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Thesis Abstract

The Au nanostructure (Au NS)/TiO> electrode has garnered significant attention for
its potential applications in photoelectronic devices, solar cells, and artificial
photosynthesis. This potential arises from the generation of hot electrons at the Au NS/
TiO> interface when the localized surface plasmon resonance (LSPR) of Au NS is
excited under visible light, followed by their injection into the TiO> conduction band.
However, a single layer of Au NS exhibits low light absorption efficiency and
insufficient electron injection into TiO;. Recent studies in our laboratory have
demonstrated that modal strong coupling between the LSPR mode of Au NS and the
Fabry-Pérot (FP) nanocavity mode enhances electron injection from Au NS to TiO; as
well as the quantum efficiency of water oxidation reactions. Improving the electron
injection efficiency from Au NS to TiO: and elucidating the mechanism of water
oxidation under plasmon-nanocavity strong coupling conditions represent crucial and
meaningful research directions toward the realization of plasmon-based artificial
photosynthesis.

In this doctoral dissertation, I aimed to enhance electron injection by modifying the
Au NS/TiO> interface with materials that facilitate electron emission under strong
coupling conditions. Additionally, the plasmon-nanocavity strong coupling structure
was employed to conduct kinetic analyses of the reaction processes involving electrons
injected into TiO2 and holes trapped at the Au NS/TiO> interface. Activation energies
for the formation of water oxidation intermediates were evaluated to elucidate the
mechanism of plasmon-induced water oxidation reactions.

The doctoral dissertation is composed of five chapters, with summaries of each
chapter provided below.

Chapter 1 outlines the research background, covering the interaction between light
and matter, surface plasmon resonance, plasmon-induced hot electron generation,
plasmon-driven light energy conversion, and an overview of the dissertation's structure.

Chapter 2 describes the fabrication of strongly coupled Au nanodisk (ND)/Ti/

TiO2/Au film (ATTA) structures, where a Ti film with a lower work function than Au

v



was introduced at the Au ND/TiO; interface. Near-field mapping and near-field spectra
of ATTA structures with Ti film thicknesses ranging from 0.5 nm to 5.0 nm were
measured using a photoelectron emission microscopy (PEEM) system. The results
showed that the near-field attenuation increased with the Ti film thickness. Furthermore,
time-resolved PEEM measurements using an interferometric pump-probe technique
revealed that the phase relaxation time of the hybrid mode in ATTA structures decreased
as the Ti film thickness increased.

Chapter 3 investigates the effect of Ti film thickness on the electron injection
efficiency at the Au ND/TiO; interface. Transient absorption (TA) measurements were
conducted to quantify electron injection into TiO;. Under modal strong coupling
conditions, increasing the Ti film thickness from 0.5 nm to 5.0 nm enhanced the
apparent quantum efficiency (AQE) of electron injection into TiO> by approximately
1.8 times. This enhancement was attributed to energy transfer from the Au ND to the Ti
film via the near-field, which generated high-energy electrons in the Ti film that were
subsequently injected into the conduction band of TiO».

Chapter 4 focuses on the fabrication of strong coupling Au nanoparticle (NP)/
TiO2/Au film (ATA) structures and the kinetic analysis of reaction processes involving
electrons injected into TiO> and holes trapped at the Au NP/TiO interface. The
activation energy for the generation of water oxidation intermediates was elucidated.
Temperature-dependent TA decay curves were used to evaluate the activation energy of
electron-hole recombination, revealing that electrons injected from Au NPs into TiO:
were primarily trapped at shallow trap sites within TiO.. Additionally, temperature-
dependent incident photon-to-current efficiency measurements were performed to
determine the activation energy related to photocurrent generation and evaluate the
activation energy for water oxidation intermediates. The electrochemical potential
levels of holes trapped at the AuNP/TiO: interface were also examined. Compared with
AT electrodes without strong coupling, ATA structures demonstrated a 40-fold increase
in the frequency factor for intermediate generation and a significant improvement in
water oxidation efficiency. This enhancement was attributed to quantum coherence in

the LSPR of AuNPs facilitated by the nanocavity.
Y



This dissertation demonstrates that modifying the Au ND/TiO; interface with Ti films
in strongly coupled ATA electrodes improves the electron injection efficiency into TiO2
and identifies the optimal Ti film thickness for this enhancement. Furthermore, kinetic
analyses of temperature-dependent TA and IPCE measurements reveal that quantum
coherence in ATA electrodes significantly enhances the efficiency of water oxidation
intermediate generation. The findings of this study provide essential guidelines for the
design of plasmon-enhanced photocatalytic devices and offer practical insights into
improving solar energy conversion and artificial photosynthesis systems. Moreover, the
results highlight the potential of leveraging quantum coherence for novel technological

advancements, paving the way for future practical applications.
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Chapter 1
Introduction

1.1 Background

The use of fossil fuels has been instrumental in significantly advancing our standard
of living over the past two centuries, it is now widely acknowledged that the ongoing
combustion of fossil fuels and associated release CO, into the atmosphere carry
significant environmental risks. Decarbonizing energy system is widely acknowledged
as a critical step toward stabilizing global temperatures,' with studies indicating that
achieving net-zero or net-negative emissions by the latter half of this century is essential
to limit warming to no more than 2°C.? Despite the development of numerous
technologies aimed at reducing emissions, they remain prohibitively costly in
comparison to fossil fuel combustion, especially as the environmental and health costs
associated with fossil fuel emissions are still externalized.

Solar energy, a renewable and carbon-neutral resource, is by far the most abundant
energy source, comprising over 99% of all renewable energy available on Earth.’
However, to effectively replace fossil fuels, large-scale energy storage systems are
essential to counteract the intermittent nature of solar irradiation, as well as other
renewable sources. Photovoltaic technology directly converts solar energy into
electrical and chemical energy, positioning it as a highly effective approach to
mitigating the global energy crisis.* Water splitting plays a pivotal role, efficiently
transforming solar energy into chemical energy and thereby supporting the generation
of clean, sustainable energy sources.’ Semiconductor primarily facilitate the water
splitting process under UV-vis light irradiation.% ” In these systems, the semiconductor
absorbs a stream of photons, generating high-energy charge carriers in the form of
electron (e7)-hole (h*) pairs. These charge carriers subsequently separate and migrate
to catalytically active sites at the semiconductor/liquid interface, where they drive the
chemical reactions. In the case of photocatalytic water splitting process, the energetic

holes drive the oxygen (O2)-evolution half-reaction, while energetic electrons facilitate
1



the hydrogen (Hz)-evolution half-reaction.® ° one often-used design, first introduced by
Fujishima and Honda,? utilizes a working n-type semiconductor electrode deposited on
a conductive substrate. This electrode is connected through an external circuit to a

platinum '°

wire serving as the counter electrode. In this configuration, energetic
electrons migrate toward the counter electrode, where they participate in the H»-
evolution half-reaction, while holes contribute to the Oz-evolution half-reaction, as
illustrated in Figure 1.1a. However, several inherent constraints have made it
challenging to identify effective photocatalysts for water splitting. For instance, n-type
semiconductors such as titanium dioxide (TiO2), with band gaps of 3.0 eV for rutile and

3.2 eV for anatase,'!

restricts their photo-absorption to the UV region of the solar
spectrum. Since the UV region constitutes only about 5% of the solar spectrum (Figure
1.1b), wide-bandgap semiconductor materials are unable to effectively harness sunlight

to drive the reactions.
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Figure 1.1 Semiconductor photocatalysis. (a) Photochemical cell design for water splitting
(processes for an n-type semiconductor are shown).® When illuminated with photons (hv)
of energy exceeding the bandgap, excited charge carriers are formed in semiconductor
photoanode. The holes diffuse to the semiconductor surface and drive the Oz-evolution
half-reaction. Electrons are collected and travel to the counter electrode where they
drive the Hz-evolution half-reaction. (b) The composition of solar energy is
approximately 5% ultraviolet light; 43% visible light and 52% near infra-red
radiation.!?

The use of semiconductors for photochemical water splitting faces several challenges.
First, their light absorption efficiency is limited, primarily in the UV-visible range,

leaving most of the solar energy in the near-infrared spectrum underutilized. Second,



photogenerated charge carriers tend to recombine quickly, reducing the efficiency of
charge separation and hindering the sustained water splitting reaction. Third, the
catalytic efficiency of semiconductor surfaces is often low, requiring co-catalysts, but
their introduction can create new recombination sites, diminishing overall performance.
Additionally, the bandgap of semiconductors must be properly tuned to drive both water
oxidation and reduction reactions, which limits material choices. One class of these
materials comprises co-catalyst nanoparticles, such as Pt,'* gold (Au),'*!¢ and silver
(Ag),'" '8 which are deposited directly onto the semiconductor. Typically, the role of
the co-catalyst is to facilitate catalytic reactions by providing active sites and
prolonging the lifetime of energetic charge carriers that reach the semiconductor surface
by enhancing the rate of electron-hole separation at the plasmonic-metal/semiconductor

interface.!’

A unique characteristic of composite photocatalysts compose of
semiconductor and plasmonic-metal nanostructures is that plasmonic nanostructures
interact with light via the excitation of localized surface plasmon resonance (LSPR).
Strong evidence indicating that LSPR significantly enhances the rate of photocatalytic
reactions on adjacent semiconductor has been demonstrated through measurements of
rate enhancements induced by plasmonic metals as a function of excitation wavelengths.
These measurements revealed that for all investigated reactions, including the O»- and
Hs-evolution half-reactions across various semiconductors, the highest rate
enhancements occurred at wavelengths corresponding to the LSPR of the metals.'® 2-
23 These studies conclusively established a positive correlation between LSPR intensity
and rate enhancements, leading to the hypothesis that metallic LSPR enhances the rates
of photocatalytic reactions on nearby semiconductors by transferring energy to them
and increasing the steady-state concentration of chemically useful energetic charge
carriers. In such a plasmonic-metal/semiconductor system, charge carriers are directly
injected from the excited plasmonic-metal nanostructures into the semiconductor.'® 2
The charge injection mechanism is analogous to dye sensitization, in which a dye
molecule anchored to a semiconductor absorbs light and transfers energetic charge

carriers to the semiconductor.?” 2 In this context, as shown Figure 1.2, metallic

plasmonic nanoparticles function similarly to dye sensitizers by absorbing resonant
3



photons and transferring the energetic electrons generated during the LSPR excitation
to the adjacent semiconductor. Plasmonic metal nanostructures exhibit excellent charge
carrier mobility and high absorption cross-sections, which, under resonance conditions,
can be up to 10°-fold larger than the cross-sections of typical dye-sensitizer molecules.
As a result, they represent highly promising sensitizers.?’ Furthermore, the ability to
tune the resonance wavelength by altering the size or shape of the nanostructures
suggests that plasmonic-metal sensitizers can effectively exploit the entire solar
spectrum.?’ In our previous study, we demonstrated plasmonic photocurrent generation
from visible to near-infrared wavelengths using an electrode composed of Au
nanostructures deposited on a TiO> substrate. ***> However, the LSPR of monolayer
Au NPs on a TiO; substrate suffers a low light absorption efficiency, resulting in a low
quantum yield for water oxidation. Very recently, we developed a TiO: electrode with
an optical nanocavity by depositing TiOz on a gold reflective film and supporting gold
nanoparticles (Au NPs) on top (denoted as Au NPs/TiO2/Au film: ATA), achieving
modal strong coupling between cavity resonance and LSPR.*-%¢ A notable advantage
of ATA is its significantly enhanced absorption intensity in the visible region and its
broader wavelength range compared to Au NPs/TiO> (AT) without a nanocavity. As a
photoanode, ATA has demonstrated improved quantum efficiency for water oxidation

relative to the conventional AT photoanode.

Plasmon-induced charge transfer

A
Semi- N
-2 |conductor SP states
CB
-1F C
(9] S e L SRR
2H*+2e = H,

H,0 + 2h* =+ % O, + 2H*

Energy (V vs NHE)

Semi- Plasmonic
conductor metal
3r |vs




Figure 1.2 Mechanism of LSPR-induced charge transfer in plasmonic-
metal/semiconductor photocatalysis. The dashed red lines represent the water-splitting
redox potentials. The process involves three key steps: (i) Electron near the metal’s
Fermi level are excited to surface plasmon states; (ii) these excited electrons are
transferred to the adjacent semiconductor; (iii) the transferred electrons drive electron-
mediated processes, such as the hydrogen-evolution half-reaction.!?

Although numerous studies have investigated water splitting using Au/TiO:
heterostructures, including our group, the influence of rationally modulating the
interfacial structure on electron injection efficiency remains underexplored. Since the
Aw/TiO: interfacial structure plays a critical role in electron transfer reactions,
understanding its structural effects is crucial. Moreover, while plasmon-nanocavity
strong coupling has been shown to enhance the quantum efficiency of water oxidation,
the underlying plasmon-induced water oxidation reaction kinetics are still insufficiently
studied. The activation energy for the formation of water oxidation intermediates,
which serve as precursors in the water oxidation process under strong coupling
conditions, remains unclear. This thesis aims to address these gaps by modifying the
Au/TiO; interface to enhance electron transfer from Au nanoparticles to TiO; and to

elucidate the activation energy of water oxidation under strong coupling conditions.

1.2 Light matter interaction

From ancient times to nowadays, light has been integral to the lives of biological
species, from plant photosynthesis to human vision and countless examples. With
advancements in modern technology, scientists can now manipulate light across the
entire electromagnetic spectrum-from gamma rays to radio waves-leading to significant
progress in various aspects of daily life. The interaction between light and matter is a
fundamental area of optical and photonics science, with extensive applications across
physics, chemistry, biology, and medicine. Consequently, exploring the mechanisms of
light-matter interactions and engineering their optical and electromagnetic properties
have become major focal points in scientific research. In recent decades, as research
has shifted from the microscale to the nanoscale, the unique ability to concentrate and

manipulate light through coupling with nanostructured materials has been explored,
5



achieving significant optical responses and field enhancements. This progress opens
‘o . li ics.37 sol ion.3® ph lvsis. 1239
promising avenues in nonlinear optics,’’ solar energy conversion,’® photocatalysis,

and sensing.*

1.2.1 Fundamentals of light: Electromagnetic wave propagation

The modern electromagnetic theory of light originated from James Clerk Maxwell's
groundbreaking work in the 1860s. Later, Josiah Willard Gibbs and Oliver Heaviside
independently reformulated Maxwell's ideas into the vectorial representations widely
used today. Maxwell's contributions were initially presented in two seminal papers,
“On the Physical Lines of Force” and “A Dynamical Theory of the Electromagnetic
Field.” Through this work, Maxwell unified the concepts of light, electricity, and
magnetism, which were subsequently consolidated into the four differential equations
now known as Maxwell's equations. These equations establish the foundational link
between electromagnetic waves and light, encompassing wavelengths from long radio
waves to short ultraviolet light. Maxwell's equations provide a mathematical framework

describing the spatial and temporal propagation of electromagnetic waves within

materials:
V-D=p 1.1
V-BE=0 1.2
VxE=_2 13
at
Vxﬁ=§+i 1.4

Here D is the electric displacement, E is the electric field, B is the magnetic
induction, p is the free charge density, H is the magnetic field and f is the current
density. In a linear and isotropic medium, the magnetic induction B and electric
displacement D are constituted by two terms: one component is the electromagnetic

wave in vacuum and the other is the polarization (ﬁ) or magnetization (1\7 ), respectively.

The constitutive relations are denoted as follows:
6



5=£05+ﬁ=£er 1.5

§=u0ﬁ+ﬁ=uouﬁ 1.6
Where ¢, is the vacuum electric permittivity, g, is the vacuum magnetic
permeability. The overall response can be expressed by the relative electric permittivity
¢ and relative magnetic permeability p of the medium. Both ¢ and u are
dimensionless complex numbers (strictly speaking, both are second-rank tensors),
depending on the frequency of radiation. The real part reflects the magnitude of
polarization or magnetization, indicating the material's ability to respond to an
electromagnetic field, while the imaginary part represents the absorption loss,

characterizing the energy dissipated within the material.

e=¢ +ie 1.7

u=u +iy 1.8
These two parameters characterize the interaction between the electromagnetic wave
and the medium. They enable the description of the wave's response to the medium,
specifically through the refractive index n, which determines the wave's phase velocity,
and the wave impedance z, which governs the relationship between the electric and

magnetic fields within the medium.

1.10

7 =

n =./eu 1.9
ad
&

The refractive index n is defined as the ratio of the speed of light in a vacuum (¢) to
its speed (v) in a given medium: n = ¢/v. On the other hand, the wave impedance zzz
quantifies the material's resistance to wave propagation. These parameters are crucial
for characterizing the interaction between light and matter. Determining their values is
essential when designing devices and selecting appropriate material combinations to
achieve specific optical functionalities, such as strong light confinement, high
absorption, enhanced transmission, reduced reflection, or other tailored optical

properties.



