBG cavity along the z-direction. Under steady-state conditions,
the threshold-oriented coupled wave equations can be described by

df:liZ) +A(2) [onor — (I'+ B) gn] = j [0 + koT'An + R{r11}] A (2) +j [km + K12] B(2) ,
_dlfiiZ) + B(2) [onor — (I'+ ) gin] = j [0 + koT'An + R{k2}] B(2) +j [k —m + k2] A(2) .- (1)

Here, A(z) and B(z) represent the longitudinal mode components of the FW and BW propagating
waves, respectively, with gy denoting the required threshold gain to start lasing. I" is the confinement
factor of the guided mode inside the core or active region of the DFBL. The detuning term y, repre-
sents the deviation between the operating and Bragg wavelengths. The refractive index difference (An) is
seen by propagating waves within the cavity in the presence and absence of electrical biasing, introducing
a phase-shift term to the respective propagating waves. 3 is the inhomogeneous spontaneous emission
factor. The mutual coupling coefficients, x_j; and ks, govern energy exchange between the FW and BW
waves. The self-coupling terms, ;; and xy,, introduce phase shifts to the respective propagating waves.
For all grating geometries, the self-coupling coefficients are equal (k17 = Kk22) [8]. Other mutual cou-
pling terms, represented by s, and k;;, describe interactions between the propagating waves via radia-
tive waves, which can either enhance or diminish the primary mutual coupling coefficients. Another key
term, auor, accounts for total losses that decrease the cavity gain and is defined as auor = 23{k11} + o,
where ${r11} is the scattering losses of radiative waves escaping from the cavity and «y is the free-
carrier absorption losses due to intraband transitions within the active region [34]. The eigenvalue pair
(g, 0m) determines the threshold gain required within the cavity to start lasing at a wavelength selected
by 5th-

To solve the coupled-wave equations in equation (1) and obtain the optimized threshold lasing
response, we first determine the cross-sectional refractive-index profile (n¢(x,y)) of the third-order
trapezoidal grating shown in figure 1(b). The transverse refractive index of the grating region in the x—y
plane is defined by

l 7lt l 7Zt
fies (x,y) = \/nfm) {’y— %y} +nfL12) {(1 )+ (bAd )y , (2)

where I, and [; are the larger and smaller arms of the trapezoid, and d is the height of the grating pro-
file. The grating profile is defined by a duty cycle parameter, v = I, /A, with the grating period A that
optimizes the feedback efficiency by varying the grating shape from triangular to more rectangular.

The refractive indices of the unetched and etched regions are described by n(1;) and n(y,), respec-
tively. By defining the harmonic Fourier components for the third-order trapezoidal grating along the
cavity plane (y—z), the refractive index of the grating region is defined as

ngr (X,)/, Z) = Ngs (xvy) +Aq (xvy) ej(27'rq/A)z’ (3)
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where

Ml — 1 g (bh—L  A—l
Ag(xy) = —< 2 (Lm) sin(ﬂ ( LAV t)) ) (4)

mq A 2d 2

Here, g is the Fourier coefficient to show higher-order index perturbations along the cavity. In higher-
order WBGs, the wavenumbers of FW and BW propagating waves are 3y = Mr/A and S_y = —Mm/A,
respectively. Besides FW and BW waves, higher-order WBGs can support radiative waves with wavenum-
bers 3, = w, with m as the diffraction order, that can be engineered to tune feedback strength and
the accumulated coupling phase [19]. These radiative waves can establish a quasi-phase matching condi-
tion between the FW and BW propagating waves, and hence provide indirect coupling channels between
these contra-directional guided waves. For a third-order grating, diffraction orders of —3 < m < 3 are
responsible for the dominant radiative waves.

Coupling coefficients are the most important parameters in the coupled-wave equation of
equation (1), as they govern how the interacting waves exchange optical energy along the cavity and are
determined by

0
KM = 2PN //GrAiM (x,7) Eé (x,y) dxdy, (5a)
k
— // E< q) (x,y) Aq (x,y) Eo (x,y) dxdy, (5b)
2PNt Gr
4#0,M
k M-
Ky = ZPIST // EEMM D (x,y) Ay (x,y) Eo (x,y) dxdy, (5¢)
eff Gr
q70,
k
Ky = — // E( q> (%) Aq (x,) Eo (x,y) dxdy, (5d)
2PNef Gr
q#0,M
(—M— q)
= ZPNeff #OZ //;rE q (x7y) Ey (x,)/) dXdy (5e)

In the equations of coupling coefficients, kg = 271'/ A is the free-space wavenumber at the Bragg
wavelength A\g = 1275 nm. The parameter P = [[.( Ej(x,y) dxdy is the optical power in the cross-
sectional plane of the whole structure. N is the effectlve index of the fundamental TE mode, whose
electric field component is denoted by Ey(x,y) and is identical for both FW and BW propagating waves.
The electric field components of the partial modes in the FW and BW directions are E(()i) (x,y) and
E@M(x, ), respectively, where i = —q or i = —M — q (i # 0,—M) represents the order of the partial
modes. As defined in equations. (5a)—(5e), the coupling coefficients are inherently linked to the grating’s
geometrical parameters through the term A,(x,y). By taking the impact of radiative waves into account,
we define the effective coupling coefficient as

Keft = v/ (K + #12) (F—m + K1) (6)

where |kef| and Zk. represent the coupling strength and phase, respectively, which determine the
optical energy exchange between the FW and BW propagating waves along the structured cavity of the
WBG.

