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Abstract

Beyond material composition and bandgap engineering, sustainable energy generation
requires innovation. Solar energy applications like water splitting and photovoltaics
require photoelectrodes' optical properties, especially their ability to catch and retain
light interactions. Electrodes are typically passive electrical connections, but what if they
could boost light-matter interactions and charge generation? The thesis explores
nanophotonic improved charge harvesting for plasmon-driven water oxidation and
photoelectrochemical applications and presents a broadband solar energy harvester
using structural, nanophotonic, and electrochemical methods. The large-area periodic
structures were fabricated using laser interference lithography (LIL) and electrochemical

deposition, enabling precise control of optical and electrical properties.

Gold nanoparticles (GNPs) demonstrate localized surface plasmon resonance (LSPR),
which enhances light absorption and catalytic activity; however, their photocatalytic
efficiency is constrained by inadequate plasmonic charge separation and transport. To
tackle this issue, a plasmonic particle grating (PPG) was established in Chapter 3 by
arranging closely packed AuNPs within the grating grooves on a glass substrate coated
with an ITO waveguide. The parameters for the grating were fine-tuned to ensure
spectral overlap with various photonic modes, including guided-mode resonance,
Rayleigh anomalies, and cavity modes, which in turn extend light-matter interactions
and increase plasmonic hotspots, which is critical to plasmonic charge generation. The
increase in porosity within the grating enhanced the metal-electrolyte interface, leading
to improved plasmonic charge collection through the GNPs-adsorbed water
molecules/ions interface. The PPG photoelectrode exhibited a 3.4-fold and 12.6-fold
increase in incident photon- to-electron conversion efficiency (IPCE) when compared to
gold bar gratings and randomly dispersed nanoparticles, respectively. The engineered
gold photoelectrode exceeds the performance of earlier standalone plasmon
photoelectrode, highlighting the critical role of nanoparticle size, refined grating design,
and optical phenomena in facilitating effective plasmonic charge generation and its

transfer.

Next in Chapter 4, we added a TiO2 semiconducting layer with the optimal nanoparticle
grating arrangement. Plasmonic charge transfer from Au separated by TiO2 bandgap is

possible with the Au-TiO2 Schottky junction photoelectrode. The TiO2 layer integrating



with PPG-TiO2 changes optical resonances and reveals SPP-coupled extraordinary
transmittance phenomena and other photonic and plasmonic modes. In the visible
spectrum, the suggested photoelectrode increased incoming photon to electron
conversion efficiency (IPCE%) by seven and five times that of a bare TiO2 waveguide
layer for TM and TE incidence (light polarized perpendicular and parallel to the grating
grooves). Ultrafast pump-probe spectroscopy shows that plasmon-GMR interaction
extends plasmonic charge lifetimes. TM/TM and TE/TE pump/probe incidence assessed
plasmonic-generated charge dynamics in grating-coupled SPP and LSPR. The observed
PEC spectral response under polarized light supports these observations. In conclusion,
our study might show a straightforward technique to integrate photonic and plasmonic
materials for innovative broadband spectrum responses in photovoltaic and energy

harvesting applications.

A simple and cost-effective method has been demonstrated to improve broadband
bandgap absorption and optoelectronic performance for photovoltaic and energy
harvesting applications by integrating abundant, environmentally friendly materials Cu
and its oxides CuO and Cu20. Copper's composite broad absorption spectrum, charge
carrier dynamics, and overall efficiency have been shown to enhance through its
hexagonal nanoparticle lattice formation. The combination of photonics and plasmonic
phenomena in structural engineering produces a nanoscale confined electromagnetic
field that influences the inter- and intra-band excitation of Cu/Cu's oxide. Ultrafast
transient absorption spectroscopy and photocatalytic dye degradation support the
findings. Analyzing the charge dynamics with samples with different periods and
randomly distributed nanoparticles with spectrally shifted optical resonance further

unveils the effect of resonances for optoelectronic applications.