1.2.2 Optical properties of metals

For metallic materials, their optical properties are predominantly governed by the
behavior of conduction electrons, which impart their characteristic shiny appearance.
As depicted in Figure 1.3, the real part of the electric permittivity, Re(e), for gold
remains negative across the displayed wavelength range. This negative value arises
from free electrons oscillating out of phase with the applied electric field, effectively

shielding the electromagnetic wave and yielding a reflectivity close to unity. However,
when the frequency of the incident light exceeds the plasma frequency (wp), typically

located in the ultraviolet region and corresponding to the natural oscillation frequency
of free electrons, the electrons can no longer keep pace with the oscillating
electromagnetic field. Under these conditions, the metal loses its high reflectivity,

allowing electromagnetic radiation to penetrate into the bulk, albeit with significant

damping.
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Figure 1.3 The real and imaginary components of the relative permittivity of gold are
plotted as functions of wavelength, spanning from 250 nm to 2 um. The inset provides
an enlarged view of the material's dispersion characteristics within the visible and
ultraviolet ranges, offering a detailed perspective on the behavior of gold in these
spectral regions.*!



1.3 Surface plasmon resonance

Surface plasmons (SPs) enhance light-matter interaction through the collective
oscillation of free electrons, generating strong electromagnetic fields at the excited
metal nanostructure’s surface. The use of SPs for light scattering and absorption date
back over a thousand years, exemplified by the incorporation of noble metal particles
in glass to create stained glass vessels and windows.** Recently, SPs-based photonics

and plasmonics have been used to enhance light-matter interactions at the nanoscale,

enabling precise control over light emission,* propagation,** and localization.*’

Plasmonics has become a prominent research area with numerous applications,

46, 47 49

including in the development of metamaterials, optical cloaking,*® and lasers.

Furthermore, plasmonics has been used to improve the performance of devices such as

50,51 52,53

photodetectors, photovoltaic cells, , and sensors.>* > Generally, SPs exist in two
primary modes: localized surface plasmon resonances confined to the surfaces of metal

nanoparticles and propagating surface plasmon polaritons along planar interfaces.

1.3.1 Localized surface plasmon resonance

Electric field

Figure 1.4 Representation of localized surface plasmon resonance in metal
nanoparticles.*®

Localized surface plasmon resonances (LSPRs) arise from the collective oscillation
of free electrons in metal nanostructures when excited by an external electromagnetic
field. This interaction leads to a resonant oscillation between electron motion and the

electromagnetic field, as depicted in Figure 1.4. One of the earliest applications of
9



LSPR can be traced back to the Lycurgus Cup, crafted during Roman times and now
displayed at the British Museum (see Figure 1.5). This artifact contains nanoscale gold
and silver particles embedded in glass, which enable surface plasmon excitation when
illuminated. Consequently, the cup's color changes depending on the light source's
position: it appears greenish when the source is outside and reddish when the source is
inside. These effects arise from the differing absorption and scattering of light across
various wavelength ranges.

Over the years, extensive research has utilized the LSPR properties of noble metal
nanostructures in diverse fields, including catalysis,”’ Surface enhanced Raman
scattering,’® and sensing™. The characteristics of LSPR are highly sensitive to factors
such as the material, shape, size, composition, and dielectric environment of the
metallic nanostructure. By adjusting these parameters, the LSPR wavelength can be
tuned across the visible, near-infrared, and even far-infrared spectral regions, enabling

tailored applications that require specific wavelengths.

Figure 1.5 The Lycurgus cup, 4" century A.D. The cup shows greenish color when
irradiated from outside (a), and reddish color when irradiated in the cup (b). ¢

1.3.2 Influence of size, shape, and material on plasmon resonance

As described by Mie theory, when the radius of spherical particles is smaller than

10



the wavelength of incident light, the LSPR absorption and scattering cross-sections

can be expressed as follows:®!

_ 8T 4 6|E2m
Coca =5 K*10 |52 1.11
Cops = Amkr3Im % 1.12

where € and ¢, are dielectric function of metal and medium respectively. k = 2m/A

is the wavenumber, and 7 is the radius of metal nanoparticles.

From these functions, it can be concluded that both C,., and Cs., are related to the
radius of metal nanoparticles. Specially, C,ps is proportional to 73, while Cqq
scales with r°. Consequently, as particle size increases, scattering becomes the
domination effect, as indicated by the relationship between Cg.,/Cqps and radius of

particles (Figure 1.6a).
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Figure 1.6 (a) Correlation between Cseo/Cans,® and (b) scattering spectra of silver
nanoparticles with different sizes and shapes.®*

While Mie theory simplifies by assuming spherical nanoparticles, extensive
experiments and calculations have shown that plasmonic properties are indeed shape-
dependent. Gbgb et al. fabricated metal nanoparticles in various shapes, revealing that

the LSPR wavelength shifts according to particle geometry, as illustrated in Figure 1.6b.
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Figure 1.7 Absorption spectra of Au and Au-Ag alloy NPs with varying of Au content
are shown. The inset figure indicates the correlation between the absorption peak
position and the Au fraction.%

In addition to size and shape, the intrinsic properties of metals also affect plasmon
behavior. The frequency of LSPR is influenced by the dielectric constant of the
surrounding medium &, and must satisfy the condition &; = —2¢,,. Consequently,
different metals exhibit distinct LSPR frequencies. For instance, the real and imaginary
components of the dielectric functions of Ag and Au are shown in Figure 1.7. Link et
al. fabricated Au-Ag alloys and investigated the absorption dependence on alloy

composition, finding that increasing the Au content induces an LSPR red shift.®*

1.4 Plasmon-induced hot electron generation

The remarkable capabilities of surface plasmons to harvest incident photons and
concentrate electromagnetic fields have enabled numerous applications in plasmonics.
LSPR occurs in well-designed nanostructures, where free electrons oscillate with the
same frequency as the incident radiation and eventually enter resonance, generating
intense, highly localized electromagnetic fields. Upon LSPR excitation, plasmons

undergo decay, transferring accumulated energy to conduction band electrons, thereby

12



generating energetic electrons (as known as hot electrons).

1.4.1 Hot electron generation through LSPR decay

Hot electrons are high-energy electrons above the Fermi level that exist in non-
thermal equilibrium with the lattice. When metal nanostructures absorb incident
photons, hot electron are generated and emitted through the photoelectric effect.®’
Recent advances in this field focus on enhancing hot electron generation via surface
plasmon decay.®® Plasmons decay within a femtosecond timescale, either radiatively
(re-emitting photons) or non-radiatively through intraband and interband excitations,
thereby creating energetic hot electrons (Figure 1.8). This process, known as Landau
damping, generates hot electrons with effective temperatures surpassing the lattice
temperature, driven by plasmonic resonance.®’” Therefore, maximizing hot electron
production requires optimizing the non-radiative decay pathway relative to radiative

processes, minimizing re-radiation for greater efficiency.

photon particle plasmon electron-hole pair
. T
intraband . S
radiative ~—excitation ? 'g
decay , E 2
\_interband I RJE
- excitation g
o

Figure 1.8 Surface plasmon decay and hot electron generation. LSPR can decay via
reemitted photons or non-radiatively via excitation of hot electrons. (In noble-metal
nanostructure, non-radiative decay can occur through intraband within the CB or
through interband excitations resulting from transitions between other bands ( (e.g,. d
bands) and the CB).®

Photoexcitation of LSPR channels light into metallic nanoparticles, where Landau
damping typically occurs on a timescale of 1~100 fs. During this period, the hot carrier
distribution is highly athermal: hot electrons exceed the Fermi level in energy, while

hot holes below the Fermi level (Figure 1.9b). Over the subsequent 100 fs to 1ps, energy

13



redistribution among hot carriers take place via electron-electron scattering (Figure
1.9¢). Finally, thermal energy is transferred to the surrounding environment through
conduction, a process that typically spans 100 ps to 10 ns, depending on the metallic
material, nanoparticle size, and heat transfer characteristic of the surrounding medium,

as shown in Figure 1.9d.%

i(; S
Plasmon excitation Landau damping Carrier relaxation Thermal dissipation
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) E E E
!
Hot e
oL E
Hot h*
Population Population Population

Figure 1.9 Photoexcitation and relaxation of metallic NPs. (a) Distribution of
electromagnetic field under the LSPR excitation. (b-d) Representation of electronic
states (grey) after plasmon excitation, with hot electrons "° above the Fermi level Er
and hot holes (blue) below Er . (b) Landau damping occurs within 1-100 fs, producing
a non-thermal distribution of excited electron-hole pairs. (¢) Hot carriers redistribute
their energy through electron-electron interactions, leading to thermal equilibration. (d)
Over a longer timescale of 100 ps to 10 ns, energy is transferred to the surroundings of
the metallic structure via thermal conduction.®’

1.4.2 Plasmon-induced hot electron injection

Hot electrons generated via non-radiative plasmon decay in isolated plasmonic
nanostructure typically lose energy through collisions with other electrons and phonons,
ultimately dissipating as heat.”! However, by employing a Schottky barrier at the
interface between a plasmonic metal and semiconductor, these electrons can be
effectively transferred. As illustrated in Figure 1.10, when a plasmonic metal is in
contact with a semiconductor, hot electrons with sufficient energy can either overcome
or tunnel through the Schottky barrier at the interface. Notably, the energy required for

this process only needs to surpass the Schottky barrier height, which is significantly
14



smaller than the bandgap of the semiconductor.

The hot electron injection mechanism into the semiconductor proceeds through three
steps: (1) the plasmonic nanostructure absorbs incident photons, exciting electrons to
higher energy states; (2) the excited hot electrons migrate towards the plasmonic metal
/semiconductor interface before thermalization occurs; and (3) upon overcoming the
Schottky barrier, the hot electrons are injected into the CB of semiconductor via internal

photoemission, enabling their extraction as electric current through an external circuit.
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Figure 1.10 Upon plasmon excitation, hot electron generated during plasmon decay
can acquire enough energy to across the Schottky barrier at the metal/semiconductor
interface. This energy requirement is determined through the Schottky barrier height,
which is substantially lower than the bandgap energy (Eqqp) of semiconductor, enabling
efficient electron transfer.®

One-dimensional (1D) plasmonic-metal/semiconductor heterostructures, as depicted
in Figure 1.11a, represent a foundational model for advancing surface plasmon-induced
charge and energy transfer processes.’* ’> Recent studies have extensively investigated
the mechanisms underlying the conversion of plasmon-induced hot electrons, with the
conventional plasmon-induced interfacial hot electron transfer (PIHET) being one of
the most well-characterized (Figure 1.11b). In PIHET, photoexcited plasmons decay
into electron-hole pairs within the plasmonic metal, after which hot electron across the
barrier enter the CB of semiconductor.”> 7 However, the efficiency of PIHET is
constrained by ultrafast electron-electron and electron-phonon scattering losses, as well

as the requirement for electron momentum conservation at the metal/semiconductor
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interface.”> 7°

An alternative mechanism, plasmon-induced interfacial charge-transfer transition
(PIICTT), has been proposed to address these limitations. Driven by interfacial
plasmonic coupling, PIICTT facilitates rapid excitation generation at the plasmonic
interfacial via coupling and damping mechanisms, as shown in Figure 1.11c.”” In this
process, photoexcited plasmons generate holes below the Fermi level in the metal and
simultaneously inject electrons into the CB of n-type semiconductor. Wu et al.
demonstrated this mechanism in an Au-CdSe nanorod system, showing that PIICTT
achieves higher quantum efficiency (> 24%) than PIHET process due to its ultrafast
operation (< 10 fs), which occurs before significant plasmon energy dissipation as
heat.”

In addition to PIHET and PIICTT, plasmon-induced resonant energy transfer (PIRET)
offers another pathway for plasmon-enhanced solar energy harvesting (Figure 1.11d).
PIRET involves the transfer of absorbed energy from the plasmonic metal to
semiconductor through dipole-dipole coupling, generating electron-hole pairs near the
semiconductor’s band edge. For instance, Wu et al. also developed a plasmonic-
Au@SiO2@Cuz0 heteronanostructure, where PIRET dominates due to the insulating
SiO; layer preventing direct charger transfer across the heterointeface.’® 7 Similarly,
Oener et al. designed a plasmonic-Au-Pd@ALO3@SiN heterojunction nanowire
network, where the AlbO3 layer reduces charge-carrier recombination and mitigates
Fermi level pinning.®* This heterojunction network demonstrated superior performance
compared to traditional p-n heterojunction solar cells, achieving enhanced open-circuit

voltage and short-circuit current density.
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Figure 1.11 Plasmon-induced hot electron injection. (a) Schematic diagram of a
plasmonic-metal/semiconductor heteronanostructure, (b) plasmon-induced interfacial
hot electron transfer (PIIHET) process, (c) plasmon-induced interfacial charge-transfer
transition (PIICTT) process, and (d) Plasmon induced resonant energy transfer (PIRET)
process. CB and VB refer to conduction band and valence bands. Panels (b)-(c) also
indicate schematically the Schottky barriers between the metal and semiconductor parts.
For clarity, no more than two electron-hole pairs are shown.?!

1.4.3 Effect of interfacial structure on electron injection

The enhanced properties of plasmonic metal/semiconductor nanocomposite
photocatalysts, particularly when coupled with metal NPs, can be attributed to two main
mechanisms: improved charge separation at the metal/semiconductor interface and
enhanced visible light absorption due to the LSPR of the metal. Rational modulation of
the heterointerfaces plays a crucial role in influencing charge transfer properties, thus
directly determining the overall photocatalytic performance.

A key parameter in interface engineering is interfacial composition, which affects the
component’s abilities in light absorption and surface reactions. Typically, interfacial
composition is controlled by introducing new components into the hybrid structure. For
example, Li et al. enhanced the solar energy conversion efficiency of the Au/TiO:
system for plasmon-induced water oxidation by intercalating Li* ions into TiO> film.

This modification resulted in a remarkable 33-fold increase in photocurrent density and
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a maximum [PCE of 2.0% in the Au/Lio2TiO2 system, compared to the bare Au/TiO:
system.?

The interfacial area also plays a significant role in enhancing photocatalytic
efficiency. Core-shell structures, where the metal core is fully encapsulated by a
semiconductor shell, maximize the heterogeneous contact interface, providing efficient
charge transfer channels. These structures not only enhance electron transfer but also
prevent particle aggregation and protect the metal core from corrosion or dissolution
during the photocatalytic process. For instance, Wu et al.** demonstrated that a
hexagonal closed-packed core-shell Au/TiO; array structure exhibited a 20% increase
in Hz production under both UV and visible light, outperforming bare TiO> thin films
and randomly distributed Au/TiO; structures.

Moreover, the facets of the contacting components influence interfacial charge
transfer efficiency. Our group studied the effect of Au NP-loaded STO with different
facets as photoanodes for plasmon-induced water oxidation. The Au NP-loaded STO
(100) facet exhibited the highest photocatalytic activity, showing more than 1.4 times
greater photochemical water oxidation efficiency compared to the (110) and (111)
facets.®*

For plasmonic hot electron collection, overcoming the Schottky barrier at the
metal/semiconductor interface is essential. Zheng et al. showed that incorporating a 2
nm Ti layer at the Au/TiO: interface aligned the Fermi level of Au with the conduction
band of TiO2, forming an ohmic contact that significantly enhanced electron transfer
efficiency.®® Similarly, the incorporation of a 1-2 nm Ti layer into the Au/Si interface
reduced the Schottky barrier height from 1.1 eV to 0.5 eV, further improving the

electron transfer process.®¢

1.5 Plasmon-induced light energy conversion

Photocatalysis and photovoltaics are two primary methods for solar energy
conversion, both dependent on light absorption and the generation and separation of

charge carriers within semiconductors. However, enhancing their efficiency remains

18



challenging due to inherent limitations of semiconductors, such as restricted light
absorption and rapid charge recombination. A promising approach to overcome these
challenges is the integration of plasmonic nanostructures with semiconductors. These
nanostructures act as subwavelength antennas that concentrate light, thus enhancing the
local electromagnetic field and promoting efficient electron-hole separation. Moreover,
plasmonic nanostructures absorb light through the collective oscillations of surface
electrons, facilitating the excitation and direct injection of free electrons into the
conduction band. This process can drive chemical reactions or generate electricity. In
summary, incorporating plasmonic nanostructures into photocatalysis and

photovoltaics offers a promising strategy to improve solar energy conversion efficiency.

1.5.1 Plasmonic thin film energy conversion

Photovoltaic (PV) cells offer the potential for virtually unlimited clean energy by
efficiently converting sunlight into electrical power. Si has traditionally been the
material of choice for PV cells due to its low cost, abundance, non-toxicity, and well-
established processing technology. However, to enable large-scale implementation, the
cost of current PV modules must be significantly reduced, and efficiency must be
substantially increased. Thin-film, second-generation silicon solar cells present a
promising solution, owing to their lower material and processing costs.®” Unfortunately,
the light absorption depth in silicon is much greater than the electronic diffusion length
in thin-film materials, particularly for photon energies near the bandgap. This disparity
leads to lower energy conversion efficiencies in these cells compared to traditional
crystalline, wafer-based cells.