The electric field component of the fundamental TE mode is calculated by numerically solving the
homogeneous wave equation

8Ey (x, D2E, (x,
(%S Dy gy(f D 4 (k3 (x.9) - ) Eo x.9) =0, (7)

where n(x,y) is the transverse refractive index of each layer, and 8 = 27 Neg/Ap is the propagation con-
stant of the fundamental mode. The fundamental mode must be partially confined within the core

5
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region of the DFBL to facilitate the interaction of its evanescent part with the grating region, and is
hence referred to as a quasi-TE mode.

The partial modes radiate perpendicular to the transverse plane of the WBG and are coupled back
into the cavity through the grating region, thereby modifying the coupling coefficients, as shown in
equations (5b)—(6) [11, 31]. These modes are described by a spatial Fourier expansion based on Floquet—
Bloch theory [35] and are formulated using the inhomogeneous Helmholtz equations

V2 E (x,) + (Kend (x,9) — B2) B (x,9) = —k2An (x,9) Eo (x,y). (8a)
V2 E" (x,y) + (K2 (x.) — B2) "y (%.7) = —k2Amear (x.9) Eo (x,3). (8b)

where the propagation constants of partial modes are defined by 8,, = 8y + 2mn/A. Equations (8a)
and (80) determine the generated partial modes in the FW and BW directions, respectively.

In this study, we focus on passive modeling of the DFBL using the refractive indices and geometri-
cal parameters listed in table 1 to determine the optimal eigenvalue pair from equation (1). In the first
step, we use the RF Module of COMSOL Multiphysics [33] to numerically solve the homogeneous wave
equation (see equation (7)) in the cross-sectional plane and obtain the electric field distribution of the
fundamental quasi-TE (guided) mode, Ey(x,y), together with its effective index Ng. In this step, we
perform a mode analysis study using a computational domain that is sufficiently large and rigorously
meshed, while perfectly matched layers (PMLs) are applied on all outer boundaries to terminate the sim-
ulation region. In the second step, using N and Ey(x,y) obtained in step one, we employ the general
form of the Helmholtz partial differential equation in the Mathematics Module of COMSOL to com-
pute the partial modes in both the FW and BW directions by semi-numerically solving equations (8a)
and (8b), following the finite-element-based simulation method described in our previous work [31].
With the effective index, the guided mode, and the partial modes in hand, we then evaluate the cou-
pling coefficients and the scattering loss of radiative waves required in the coupled-wave equations of
equation (1). Finally, by numerically solving equation (1) using the shooting method [6, 11], we find the
optimal eigenvalue pair (g, ) corresponding to single-mode operation at the shortest feasible cavity
length.

3. Results

Figure 2 presents the transverse electric field distribution of the guided mode at the Bragg wavelength
A = 1275 nm for the fixed duty cycle v = 0.72. As shown in figure 2(a), the guided mode is partially
confined within the MQW region. The SCH layers in the waveguiding section provide the vertical con-
finement, while the lateral confinement is realized near the bottom of the mesa. In particular, because
the SEG does not provide ridge-type lateral guiding by itself, the guided mode is laterally defined at
the mesa base through the thin undercut layer and the capping layer above it. The upward evanescent
tail of the guided mode penetrates toward the grating region and overlaps with the SEG, enabling ver-
tical evanescent-field coupling to the grating. The spacer layer between the upper SCH and the SEG is
set to 24 nm to optimize the modal overlap with the grating region while maintaining mode confine-
ment in the MQW region. The cladding thickness above the grating region is set to 30 nm to provide
the refractive index contrast required to reduce scattering loss. The lower evanescent tail of the guided
mode extends into the passive router waveguide, enabling optical transfer through vertical evanescent
coupling. This coupling is governed by the refractive index contrast in the lower mesa and surround-
ing layers, and does not rely on a discrete taper section in the present structure. By increasing the duty
cycle, the grating shape evolves from triangular to more rectangular while the grating period decreases,
as shown in figure 2(c), resulting in the effective index enhancement observed in figure 2(b).