Tailored light-matter interaction with a tunable feature can extend its versatility in
optical and its related applications. In essence, reconfigurable resonant phenomena in a
2D hexagonal periodic lattice of dielectric TiO2 are brought out in Chapter 6 through the
electrochemical deposition method. These resonant phenomena are guided mode
resonance and quasi symmetry protected bound state in the continuum, which can be
spectrally shifted, extinct, and interact with each other to realize tunable, switchable on-
off state, and broadband absorption realization. Through cyclic voltammeter (CV)
operation, more than 99.5% reversibility, >99% broadband absorption from UV-Vis-NIR

region, and ~15 nm spectral shift in resonant positions were realized.



In the advancement of broadband absorber design for solar energy harvesting
applications, the 3D square periodic racemic helix metamaterial has been investigated in
Chapter 7, primarily concentrating on its potential fabrication using photolithography,
as opposed to e-beam or mask aligner fabrication methods, which are time-consuming,
complex, and challenging to implement over large areas. A 3D square periodic racemic
helix was designed utilizing a 4+1 phase-controlled laser interference lithography
technique through a double exposure method. Proof of concept has been demonstrated
through the recording of cross-sectional images of the volumetric interference pattern
on a CMOS camera, utilizing a spatial light modulator (SLM). Further, broadband
absorption is illustrated through the analysis of its supporting optical modes and the

constructive computation of chiral optical properties.
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Organization of the thesis

Chapter 1 presents the preface to the thesis, emphasizing the background of periodic
nanostructures for tailored light-matter interaction by exploring the plasmonic and
photonic phenomena facilitated by the diffraction of periodic grating structures. The
contribution of such optical phenomena to energy production and the associated
literature has been thoroughly reviewed in Chapter 1. Integrating top-down laser
interference lithography with various bottom-up techniques, such as electrochemical
deposition, has led to the realization and characterization of structures comprising
metals, dielectrics, semiconductors, and composites. It has been systematically detailed
through structural, elemental, steady, and transient absorption analyses-based

methods in Chapter 2.

Chapters 3 and 4 detail the prospects of organizing plasmonic gold nanoparticles into a
one-dimensional periodic grating to enhance solar energy production via
photoelectrochemical current generation. It is achieved through a standalone plasmonic
particle grating and an Au-TiO2 Schottky junction-based photoelectrode. Chapter
3 emphasized the benefits of plasmonic particle grating compared to conventional
metallic slabs or randomly distributed gratings. In contrast, chapter 4 established a
direct correlation between photoelectrochemical spectra and charge dynamics findings
through ultrafast transient absorption studies within the context of photonic modes that
support plasmonic charge generation and collection. In this sequence, chapter 5
discusses the economical, non-toxic, and readily available plasmonic and semiconductor
heterojunction composite as a hexagonal particle grating arrangement. The detailed
investigation into the charge kinetics of plasmon relaxation and semiconductors, along
with the synergistic interaction of plasmonic and photonic phenomena, is conducted and

validated through photocatalysis measurements.



Reconfigurable resonant light-matter interaction has been introduced in Chapter 6
through electrochemical means to allow tunable, switchable On-Off state and broadband
absorption realization with >99.5% reversibility. The 3D square periodic racemic helix
metamaterial has been explored for solar energy harvesting applications in Chapter 7,
with potential fabrication using phase-controlled laser interference lithography. The
design was achieved using a 4+1 phase-controlled laser interference lithography
technique, and its optical modes and chiral properties were analyzed for broadband

absorption.

Chapter 9 concludes the thesis by examining the key highlights and concepts that have
emerged throughout this journey, beginning with 1D periodic structures and culminating
in 3D ones. The thesis examines most of these chapters from an application perspective,
focusing on interference lithography to illustrate scalability and cost-effectiveness in
realizing various nanophotonic architectures. As each chapter progresses, various
mechanisms and concepts are introduced, increasing the structural complexity,
ultimately addressed in this concluding chapter. A follow-up is also included beyond the

scope of this thesis to inspire the community with potential future directions.
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