As discussed in 1.3, surface plasmon excitations offer unique advantages in light
concentration and trapping. Recently, metallic nanostructures have garnered renewed
attention for PV applications, spurred by advancements in fabrication techniques and a
growing understanding of their optical properties within the field of plasmonics.** In
various cell designs, both near-field light concentration at individual particle resonances
and effective light trapping using nanometals have been explored.®®*3 Experimental

results have shown peak enhancements in the tens of percentage points at specific
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wavelengths, with overall efficiency improvements of 8.3%, and 8% for cells using a-
Si,”! and GaAs,” respectively. Additionally, efforts to improve the omni-directional
absorption characteristics for solar tracking and operation in diffuse sunlight have been
pursued.”® There is also a clear need for optimization strategies that provide broadband
absorption enhancements across the entire solar spectrum. With recent advances in full-
field electromagnetic simulations and computational power, robust optimization tools
have been developed and are now widely used within the PV community, making such

optimizations increasingly feasible.”*%8

1.5.2 Plasmonic water splitting

Despite decades of research since the seminal work of Fujishima and Honda in 1972,8
no photocatalyst has yet been developed that satisfies all of these requirements.
Common semiconductor photocatalysts, such as TiO2 and ZnO, are limited by their
large bandgaps (~3.2 eV), restricting them to absorbing only ultraviolet light.”® Other
materials, like a-Fe2Os, are responsive to visible light but suffer from short minority
carrier diffusion lengths and slow OER kinetics.'” Consequently, the overall efficiency
of solar water splitting systems remains insufficient for practical applications.

To enhance the performance of semiconductor photocatalysts, integrating noble
metal nanoparticles is a highly effective strategy, leveraging the plasmonic effect.
Noble metal nanoparticles, such as Au and Ag, exhibit LSPR when interacting with
visible and near-infrared light. This interaction generates a significant electromagnetic
field enhancement around the metal NPs, which can be several orders of magnitude
stronger than the incident light fields.* - 192 Recent studies on plasmon-enhanced
water splitting have identified two key mechanisms: (1) The electromagnetic field
enhancement effect, associated with the plasmon-resonant energy transfer mechanism,
promotes water splitting reactions when photocatalysts sensitive to visible light are
employed, as depicted in Figure 1.12a. (2) The more widely recognized mechanism
involves plasmon-induced charge separation, where efficient electron transfer from the
metal nanoparticle to the semiconductor occurs, driving the photolysis of water. This

process is often referred to as the hot electron-transfer mechanism, as shown in Figure
20
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Figure 1.12 Schematic illustrations of reaction scheme using Au NPs-loaded

semiconductor.!??

Research on LSPR-induced electron transfer has predominantly focused on the Au-
TiO> system. Early studies on the photoelectrochemical properties of TiO; films
containing Au/Ag NPs revealed that these NPs significantly enhanced the
photocurrent.'®* The first demonstration of the hot electron injection mechanism was
carried out by Tian and Tatsuma, who employed an electrolyte-based plasmon-
enhanced energy conversion system. Their results showed that the IPCE of the
optimized Au/TiO; anode correlated with its absorption spectrum under visible-light
irradiation.?° Direct evidence of the hot electron injection process was later provided
by Furube et al. using femtosecond transient absorption spectroscopy, observing a 40%

yield of hot electrons transferred from Au nanoparticles into TiO,.!%
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Figure 1.13 Plasmon-induced photocurrent generation and water oxidation using
visible to infrared light irradiation.?® 3!

In 2010, our group further confirmed plasmon-induced charge separation by
observing photocurrent generation in Au nanorods loaded on a single crystal TiO> under
visible to near-infrared light, driven by efficient water oxidation (Figure 1.13).%° We
also successfully utilized a strontium titanate (SrTiO3) single crystal substrate as both
an anode and cathode for O, and H» evolution (Figure 1.14). By setting the pH at the
O>-generating side to 13 and the H>-generating side to 1, while varying the pH of the
opposite side, the researchers observed the pH at which H, and O» evolution began. The
minimum chemical bias of this system was achieved at a relatively low value due to the
plasmonic effect, suggesting the feasibility of a low-energy consumption approach for

artificial photosynthesis. 1%
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Figure 1.14 (a) Schematic illustration of plasmon-induced water-splitting system using
two sides of the same SrTiO; substrate. (b) Relationship between the gas generation
rate and irradiation time. (c) The relationship between gas generation rate and PH value.
Points in red indicate H, evolution, while the points in blue indicate O, evolution.!%

The development of effective cocatalysts for H» and O> evolution is essential to
improve water splitting efficiency.'” Adequate loading of semiconductors with
cocatalysts significantly boosts their performance. Okazaki et al. demonstrated that site-
selective deposition of nanosized CoOx as a water oxidation cocatalyst at the edges of
Au NPs on TiO: films enhances photoelectrochemical water oxidation activity.!% The
CoOx was deposited via a photo-assisted electrochemical method onto the Au/TiO; thin
film, which under visible light, showed a stable photoanodic current approximately 3

times higher than that obtained from Au/TiO; alone (Figure 1.15).
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Figure 1.15 (a) Schematic illustration of the CoOx/Au/TiO; electrode designed for the
OER. (b) Photocurrent generation on CoOx/Au/TiO; (red line), Au/TiOz (blue line), and
bare TiO; (black line) electrodes.!%

1.5.3 Enhancement of water oxidation under modal strong coupling
Plasmon-induced hot electron transfer has emerged as a promising mechanism for
solar energy conversion. However, a single layer of metal nanoparticles on a
semiconductor, as discussed in 1.5.2, is not sufficient for efficient light harvesting. To
address this limitation, our group recently developed a novel photoanode that utilizes
strong coupling between LSPR and Fabry-Pérot (F-P) nanocavities to improve
plasmonic water splitting. As shown in Figure 1.16, this photoanode, composed of Au
NPs on a TiO> substrate with an Au film (ATA), exhibits strong coupling when the
resonant wavelengths of the nanocavity align closely with the LSPR of the Au NPs.
Under strong coupling, hybrid states are formed at both shorter and longer wavelengths,
expanding the absorption spectrum and leading to enhanced light absorption. As a result,
the quantum yield of photocurrent generation for water oxidation is 1.5 times higher

than that of the Au NP/TiO> photoanode without strong coupling.>*
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Figure 1.16 (a) A schematic diagram of the ATA photoelectrode and the energy levels
associated with the modal strong coupling between the LSPR mode and the F-P cavity
mode in the ATA structure. (b) IPCE action spectra and (c) IQE spectra of the ATA
(green) and Au NPs/TiO; (black) photoelectrodes.>*

To further enhance the quantum yield of water oxidation, Au-Ag alloy nanoparticles
(NPs) with high oscillator strength and strong resistance to oxidation reactions were
employed to construct a photoanode under ultrastrong coupling conditions for efficient
photochemical water splitting.*® This photoanode demonstrated a maximum incident
photon-to-current efficiency (IPCE) of 4.0%, with the internal quantum efficiency (IQE)
reaching 4.1% (Figure 1.17). Additionally, the electron injection enhancement
mechanism under strong coupling was studied using Au nanodisks (Au NDs)/TiO2/Au
film, in which Au NDs shape was precisely controlled through electron beam
lithography, as opposed to Au NPs (Figure 1.18). Upon photoexcitation, quantum
coherence among multiple Au NDs through the F-P nanocavity significantly enhanced
the quantum efficiency of hot electron injection into TiO,.!% This improvement in the
quantum yield of photoelectron transfer at the Au NDs/TiO> interface during the initial
reaction stages is crucial for optimizing the efficiency of plasmon-induced
photochemical reactions. Furthermore, we also successfully applied the quantum

coherence of strong coupling photoelectrode to surface enhanced Raman scattering
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(SERS), obtaining high-sensitivity and spatially uniform SERS signals.!!%-112
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Figure 1.17 A schematic diagram of the AATA photoelectrode and the energy levels
associated with the modal strong coupling between the LSPR mode and the F-P cavity
mode in the ATA structure. (b) IPCE action spectra and (c) IQE spectra of the AATA 7
and ATA (black) photoelectrodes.>¢
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Figure 1.18 (a) Schematic diagram of the strong coupling Au NDs/TiO2/Au film
structure. (b) The apparent quantum efficiency of the hot electron injection from Au
NDs to the CB of TiO; with various particle number densities (PND) of the Au NDs

under modal strong coupling conditions.'®
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1.6 Overview of thesis

This thesis describes the design, fabrication, and characterization of plasmon-
induced electron injection under modal strong coupling conditions, achieved through
interfacial modulation, alongside an in-depth investigation the mechanism of plasmon-
induced water oxidation enhancement under strong coupling conditions. Specifically,
this work emphasizes: (a) the near field properties of Au NDs/Ti/TiO2/Au film
photoelectrodes after Au NDs/TiO; interface modulation using titanium (Ti) film, (b)
the enhancement of electron injection into TiO: achieved through interfacial
modification using an optimized Ti film thickness, and ¢) an in-depth investigation of
kinetics of water oxidation process under strong coupling condition. Chapter 2 details
the fabrication of strong coupling ATTA photoelectrodes with varying thicknesses of Ti
film and investigates the effect of Ti film thickness on the near-field properties of ATTA
using photoemission electron microscopy (PEEM). Chapter 3 discusses the
enhancement of electron injection into TiO2 under strong coupling conditions facilitated
by a Ti film-induced energy transfer at the Au/ TiO> interface. The effect of Ti film
thickness on the apparent quantum efficiency (AQE) of electron injection into TiO2 is
explored, showing an ~1.8-fold increase in AQE as the Ti film thickness is increased
from 0.5 to 5.0 nm. In Chapter 4, a strong coupling Au NPs/TiO2/Au film
photoelectrode, where Au NPs are formed through annealing, is fabricated to study the
activation energy of electron-hole recombination (E, (7)) in TiO; and the generation of
water oxidation intermediates (E,(1)). The smaller E,(r) suggests that the injected
electrons are primarily trapped in shallow trap-sites in TiO2. Additionally, the activation
energy for incident photon-to-current efficiency (E,(IPCE)) is calculated to estimate
E,(1). From this analysis, analysis of the activation energy for water oxidation
intermediate generation revealed the potential electrochemical level of holes trapped at
the surface states of the Au/TiO: interface. Chapter 5 concludes the thesis by
summarizing the key findings and insights, discussing their broader implications, and

offering a comprehensive conclusion based on the research outcomes.
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Chapter 2
Near-field properties of Au NDs/Ti/TiO2/Au film structure under

strong coupling conditions

2.1 Introduction

Sustainable energy generation is critical for mitigating future energy crises and relies
on innovative breakthroughs in designing cost-effective and efficient systems for
energy conversion and storage from renewable sources.'> Among these, solar-to-
chemical energy conversion has emerged as one of the most promising approaches to
meet such demands.® In this context, photocatalysts have garnered significant attention
due to their capability to convert solar energy into chemical energy. Metal oxides,
particularly titanium dioxide (TiOz), a wide bandgap semiconductor, have been
extensively utilized for these applications.” ® To further improve the performance of
TiO:-based photocatalysts, integrating plasmonic metals such as gold (Au) and silver
(Ag) has proven highly effective due to the advantages offered by plasmonic effects.
Plasmonic solar water splitting, in particular, holds great potential for providing a
sustainable and continuous supply of green energy. A crucial prerequisite for plasmonic
water splitting is the efficient separation of photogenerated charge carriers, where
interfacial charge transfer plays a pivotal role in enhancing electron-hole separation.’

Recently, our group developed an Au nanodisk (Au NDs)/TiO2/Au film (ATA)
photoelectrode under modal strong coupling between localized surface plasmon
resonance (LSPR) and Fabry-Pérot (F-P) nanocavity modes. This configuration
efficiently harvests incident photons by generating two hybrid states and demonstrated
that quantum coherence among Au NDs, mediated through the F-P nanocavity,
significantly enhances the apparent quantum efficiency (AQE) of electron injection into
the conduction band (CB) of TiO>!'° Moreover, titanium (Ti) has been reported to
facilitate plasmon-induced electron transfer between Au and silicon.!! Building on this

concept, we investigated the enhancement of electron transfer by incorporating a Ti
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film between Au NDs and the TiO; layer under strong coupling conditions.

The mechanism of electron transfer at the Au NDs/TiO; interface involves hot
electrons generated by localized surface plasmon resonance (LSPR) excitation
transferring to the conduction band (CB) of TiO», while the corresponding holes are
captured by surface states of TiO» and participate in oxidation reactions. As plasmon-
induced hot electron generation is closely linked to the nanoscale localization of the
electromagnetic field near the metallic nanostructure,'> near-field enhancement
becomes crucial for photochemical and photocatalytic applications where hot electron
transfer plays a significant role.!> 1

To further elucidate the impact of Ti film on the near-field properties of strong
coupling Au NDs/Ti/ TiO2/Au film (ATTA) photoelectrodes, detailed investigations are

required. Various techniques have been employed to visualize the near-field properties

of metallic nanostructures, including scanning photoionization microscopy,'> scanning

16, 17 8

near-field optical microscopy, nonlinear photopolymerization,'® and near-field
ablation of substrates'® 2°. However, these methods are often limited by resolution
constraints and potential surface damage, making precise measurements of near-field
properties challenging.

Recent advancements in photoemission electron microscopy (PEEM), using
femtosecond laser pulses as the excitation source, have demonstrated its efficacy as a
powerful tool for mapping the near-field properties of plasmonic metal structures. In
this study, nanoscale Ti films were incorporated to modify the Au NDs/TiO: interface
in the strong coupling ATA structure. The influence of Ti film thickness on the near-
field properties of the ATTA photoelectrodes was systematically analyzed using PEEM.
Additionally, time-resolved PEEM, which integrates PEEM with pump-probe

techniques, was employed to investigate the dephasing time of hybrid modes under

varying Ti film thicknesses.
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2.2 Experimental details

2.2.1 ATTA structure fabrication

The silica glass (SiO2) substrate with sizes of 10X 10 X 1.0 mm® was used to
fabricate ATTA structure. After rinsing process with acetone, methanol, and ultrapure
water in turn for 5 minutes in an ultrasonic bath and then dried with pure nitrogen flow.
As shown in Figure 2.1, a 2 nm-thick Ti film and 100 nm-thick Au film were deposited
onto SiO; substrate with Helicon sputtering (MPS-4000C1/HC1, ULVAC).
Subsequently, a TiO; film was deposited on the Au reflective film using a commercial
atomic layer deposition (ALD) reactor (SUNALE R series, Picosun) at 300°C. The
deposition process utilized deionized water vapor and titanium tetrachloride (TiCls) as
precursor sources. To prepare for patterning, the TiO; film was spin-coated with a
diluted copolymer photoresist (ZEP-520, Zeon Chemicals, mixed with ZEP in a 2:1
ratio) at 1000 rpm for 10 seconds and then at 4000 rpm for 60 seconds. The coated
substrate was prebaked on a hot plate at 180°C for 2 minutes to remove residual water
from the photoresist. The Au nanodisk (Au NDs) patterns were created using an
electron-beam lithography (EBL) system (ELS-F130, Elionix) operating at 130 kV with
a working current of 300 pA. After exposure, development was carried out with ZED-
N50. Following this, a Ti film and a 30 nm-thick Au film were sequentially deposited
via sputtering. Finally, a lift-off process was performed by immersing the sample in

anisole, acetone, and ultrapure water in an ultrasonic bath for 5 minutes at each step.

Helicon Sputter . »
2 nm Ti film Atomic layer deposition(ALD)

100 nm Au film TiO, film at 300°C
Si0 \A’“‘:‘E‘/ Ay flm

E-Beam Lithography
Helicon Sputter /
Lift-off Ti film+30 nm Au film

w e

Figure 2.1 The sketch map of the ATTA structure fabrication process.
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2.2.2 Optical properties and morphology characterization

A photonic multichannel analyzer (PMA C7473; Hamamatsu Photonics), operating
in the wavelength range of 400—900 nm, was used to measure the far-field optical
spectra. The morphology of the ATTA structure was characterized using field-emission
scanning electron microscopy (FE-SEM, JSM-6700FT, JEOL) with a maximum

resolution of 1 nm.

2.2.3 Near-field properties of ATTA

Near-field measurements in this study were conducted using a PEEM microscope
(Elmetic GmbH) equipped with two femtosecond laser excitation sources, as illustrated
in Figure 2.2. The PEEM system is equipped with an aberration corrector, achieving a
spatial resolution down to 4 nm. The sample was placed in the main chamber under an
ultrahigh vacuum of up to 107!! Torr. To ensure the efficient collection of emitted
electrons, a 20 kV ultrahigh voltage was applied to the system. Typically, the laser
pulses were configured to irradiate the sample at either a fixed oblique incidence angle
of 74 o or normal incidence. For the present study, only the normal incidence

configuration was utilized.

Aberration
Corrector

Normal incidence
of fs-laser (7fs or 100fs)

‘Oblique incidence
of fs-laser (7fs or 100fs)
Figure 2.2 The sketch map of our PEEM system.
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In the near-field spectra measurements, a femtosecond laser (Mai Tai, Spectra-
Physics), delivering approximately 100 fs pulses and coupled with an optical parametric
oscillator (OPO) for tunable excitation wavelengths, was employed. The laser beam
was focused onto the sample using a lens with a focal length of 600 nm. This setup was
utilized for wavelength-dependent PEEM measurements to obtain near-field spectra
and to perform near-field mapping at various wavelengths. In plasmonic nanostructures,
localized surface plasmon resonance (LSPR) facilitates the generation of significant
photoemission (PE) via a nonlinear multiphoton photoemission process, particularly
when the laser wavelength coincides with or is close to the absorption peak of the
structure. When the ultrafast fs laser, with high peak intensity, irradiates the substrate
at wavelengths near the absorption peaks, the near-field enhancement effect
significantly promotes the multiphoton photoemission process. Given the nonlinear
nature of PE intensity on the sample surface, the resulting PEEM images at different
wavelengths can be interpreted as nonlinear near-field intensity maps of the structure.
Notably, the near-field PE intensity signal was captured over the entire 30-um field of
view (FOV) in this study. By varying the incident wavelength from 500 to 870 nm in
10 nm increments, a series of PEEM images were obtained. The PE intensity from the
full FOV was then integrated and plotted as a function of the incident wavelength,

resulting in the near-field photoemission intensity spectra.