As the next step in the transverse analysis, we calculate the electric field distributions of the partial
modes. All allowed partial modes coupled back to the fundamental mode, through the grating layer, can
contribute to the cavity interactions and modify the coupling coefficients, which in turn determine the
threshold response and the required cavity length of the DFBL. Figure 3 presents the dominant partial
modes in the FW direction, corresponding to E((fl) and E((fz) obtained from equation (8a) for the duty
cycles v = 0.39 and v = 0.72. These partial modes disperse across the transverse plane and are absorbed
by the surrounding PMLs in the simulation domain. At smaller duty cycles, the grating profile features
sharp teeth, forming a high index contrast along the propagation direction. As a result, partial modes
escape the cavity and scatter perpendicular to the propagation direction, as shown in figure 3(a). In con-
trast, at larger duty cycles, the grating profile becomes trapezoidal, leading to a smoother index variation

6
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Figure 2. (a) Electric field distribution of the guided mode at the fixed duty cycle of v = 0.72. (b) Effective index variation as a
function of duty cycle, and (c) the grating period changes as a function of duty cycle.
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Figure 3. Electric field distributions of the dominant partial modes in the FW direction. (a) E[()_z) aty = 0.39, showing scatter-

ing across the transverse plane. (b) Eéil) at v = 0.72, mainly confined within the grating region.

along the cavity. Consequently, partial modes become more confined within the grating region, as illus-
trated in figure 3(b).

After determining all interacting modes, we next calculate the direct coupling coefficients (see
equation (5a)) and the modified coupling coefficients (see equation (6)), which play key roles in extract-
ing the threshold eigenvalue pair from equation (1).

Figure 4 illustrates the magnitude and phase of the effective and direct coupling coefficients as func-
tions of the duty cycle. The effective coupling coefficient is complex due to radiative-wave-mediated
interactions, where the coupling magnitude shows the feedback strength and the coupling phase is essen-
tial for mode discrimination. The grating induces a periodic effective-index modulation along the cav-
ity through its Fourier harmonic components A4(x,y). For the third-order case (M = +3), this peri-
odicity results in three peaks (i.e., |M| peaks associated with the grating order) in the coupling mag-
nitude at duty cycles around v =0.3,0.6,0.95 for both the direct and effective coefficients. As shown
in figure 4(a), increasing the duty cycle enhances the transverse refractive index of the grating region,
allowing the guided mode to penetrate deeper into it and thereby enhancing the coupling. Conversely, at
smaller duty cycles, only a small fraction of the guided mode overlaps with the SEG, leading to weaker
coupling. As the duty cycle approaches zero, the index perturbation vanishes and the mutual energy
exchange between the propagating waves approaches zero.

7
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Figure 4. (a) Direct and effective coupling strengths as functions of the duty cycle, exhibiting three peaks at approximately v =
0.3, 0.6, and 0.95, resulting from the periodic modulation of the effective index experienced by the FW and BW propagating
waves. (b) Direct and effective coupling phases as functions of the duty cycle. While the direct coupling phase remains constant,
the effective coupling phase exhibits two extrema (maxima) at v = 0.39 and 0.72. The highlighted region indicates the optimal
duty cycle range, with v = 0.72 selected for the fabrication process.

The coupling phase exhibits a more complex behavior. As shown in figure 4(b), the direct coupling
phase, which neglects radiative interactions, remains monotonic. In contrast, the effective coupling phase
undergoes two extrema (i.e., [M| — 1 extrema) at duty cycles around v = 0.39,0.72 due to quasi-phase
matching mediated by radiative waves. By introducing additional optical path differences in the cav-
ity and inducing phase retardation between the FW and BW propagating waves, the contribution of
radiative waves enables selective amplification of a resonant wavelength within the cavity and suppresses
mode degeneracy.

To ensure stable CW operation of such DFB lasers, the duty cycle must be chosen to provide suf-
ficient coupling strength and a strong coupling phase. As evident from figure 4, duty cycles near 0.39
and 0.72 produce pronounced peaks in the coupling phase response. In the subsequent steps, a duty
cycle of approximately v = 0.72 is adopted, as it offers a broader fabrication tolerance. At v = 0.39, the
smaller arm of the trapezoidal grating profile is around /, = 56 nm, which is challenging to fabricate and
increases the risk of index-contrast degradation. In contrast, at v = 0.72 the smaller arm is /; = 250 nm,
which is more compatible with practical fabrication.

The electro-optical parameters of the MQW layer (active region) defined in equation (1) are assumed
to be An=3x 1072 and cp =5 cm ™! under threshold conditions. These values are adopted based
on representative parameters reported for similar device architectures, as the exact layer compositions
and doping profiles of the experimental platform are subject to proprietary constraints and are there-

fore not disclosed. The spontaneous emission factor is set to the standard value 8 = 10~ for the MQW

. . . 2(x,) dxd .
region [36]. The optical confinement factor is calculated as I' = M. In practice, the thresh-

old current of the device is influenced not only by the required threshold gain but also by radiative
losses associated with the third-order grating and by the reduced injection efficiency characteristic of the
regrowth-free N-up architecture.

