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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 Cu2O. 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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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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Figure 1.1(a) An illustration for overall solar energy harvesting scheme for PEC reaction 

for solar water splitting, (b) solar irradiance spectrum, (c) The photocatalytic and 

photoelectrochemical reaction mediated applications for clean and sustainable energy 

production. ....................................................................................................................... 3

Figure 1.2. (a) A schematic representation illustrating the transverse magnetic nature of 

a surface plasmon polariton (SPP) and the corresponding oscillations in charge density 

at the metal dielectric interface. Adapted from ref [69]. The blue and green colors in the 

illustration symbolize the extent of penetration of the electromagnetic evanescent wave 

inside the metal and dielectric, respectively, (b) Dispersion curve for SPP excitation, and 

phase matching condition achieved via prism and grating coupling, (c) A schematic 

illustration for SPP excitation through prism (Kretschmann, and Otto configuration), 

and grating coupling. ........................................................................................................ 6

Figure 1.3 (a) LSPR excitation in a single nanoparticle and corresponding absorbance 

spectra, (b) LSPR excitation in nanorod with longitudinal and transversal electron 

oscillation on excitation with incident light. Adapted from ref.[406], (c) The longitudinal 

and transversal coupling of plasmonic response of individual nanoparticles in arrays, (d) 

upper plot features the dipolar transversal mode D (electric polarization vector E 

perpendicular to particle line, wave vector k perpendicular to particle line). The lower 

plot highlights the longitudinal sub-radiant and super-radiant modes. Black lines 

indicate the surface charge density integrated along the particle chain and perpendicular 

to it, respectively, (e) the longitudinal modes calculated with a constant inter-particle 

distance of 1.5 nm and varying chain lengths: extinction spectra of single particle and 

dimer lines are shown for chain lengths up to 60 repeat units. Adapted from ref.[93]. .. 10

Figure 1.4 (a) plasmon excitation at time t = 0, followed by (b) the generation of thermal 

hot electron hole pairs within the metal, which cannot be described using Fermi-Dirac 

statistics. This is succeeded by (c) thermalization through electron electron and 

electron phonon scattering, resulting in a Fermi-

indicative of elevated temperature. Finally, (d) thermal dissipation occurs through 



 

 

 

 

phonon phonon scattering. EF represents the Fermi level, while the yellow and red 

regions denote the energy levels of holes and electrons, respectively. Adapted from 

reference[100,407] ................................................................................................................ 11 

Figure 1.5 (a) A simplified band diagram of gold and an illustration depicting interband 

and intraband transitions. (b) Standard spectrum for the rate of electron generation in a 

localized plasmon wave within a metallic nanocrystal. There are two distinct categories 

of excited intraband carriers that can be identified, known as Drude carriers and hot 

carriers. The two blue regions represent the intervals during which interband holes and 

electrons are generated in gold. (c) Diagram illustrating the processes involved in 

plasmon decay. Adapted from reference[97]. .................................................................... 13 

Figure 1.6 (a) The diffraction mechanism for the period (p) of the grating and 

wavelength( ), where n is the grating medium effective index, (b) A pictorial 

representation of diffraction from 1D grating in transmission and reflection, (c) 

(i)Hexagonal grating and its direct and reciprocal lattice vector, (ii) a pictorial 

representation of diffracted orders from hexagonal grating, (d) schematic illustration of 

Fabry Perot and inter-slit cavity mode formation in 1D metallic grating, (e) a pictorial 

scheme for EOT excitation. Adapted from ref. (f) (i) Schematic of a gold grating with 

scanning electron microscope image in inset, on an n-type silicon substrate with a 2-nm 

Ti adhesion layer, oriented transverse to the laser polarization, (ii) surface plasmon 

polaritons (SPPs) around each gold pitch: a, SPPs oscillating at the top surface of 

gratings; b, SPPs oscillating though the slits and; c, SPPs oscillating at the bottom surface 

of gratings at the Ti Si Schottky interface. (iii) Plasmonic heat absorption calculated by 

FDTD (shown with a logarithmic scale for clarity). Most of the hot electron generation 

occurs at the bottom surface of the gold layer, (iv) Photocurrent responsivities for three 

different gold layer thicknesses, t=93 nm (black), 170 nm (grey) and 200 nm (green), 

showing a strong intensity dependence on grating thickness. Adapted from ref.[15]. ..... 18 

Figure 1.7 (a) Illustration of the one-dimensional chain and the interaction among 

dipoles oriented transversely that share a long-range photon. Adapted from ref.[408] (b) 

Overview of LSPR and SLR within transmission spectra. Diagram of the structures 

examined: (i) individual particle, (ii) a periodic one-dimensional chain. The electric field 

of the incoming wave was oriented at a right angle to the direction of the chain, and for 

normal incidence. The gold particles had a radius of 80nm and surrounded with air 