2.2.4 Dephasing time of hybrid modes of ATTA

A second femtosecond laser (Rainbow, Femtolasers), delivering 7 fs pulses at a
central wavelength of 800 nm and a spectral range of 650—-1050 nm, was used for time-
resolved photoemission electron microscopy (TR-PEEM) measurements to investigate
the dephasing time of hybrid modes in ATTA systems. As illustrated in Figure 2.3, the
laser beam passed through a Mach-Zehnder interferometer to generate phase-correlated
pump and probe pulses. The interferometer divides the laser beam into two identical
pulses, with the critical aspect being the control of the delay time between them. This
delay allows for the generation of the pump and probe pulses, which are then focused

onto the sample. By adjusting the delay time between the pulses, a series of PEEM
4



images were recorded, with a frame interval of approximately ~ 0.7 fs (7/2 rad relative

.Focusing lens
)
—_— I 7

to the 800 nm carrier wave of the laser pulse).

L4

— Pinhole
Polarizer
Mach-Zehnder l L
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Phase detector J . .
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N
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|
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' \
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Figure 2.3 Schematic of TR-PEEM setup.

The principle behind determining the dephasing time of hybrid modes in the ATTA
structure using TR-PEEM is illustrated in Figure 2.4. When the plasmon field of the Au
NDs are excited by the pump pulse, the plasmon oscillates at its characteristic frequency.
Upon introducing the probe pulse with a controlled delay, it can also excite the plasmon
oscillation. The two plasmon fields, excited by the pump and probe pulses, can interfere
with each other in two primary ways. If the plasmon oscillations from both pulses are
in phase, constructive interference occurs, leading to electron excitation and subsequent
detection by the PEEM. Conversely, if the plasmon oscillations are out of phase,
destructive interference takes place, resulting in no electron emission. By varying the
delay time between the pump and probe pulses, the oscillatory behavior of the hot spots

can be observed.
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Figure 2.4. Principle sketch map of TR-PEEM experiments.

At short delay times, when the pump and probe beams overlap, the oscillation of the
LSPR hot spots is primarily governed by the interference between the pump and probe
pulses, with the oscillation occurring at the carrier frequency. As the delay time
increases and the pump and probe pulses become separated, the two plasmon fields,
excited by the pump and probe pulses, can then interfere with each other, influencing
the oscillation of the hot spots. By comparing the experimental results with numerically
calculated time-resolved nonlinear photoemission signals, the dephasing time of the

measured nanostructure can be determined.

2.2.5 Numerical simulations

The optical properties of the fabricated ATTA structures were simulated using the
finite-difference time-domain (FDTD) method (Lumerical, Inc.). The geometry of the
ATTA structures in the simulation was based on the experimentally designed parameters.
The refractive index of TiO2 was set to 2.4, and the optical properties of the Au material

were taken from the data provided by Johnson and Christy.?! A plane wave with normal
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incidence was used as the excitation source. The structure was modeled with perfectly
matched layers along the z-direction and periodic boundary conditions along the x- and
y-directions. The simulations were performed on a discrete grid with a uniform mesh

size of 1 nm.

2.3 Results and discussion

2.3.1 Characterization of morphology and far-field spectra

The interfacial structure between plasmonic metals and semiconductors plays a
critical role in plasmon-induced charge transfer, which is essential for efficiently
converting solar energy into chemical energy. In this study, the Au NDs/TiO: interface
in the strong coupling ATTA structure was modified with Ti films of varying thicknesses
(0.5, 2.0, and 5.0 nm), as shown in Figure 2.5a. And the typical surface morphology of
the ATTA structure is presented in the SEM image (Figure 2.5b). From the histogram
of the Au ND diameter distribution, which was fitted using a Gaussian function, the
average diameter of the Au NDs was determined to be 89 nm, as depicted in Figure

2.5¢.

44



- Em o Em s Em s o s Em s o E o,

89 nm_

- |
— -
-30 nmI AuND KTI layer .
I e I
, le I
. Au film .
! Si0, !
N e e et r e —— - -
C 120 -
I Frequency Counts of Au NDs size
100+ = Gussian fit
80 4
E
2 60
[&]
40
20

04
80 82 84 86 88 90 92 94 96 98 100
Au ND size (nm)

Figure 2.5 (a) Schematic diagram of the ATTA structure with cross-sectional view of
the ATTA structure consisting of Au ND, Ti film, TiO2 film, and 100 nm Au film. (b)
Top-view SEM images of typical ATTA structure. (c) Histogram of Au ND diameter
with Gaussian fit shown as green line. The size of Au ND was obtained to be 89 nm.

Figure 2.6a presents the absorption spectra of the ATTA structures with varying TiO>
film thicknesses, where the LSPR and F-P nanocavity modes are well-matched. The
absorption spectra were obtained by measuring the reflectance (R) and transmittance
(T) of the ATTA structures and calculating —log,,(R + T) as a function of wavelength.
It should be note that T was nearly zero due to the 100 nm-thick Au film. For all ATTA
structures, the absorption spectra exhibit two distinct bands in the measured wavelength
range, an upper branch (P+) and a lower branch (P.). The generation of two new
absorption bands at shorter and longer wavelengths is attributed to the strong coupling
between the LSPR of Au NDs and the F-P cavity modes of the TiO»/Au film,?* as

illustrated in Figures 2.6b-c.
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Figure 2.6 (a) Absorption spectra of ATTA structures with varying Ti film thicknesses
at the Au NDs/TiO; interface. (b) Schematic illustration of the modal strong coupling
between the LSPR of Au NDs and cavity modes in ATTA structure. (c) Energy-level
diagram showing the modal strong coupling between the LSPR mode and F-P cavity
mode in the ATTA system. The ws, and wcq, present the resonance frequencies of

plasmon mode and F-P cavity mode, respectively.

To verify that the AT TA structures in this study satisfy the conditions for modal strong
coupling, we measured the absorption spectra of each structure as a function of TiO:
film thickness. By plotting the energies corresponding to the longer and shorter
wavelengths as a function of TiO» thickness (Figures 2.7a-c), we derived the dispersion
curve, shown in Figures 2.7d-e. From this dispersion curve, the splitting energy (Ep;)
of the ATTA structures with 0.5, 2.0, and 5.0 nm Ti film were determined to be 560,
520, and 460 meV, respectively, using a coupled harmonic oscillator model. For a strong
coupling system, it should fulfill the following criterion:**

Yé_
2

Vb,
Egp > T+ 2.1

pl

Where Egy,; is the splitting energy, the yp, and yp_are the full widths at half maximum

(FWHM) of the P+ and P., respectively. The yp, and yp_ of absorption band of each

2 2
ATTA structure in Figure 2.6a were estimated using Lorentzian fitting. The /VPT* + VPT‘
of'the ATTA structure with 0.5, 2.0, and 5.0 nm was 130, 160, and 170 meV, respectively.

These results confirm that the ATTA structures used in this study satisfy the modal
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strong coupling condition.
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Figure 2.7 Absorption of ATTA structures with 0.5-5.0 nm (a)-(h) Ti film as a function
of the thickness of TiO> film. The absorption of the samples was determined by
measuring the total reflectance (R) from the samples and calculating —log,o(R +
T) as a function of photon energy. The transmittance (T) was almost zero in the ATTA
system due to the presence of the Au film. The dispersion curves of hybrid modes in
the ATTA structures with 0.5-5.0 nm Ti film (d)-(f). The Eg,; were determined from

their absorption spectra (a)-(c). The orange line shows the fit using the harmonic
oscillator model. The P represent upper branch, while P_represent lower branch.

Form the Egp; analysis, the E,; decreased from 560 to 460 meV with increasing Ti
film thickness, as shown in Figures 2.7d-f. To understand the effect of Ti film thickness

on Egy, the Es, can be expressed as follows:*

Espl X \/N_f

Where N and f represent the number of oscillator and oscillator strength,

2.2

respectively. Due to the damping effect of the Ti film, which has a larger imaginary
component as an adhesion layer, the oscillator strength of the LSPR of Au NDs

decreases with increasing Ti film thickness. Consequently, the Eg,, of the ATTA
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system in strong modal coupling also decreases as the Ti film thickness increases.

2.3.2 Effect of Ti film thickness on near-field

To further investigate the near-field properties of ATTA structures with varying Ti
film thicknesses, we employed the PEEM system to directly visualize the near-field
enhancement. The PE intensity, which is nonlinearly correlated with the near-field,
allows the PEEM image to be interpreted as a nonlinear map of the near-field intensity
distribution near the metallic nanostructures. As shown in Figure 2.8, the PEEM images
of ATTA structures with different Ti film thicknesses, excited by fs laser pulses at the
absorption band peak position under normal incidence. It should be noted that the near-
field PE intensity signal was captured from the entire 30 um-FOV. It was observed that
stronger localized hot spots were present in the ATTA structure with a 0.5 nm-thick Ti
film. As the Ti film thickness increased, both the intensity and the number of hot spots

decreased, indicating that the Ti film dampens the near-field enhancement.

12,00 Ti film 5.0 nim Ti film |

Figure 2.8 PEEM images (FOV of 30 um) of ATTA with 0.5 (a), 2.0 (b), and 5.0 nm
(c) under fs laser excitation.

Building on the previous discussions, the wavelength-dependent near-field
enhancement of the ATTA structures with varying Ti film thicknesses under normal

incidence was also explored. A series of PEEM images were captured by tuning the
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excitation wavelength from 580 nm to 870 nm in 10 nm increments. By integrating the
PE signal across the entire FOV and plotting it against the incident wavelength, the
near-field spectrum was obtained. Since the PE intensity correlates with the near-field
electric field intensity, the resulting wavelength-dependent near-field PE intensity
spectrum reflects the nonlinear near-field response of the ATTA structures.

Figure 2.9 presents the near-field spectra for ATTA structures with Ti films of 0.5,
2.0, and 5.0 nm thicknesses. Two distinct peaks are observed in the near-field spectra,
which are consistent with those in the far-field spectra shown in Figure 2.6a. It should
be noted that the PE intensity of these two peaks is not in same scale due to differing
pulse widths in the two wavelength regions (denoted by the double slash). Notably, the
near-field amplitude decreases significantly as the Ti film thickness increases from 0.5
to 5.0 nm, suggesting that the Ti film dampens the near-field enhancement at the Au

NDs/TiO; interface.
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Figure 2.9 Wavelength-dependent PE intensity of the ATTA structures with Ti films of
0.5, 2.0 (orange), and 5.0 nm (cyan).

2.3.3 Numerical simulations
To further validate the experimental results regarding the effect of Ti film thickness

on the near-field properties of ATTA structures, FDTD simulations were performed.
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Figure 2.10b presents the near-field spectra of ATTA structures with varying Ti film
thicknesses, showing that the near-field intensity decreases as the Ti film thickness
increases. Figures 2.10c-d show the cross-sectional near-field distributions of different
ATTA structures. It is clear that the near-field intensity of the ATTA structure with a
thin Ti film is significantly stronger than that of the structure with a thicker Ti film. The
maximum near-field intensity, commonly referred to as a "hot spot," is observed at the
boundary between the Ti film and the TiO; film. This location serves as the monitoring
point for obtaining the near-field spectra.

The simulation results are in good agreement with the experimental data obtained
from PEEM measurements. These results indicate that the near-field enhancement at
the Au/ TiO; interface is suppressed by the presence of the Ti film, primarily due to the

significant dissipative imaginary component (&) of the Ti material.>> 2
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Figure 2.10 (a) Schematic of the simulation model for calculating near-field properties
of ATTA structures with various thicknesses of Ti film. (b) Simulated near-field spectra
at the Ti/TiO; interface as a function of different Ti film thickness. (c)-(d) show the
cross-sectional near-field distribution on ATTA structure with 0.5, 2.0, and 5.0 nm-thick
Ti film, respectively.
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2.3.4 Effect of Ti film thickness on dephasing time of hybrid modes

From the experimental and simulation near-field spectra of ATTA structures, it can
be found that the bandwidth of absorption band broaden as increasing of Ti film
thickness. The bandwidth directly reflects the dephasing time of hybrid modes, while
the investigation of dephasing time provides further insights into the damping effects
induced by the Ti film at the Au NDs/TiO> interface. However, the dephasing time
based on the optical spectral measurements usually suffers from the problem of
inhomogeneous spectral broadening caused by the variation in metal nanostructures
(e.g., shape and size). A few groups, for instance Petek’s group,?’ Aeschlimann’s
group®® as well as our group,”” *° have successfully measured the dephasing time of
individual plasmonic nanostructure directly in the time domain using time-resolved
photoemission electron microscopy (TR-PEEM). In this study, we also utilized the TR-
PEEM system to directly measure the effect of Ti layer on the dephasing time under the
modal strong coupling conditions in the time domain, which has been rarely reported

in previous studies.
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Figure 2.11 Time evolution of the PE intensity on ATTA structure with various
thicknesses of Ti film within the delay time of 0-30 fs.

As described in the experimental section, TR-PEEM system is developed by
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combining PEEM with the interferometric pump-probe technique. In this setup, a
Mach-Zehnder interferometer is used to split and support the pump and probe pulses.
PEEM images are recorded by adjusting the delay between the pump and probe pulses.
Similar to the near-field spectra, the time evolution of the PE intensity is obtained by
integrating the PE intensity of each PEEM image and plotting it against the delay time.

Figure 2.11 presents the time evolution of the PE intensity for ATTA structures with
various Ti film thicknesses at the Au NDs/TiO> interface, within a phase delay range of
0 to 30 fs. The figure clearly shows that the three curves exhibit identical oscillation
frequencies as a function of the delay time between the pump and probe laser pulses.
While the oscillation frequency remains unchanged by the Ti film, the coherence
between the two fields excited by the pump and probe pulses decays more rapidly as
the Ti film thickness increases. This suggests that the Ti film significantly affects the
dephasing time, even though it does not alter the oscillation frequency.

To quantitatively determine the dephasing time, the time-resolved nonlinear PE
signal is modeled using a plasmon oscillator approach with an exponential damping
term, which incorporates the nonlinearity of photoemission.>* 3! Typically, the model
requires two key parameters: the driving electric field E(t) + E(t + tq), where tq is
the time delay between the pump and probe pulses. In the experiment, E(t) is defined
by the sech®-shaped pulse of the fs laser with a duration of 7 fs. Additionally, the local
field enhancement allows for multiphoton photoemission, and the order of nonlinear
photoemission is another critical factor that needs to be verified. For the absorption
peaks of the ATTA structures at the P. mode, at least three photons are required to induce
photoemission. This is confirmed by a laser power-dependent study, where a log-log
plot of photoemission intensity versus laser power yields slopes of 3.8, 3.8, and 3.1 for
the 0.5, 2.0, and 5.0 nm-thick Ti films at the Au NDs/TiO; interface. Once the driving
electric field and the nonlinear photoemission order are determined, the time-resolved
nonlinear PE signal can be calculated by adjusting the dephasing time fitting parameters.
The detailed calculation procedure is outlined below.

A simple damped harmonic oscillator mode was employed to describe the time-
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dependent surface plasmon field. The plasmon field Ej,;(t) can be described as

following:
Ep (t) « f_TOOwiK(t’)e_V(t_t')sin[a)o(t —t)]dt’ 2.3
0

Where the K(t) represents the driving field, which is expressed as K(t) = E(t) +
E(t + tg) for the interferometric pump-probe measurements in this study. tq denotes
the delay between the pump and probe pulses, while w, represents the plasmon
resonance frequency. y = 1/2T, where T means the dephasing time of the plasmon
field. Given the nonlinearity of the PE signal in this study, the time-dependent PE
intensity as a function of the delay time tyg can be described by the following
expression:
I(tg) f_+;°|Epl(t)|2th 2.4

Where N means the nonlinear order of PE. By using these two equations, the PE
intensity as a function of the t4 can be obtained. Using the equations provided, the PE
intensity as a function of the delay time t4 can be derived. By adjusting the dephasing
time and excitation wavelengths, time-resolved PE intensity signal curves were
generated, which closely match the experimental results shown in Figure 2.11. Based
on these calculations, we determined the dephasing times of the ATTA structures to be
5.6, 4.5, and 3.5 fs for Ti film thicknesses of 0.5, 2.0, and 5.0 nm, respectively. These
results clearly indicate that as the Ti film thickness increases, the dephasing time of the

ATTA structures decreases.
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Figure 2.12 TR-PEEM measured (red dotted lines) and numerically simulated (gray
dotted lines) PE intensity curves as a function of the delay time between the pump and
probe pulses. The panels from top to bottom are ATTA with Ti film thicknesses of 0.5,
2.0, and 5.0 nm.

Combined with the near-field spectra of ATTA structures, we conclude that the Ti
film causes LSPR damping due to its large dissipative imaginary component. This

damping effect reduces the near-field intensity and shortens the dephasing time.