The coupled wave equations can be solved numerically with the shooting method. The cavity length
is discretized along z using fourth-order Runge—Kutta integration, and a Newton—Raphson step iter-
atively updates the eigenvalue until the boundary conditions at the rear (z= —L/2) and front (z =
+L/2) facets are satisfied [6, 9]. These conditions are written as A(—L/2) = B(—L/2) and B(+L/2) =
12A(4+L/2), with an arbitrary initial guess for B(—L/2). By assuming zero reflectivity at both facets
(r1 = r, =0), the boundary condition at the output facet directly gives B(+L/2) = 0, since no BW wave
is generated. The FW-propagating field is then normalized by setting A(—L/2) = 1, which does not affect
the physical solution, as the transmission coefficient is determined from relative field amplitudes. Under
these conditions, the analytical solution for the transmission coefficient of the open cavity is obtained
8, 37].

Figure 5(a) shows the operational eigenvalue pair with minimum threshold gain gy and least devi-
ation of 4y, from the Bragg wavelength of §L = 0 at each cavity length. After finding L and (g,d)y, we
find the transmission coefficient from the output facet, which demonstrates how the optimized pair
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Figure 5. (a) The pair eigenvalues at different cavity lengths. The pair (gL = 0.896 , 5L = —2.603) corresponds to the opti-
mal eigenvalue that reaches the lasing condition first. (b) The transmission coefficient as a function of the normalized detuning
range, for analytical and numerical calculations. As expected, the analytical result presents the unbounded amplification of the
signal at the output facet, while the numerical simulation accurately predicts a dominant single resonance with an amplifica-
tion factor of 10°, lasing at the predetermined operating wavelength, adjacent to the Bragg wavelength, represented by JL = 0. A
slight asymmetry in the spectral background around the resonance is observed, which is consistent with the presence of complex
coupling in higher-order grating structures.

eigenvalue of (gL = 0.896, 0L = —2.603) at L = 200 um determine the lasing onset and suppress the par-
ity symmetric mode which deteriorates the single-mode operation, as shown in figure 5(b). The selection
of cavity length of L =200 um causes closed eigenvalues with moderate net threshold gains, as expected,
and slightly increases the gain chance of the oscillating side modes observed in figure 5(b).

Because the design functions as an on-chip source, it is necessary to ensure that the generated opti-
cal signal is directed toward the passive router located between the substrate and the lower emitter lay-
ers. To investigate optical propagation and its vertical transfer into the passive router, we use the Wave
Optics module of the COMSOL software to compute the electric field in a longitudinal y—z cut through
the center of the mesa. The guided mode at the MQW region is launched as the input port, and out-
put ports are defined at the waveguiding ends to monitor propagation along the cavity. For this prop-
agation study, we assume a cavity length of L = 100 pm, a substrate thickness of 30 um, a free-space
virtual cladding thickness of 8 um, and PMLs on the outer boundaries, including along the y direction
(epitaxial growth). The third-order trapezoidal grating is approximated by equivalent homogeneous lay-
ers [6,18,31] at the duty cycle of v = 0.72. The resulting longitudinal field distribution is not intended to
represent the standing-wave pattern inside a lasing DFB cavity. Instead, it is a wave optics propagation
study used to visualize how the guided mode launched in the mesa region couples evanescently into the
passive router in the longitudinal y—z plane.

Figure 6 shows that the guided field remains predominantly confined along the propagation direc-
tion while a weaker field component transfers into the passive router through vertical evanescent cou-
pling. The layer indices shown in figure 6(b) follow the same numbering as table 1. The pronounced
scattering observed near the beginning of the structure originates mainly from radiative and leaky field
components excited at the input due to local index discontinuities and the resulting mode mismatch
between the launched guided mode and the layered structure. As highlighted in figure 6(b), this radiative
contribution is strongest over short propagation distances near the input and then rapidly decays, since
these components are not guided and therefore leak into the surrounding regions. These radiative waves
spread into the substrate region and are absorbed by the PML boundaries.

Figure 6(c) further confirms that the electric field and optical power remain mainly confined in the
waveguiding region at the output, with the strongest field localized around the waveguiding stack (par-
ticularly the MQW region), and only vertical tails extending toward the passive router. The observed
variation of the field amplitude coupled into the router along z is therefore expected in this passive
propagation study. In the router, the coupled field can exhibit constructive and destructive interference
along z due to the continuing energy exchange between the guided mode and the router mode, while
the envelope is also influenced by passive attenuation included through the complex refractive indices
of layers and by radiative waves absorbed by the PML. This redistribution of optical energy between the
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Figure 6. Electric field profile along the DFBL cavity obtained from a wave optics propagation study under guided mode excita-
tion. (a) Longitudinal y—z cut through the mesa center, showing that the field remains confined in the waveguiding region while
evanescently coupling into the passive router. The dashed markers indicate a zoomed region between z = 0 and 40 pum, showing
the vertical coupling of the electric field into the passive router located on the substrate. (b) Enlarged view near the input, high-
lighting radiative wave components excited at the input that decay rapidly along z. (c) Enlarged view near the output, showing
that the field remains mainly concentrated around the waveguiding stack (MQW region) with a weaker evanescent tail extending
toward the router. The layer indices shown in (b) follow table 1.

mesa region and the router leads to an apparent variation of the local electric field magnitude along the
propagation direction within the passive waveguiding router.