 

 

 

 

environment. The chain's period was 620nm, and it contained 1000 particles. Adapted 

from ref.[149] ..................................................................................................................... 23 

Figure 1.8 (a) GMR structure and the principle of operation, (b) Simulated reflectance 

and transmittance for TM incidence, inset shows electric field distribution corresponding 

to GMR, (c) Electromagnetic density (|E|2) plot at grating-waveguide interface, inset 

shows |E|2 corresponding to Rayleigh anomalies for grating period 500 nm, (d) temporal 

decay of electric field at grating-waveguide interface for on and off GMR resonance 

wavelength, (e) Photo response recorded with different LEDs launching light at an AOI 

sponding to GMR-LSPR interaction (shown as dotted circle in angle of 

incidence vs wavelength plot).Adapted from ref.[61]. ...................................................... 26 

Figure 1.9 (a) Illustration of BIC. In an open system, the frequency spectrum has a 

continuum or many continua of spatially extended states (blue) and discrete levels of 

bound states (green) with no outward flux. Bound states are spatially localized by a 

confining structure or potential (black dashed line). Leaky resonances (orange) form 

when continuous spectrum states link to extended waves and radiate. Bound states in 

the continuum (BICs; red) are limited, radiation-free states inside the continuum. 

Adapted from reference[191], (b) Dispersion plot representation explains the origin of BIC 

in the photonic system: photonic slab waveguide, and one dimensional grating 

waveguide, (c) (i) The leaky modes and bound states in the continuum (i) in a 1D-system, 

(ii) the SP-BIC condition (iii) leaky radiation in a 2D-system, (iv) FW-BIC through an 

avoided crossing, (d) (i) The dispersion band diagram of 2D-PhC shown in the inset, (ii) 

bio-detection scheme, (iii) sensitivity calculations. Adapted from ref.[205]. ................... 30 

Figure 2.1  (a) 1D Lloyds two beam LIL setup, (i) A pictorial representation of two beam 

interference pattern using ray diagram, (ii) sinusoidal intensity modulation of resulting 

interference transverse to grating pattern, as illustrated in (iii), (iv) Llo

used for recording the interference pattern placed on rotation stage, overlapping area i.e. 

interference region of direct and reflected beam made on sample plane through rotating 

-exposure lithography methodology (i) rotation of the 
0, 

600, 1200, and their resultant intensity pattern, (c) (i) schematic of one-

mirror interferometer with an additional mirror set,(ii) Two mirrors mount used for 

recording three beams interference pattern by rotating the mount normal to sample 



 

 

 

 

photoresist 41 

Figure 2.2 Overview of fabrication method involved after getting photoresist pattern, 

which includes (1) lift off process, electrochemical deposition (ECD), and reactive ion 

etching (RIE), and (2) removal of PR after (i) process. .................................................. 44 

Figure 2.3 (a) The phenomenon of thermal evaporation in a schematic. Adapted from 

ref.[409], (b) a pictorial representation of three electrode electrodeposition cell dipped in 

the electrolyte (in yellow), (c) In house electrochemical deposition setup with Pt wire as 

CE, Ag/AgCl as RE, and PR pattern over ITO coated glass or bare ITO/glass. ............. 46 

Figure 2.4 (a) A schematic representation of the RIE optimization process in terms of 

directionality and anisotropy resulting in etching profile for the (i) isotropic etching, (ii, 

iii) anisotropic etching, and completely anisotropic etching, i.e., etching in the horizontal 

and vertical direction are same, (b) RIE plasma chamber with detailed Mechanism of 
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Figure 2. 5 A typical working principle and experimental arrangements in schematic for 

(a) SEM, (b)TEM. Adapted from ref.[235],(c) Schematics of signals generated from SEM: 
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law in schematic. Adapted from ref.[240] (b) (i) Basic components of XPS system. Adapted 

from ref.[242] (ii) Principle of X-ray photoelectron spectroscopy (XPS). Adapted from 
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Figure 2.7 (a) (i) FDTD layout for simulation of one dimensional gold nanoparticles 

grating, (ii) gold nanoparticles arrangements in form of grating grooves, (iii) cross 

sectional view (xy) of FDTD layout, where inset shows the magnified waveguide grating 
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setup used, (b) IPCE measurements setup (i) an illustration, (ii) experiment setup used.
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3.1 Comparison of PEC-WS current generation based on plasmonic 

4.1  Comparison of IPCE (%) of PPG-TiO2 with various Au-TiO2 photoelectrode 

7.1     Phase of four beams in 1st and 2nd 

E1.    A comparison with perfect absorber proposed in literature to benchmark
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