2.4 Conclusions

In this chapter, the effect of the Ti film on the near-field properties of the ATTA
structure under modal strong coupling conditions was investigated using PEEM,
including near-field mapping, spectral analysis, and time-resolved measurements. The
results showed that near-field enhancement diminished with increasing Ti film
thickness. Furthermore, time-resolved PEEM quantified the ultrafast dephasing times
of the hybrid modes, revealing a progressive reduction for Ti film thicknesses of 0.5,
2.0, and 5.0 nm. These findings indicate that modifying the Au ND/TiO; interface with
a Ti film significantly suppresses near-field enhancement and shortens the dephasing
time of the hybrid modes under strong coupling conditions. In the next chapter, we will

examine how the Ti film influences electron transfer processes at the Au/TiO; interface.
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Chapter 3
Improving electron transfer under strong coupling conditions via

Au/TiO; interfacial modulation with a Ti layer

3.1 Introduction

Localized surface plasmon resonance (LSPR) in metallic nanostructures (NSs)
enables the conversion of absorbed photons into energetic energy via generating.!'”
When these metallic NSs are integrated with semiconductor, such as Auw/TiO», a
Schottky barrier was formed at the interface, promoting charge separation and electron
injection into the semiconductor's conduction band (CB). Such configurations have
been widely applied in photodetectors,*® and photovoltaics,”'?> with the Schottky
barrier playing a crucial role in optimizing charge transfer efficiency. Pioneering studies
by Tatsuma's group'® * in 20042005 and Furube et al.!® in 2007 established the
foundational understanding of plasmon-induced electron dynamics, demonstrating
photocurrent generation and hot electron transfer from Au nanodots to TiO2 via
transient absorption spectroscopy.

Building on these insights, Au nanostructure-loaded TiO; systems have been
extensively utilized for photochemical reactions under visible-to-near-infrared
irradiation, owing to their stability and effective electron transfer at the Au NS/TiO2
interface.!®'® However, the conventional single-layer Au NSs on TiO; face limitations
in photon absorption, resulting in relatively low electron transfer efficiency. The
predominant electron transfer mechanism, described by the plasmon-induced hot
electron transfer model, involves the decay of LSPR-generated hot electrons across the
Schottky barrier into the CB of TiO,. Addressing these limitations requires
advancements in light absorption enhancement and optimization of charge transfer
pathways to further improve the efficiency and performance of Au NS/TiO:
heterostructure devices.

Recently, we developed a strong coupling Au nanodisks (Au NDs)/TiO2/Au film
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(ATA) structure (Figure 2.5) that significantly enhances light absorption efficiency
while improving the quantum yield of water oxidation.'” Building on previous findings
that Ti films promote electron transfer at the Au/Si interface,” Chapter 2 examines the
design and characterization of a strong coupling Au NDs/Ti film/TiO2/Au film (ATTA)
structure. Specifically, it explores the influence of the Ti film at the Au/ TiO; interface
on the near-field properties of the ATTA structure.

This chapter further investigates the effect of Ti film thickness on electron transfer
efficiency and incident photon-to-current efficiency (IPCE) using transient absorption
(TA) spectroscopy and a three-electrode system. ATTA structures with Ti films of
varying thicknesses (0.5-10 nm) were fabricated, revealing that a suitable Ti film
thickness obviously enhances electron transfer efficiency. The TA and IPCE action
spectra confirm these improvements. Additionally, the underlying mechanisms by
which the Ti film-enhanced electron transfer are discussed, providing insights into the

role of interface engineering in optimizing plasmonic photocatalytic systems.

3.2 Experimental details

3.2.1 ATTA, ATT, and ASTTA structure fabrication

The ATTA structures with Ti film thicknesses ranging from 6.0 to 10.0 nm were
fabricated, following the fabrication procedures described in Chapter 2. A control group,
Au ND/TiOz (ATA) structure, was also prepared, with the Ti film thickness varying
between 0.5 and 10.0 nm, but without the Au film. Additionally, the Au ND/SiO2/T1/
TiO2/Au film (ASTTA) structure was fabricated using a similar process to that for the
ATTA and ATT structures, with the key difference being the deposition of Au, SiO, and

Ti films via electron-beam evaporation.
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3.2.2 Transient absorption measurements
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Figure 3.1 The Schematic diagram of pump-probe setup.

The transient absorption (TA) measurement was conducted using the pump-probe
technique, as illustrated in Figure 3.1. The fundamental laser source, generated by a Ti:
sapphire laser with a central wavelength of 800 nm and a pulse duration of
approximately 25 fs, was split into two beams: one for the pump pulse and the other for
the probe pulse. The pump pulse was directed into a collinear optical parametric
amplifier (TOPAS-C, Light Conversion), chopped at 500 Hz, and used to generate a
visible excitation source. The probe pulse was produced by a second TOPAS device,
which provided a 2500 nm probe to monitor the transient response. A stepper linear
stage (SGSP26-100, Sigma Koki) was employed to control the time delay between the
pump and probe pulses. Both pulses were directed onto the sample using a concave
mirror, and the reflection signals from the sample were collected and integrated using

a liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector.
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3.2.3 Photoelectrochemical measurements

Electrochemical
1
et ‘ F'

iCu wire

Figure 3.2 Schematic of the three-electrode photoelectrochemical cell for the IPCE
measurement.

Photoelectrochemical (PEC) measurements on ATTA structures were conducted using
an electrochemical analyzer (CHI660E) with a three-electrode system. The ATTA
samples, with varying Ti film thicknesses, were employed as the working electrode. An
In-Ga alloy (2:1 weight ratio) film was pasted to the backside and sidewalls of the
substrate to establish ohmic contact and was connected to the electrochemical analyzer
using copper lead wires. A saturated calomel electrode (SCE) and a platinum wire were
used as the reference and counter electrodes, respectively. Potassium hydroxide (KOH)
was used as the supporting electrolyte, with a 0.1 mol/dm? aqueous solution for the PEC
measurements. Prior to the measurements, the electrolyte solution was purged with
nitrogen gas for 1 hour to remove dissolved oxygen. An 800 W xenon lamp was used
as the light source, with the irradiation wavelength selected using a bandpass filter with
a full width at half maximum (FWHM) of less than 15 nm. During all PEC

measurements, the working electrode potential was maintained at +0.3 V versus SCE.

3.2.4 Numerical simulations
The energy absorption of the Ti film in ATTA structures was simulated using the finite-

difference time-domain (FDTD) method (Lumerical, Inc.). The simulation setup was
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similar to that described in Chapter 2, with the main difference being the monitoring
approach. A three-dimensional energy monitor was employed, specifically covering
only the Ti film, allowing for the detection of the near-field energy absorption efficiency

of Au NDs under identical excitation conditions across different Ti film thicknesses.

3.3 Results and discussion

3.3.1 Effect of Ti film thickness on far-field spectra

18 Ti film thickness
AuND Ti layer ()5 nm
A 5.0 nm
& u - s 6.0 nm
9 1.2 S102 7.0 nm
‘.5- — () nm
o) —0.( nm
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Figure 3.3 (a) Absorption spectra of ATTA structures with varying Ti film thicknesses
at the Au ND/TiO; interface. (b) Variation of splitting energy as a function of Ti film
thickness.

In this study, we used the same strong coupling ATTA structure introduced in Chapter
2, with continue to adjustment the Ti film thickness (ranging from 0.5 to 10 nm) at the
Au NDs/TiO» interface to investigate its impact on electron transfer. The absorption
spectra of these ATTA structures were obtained by using —log(R + T), with varying
Ti film thicknesses are shown in Figure 3.3. For all ATTA structures, the absorption
spectra exhibit two absorption bands in the measurement wavelength, an upper branch
(UB), and a lower branch (LB), which were attributed to the strong coupling between
the LSPR of Au NDs and the Fabry—Pérot (F-P) nanocavity modes of the TiO2/Au film.

Note that all ATTA structures shown in Figure 3.3 were adjusted to be near the tunning
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condition, meaning that the LSPR mode in each structure is closely near the cavity
mode.

To further confirm that the ATTA structures with Ti film thicknesses between 6.0 and
10.0 nm satisfy the strong coupling condition, we measured the absorption spectra of
each ATTA structure as a function of TiO> thickness. Dispersion curves were obtained
by plotting the resonance energies corresponding to the UB and LB, enabling the
determination of the splitting energy (Ep,;) using a coupled harmonic oscillator model,
as shown in Figure 3.4. The linewidths of the absorption peaks for each tuned ATTA
structure (Figure 3.3a) were estimated using a Lorentzian function. As summarized in

Table 1, all the ATTA structures fulfill the strong coupling condition, E,; >

spl

2 2
/’% + YLTB, Esp is the splitting energy, the yyp and y,p are the full widths at half

maximum (FWHM) of the UB and LB, respectively.
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Figure 3.4 Absorption of ATTA structures with 6.0-10.0 nm (a)-(e) Ti film as a function
of TiO: film. Dispersion curves of hybrid modes in the ATTA structures with 6.0-10.0
nm Ti film ()-(j). Egp; were determined from their absorption spectra in (a)-(e). The
red line shows the fit using the harmonic oscillator model.
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Table 1. The Egp,; and linewidth of the absorption bands in Figures 3.3 and 3.4
determine that the structure fulfils the strong coupling condition.

Ti film Espl(ev) Yie(eV) Yug(eV) \ (Vz%B + VLZB)/Z (eV)

6.0 nm 0.40 0.22 0.14 0.18
7.0 nm 0.38 0.23 0.15 0.19
8.0nm 0.35 0.24 0.17 0.21
9.0 nm 0.30 0.25 0.19 0.22
10.0 nm 0.25 0.27 0.21 0.23

A similar trend to that observed in Chapter 2 was found: the Eg,; continuously
decreased as the Ti film thickness increased. To further confirm that this behavior is
due to LSPR damping induced by the Ti film, additional experiments were conducted.
Au ND/Ti/TiO2 (ATT) structures without the Au film were fabricated, and the effect of
Ti film thickness on the extinction spectra was examined, as shown in Figure 3.5. The
results reveal a decrease in LSPR intensity and an increase in the FWHM as the Ti film
thickness increases, indicating that plasmon damping becomes more obviously with
thicker Ti films. This behavior supports the conclusion that the Ti film reduces the
LSPR oscillator intensity, which in turn leads to a decrease in the splitting energy of the

strongly coupled ATTA system as the Ti film thickness increases.
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Figure 3.5 (a) Far-field extinction spectra of the ATT structure with varying Ti film
thicknesses. (b) The FWHM of the extinction spectra in (a), estimated through
Lorentzian fitting, as a function of Ti film thickness.

3.3.2 Effect of Ti film thickness on electron injection

To investigate the impact of the Ti film on electron transfer, we conducted transient
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absorption (TA) measurements on the ATTA structures. The transient signals were
recorded as AA = —log,o(R/Ry), where R and R, represent the reflections from
the sample with and without pump pulses, respectively, and are expressed in units of
optical density (OD). Additionally, we performed TA measurements on the Au NDs/Ti/
TiO2 (ATT) structure, which lacks the nanocavity, as shown in Figure 3.6. Notably, a
clear transient response was observed in the ATTA structure under both the UB and LB
pump pulses, while no significant response was detected in the ATT structure. These
results prompted further investigation of Ti thickness-dependent electron transfer in

ATTA structures using TA measurements.
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Figure 3.6 The time profiles of the transient measurements for the ATTA and ATT
structures with a Ti film thickness of 5 nm are shown. The pump laser wavelengths
were 590 nm, 770 nm, and 670 nm for the ATTA (UB), ATTA (LB), and ATT structures,
respectively. The time profiles were calculated by normalizing the change in optical
density (AOD) to the number of incident photons (n) and the absorption at the pump
wavelength (A), as represented by the formula AOD/n/A (normalized AOD).

The time profiles of the transient response for the ATTA structure were measured
upon excitation at its UB and LB absorption peaks. The observed decay in the time
profiles of the TA measurements is attributed to the recombination of electrons and
holes.?® 2! Specifically, during LSPR excitation, electrons are injected into the CB of
TiO>. These electrons then recombine with holes at the interface, causing a decay in the

transient signal. This decay can be modeled using a second-order reaction model?*?
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AOD = ———
1+k[Colt

+ const. 3.1

where [Cy] is the concentration of injected electrons near time zero, k is the decay
rate, and « is the extinction coefficient. In this study, we also this model to fit the time

profile of the TA measurements as the solid color lines superposed in Figure 3.7.
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Figure 3.7 Time profiles of the TA measurements pumped at the UB (a) and the LB (b).
The insert scale bars in (a) and (b) indicate an AOD of 2x107.

Table 2 Fit AOD,,,,, of the hot-electron decay curves shown in Figure 3.5 to the
fitting mode of Equation 3.1

Ti film 05nm 20mm 50mm 60nm 7.0nm 80nmm 90nm 10nm
AOD,, 4, UB 2.3 2.8 3.8 33 2.4 1.8 1.4 1.0
AOD, 0, LB 1.8 2.3 3.1 2.0 1.3 1.0 0.7 0.6

In the transient curves, the maximum transient signal (AOD,,,,) near time zero
corresponds to the total amount of electrons injected into the CB of TiO,. The measured
values of AOD,,,, for ATTA structures with varying Ti film thicknesses are
summarized in Table 2. To further confirm the electron transfer process, the apparent
quantum efficiency (AQE) of electron injection into TiO; was calculated using the

formula AOD,,,,/n/A, where n represents the number of incident photons and A is
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the absorption at the pump wavelength. For direct AQE comparison, the normalized
AQE (N-AQE) was determined by taking the AQE of the Ti film (10.0 nm) as a
reference.

Figure 3.8 shows the N-AQE values, pumped at the upper (pink) and lower (orange)
branches, as a function of Ti film thickness. The results reveal that electron injection
into TiO> increased steadily as the Ti film thickness was increased from 0.5 to 5.0 nm,
but then decreased as the thickness was further increased from 5.0 to 10.0 nm. Notably,
when the Ti film thickness increased from 0.5 to 5.0 nm, the AQE of electron injection
into TiO; increased appropriately 1.8 times, even though the LSPR was damped by the

Ti film, as discussed in Chapter 2.
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Figure 3.8 N-AQE as a function of Ti film thickness.

3.3.3 Effect of Ti film thickness on photocurrent generation

The photocurrent generation, measured using a three-electrode system, further
corroborates the Ti film’s influence on electron injection and its applicability to PEC
reactions (Figure 3.9a). Figure 3.9b presents the I-t curves obtained under 580 nm light
illumination, with the working electrode potential set at +0.3 V vs. SCE. The
photocurrent exhibited a clear response to the light being switched on and off. Notably,

the ATTA structure with a 5.0 nm Ti film (green) generated the highest photocurrent.
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The variation in photocurrent as a function of Ti film thickness closely mirrored the
trend observed in the N-AQE of electron injection into TiO2 (Figure 3.8), reinforcing

the link between optimized Ti film thickness and enhanced PEC performance.
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Figure 3.9 (a) Schematic of three-electrode system. (b) I-t curves of ATTA structures
with varying Ti film thicknesses corresponding to excitation light of 580 nm. The
experiments were performed at an applied potential of +0.3 V vs. SCE during the PEC
measurements.

The photocurrent conversion efficiency of ATTA structure with varying Ti film
thicknesses was evaluated using the incident photon-to-electron conversion efficiency

(IPCE), calculated with the following equation:

_ 1240xI(A/cm?)

0,
IPCE( A)) T A(nm)xP(W /cm?2)

X 100% 3.2

where, I represents the photocurrent density under monochromatic light irradiation,
A is the wavelength of the incident light, and P denotes the light intensity.

As shown in Figure 3.10, the IPCE values in the visible region reveal a significant
plasmon-enhanced IPCE band, with the maximum value observed for the ATTA
structure with a 5.0 nm-thick Ti film. These results indicate that the insertion of a 5.0
nm-thick Ti film at the Au NDs/TiO: interface notably facilitates plasmon-enhanced

photocurrent conversion in the experimental conditions investigated.
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Figure 3.10 The IPCE action spectra of the ATTA structures were measured as a
function of Ti film thickness using a three-electrode system.

3.3.4 Influence of excitation wavelength on electron injection

In typical plasmonic systems, such as Au/ TiO> without a Ti layer, increased damping
generally leads to a reduction in near-field enhancement, which negatively impacts
electron generation and transfer from Au to TiO,.>* 2* However, in the ATTA system,
the efficiency of electron transfer into TiO; increased despite the increased damping.
This observation suggests that beyond the damping effects, the presence of the Ti film
at the Au NDs/TiO; interface plays a pivotal role in enhancing the apparent quantum
efficiency (AQE) of electron injection.
We hypothesize that energy is transferred from the Au NDs to the Ti film, inducing
electronic transitions in the Ti layer, which subsequently injects electrons into TiO». To
test this hypothesis, TA measurements were performed by pumping the Ti-film (5.0
nm)-ATTA structure at different wavelengths. Figure 3.11 presents the AOD,,,, as a
function of pump laser wavelength (red curve), superimposed on the absorption
spectrum (black curve). Notably, the AOD,,,, data closely match the shape of the

absorption spectrum, displaying two distinct bands near 600 nm and 770 nm. The
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slightly lower AOD,,,, at approximately 770 nm is attributed to the reduced photon
energy at the lower branch. These findings corroborate our hypothesis that energy

transfer occurs from the Au NDs to the Ti film, followed by electron transfer into TiO».
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Figure 3.11 AOD,,,, as a function of different pump wavelengths of Ti (5.0 nm)-
ATTA. The absorption spectrum was also superposed.