4. Experiment

To validate the DFBL modeling, optical power-current—voltage (PIV) and spectral response measure-
ments are performed at a fixed temperature on available DFBL chips fabricated on a proprietary TAVI
platform. The devices were designed and fabricated by commercial partners, and detailed epitaxial com-
positions and fabrication parameters are not disclosed.

A source meter unit is used to inject current by probing the DFBL signal and ground pads with areas
of 230 x 100 ym?. The DFBL chip is mounted on a 6-axis micro-positioning stage that allows precise
control over the alignment in both position and angle. A lensed fiber with a spot diameter of 5 um is
positioned in front of the laser facet using an independent 6-axis stage to collect light via edge-coupling
(see figures 7(d) and (e)).

Figure 7(c) shows the average output optical power as a function of the bias current, collected by
a lensed fiber placed adjacent to the DFBL output facet after vertical transfer into the passive router.
Unlike buried-grating DFB lasers that often exhibit an abrupt threshold knee, the measured P-I char-
acteristic of the regrowth-free N-up DFBL studied here can show a smoother threshold transition [38].
In particular, the third-order grating introduces distributed scattering losses, and the mesa design’s prin-
ciple can reduce injection efficiency; together, these effects broaden the transition from amplified spon-
taneous emission (ASE) to stimulated emission. We estimate the threshold current as I, & 25 mA, as
indicated in figure 7(c). The collected output power increases approximately linearly over the range of
100-150 mA and then deviates from linearity and begins to saturate at higher bias. The maximum col-
lected output power is 43.5 mW at I;,s = 200 mA and V =4.985 V, corresponding to an electrical dis-
sipation of 997 mW, which is consistent with self-heating-induced saturation at high bias. The wall-plug
efficiency (WPE) is defined as the ratio of optical output power to electrical power [39]. Accordingly, the
highest measured WPE is 6.38% at Ipi,s = 132.66 mA, where the device consumes 503.2 mW of electrical
power.

10
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Figure 7. Experimental PIV measurements of the DFBL demonstrating the (a) voltage, (b) electrical power and (c) average opti-
cal output power as a function of bias current. (d) Microscope image of DFBL during a PIV experiment. Edge-coupling of the
lensed fiber to the chip can be seen in the bottom right corner of the image. (e) Experimental schematic for extracting the PIV
characteristics and spectral response of the DFBL. (f) Spectral power as a function of operating wavelength in the O-band, show-
ing a dominant lasing mode at 1272.4 nm with SMSR of 40 dB.

Figure 7(f) presents the output spectrum under a fixed bias current of 75 mA, showing a dominant
lasing peak at A = 1272.4 nm with SMSR = 40 dB. Since this spectrum is measured well above thresh-
old, including an ASE contribution that distorts the single-mode lasing around A = 1272.4 nm. This
broad tail can be attributed to the red-shift of the ASE peak spectrum toward the Bragg wavelength,
reshaping the output spectral response, which may appear as an asymmetric, one-sided spectral tail
[40, 41]. In our measurement, residual reflections in the edge-coupled lensed-fiber setup can also con-
tribute to this asymmetry by perturbing the boundary condition at the output facet.

To assess the predictive capability of the modeling framework, we now compare the key spectral and
operational characteristics obtained from the numerical analysis with those measured experimentally.
The model predicts stable single-mode operation near the Bragg wavelength, with an optimized cav-
ity length of L =200 ym and lasing expected around A ~ 1274 nm, governed by the extracted eigen-
value pair and the complex coupling coefficient. Although the experimentally characterized devices differ
in geometry from the optimized configuration and are described using an abstracted refractive-index
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Table 2. Comparison of DFBL designs with output characteristics in the telecom band.

References Platform  Grating type A(nm) & (nm) Iy (mA) L(um) & (cm™h) SMSR (dB)  Regrowth-free
Thiswork  InP 3rd—surface etched v 1275 1 25 200 9.5+4j31.7 40 Y
[42] SOI+InP  1st-buried 1310 2.1 20 350 156 45 N
[43] Si+GaAs  1st-laterally etched 1300 1 20 1500 45 50 N
[44] InP 1st-buried 1320 3 10 250 120 50 N
[45] GaAs Ist-laterally etched 1300 12 80 1500 20 50 Y
[23] InP 3rd-laterally etched 1310 4 100 750  2.324j12 45 Y

model, the comparison provides insight into how well the framework captures the dominant physical
mechanisms governing DFBL behavior.

The modeling results reveal an optimized configuration at the shortest feasible cavity length of
L =200 um. The corresponding complex coupling coefficient, kg = 9.5+731.7 cm™!, exhibits a
strong coupling phase that lifts the stop-band and removes longitudinal mode degeneracy, resulting in
a single-mode spectral response. The simulated spectral response predicts an operating wavelength of
A = 1274 nm, obtained from A =27 Neg/(Mm /A — dy) with Neg = 3.2585 and A = 586.65 nm.

The experimental measurements of the available DFBL chips, which have a cavity length different
from that of the optimized modeled device, demonstrated single-mode lasing at A = 1272.4 nm with
an SMSR of 40 dB, a threshold current of 25 mA, a maximum optical output power of 43.5 mW at
a bias current of 200 mA, and a WPE of 6.38 % at a bias current of 132.66 mA. The close correspon-
dence between the experimental and simulated spectral responses validates the reliability of the modeling
approach for optimizing stable single-mode operation of higher-order grating DFBL sources.

5. Conclusion

This work presents a modeling framework for analyzing and optimizing higher-order SEG DFBLs in ver-
tically integrated photonic platforms. By extending the steady-state coupled-wave formalism to include
both direct and radiative-wave-mediated coupling mechanisms, the approach captures the role of the
complex coupling coefficient in determining threshold conditions and mode selection.

The analysis highlights the importance of the coupling phase in lifting mode degeneracy and
enabling stable single-mode operation, particularly in short-cavity regimes. The developed semi-
numerical workflow provides a practical and computationally efficient tool for identifying optimal design
conditions, including cavity length and grating parameters, without requiring full knowledge of the
underlying material stack. The agreement between the modeled behavior and experimental observations
supports the validity of the approach for describing the spectral characteristics of DFBL devices imple-
mented on regrowth-free vertically integrated platforms.

Table 2 provides a comparative summary of recent high-performance DFBL designs. Compared to
previously reported devices, the present work demonstrates competitive single-mode performance with a
relatively short cavity length (200 pm) and strong side-mode suppression, enabled by the engineered
complex coupling coefficient associated with the higher-order grating. While some reported designs
achieve lower threshold currents or higher coupling strengths, they often rely on regrowth processes or
longer cavity lengths. In contrast, the present approach highlights the potential of regrowth-free, higher-
order grating configurations to achieve compact and spectrally stable on-chip sources.

Opverall, this work demonstrates that higher-order SEGs, when properly engineered, offer a viable
path toward compact, single-mode on-chip laser sources. The presented modeling framework can sup-
port the design and optimization of such devices for integrated photonic systems in the telecom range,
where fabrication constraints and limited access to detailed process information often necessitate abstrac-
tion at the device level.
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Appendix. Experimental setup and measurement details

This appendix provides additional details on the experimental setup, measurement procedures, and data
acquisition methods used to characterize the DFBL devices. These details are included to support the
reproducibility and interpretation of the experimental results presented in the main text.

The samples were mounted on a custom 13000 three-axis stage (Luminos Industries). The stage
was designed to facilitate a standard thermo-electric cooler (TEC) positioned directly beneath the alu-
minum mount holding the sample. The excess heat of the system was removed by connecting the oppo-
site temperature pole of the TEC to a heat exchanger. Nylon screws was used to ensure thermal isolation
between both sides of the TEC, preventing parasitic heat conduction. A negative temperature coefficient
(NTC) thermistor was bonded within a few millimeters of the chip using thermally conductive adhesive.

To ensure thermal stability during measurements, a closed-loop PID control system, comprising the
TEC and the NTC thermistor as feedback components, was employed to maintain a constant tempera-
ture of 20°C. It should be noted that temperature fluctuations of approximately 1 °C result in a spectral
shift of about 300 pm.

All dies were visually inspected using an optical microscope upon receipt from the foundry. Two
wafers from separate fabrication runs were processed. Dies were categorized into three groups based on
visual inspection: (i) no visible defects, (ii) minor defects, and (iii) unsuitable for testing. Only defect-
free dies were used for optical and electrical characterization.

The P-I-V data shown in figure 8(a)—(c) represent the average of 50 independent sweeps performed
on a single cavity. Each sweep used a current step of 1 mA over a range of 0-200 mA. The output power
data presented in figure 8(d) were obtained via edge coupling using a lensed fiber and measured with a
Yokogawa AQ6370C optical spectrum analyzer (OSA). The spectral range was 1260-1290 nm, recorded
in 30 pm increments, with two optical power readings averaged at each wavelength point. The coupling
efficiency was optimized through active alignment by iteratively adjusting each axis of the fiber position
to maximize the detected output power.