3.3.5 Effect of SiO: film thickness on electron injection

To further elucidate the mechanism of energy transfer from the Au NDs to the Ti
layer, a strong coupling Au ND/SiO2/Ti1/TiO2 (ASTTA) structure was designed. In this
configuration, a SiO» film of variable thickness (0-7 nm) was introduced at the interface
between the Au NDs and the 5.0 nm-thick Ti film. Acting as an insulating layer, the
Si0; film effectively blocks direct electron transfer between the Au NDs and the Ti
layer while permitting energy transfer across its thickness. This design enables the

investigation of the energy transfer process independent of direct electron exchange.
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Figure 3.12 Absorption spectra of ATTA structures with varying SiO> film at Au NDs/5
nm-thick Ti film interfaces.

Figure 3.12 shows the absorption spectra of ASTTA structures with varying SiO: film
thicknesses. All ASTTA structures are controlled to be the tuning condition, and showed
two distinct absorption bands. Following the strong coupling condition confirmation

2 2
described above, the values of Eg,; and VUTB + VLTB were obtained from each sample
from Figure 3.13. As summarized in Table3, the strong coupling condition Eg,; >

2 2
/YUTB + VLTB was satisfied for all the structures employed in the present experiment.
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Figure 3.13 Absorption of ASTTA structures with 0.0-7.0 nm (a)-(e) SiO; film as a
function of TiO» film. Dispersion curves of hybrid modes in the ASTTA structures with
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0.0-7.0 nm SiO» film (f)-(j). Esp; were determined from their absorption spectra in (a)-
(e). The red line shows the fit using the harmonic oscillator model.

Table 3. The Ep,; and linewidth of the absorption bands in Figure 3.12 determine
that the structure fulfils the strong coupling condition.

Si0x-layer Espi(eV)  yypeV)  vip(eV) Vis +vip)/2 (V)
0.0 nm 0.35 0.29 0.33 0.31
1.0 nm 0.42 0.23 0.17 0.20
3.0 nm 0.39 0.22 0.20 0.21
5.0 nm 0.33 0.21 0.23 0.22
7.0 nm 0.31 0.26 0.25 0.26

Figure 3.14 presents the time profiles of TA measurements performed on the ASTTA
structure, excited at the UB and LB, respectively. The experimental data were fitted
using the same model described in Figure 3.7, with the fitting curves superimposed on
the plots. Analysis of the transient response reveals a clear trend: the intensity of the
transient signal decreases as the SiO: film thickness increases. This observation

suggests that the SiO> film modulates the energy transfer efficiency between the Au

NDs and the Ti layer.
a b

j:ju“ 0.0nm Si0,@636 nm % 0.0nm Si0,@790 nm
o? - R Rt 0 8 ou,8 a%s waASaN (? :._..‘_:_" Rl e P P L S N PP Y
o . ; . o . ; :
* ., 3.0nm Si0,@570 nm T, ] 3.0nm Si0,@700 nm
o *"HJM“ o - O 7
O T T T 1 O T T | 1
<] 5.0nm SiO,@560 nm < :W 5.0nm SiO,@660 nm

1 7.0nm Si0,@555 nm ] 7.0nm Si0,@650 nm

VSN L e Rz f st Pt L

0 5 10 15 0 5 10 15
Delay time (ps) Delay time (ps)

Figure 3.14 Time profiles of TA measurements performed for the UB (a) and LB (b)
of the samples after adding the SiO film at the Au ND/Ti film interface. The inserted
scale bar in (a) and (b) indicated AOD of 2x107.

72



Table 4 Fit AOD,,,, of the hot-electron decay curves shown in Figure 3.14 to the
fitting mode of Equation 3.1

Si0; film 0.0 nm 1.0 nm 3.0 nm 5.0 nm 7.0 nm
AOD 4, UB 4.5 3.6 2.3 2.0 1.6
AOD,, 4, LB 33 3.1 2.5 2.0 1.7

To investigate the effect of the SiO; film on the AQE of electron injection, we
analyzed the decay curves to determine the values of AOD,,,,, which are summarized
in Table 4. These AOD,,,, values were subsequently used to calculate the AQE via
the formula AOD,,,,/n/A. For clearer comparison, the normalized AQE (N-AQE)
was derived by dividing all AQE values by the AQE of the SiO, (7.0 nm)-ASTTA
structure and plotting the N-AQE as a function of the SiO; layer thickness, as shown in
Figure 3.15. These results indicate that the N-AQE decreases as the SiO> film thickness
increases from 0.0 to 7.0 nm. Notably, signals corresponding to electron injection into

TiO, were detected even when a SiO; film up to 7.0 nm thick was introduced at the Au

ND/T1 interface.
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Figure 3.15 N-AQE as a function of the SiO; thickness. Red points indicate ASTTA
pumped at the UB, and orange points indicate ASTTA pumped at the LB. Dashed lines
are exponential fittings.
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Typically, electron transfer through a SiO; film several nanometers thick is highly
improbable.? Thus, direct electron transfer from photoexcited Au NDs to the Ti film or
TiO; in the ASTTA structure is unlikely. This observation implies that energy transfer,
rather than direct electron transfer, plays a crucial role in facilitating electron injection
into TiO2. We propose that the electron injection observed, even with the SiO» film at
the Au ND/Ti interface, results from energy transfer from Au NDs to the Ti film through
near-field. This energy transfer excites electrons within the Ti film, which are then
injected into TiO». To test this hypothesis, we fitted the AQE variation with SiO»
thickness using an exponential decay model, a standard approach to describing energy
attenuation. As shown by the dashed curves in Figure 3.15, the excellent agreement
between the fitted model and the experimental data strongly supports the conclusion

that electron injection is closely correlated with energy transfer.

3.3.6 Effect of Ti film thickness on energy absorption calculation

As discussed above, the Ti film-enhanced electron transfer mechanism, attributed to
energy transfer from Au NDs to the Ti film through the near-field, was further examined
using FDTD simulations. The schematic of the simulation model is illustrated in Figure
3.16a. To specifically evaluate energy absorption in the Ti film, a 3D energy absorption
detector was designed to exclusively monitor the Ti film. The energy absorption spectra
for Ti films in ASTTA structures with varying SiO> film thicknesses are presented in
Figure 3.16b.
To assess the impact of SiO; film thickness on energy absorption in the Ti film, the peak
absorption values at the UB and LB were plotted as a function of SiO- thickness (Figure
3.16¢). The results reveal that energy absorption by the Ti film at both the UB and LB
decreases as the SiO; thickness increases, a trend consistent with the N-AQE data
shown in Figure 3.15. This suggests that the suppression of energy transfer by thicker
Si0; films arises from near-field attenuation at the Au ND surface due to the increased
distance between the Au NDs and Ti film.

Notably, the absorption at the LB was higher than at the UB, in contrast to the N-

AQE, which was more pronounced at the UB. This difference can be attributed to the
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higher photon energy at the UB, which generates hot electrons with greater energy,
leading to more efficient transfer into TiO.. For further comparison, the energy
absorption at the UB and LB was normalized to the corresponding values for the SiO»
(7 nm)-ASTTA structure, as shown in Figure 3.16d. The normalized energy absorption
at the UB exhibited a more rapid decrease compared to the LB, mirroring the trend
observed in the N-AQE data in Figure 3.15. This alignment reinforces the correlation

between energy absorption and electron injection efficiency.
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Figure 3.16 (a) Schematic of the simulation model used to calculate the energy
absorption in the Ti film. (b) Energy absorption spectra for the Ti film in the ASTTA
structure with varying SiO thicknesses, plotted against wavelength. (c¢) Energy
absorption values and (d) normalized energy absorption (N-energy absorption) derived
from (b) for different SiO; thicknesses. Red and orange points correspond to the
absorption at the shorter and longer absorption peaks, respectively. The absorption
values are normalized by dividing by the minimum energy absorption value for the SiO-
(7.0 nm)-ASTTA structure. The UB and LB denote the upper and lower branches of the
coupling modes, respectively.

3.3.7 The mechanism of Ti film-enhanced electron injection
Based on our transient measurement experiments on the ATTA and ASTTA structures,

we conclude the mechanism of energy transfer from Au NDs to the Ti film as follows:
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Upon excitation of Au NDs under modal strong coupling conditions, a strong near-field
is generated, facilitating the transfer of energy from the Au NDs to the Ti film through
the near-field. This energy transfer excites electron transitions within the Ti film. The
excited electrons in the Ti film, with sufficient energy, are then injected into the CB of
TiO,. Subsequently, a portion of these injected electrons undergo recombination
following a second-order reaction model, indicating electron recombination with holes
either in Ti or at the Ti/TiO> interface, as illustrated in Figure 3.17. Notably, in the ATTA
system, where the Au ND directly contacts Ti, besides energy transfer via the near-field,
plasmon-induced direct electron transitions at the Au ND/Ti interface could also

contribute as an additional mechanism that enhances electron transfer efficiency.

Energy
hv transfer @®

@ e @

” Recombination

Ti TiO,

Figure 3.17 Schematic indication of the energy transfer from Au ND to the Ti film
through the near-field in enhancing the AQE. The light grey color region schematically
indicates the density of states (DOS) of Au and Ti.

The observed enhancement in AQE in the ATTA structure can be attributed to the
distinct density of states (DOS) in Au and Ti. In Au plasmonic nanostructures, efficient
hot carrier generation is typically dominated by the direct transition from the d-band to
unoccupied states above the Fermi level, facilitated by LSPR dipole mode excitation.?®

However, the d-band in Au is located 2.4 eV below the Fermi level, which limits the
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generation of high-energy electrons. In contrast, Ti possesses a larger DOS in its d-band,
as well as in the s- and p-bands near the Fermi level.?’ This enables more efficient high-
energy hot electron generation compared to Au, as electron transitions can be excited
from shallow states below the Fermi level.

In the ATTA structure, the Ti-induced plasmon damping enhances energy transfer
from the Au NDs to the Ti film via the near-field. This transfer excites high-energy
electrons more efficiently than in Au NDs alone, contributing to the observed AQE
enhancement for Ti films with thicknesses of less than 5 nm. However, for Ti film
thicknesses greater than 5 nm, the increased distance between Ti and TiO: reduces the
efficiency of electron transfer to TiO», leading to a decrease in AQE despite the increase
in Ti-induced damping. This indicates an optimal Ti film thickness for maximizing

electron transfer and AQE in the ATTA structure.

3.4 Conclusions

In this study, we proposed a strategy to enhance electron transfer by modifying the
interface under modal strong coupling conditions and investigated its underlying
mechanism. Specifically, we incorporated a thin Ti film at the Au ND/ TiO: interface
within the ATTA structure. Upon excitation of the Au NDs, energy was transferred to
the Ti film through the near-field, generating high-energy electrons within the Ti film
that were subsequently injected into the CB of TiO2. We observed that the efficiency of
photoexcited electron transfer to TiO: increased by approximately 1.8-fold when a 5
nm Ti film was present at the Au ND/TiO; interface, compared to a 0.5 nm Ti film.
Near-field simulations performed using FDTD further confirmed the energy transfer
from the Au NDs to the Ti film. This approach of enhancing high-energy hot carrier
generation through interfacial modification offers a promising strategy for the rational
design of multicomponent plasmonic devices, with potential applications in solar

energy conversion.
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Chapter 4
Activation energy in the electron transfer process and water oxidation

intermediate generation under plasmon-nanocavity strong coupling

4.1 Introduction

Titanium dioxide (TiO2) supported by gold nanoparticles (Au NPs) has gained
significant attention as a strategy to enhance the efficiency of photochemical water
splitting under visible light, driven by the localized surface plasmon resonance (LSPR)
of Au NPs.!"® To further optimize this system, we recently developed a strong coupling
electrode structure comprising a TiO; film deposited on an Au reflective film, with Au
NPs positioned on top (Au NPs/TiO2/Au film: ATA), achieving modal strong coupling
between the LSPR of Au NPs and nanocavity of TiO»/Au film modes.” Compared to
the conventional Au NPs/TiO, (AT) structure without nanocavity, ATA structure
demonstrates a remarkable improvement in visible-light absorption intensity and an
expanded absorption spectrum. These enhancements make ATA more effective as
photoanode, significantly increasing the quantum efficiency of water oxidation.””
Furthermore, the enhanced quantum efficiency of water oxidation under strong
coupling condition is attributed to increased electron injection efficiency facilitated by
quantum coherence among Au NPs through the nanocavity. '

Regarding the subsequent reaction between hot holes and water, although precursors
of oxygen evolution, such as water oxidation intermediates, during the water reactions
have been detected using surface-enhanced Raman scattering (SERS) measurements,'"
12 research on the kinetic aspects of intermediate generation and their associated
activation is limited. In plasmonic water oxidation reaction using ATA and AT structures,
hot holes generated at the continuous energy levels of Au at the Au NPs/TiO> interface
are thought to be trapped at TiO: surface states before participating in water oxidation.
This mechanism differs from conventional photooxidation reactions in molecular

systems, which typically involve electron transfer from water to discrete energy level.
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Instead, the plasmon-induced process operates through continuous energy states,
necessitating kinetics studies to clarify the relationship between the energy levels of
holes and oxidation potential of water.

In this study, we fabricated a LSPR- Fabry—Pérot nanocavity strong coupling system
consisting of Au NPs, TiO», and an Au reflective film (ATA) to explore the activation
energy of electrons injection into TiO» and the generation of water oxidation
intermediates. Temperature-dependent transient absorption (TA) measurements were
conducted to evaluate the activation energy for electron-hole recombination, shedding
light on the electron transfer processes within TiO2. To further verify the activation
energy associated with water oxidation intermediates, temperature-dependent incident
photon-to-current conversion efficiency (IPCE) measurements were used to calculate
the activation energy for photocurrent generation. By analyzing these results, the
electrochemical potential levels of holes trapped at the surface states of the Au/TiO;
interface were compared for both the ATA and Au NPs/TiO; (AT) systems, offering

insights into the mechanisms driving water oxidation reactions.

4.2 Experimental details

4.2.1 ATA and AT structure fabrication

As shown in Figure 4.1, the ATA structures were fabricated on 10x10x1 mm?
silica (Si102) substrates. The substrates were sequentially cleaned in an ultrasonic bath
using acetone, methanol, and ultrapure water for 5 minutes each, followed by drying
with pure nitrogen flow. A helicon sputtering system (MPS-4000C1/HC1, ULVAC) was
used to deposit a 2 nm-thick titanium (T1) film, followed by a 100 nm-thick gold (Au)
film onto the cleaned substrates. Subsequently, a 30 nm-thick TiO» film was deposited
onto the Au film at 300°C using an atomic layer deposition (ALD) reactor (SUMALE
R series, Picosun), forming a Fabry—Pérot (F-P) nanocavity. The ALD process utilized
titanium tetrachloride (TiCls) as the precursor and deionized water for the reaction. A 4
nm-thick Au film was then evaporated onto the TiO> film at a deposition rate of 0.2 A/s

using a vacuum evaporator. The samples were annealed at 300°C for 2 hours to facilitate

82



the formation of Au nanoparticles (Au NPs). To embed Au NPs within the TiO> layer,
an additional 7 nm-thick TiO; film was deposited onto the ATA structure using ALD.
For comparison, an indium-doped tin oxide (ITO) substrate (10X 10X 0.7 mm® ) was
used to fabricate the AT structure without the Au film, serving as a control group. The
cleaning and fabrication conditions for the 30 nm-thick TiO: film with Au NPs on the

AT structure were identical to those used for the ATA structure.
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Figure 4.1 The schematic of ATA structure fabrication.

4.2.2 Transient absorption measurements

Heating plate

Figure 4.2 The schematic temperature-dependent transient absorption measurements.

As illustrated in Figure 4.2, the samples were mounted in a temperature-controlled
sample holder with an accuracy of +1°C. Transient absorption (TA) measurements were
performed using the pump-probe method described in Chapter 3, with the key

modification of using 1500 nm laser pulses to probe the transient signals. Furthermore,

83



to ensure consistent transient reflection measurement configurations between the ATA
and AT structures, a 100 nm-thick silver film was deposited on the backside of the AT
structure, which lacks the Au film, specifically for the TA measurements.

4.2.3 Photoelectrochemical measurements

The net photocurrent
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Applied potential: +0.3 V vs. SCE

Figure 4.3 Schematic of the three-electrode photoelectrochemical cell for the IPCE
measurement.

Temperature dependence IPCE measurements on ATA and AT were performed using
an electrochemical analyzer station (CHI660E) with a three-electrode system, as shown
in Figure 4.3. An In-Ga alloy film (weight ratio 2:1) was applied to the backside and
sidewalls of the substrate to establish ohmic contact and connected to an
electrochemical analyzer via a copper lead wire. A saturated calomel electrode (SCE)
and a platinum wire were used as the reference and counter electrodes, respectively. 0.1
mol/dm3-potassium hydroxide (KOH) with and without the addition of triethanolamine
(TEOA) served as the supporting electrolyte for the IPCE measurements. To eliminate
dissolved oxygen, the electrolyte solution was continuously purged with nitrogen gas
for 1 hour before the measurements. An 800 W xenon lamp was employed as the
excitation light source, with the irradiation wavelength precisely selected using a
bandpass filter with a full width at half maximum (FWHM) of less than 15 nm.
Throughout the IPCE measurements, the working electrode potential was maintained

at +0.3 V versus the SCE.
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4.3 Results and discussion

4.3.1 Characterization of morphology and far-field spectra

-—————

I Frequency Counts of Au NPs size
Gussian fit

Count

0 5 10 15 20 25
Au NP size (hm)

Figure 4.4 (a) Schematic diagram of the ATA structure with cross-sectional view of the
ATA structure consisting of Au NP, TiO; film, and 100 nm Au film. (b) Top-view SEM
images of typical ATA structure. (c¢) Histogram of Au ND diameter with Gaussian fit
shown as cyan line. The average size of the Au NPs was 11.5+4.1 nm.

In this study, ATA and AT structures were fabricated to explore the activation energy
of intermediate generation during plasmon-induced water oxidation. The ATA as
working electrode structure is illustrated in the schematic diagram provided in Figure
4.4a, with detailed fabrication procedures described in the Methods section. The
TiO2/Au film component in the ATA structure serves as a F-P nanocavity, where the
resonance wavelength can be tuned by adjusting the thickness of the TiO> film. Au NPs
were partially embedded within the TiO; film of the F-P nanocavity to a depth of 7 nm.
Based on Gaussian fitting analysis of the SEM images (Figures 4.4b and 4.4c), the
average diameter of the Au NPs was determined to be approximately 11.5 + 4.1 nm.
Regarding the Au NPs in the AT structure, which were fabricated on an ITO substrate,

indicated a similar size distribution.
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Figure 4.5 The absorption spectra of ATA and AT structure.

Figure 4.5a shows the absorption spectra of ATA and AT by using 1 —T — R. The
plasmon band in the AT structure appeared at approximately 600 nm. Because of the
strong coupling between the LSPR mode and F-P nanocavity mode, the ATA structure
shows distinct dual absorption bands with an upper branch (UB) at around 580 nm and
a lower branch (LB) at around 730 nm. It was found that the modal strong coupling
ATA structure can efficiently broadens the absorption wavelength range and results in
efficient absorption.

To understand the TiO» film affects the optical responses, we fabricated the ATA
structures with varying thicknesses of the TiO> film and compared their absorption
spectra, as shown in Figure 4.6a. The absorption spectra of ATA with various TiO> film
thicknesses were calculated via —log(T+R). Figure 4.6b shows a dispersion curve
obtained via plotting the peak energy in absorbance as a function of energy of
nanocavity mode. The resonance energy of nanocavity mode were obtained through
peak separation using a Lorentzian fitting. From the dispersion curve, the nanocavity
mode of the TiO2/Au film with a 30 nm-thick TiO; film closely matched the LSPR
mode of the Au NPs forming strong coupling conditions. The splitting energy of tuning

structure was calculated to be 380 meV, the strong coupling condition Eg, >

2 2
Yos o YLTB was fulfilled by ATA structure investigated in this study.

2
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Figure 4.6 (a) Absorption spectra of ATA as a function of TiO; film. (b) Dispersion
curve of ATA. (c) Spectral separation of the absorption spectrum of tuning ATA (30-nm
TiOy) structure by a Lorentz fitting.

4.3.2 Activation energy of electron-hole recombination in TiO2

Au NPs-loaded TiO> systems have been widely studied for their photochemical
reactions involving electron transfer from Au NPs to TiO.. To investigate the kinetics
of electrons injected into TiO2, we conducted picosecond time-domain TA
measurements on ATA and AT structures within the temperature range of 293 K to 353
K. The activation energy for electron-hole recombination (E, (1)), occurring within the
initial 20 ps, was evaluated. For the ATA structure, the presence of a 100 nm-thick Au
film renders the system nearly opaque, necessitating a reflection-mode configuration
for TA measurements. To ensure consistency in transient reflection measurements
between ATA and AT structures, a 100 nm-thick Ag film was deposited on the back of
the AT structure. Notably, the silver film does not induce a cavity mode or interact with

the LSPR of Au NPs.
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Figure 4.7 Time profiles of the transient measurements pumped at (a) the UB of ATA,
(b) the LB of ATA, and (c) the absorption peak of AT under various temperatures. The
inset scale bars in (a)—(c) correspond to 2 AmOD, where AmOD = AOD X 1073 The
pump power was maintained at 0.6 mW, with a 2500 nm laser pulse serving as the probe.

The TA signal, represented in terms of optical density (OD), was calculated using the

formula AOD = —log,, (R%), where R and R, correspond to the reflection with and
without the pump pulse, respectively. The TA measurements enabled the evaluation of
the decay rate constant (k,) for injected electrons, a key parameter for analyzing their
kinetic behavior within TiO». Figures 4.7a and 4.7b illustrate the time profiles of the
transient signals of ATA structure at various temperatures when excited at the UB and
LB, respectively. In contrast, Figure 4.7c presents the transient profiles of the AT
structure excited at its absorption peak. To confirm that the decay of injected electrons
in the ATA and AT structures follows a second-order reaction model, we performed a
comparative analysis of the fitting results over time scales of 20 ps and 100 ps. The
results showed highly similar fitting parameters across both intervals, validating the
applicability of the model. Consequently, the same second-order reaction model was
used to fit the time profiles, as represented by the solid lines superimposed in Figures

4.7a—c.

The electron decay rate constant (k,) for electron—hole recombination at various
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temperatures is summarized in Table 1.

Table 1 Electron-hole recombination rate constants obtained from the fittings
presented in Figures 4.7a-c.

ATA@UB ATA@LB AT
Temperature  k,.[e”]| £ Ak,.[e”] k.le”] Ak [e”] k.[e”]xAk.[e”]

(s’ (s (s
293 K 401163 3414123 3401132
308 K 489170 342+89 365+129
323K 490+ 74 399495 398 +40
338K 504+71 416131 459+ 83
353K 514+ 64 463£87 589+112

Based on the temperature-dependent k, shown in Table 1, we found that the decay
rate constant of injected electrons increased in both the ATA and AT as the temperature
increased from 293 to 353K. The temperature-dependent k, was then used to
determine the activation energy of electron transfer in TiO,. The activation energy was
derived from the logarithmic from of Arrhenius equation:in(k,[e”]) = In(k,qle”]) —
E./kgT, where k,, k.o, E, , [e"],and T are the electrons decay rate, pre-
exponential factor, activation energy, electron number density and absolute temperature,
respectively. kg represents the Boltzmann constant, defined to be about 8.617 X107
eV/K. Based on the k, estimated from the time profiles of TA measurements under
various temperatures, we constructed the Arrhenius plots of In(k,[e”]) as a function
of 1000/T, as shown in Figure 4.8. And then, we calculated the activation energy from
the slope of these plots (E, = —slope X kg X 1000), and subsequently converted the
activation energy from eV to kJ/mol using the Faraday constant. As a result, the E,(r)
in ATA was 3.00.8 kJ/mol and 4.9 0.6 kJ/mol when it was pumped at the UB and
LB, respectively; the E,(r) of AT was 8.341.9 kJ/mol. It should be noted that the
standard error of E,(r) was calculated from the standard error of the linear fit of the

Arrhenius plots.
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Figure 4.8 Arrhenius plots for the ATA and AT structures. The blue plot and pink plot
correspond to the ATA pumped at the UB and LB, respectively, whereas the green plot
represents AT. The temperature-dependent electron decay rate constants (k,.) are shown
in Table 1. The error bars were calculated by Ak, /k,, where Ak, and k, were
derived from the fitting of each time profile. Linear fits are superposed on the Arrhenius
plots.

Previous studies have reported that electrons in TiO2 excited by interband transitions
from the valence band to the conduction band (CB) are initially trapped at shallow trap
sites. These electrons can thermally re-excite back to the CB and recombine with
holes.'® '* Similarly, in our study, we propose that electrons injected from Au NPs to
TiO; are also trapped at such sites and recombine with holes via thermal re-excitation
into the CB. Consequently, the activation energy for electron-hole recombination,
E,(r), obtained from TA measurements represents the minimum energy required for
electrons trapped at these sites to recombine with holes at the surface states of the
Au/TiOz interface.

Although the E,(r) values for both ATA and AT are relatively small, the slightly
higher value observed in AT is likely due to differences in TiO2 quality, as the TiO:
films in these structures were deposited on different substrates. To further study the
nature of trap sites in TiO2, we adjusted the probe laser wavelength in our TA
measurements from 2500 nm to 1500 nm. The higher photon energy at 1500 nm (~0.83
eV) compared to 2500 nm (~0.50 eV) enhances the ability to detect electrons trapped

at deeper trapped sites. The results of the temperature-dependent TA measurements
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using the 1500 nm probe are presented in Figure 4.9.
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Figure 4.9 Time profiles of the transient measurements pumped at (a) the UB of ATA,
(b) the LB of ATA, and (c) the absorption peak of AT at various temperatures. The
inserted scale bars in (a)-(c) represent 2 AmOD, where AmOD denotes AOD X 1073,
The pump power was 0.6 mW, and a 1500 nm laser pulse was used as the probe. (d)
Arrhenius plots for the determination of E,(r) for the ATA and AT structures. The blue
plot and pink plot correspond to the ATA pumped at the UB and the ATA pumped at the
LB, respectively, whereas the green plot represents the AT. The error bars for each point
were calculated as Ak,/k,, where Ak, and k, were derived from the fitting of each
time profile. The temperature-dependent rate constants (k,-) are shown in Table S1.
Linear fits are superposed on the Arrhenius plots.

Table 2. Electron-hole recombination rate constants probed at 1500 nm and obtained
from the fittings shown in Figures 4.9a-c.

ATA@UB ATA@LB AT
Temperature  k.[e”] + Ak.[e”] k.[e”] Ak [e”] k.le”]x Ak, [e]

(ps”) (ps”) (ps”)
293 K 284145 329478 420130
308 K 295438 353%85 50498
323K 363147 37644 6381120
338K 380140 400£51 700+101
353K 419146 462140 717£135

From the results summarized in Table 2, the E,(r) values for the ATA and AT
structures were determined based on the temperature-dependent k, values. For the

ATA structure, when probed at 1500 nm, the E,(r) was calculated to be 5.8 0.7
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kJ/mol and 5.3 0.6 kJ/mol when pumped at the UB and LB, respectively. In contrast,
E,(r) value for the AT structure was 7.5+ 1.2 kJ/mol. A comparison of the E,(r)
values obtained using the 1500 nm and 2500 nm probes were nearly identical. This
consistency indicates that the injected electrons in TiO2 are mainly trapped in shallow

trap sites.

4.3.3 Activation energy of photocurrent generation

The generation of photocurrents using water as an electron source and the
accompanying oxygen production reactions have been widely investigated with
Au/TiO; heterostructures as working electrodes (photoanodes).!> '® The photocurrent
was measured by a three-electrode electrochemical system in 0.1 mol/dm* KOH, as
SCE as the reference electrode, and a platinum wire as the counter electrode. The IPCE
of samples were calculated by using a formula described in Chapter 3, as shown in
Figure 4.10. It was found that IPCE showed obvious enhanced in ATA system compared
to AT without cavity. When the TiO; thickness was ~ 30 nm, IPCE reached the

maximum value of 1.28%.

12\ TiO, thickness
07 E-Emg.
— o5 Mma® U EEEgy 21 nm
0.0 , , : — B-E-g
159
:)g: .\....,I.'.---.-..... 25 nm
0 0 '.II-I u
iy
{._. = . N amy 28 nm
l . @ 'l-l-l-.
Dif-ferenl thickness - 221 .. ‘
u film L Ty 30 nm
SlOZ g E{ ,_. . L] ] .-._... n-g
15-. '
104
5
0.01.
5
— 1.0
m-EEE.y 36 nm
05 tm - -l - - ""'l-l-l---l
e T p A NPITIO
ITO %ﬂ-nu po-099-8-gg, I:||:||:|-|:||;|l:|-|:|-|:|2
oo 700 800 900

Wavelength (nm)

92



Figure 4.10 IPCE spectra of ATA and AT structures measured in 0.1 mol/dm*> KOH
solution.

Temperature-dependent PEC measurements were conducted on ATA (30-nm TiO,)
and AT structures to determine the activation energy for photocurrent generation
(E,(IPCE)). Figures 4.11a and 4.11b present the IPCE action spectra of ATA and AT
structures used as photoanodes at various temperatures. For both structures, the IPCE
increased with rising temperatures from 293 K to 353 K. Arrhenius plots were
constructed from the temperature-dependent IPCE data to estimate E,(IPCE),
following the same methodology previously used for calculating E,(r). The E,(IPCE)

values at all measurement wavelengths are summarized in Figure 4.11c.
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Figure 4.11 IPCE spectra of ATA (a) and AT (b) photoanodes measured at temperatures
ranging from 293 to 353 K. (c) Wavelength-dependent E,(IPCE) for the ATA !” and
AT (blue) photoelectrodes. The scale bar indicates the standards error deviation.
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4.3.4 Activation energy of water oxidation intermediates generation

In the case of water splitting, the oxygen evolution reaction is generally considered
the rate-determining step.'® To gain deeper insights into the reaction kinetics of water
oxidation intermediate generation, we conducted photoelectrochemical (PEC)
measurements at various temperatures using a three-electrode system, focusing on the
activation energy for the generation of water oxidation intermediates (E, (1)) with ATA
and AT as photoanodes. A schematic illustrating the reaction processes, including
electron injection into the TiO; layer of AT and ATA structures and hole trapping at
surface states at the Au NP/TiO; interface, is shown in Figure 4.12. As depicted, hot
electrons generated near the Au NP/TiO; interface pass through the interface and are
injected into TiO2, where they are rapidly trapped at shallow trap-sites. These trapped
electrons are then likely to return to the CB after overcoming a small E,(r) and
recombine either with holes trapped at surface states at the Au NP/TiO> interface or
with oxidation intermediates produced by the reaction of holes with water or hydroxide
ions (OH"). The rate constants are defined as follows: k, for the recombination of
electrons in the CB with holes, k; for the generation of oxidation intermediates by the
reaction of water or OH ~with holes, k, for electron transfer from the CB to the
oxidation intermediates, and k, for the subsequent processes following the generation
of oxidation intermediates. Note that k, and k, are second-order rate constants,

while k; and k, (which include [H2O]/[OH ]) are first-order rate constants.

94



ATA ATA AT ND. .
inj

(UB) (LB) (LSPR)
E, (1) 3.0kJ/mol 4.9kJimol 8.3 kJ/mol
CB ‘ hv

Shallow
trapping sites

Water oxidation

E,(1) intermediate
1w

Hole energy level

ND
VB

Tio,

Figure 4.12 Schematic of the reaction processes related to electrons injected into the
TiO; layer and the holes trapped at surface states at the Au NPs/TiO> interface. The
parameters k,, k,, k; and k, represent the rate constant for electron—hole
recombination, the rate constant for the electron-water oxidation intermediates
recombination, the rate constant for the reaction of water oxidation intermediates, and
the rate constant for the oxygen evolution from intermediates, respectively. @;;
indicates the electron injection efficiency, N represents the number of generated
electrons per unit incident light power. E,(r) and E,(1) represent the activation
energy for electron-hole recombination and the activation energy for the generation of
water oxidation intermediates, respectively. The arrows express the direction of
reactions. The E,(r) values for the UB of ATA, LB of ATA, and the LSPR of AT are
listed in the table superimposed on the figure.

Based on the reaction model shown in Figure 4.12, the IPCE for the water oxidation

process, with ATA and AT as photoanodes, can be expressed by the following equation:

IPCE=N(ij( it )(k;[ i ) 4.1

kr[e_]+k1 e‘]+k2

In this context, @;,; represents the electron injection efficiency, N denotes the
number of generated electrons per unit of incident light power, and [e”] is the
concentration of electrons in the CB. Since water oxidation is a kinetically slow reaction,
approximately six orders of magnitude slower than typical electron-hole recombination
processes,”® Therefore, the term k,-[e ] is much larger than k; .

Taking the natural logarithm of both sides of Equation (1) gives:
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In(IPCE) = In(N®y,;) + In(ky) — In(k,[e™]) + In(ky) — In(ky[e" ]+ k) 4.2

Since the constant term ln(N D, j) does not influence the slope when the data is fitted
to the Arrhenius equation, it does not affect the determination of the activation energy.
Therefore, In (N D, j) is omitted from the analysis of activation energy. Arrhenius

analysis of the last term, In(k,[e”]+ k;), in Equation 4.2 leads to a pseudo-linear
relationship with the apparent activation energy E,(2)’, as the chemical process k,
has a much larger activation energy than E,(r') required for electrons to escape the
shallow trap. Given that E,(2)" = E,(2), the activation energy E,(r") is effectively
offset in this analysis. Furthermore, it is important to note that the term [n(k[e”]) can
be separated into Ink + In[e”], and [e”] has no activation energy as judged from the
sharp rise of the transient signals (Figures 4.9a-c), which is almost equivalent to the
response function of our transient measurement system. Then, [n[e~] should have a
constant value without temperature-related function and does not affect the Arrhenius
analysis. Thus, E,(1) can be expressed as follows:

E,(IPCE) + E,(r) = E,(1) 4.3
where E,(IPCE), E,(r) and E,(1) represent the activation energy of photocurrent
generation, the activation energy of electron—hole recombination and the activation

energy of water oxidization intermediates generation, respectively.
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Figure 4.13 Absorption spectrum of ATA, superposed with its spectral separation via
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Lorentzian fitting. The pink curve and green curve represent the Lorentz fits of the UB
and LB, respectively. The green curve indicates the nanocavity mode, and the cyan
curve shows the cumulation of all the fittings. At 550 nm, the contributions from the
upper and lower branches are 79% and 16%, respectively. At 770 nm, the contributions
are 19% from the upper branch and 77% from the lower branch.