All experiments were automated using Python scripts interfacing with a Keithley 2450 source meter,
a Newport 2936R power meter, and the Yokogawa AQ6370C OSA. Python drivers for each piece of
equipment were created, and experimental methods were then implemented for the PIV and spec-
tral response characterization. The developed codes are available upon request from the corresponding
author.
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Chapter 9

Conclusion

In this thesis, we investigated two important categories of optical compo-
nents that are extensively employed in modern photonics. Accordingly,
the first part of this dissertation was devoted to sub-wavelength structured
components, so-called metamaterials and metasurfaces, where engineered
resonant optical antennas or meta-atoms were used to tailor linear and non-
linear light-matter interactions for sensing, filtering, enhanced scattering,
spontaneous emission control, and second harmonic generation (SHG). The
second part focused on waveguide Bragg gratings (WBGs), with an emphasis
on higher-order gratings as practical feedback mechanisms for distributed
feedback (DFB) laser sources and regrowth-free photonic integration plat-

forms.

To establish the principal physical mechanisms and modeling approaches
for metasurfaces, Chapter 2 was devoted to the theoretical and numerical
frameworks required to study both linear and nonlinear metamaterials and
metasurfaces. In this chapter, a semi-numerical induced linear current
density method was introduced as a practical tool for evaluating multipole
contributions and far-field radiation from arbitrarily shaped optical antennas
over a broad spectral range. This approach enabled systematic engineering
of the scattering response of individual resonant meta-atoms and clarified
how their resonant characteristics can be translated into metasurface designs
for targeted applications. In addition, Chapter 2 established a conceptual
bridge between linear and nonlinear metasurface modeling by introducing
nonlinear scattering theory (NLST) as an accurate framework for analyzing
SHG in plasmonic structures. Within this framework, induced nonlinear cur-
rents inside resonant meta-atoms act as distributed local sources responsible

for generating the second harmonic (SH) response.
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In Chapter 3, we numerically explored an InSb-based THz plasmonic meta-
surface that exhibited a narrow linewidth resonance with a high Q-factor.
The main outcome of this chapter was to demonstrate that moving beyond
a single sub-wavelength resonator toward a carefully engineered periodic
meta-molecule array enables the emergence of a surface lattice resonance
(SLR). This resonance arises from constructive far-field coupling of localized
resonances mediated by an in-plane Rayleigh anomaly diffraction channel.
This work further demonstrated that the spectral response of the metasurface
can be actively tuned by modifying the free carrier concentration in InSb,
and it highlighted the potential of such narrow resonances for applications
including plasmonic tweezing and medium perturbation sensing.

As one of the promising applications of resonant optical antennas is the
enhancement and control of the radiative decay rate of quantum emitters in
coupled systems, Chapter 4 was devoted to the active control of spontaneous
emission in the THz regime using magneto-optically tunable III-V based
resonant antennas. This chapter developed the concept that the radiative
decay channels of a THz emitter can be dynamically engineered using an
InSb-based antenna, whose scattering response, including the contribution
of multipole moments, can be tuned under weak magnetization. In addition,
Chapter 4 proposed a hybrid Si-InSb active antenna concept to achieve
strong radiative enhancement for magnetic dipole emitters. A modified
deep-learning approach was also employed to optimize the emitter position
and maximize the emission enhancement factor in the coupled emitter—

antenna system.

In the subsequent two chapters, we focused on plasmonic SHG metasurfaces
developed for near-field microscopy and label-free imaging applications. In
Chapter 5, we investigated a plasmonic metasurface composed of asymmet-
rical L-shaped gold meta-atoms arranged in varied orientations, enabling the
study of SH response in a structurally disordered system. The underlying
motivation for this design was to imitate the evolution of polar biological
assemblies, such as microtubules, which can exhibit intrinsic SH responses
under intense optical excitation while potentially presenting structural disor-
der and dynamic reorientation in vivo. These characteristics are particularly
relevant to the early diagnosis of neurodegenerative disorders. To model
such systems, we engineered a nonlinear metasurface in which an intense
pump light selectively activated only specific meta-atom orientations, such
that the ensemble effectively behaved as a set of orientation-dependent
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channels for SH radiation. In this design, meta-atoms aligned with the
incident polarization were efficiently excited by the pump light and gener-
ated strong plasmon-enhanced nonlinear currents, while other orientations
remained largely inactive. This approach clarified how dominant emission
channels can emerge within a disordered ensemble and provided a practical
platform for studying SHG as a function of meta-atom orientation and
pump polarization. In addition to numerical modeling, we experimentally
characterized the linear optical response of the fabricated metasurface under
different polarization states and obtained results in good agreement with the
simulations. Finally, SHG microscopy measurements at a pump wavelength
of 1030 nm confirmed that the fabricated metasurface produces a measurable
SH signal with polarization-dependent contrast. However, the limited spa-
tial resolution and the observed nonuniformity prevent direct identification

of the contribution from each individual orientation.