To accurately determine the E,(1) for UB and LB excitation in ATA, we separated
the UB and LB absorption bands using Lorentz fitting, as shown in Figure 4.13. We
selected wavelengths of 550 nm at UB and 770 nm at LB to minimize their overlap and
calculate the E,(1) values for the respective excitations. For AT, we chose a
wavelength of 650 nm to determine the E,(1) value. Using Equation 4.3, the
calculated E,(1) values for ATA at UB and LB were 17 + 1.4 kJ/mol and 21 + 0.9
kJ/mol, respectively, while for AT, the E,(1) value was 16 + 1.9 kJ/mol (Table 3).

Table 3 Activation energy of electron-hole recombination, IPCE measurement and
water oxidation intermediates generation.

ATA@UB ATA@LB AT@LSPR peak
(kJ/mol) (kJ/mol) (kJ/mol)
E,(r) 3.0+0.8 4940.6 83+1.9
E,(IPCE) 14+12 1640.7 7.8+0.8
E,(1) 17+ 1.4 21+0.9 16+1.9

To verify that the obtained E,(1) corresponds to the generation of water oxidation
intermediates, we introduced TEOA, a sacrificial electron donor with a more negative
oxidation potential than water, which is known to efficiently inject electrons into holes,
into the electrolyte solution.!” The temperature dependence of the IPCE was then

observed (Figures 4.14 and 4.15).
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Figure 4.14 Temperature-dependent IPCE of ATA (a) and AT (b) measured in 0.1
mol/dm* KOH with the addition of 1vol% TEOA.
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Figure 4.15 Temperature-dependent IPCE of ATA (a) and AT (b) measured in 0.1
mol/dm® KOH with the addition of 10 vol% TEOA.

As shown in the figures, adding TEOA increased the IPCE in both ATA and AT
photoanodes. This enhancement suggests that TEOA facilitates more efficient electron
injection into the holes generated on the Au/TiO> surface compared to water or OH",
thereby reducing electron recombination. The wavelength dependence of E,(IPCE)

with TEOA, presented in Table 4, shows that the presence of TEOA lowers
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E,(IPCE) compared to its absence. Assuming electron injection into the TEOA-
generated holes produces reaction intermediates, we calculated the activation energy
for their formation using Equation 4.3. For UB excitation in ATA, the E,(1) values
were 10 + 1.0 kJ/mol and 6.2 £ 0.9 kJ/mol for 1 vol% and 10 vol% TEOA, respectively.
For LB excitation, the E,(1) values were 15 + 1.2 kJ/mol and 13 + 1.3 kJ/mol,
respectively. In the case of AT, the E,(1) values for 1 vol% and 10 vol% TEOA were
13 £ 1.9 kJ/mol and 11 £ 1.9 kJ/mol, respectively. The results in Table 5 demonstrate
that the E,(1) values with TEOA are lower than those without it, suggesting that the
activation energy measured in the KOH electrolyte corresponds to the energy required

for generating water oxidation intermediates.

Table 4 Activation energy of photocurrent generation (E,(IPCE)) in different

electrolytes.
ATA@UB ATA@LB AT@LSPR peak
(kJ/mol) (kJ/mol) (kJ/mol)
E,(IPCE)_H,0 14+t1.2 16x0.7 7.81+0.8
E,(IPCE)_1vol%TEOA 6.51+0.6 10£1.0 4.6+0.3
E,(IPCE)_10vol%TEOA 3.2+04 8.4+1.1 2.5+0.3

Table 5. Activation energy of intermediates generation (E, (1)) in different

electrolytes.
ATA@UB ATA@LB AT@LSPR peak
(kJ/mol) (kJ/mol) (kJ/mol)
E,(1)_H,0 1714 21%£0.9 16x1.9
E,(1)_1vol%TEOA 10£1.0 15+1.2 13£1.9
E,(1)_10vol%TEOA 6.210.9 13+1.3 1119
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4.3.5 Proposed mechanism in water oxidation under strong coupling condition

ATA ATA AT
(UB) (LB) (LSPR)
ND,;
E.(r) 3.0 kJ/mol 4.9 kJ/mol 8.3 kJ/mol 7
17 kd/mol 21 kJ/mol 16 kJimol
cB
E,(r)
Shallow k
R . 2
trapping sites
B /\
r N a( )
LB of ATA 1 Water oxidation
—— intermediate
Potential
level of holes UB of ATA N‘Diﬂi
VB

TiO,

Figure 4.16 The schematic illustrates the generation of water oxidation intermediates
facilitated by holes at varying potential levels. Arrows are used to depict the direction
of electron flow. The values of E,(r) and E,(1) for the UB of ATA, LB of ATA, and
the LSPR of AT are listed in the table superimposed on the figure.

The energy levels of holes injected intoTiO2 via the LSPR band are influenced by the
wavelength of the light irradiation. Holes from the UB possess the most positive
potential, those from the LB exhibit more negative potentials, and those from AT are
located at intermediate levels, as depicted in the schematic diagram in Figure 4.16.
Although the presence of E,(1) could be attributed to the endergonic nature of
electron injection into these holes, the observed E (1) values (16-21 kJ/mol, Table 3)
are notably small. This suggests that the electrochemical level of the water oxidation
intermediate may lie slightly above the hole energy level, with a small barrier likely
arising from a level crossing between the initial and final states (Figure 4.16). While
the precise electrochemical level of the water oxidation intermediate remains to be
determined in future studies, it is reasonable to infer that holes with more negative

electrochemical potentials generally exhibit higher activation energies. This correlation
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provides insight into the energetics of water oxidation and highlights the dependence

of activation energy on the potential levels of the photogenerated holes.
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Figure 4.17 Experimental (a) and simulated (b) absorption spectrum of ATA with a
TiO> thickness of 30 nm, superposed with its spectral separation via Lorentzian fitting.
The pink curve and green curve represent the Lorentz fits of the UB and LB,
respectively. The purple curve indicates the nanocavity mode, and the cyan curve shows
the cumulation of all the fittings. The experimental spectrum corresponds to
measurements from an inhomogeneous distribution of Au NPs, while the simulated
spectrum reflects the response of a uniform distribution of Au NPs.

This hypothesis is supported by the observation that E,(1) for LB excitation in
ATA is larger than in AT. Conversely, E,(1) for UB excitation is slightly smaller than
that for LB but slightly larger than that in AT (Table 3). Based on these results, we
propose that transitions from UB to LB occur in the ATA photoanode. Under typical
modal strong coupling conditions, UB and LB modes are orthogonal, making direct
transitions unlikely. However, in our ATA structure, the broadening of the LSPR band
due to size non-uniformity among Au NPs leads to overlap between the UB and LB
bands (see Figure 4.17a), potentially facilitating transitions.

This hypothesis is further supported by FDTD simulations, which indicate that
spectral overlap persists even with size-uniform Au NPs (11.5 nm), as shown in Figure
4.17b. When UB in ATA is excited, two pathways may coexist: a direct process
generating holes from UB with inherently smaller E,;(1) and an indirect process where
transitions to LB generate holes with larger E,(1). These processes likely produce
holes with varying potentials, and their reactions with water or OH™ result in an

averaged E,(1) value across UB and LB, yielding a value comparable to that of AT.
101



The frequency factors for the ATA and AT photoanodes were further examined using
the Arrhenius equation. To focus on the LB excitation in the ATA structure, where
transitions from UB to LB may also contribute, we compared the frequency factors of
the LB in ATA with those of AT. As depicted in Figure 4.18, the frequency factor-related
term, [n(A,), derived from the Arrhenius plot for the LB of the ATA photoanode, was
approximately 40 times larger than that for AT. This result indicates the significantly
enhanced efficiency of the water photooxidation reaction in the ATA photoanode
compared to AT. The observed enhancement is likely linked to quantum coherence
facilitated by the nanocavity, which mediates interactions between LSPR modes in the
ATA structure and promotes efficient injection of hot electrons into TiO> under modal
strong coupling conditions. In our previous study using the ATA structure, we reported
that the quantum efficiency of electron injection from gold nanoparticles to TiO>
increases with the number of gold nanoparticles under the quantum coherence.!® From
the SEM image shown in Figure 4.4b, the Au-NPs in ATA structure shows high particle
density, which might consequently facilitate the injection of hot electrons into TiO:

under the quantum coherence mediated through the nanocavity between LSPR modes.
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Figure 4.18 Arrhenius plots obtained from temperature-dependent IPCE measurements
for the LB of the ATA structure and the absorption band of the AT structure (black),
with their respective linear fits superimposed. The inset highlights the vertical
intercepts of the linear fits, providing insight into the frequency factors associated with
photocurrent generation.
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4.4 Conclusions

In this chapter, the ATA structure was employed to study photogenerated electron
transfer kinetics and water oxidation intermediates generation under plasmon—
nanocavity strong coupling conditions. Temperature-dependent TA and IPCE
measurements were conducted to investigate these processes. The small E,(r)
values obtained from TA measurements for both ATA and AT structures indicate that
the injected electrons are predominantly trapped in shallow trap sites within TiO>. From
temperature-dependent IPCE measurements, the E,(IPCE) was calculated, alongside
E,(1), for further analysis. Notably, when the LB of ATA was excited, E (1) was
higher compared to AT excitation, indicating that holes generated by LB excitation
possess a more negative electrochemical potential than those generated by AT excitation.

Additionally, the analysis of E,(1) values across ATA (UB and LB) and AT suggests
a rapid transition from the UB to the LB in ATA, due to the partial spectral overlap
between these modes. Moreover, the frequency factor for photocurrent generation in
the ATA structure was found to be 40 times higher than that of the AT structure lacking
strong coupling. This significant enhancement is likely due to quantum coherence
established between the LSPR of Au NPs within the nanocavity of the ATA structure,
which facilitates more efficient injection of hot electrons into TiO2 under modal strong

coupling conditions.
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Chapter 5

Conclusions and Future perspectives

5.1 Conclusions

In this thesis, we primarily focus on electron transfer and water splitting within the
visible region using an Au nanostructure (NS)/TiO2/Au film (ATA) system under strong
coupling conditions. Upon photoexcitation of ATA, hybrid states formed through strong
coupling between the nanocavity and LSPR modes emerge at wavelengths shorter and
longer than the original resonant wavelengths of the Au NS LSPR, thereby broadening
the absorption spectrum and enhancing light-harvesting efficiency. We fabricated a
strong coupling Au nanodisks (NDs)/TiO2/Au film (ATA) structure, where the shape of
the Au NDs was precisely controlled using electron-beam lithography. Additionally, the
interfacial modification of the Au NDs/TiO2 with a Ti film, which exhibits notable
energy absorption capabilities and a higher density of states (DOS) around its Fermi
level, enhanced the generation of higher-energy electrons from Ti, thereby improving
the efficiency of electron injection into TiO. Subsequently, Subsequently, Au
nanoparticles (NPs) were loaded onto the surface of the TiO2/Au film via annealing of
the Au film, replacing the Au NDs. This approach was employed to further investigate
the activation energy associated with electron injection into TiO; and the generation of
water oxidation intermediates under strong coupling conditions.

In the chapter 2, the effect of the Ti film at the Au NDs/TiO: interface on the near-
field properties of the Au NDs/Ti/TiO2/Au film (ATTA) structure was investigated
using a PEEM system. The experimental details related to this study are introduced.
Near-field mapping and spectral measurements of the ATTA structures reveal that the
presence of Ti dampens the near-field enhancement effect, with a further reduction in
enhancement observed as the Ti film thickness increases. Additionally, time-resolved
PEEM was used to study the influence of Ti film thickness on the dephasing time of

hybrid modes in strong coupling ATTA structures. Specifically, it was experimentally
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demonstrated that the dephasing time decreases as the Ti film thickness increases. These
findings indicate that modifying the Au ND/TiO: interface with a Ti film significantly
suppresses near-field enhancement and shortens the dephasing time of hybrid modes
under strong coupling conditions.

In Chapter 3, we investigated the enhancement of electron transfer facilitated by
interfacial modification under modal strong coupling conditions, along with its
underlying mechanism. Specifically, the Au NDs/TiO:> interface in the ATTA structure
was modified with a Ti film. Upon excitation of the Au NDs, energy transfer occurs
from the Au NDs to the Ti film via the near field. This observation aligns with the
findings in Chapter 2, which demonstrated that near-field intensity decreases with
increasing Ti film thickness. This energy transfer facilitates the generation of high-
energy electrons in the Ti film, which subsequently inject into the conduction band of
TiOz. Notably, the efficiency of photoexcited electron transfer to TiO2 was enhanced by
approximately 1.8 times with the incorporation of a 5 nm-thick Ti film. These results
highlight that electron injection efficiency into TiO2 can be significantly improved
through interface engineering, providing a novel design strategy for LSPR-based
reaction systems.

In Chapter 4, the photogenerated electron transfer kinetics within TiO> and the
generation of water oxidation intermediates under plasmon-nanocavity strong coupling
conditions were investigated using temperature-dependent TA and IPCE measurements.
Temperature-dependent TA measurements revealed that the small activation energies
for electron-hole recombination in both Au NPs/TiO2/Au film (ATA) and Au NPs/TiO>
(AT) structures indicate that the injected electrons are primarily trapped in shallow trap
sites within TiO,. Through temperature-dependent IPCE measurements, the activation
energy for photocurrent generation was determined to assess the process of water
oxidation intermediate formation. When the lower branch (LB) of the ATA structure
was excited, the activation energy for water oxidation intermediates generation was
found to be higher than that observed for AT excitation, indicating that holes generated
under LB excitation exhibit a more negative electrochemical potential. Additionally, an

analysis of values of activation energy of water oxidation intermediates generation for
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the upper branch (UB) and LB of the ATA structure, as well as for the AT structure,
revealed evidence of a rapid energy transition from UB to LB in the ATA structure,
likely driven by spectral overlap between the two branches. Furthermore, the frequency
factor for photocurrent generation in the ATA structure was approximately 40 times
higher than that in the AT structure without strong coupling. This remarkable
enhancement is attributed to quantum coherence effects arising from the interaction
between the LSPR of Au NPs, facilitated by the nanocavity in the ATA structure. These
effects significantly enhance the efficient injection of hot electrons into TiO> under
modal strong coupling conditions.

In summary, this study focused on the optimization and investigation of a modal
strong coupling structure, specifically involving the resonance between the LSPR mode
of Au NS and the nanocavity mode of the TiO»/Au film. A strategy was proposed to
enhance electron transfer efficiency through Au NS/TiO: interfacial modification with
a Ti film under strong coupling conditions. It was demonstrated that the Ti film's
exceptional energy absorption capability facilitates the generation of high-energy
electrons, which, in turn, enhances electron injection into TiO,. Furthermore, the
activation energies for electron-hole recombination and photocurrent generation were
estimated using temperature-dependent TA and incident IPCE measurements. These
analyses allowed for the determination of the activation energy for water oxidation
intermediates generation. By evaluating these activation energies of water oxidation
generation, insights were gained into the electrochemical potential levels of holes
trapped at surface states at the Au/Ti0; interface, contributing to a deeper understanding

of the mechanisms underlying water oxidation.

5.2 Future perspectives

Building on the findings of this thesis, a forward-looking perspective can be proposed
for the development of plasmon-induced solar energy conversion devices as a
sustainable energy solution aligned with green societal goals. The ultimate aim is to

realize a long-term stable plasmon-enhanced solar energy device capable of efficiently
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utilizing visible light. Achieving this goal involves optimizing plasmon-induced
electron transfer through precise control of metal nanostructure components and
modifications at the metal/semiconductor interface with additional materials. The
modal strong coupling ATA structure utilized in this study serves as a
photoelectrochemical cell, where charge carriers are generated and separated at the
interface between the metal nanoparticle (NP) and nanoscale material. By carefully
selecting appropriate metal NS and semiconductor materials, the photochemical fuel
energy conversion efficiency could be significantly enhanced under plasmon-
nanocavity strong coupling conditions. Moreover, this approach holds promise for
application beyond photoelectrochemical cells, extending to solid-state devices such as
plasmon-enhanced solar cells, potentially advancing the efficiency and practicality of
solar energy technologies.

According to the views mentioned above, suggestions for further work are:

(1) To improve the electron transfer, alloy metal NPs could be loaded on the surface of
TiO, film instead of Au NPs. Alloying can introduce charge trapping sites or
promote directional charger flow, reducing electron-hole recombination. For
example, Au-Pd alloys, where the Pd serves as a co-catalyst that traps electrons and
facilities their transfer to TiO. This is not only enhancing charge transfer but also
improves the catalytic activity for subsequent reactions, including water splitting

and CO; reduction.

(2) Two-dimensional materials like MoS, and graphene enhance charge transfer
efficiency by acting as conductive bridges with unique band alignments and high
mobility. For instance, MoS, can accept photogenerated electrons from Au,
reducing recombination, while graphene facilitates rapid charge transfer into TiO2

due to its excellent conductivity and seamless interface.

(3) Combining additional materials, such as MoOs or Cu, with Au and TiO> creates
synergistic systems that optimize light absorption, energy band alignment, and
charge mobility. For example, an Au-TiO2-MoO3 composite can utilize plasmonic

enhancement from Au, charge separation by TiO», and the strong oxidizing ability
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of MoOQ3, resulting in superior photocatalytic performance.
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