As a complementary study to the previous chapter, Chapter 6 numerically
investigated how a plasmonic SHG metasurface can simultaneously achieve
improved near-field resolution and enhanced forward emission by compar-
ing different plasmon-assisted SHG enhancement platforms. In this study,
we compared an LSPR-based metasurface, an SLR-based periodic metasur-
face, and a hybrid configuration that benefits from the resonant coupling of
localized and lattice responses. To this end, we proposed a bi-layer stacked
metasurface consisting of a passive centrosymmetric array that support an
SLR to provide field enhancement at the pump frequency, while an upper
nonlinear metasurface layer, composed of asymmetrical meta-atoms, induces
the local SH current components that govern the radiation process. The main
outcome of this chapter was to demonstrate that this stacked architecture
can concurrently improve near-field resolution and enhance the forward-
collected SH signal, offering a practical platform for SHG microscopy and
nanoscale bioimaging, where both signal strength and spatial resolution are

critical.

The second part of this thesis focused on engineering WBGs as wavelength-
selective feedback mechanisms for DFB laser sources. Chapter 7 established
a theoretical framework for light propagation in grating waveguides by
developing a coupled wave modeling approach for higher-order WBGs with
arbitrary grating profiles. This framework incorporates the contributions of
radiative waves in higher-order WBGs and clarified how a complex coupling

coefficient can be exploited to control the feedback phase, lift longitudinal
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mode degeneracy, and engineer a robust single-mode spectral response in

realistic DFB cavities.

Chapter 8 was devoted to optimizing the performance of a third-order
surface-etched grating DFB laser operating in the telecom band. In this
chapter, a threshold-oriented modeling framework was employed to identify
the conditions required for stable single-mode operation at the shortest
feasible cavity length. In the second part of the study, experimental char-
acterization of available DFB laser chips fabricated on the proprietary taper
assisted vertical integration (TAVI) platform was performed to benchmark
and validate the modeling approach. The good agreement between simu-
lations and experimental results confirmed the accuracy of the developed
modeling process and demonstrated its effectiveness for optimizing DFB
laser sources relying on higher-order and arbitrarily shaped grating profiles

in regrowth-free integration platforms.

9.1 Future Works

As a prospective research direction, the spontaneous emission control con-
cept developed in Chapter 4 can be extended from a coupled emitter-antenna
configuration to a light-emitting metasurface, where a periodic resonant
array modifies the electromagnetic environment of quantum emitters and
reshapes both radiative and non-radiative decay channels. By exploiting
extraordinary collective resonances, such as surface lattice resonances (SLRs),
these metasurfaces can provide spectrally narrow and highly directional
emission which is promising for single photon sources (SPSs) and dipole
emitters, where high brightness and collection efficiency are essential.

Following our investigation of plasmonic SHG metasurfaces, as demon-
strated in Chapter 5 and Chapter 6, this concept can be extended toward
a hybrid nonlinear metasurface by integrating plasmonic resonators with ul-
trathin III-V semiconductor heterostructures whose nonlinear susceptibility
is governed by intersubband transitions. Since the intersubband nonlinearity
is primarily driven by the electric field component normal to the growth
direction of the semiconductor layers, the plasmonic resonances can be
engineered to enhance this out-of-plane near-field within the heterostructure
region. As a result, this hybrid platform can combine the strong local field en-

hancement of plasmonic metasurfaces with the intrinsically large nonlinear
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response of semiconductor heterostructures, thereby enabling a significantly

stronger nonlinear output compared to bare plasmonic metasurfaces.

A further promising direction emerging from this thesis is the development
of nonlinear THz metamaterials that exploit the magneto-optical response
of III-V semiconductors, particularly InSb, which remains unexplored in
nonlinear THz metasurface platforms. In InSb-based resonant structures,
nonlinear interactions can be intensified through Lorentz-force contributions
together with higher-order multipole moments, leading to SH responses that
can exceed those obtained using conventional plasmon-assisted enhance-
ment mechanisms alone. Extending this concept to InSb THz metasurfaces
operating in the magnetoplasmonic regime can enable a dynamically re-
configurable nonlinear platform, where even weak static magnetic fields
can shift or split nonlinear resonances and provide active control over the

spectral characteristics of the generated nonlinear emission.

For modeling and optimizing the performance of DFB laser sources with
higher-order gratings, we used a threshold-oriented semi-numerical frame-
work to study the cavity behavior at lasing onset by solving the steady-state
coupled waveequations. In this modeling approach, the induced gain and
the refractive index change were assumed to be longitudinally uniform along
the cavity. This assumption enabled us to assess threshold lasing conditions
under an equilibrium approximation and, therefore, neglect the time evo-
lution of carrier and photon densities by adopting a steady-state condition.
For future work related to Chapter 7 and Chapter 8, to evaluate the dynamic
response of a higher-order grating DFB laser, the modified coupled wavee
quations should be solved in the time domain, where longitudinal variations
of carrier density, photon distribution, bias-induced refractive index change,
and thermal diffusion play crucial roles in the transient behavior. This
modeling framework allows us to investigate spatial non-uniformities in the
carrier and photon distributions, namely longitudinal spatial hole burning,
which can increase the probability of side-mode lasing and deteriorate the

stability of single-mode operation under practical conditions.
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