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Thesis Abstract 

Titanium dioxide has attracted tremendous research attentions for its excellent photoactivities 

with low cost, low toxicity, and long-term stability. Despite the advantages of TiO2, only UV 

light, which accounts for about 4% of the entire solar spectrum, can be used to directly drive the 

photovoltaic and photochemical effects for the wide band gap of the most common forms of 

TiO2 (3.0 eV for rutile and 3.2 eV for anatase). Significant efforts have been focused on the 

improvement of TiO2 photoactivities in visible region. In this thesis, plasmon-enhanced 

photocurrent generation and water oxidation on TiO2 photoelectrode in visible wavelength 

region was demonstrated. Two kinds of TiO2 crystalline structure, rutile and anatase, were used 

for the plasmon-enhanced photocurrent generation. Gold nanoislands with particle size of several 

tens of nanometer were employed for the TiO2 surface decoration, which enhanced the TiO2 

photorespond in visible wavelength region due to the localized surface plasmon resonance.  

In order to fabricate Au nanoparticles on rutile TiO2 single crystal surface, a 3-nm Au thin film 

was sputtered on TiO2 surface and then annealed in vary atmosphere. For 800°C annealing, Au 

nanoislands (Au-NIs) with round shape (top view) were formed on TiO2 surface. The Au-NIs 

exhibited characteristic plasmon resonance band at around 600 nm. The photocurrent 

measurement showed Au-NIs decorated TiO2 exhibited an obvious photocurrent enhancement at 

the Au-NIs localized surface plasmon resonance band with 0.1 mol/dm
3
 KClO4 supporting 

electrolyte. Water oxidation was further confirmed on the Au-NIs/TiO2 electrode under the 

visible light irradiation. The photo-generated electron to oxygen yield was stoichiometrically to 

be 91.6% (Chapter 2). 

A further study of the electron transfer between Au-NIs and TiO2 was investigated: one is 

photoexcited electron transfer from Au-NIs to TiO2 and the other is charge transfer alternatively 

from TiO2 to Au-NIs by electrochemical control. For the photoexcited electron transfer from Au-

NIs to TiO2, a crucial role was the contact between Au-NIs and TiO2 crystal surface, which was 

controlled by the annealing temperature during the Au-NIs fabrication process. The higher 

annealing temperature produced a tightly contact between the Au-NIs and the TiO2; the lower 

annealing temperature induced a several atomic defect layer between the Au-NIs and the TiO2 

single crystal surface. The defect layer was further studied by high resolution TEM, which 

depicted that the defect layer was a reduced TiO2 layer. The surface defect layer suppressed the 
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electron transfer from the plasmon excited Au-NIs to TiO2 conduction band and/or decreased the 

hole trapping ability of the TiO2 surface states, and decreased the photocurrent conversion 

efficiency. For the charge transfer from TiO2 to Au-NIs by electrochemical control, Au-NIs 

plasmon band blue-shifted when electrons were trapped in Au-NIs. However, the red-shift of 

plasmon band of Au-NIs cannot be observed when electrons were transferred from Au-NIs to 

TiO2, which depicted a weak holes capture ability of Au-NIs (Chapter 3).  

Lightweight, low-cost TiO2 thin-film was studied for the plasmon-enhanced photocurrent 

generation. The anatase type TiO2 thin film was successfully fabricated on silica glass by atomic 

layer deposition (ALD). TiO2 thin-film with thickness less than 300 nm is capable for the 

plasmon-enhanced photocurrent generation under visible light illumination. Interestingly, the 

interference effect in TiO2 thin film showed an improvement of the photocurrent conversion 

efficiency when the transmission constructive interference overlap with the Au-NIs plasmon 

band. Notably, merely several tens of nanometers difference of the TiO2 thickness could induce a 

remarkable IPCE difference (Chapter 4).  

For improving the plasmon-enhanced photocurrent generation in TiO2 thin-film, a 50-nm Al thin 

film was employed. The using of Al reflector increased the finesse of the Fabry-Pérot 

interference and the incident light trapping in the TiO2 thin-film, and enhanced the possibility of 

the interaction of light and Au-NIs. The photocurrent conversion efficiency highly depended on 

TiO2 thin film thickness due to the interference in TiO2 thin film. The incident angle dependence 

of IPCE spectra demonstrated the interference origin of the photocurrent improvement in the Au-

NIs loaded TiO2 thin film electrodes (Chapter 5).  

Herein, the plasmon-enhanced photocurrent generation and water oxidation was demonstrated in 

visible wavelength with gold nanoislands loaded TiO2. We found that the interfacial structure 

between Au-NIs and TiO2 crystal surface played a crucial role for the plasmon-enhanced 

photocurrent conversion. We showed that the Au-NIs exhibited a weak ability of hole capturing, 

which depicted that the hole should be captured by the surface state of TiO2 after the charge 

separation. We also demonstrated an improvement of plasmon-enhanced photocurrent by 

interference of TiO2 thin film. The findings of these studies warrant future research to evaluate 

the mechanism of plasmon-enhanced photocurrent generation and provide a facility approach for 

further design of the plasmon-enhanced solar energy conversion devices. 
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Chapter 1. 

Introduction 

1.1 Background and Motivation 

One of the greatest challenges ahead of our modern society is to create sustainable energy 

solutions that can meet growing demands of expanding industry and population. The energy 

sources consumed by our world include the fossil fuels, nuclear and renewable energy sources, 

and more than 80% of the energy comes from the fossil fuels. However, the fossil fuels are non-

renewable resources and the reserves are being depleted faster and faster; the production and the 

use of fossil fuels also raise environmental problems such as the greenhouse effect, acid rain, 

dusty air. Nuclear power is a low carbon power generation, but it suffers from the radiation 

safety problems.  

Solar energy, radiant light and heat from the sun, is the basis energy form that supplies our living 

creature on the planet, with the exception of nuclear, geothermal, and tidal energy. After 

reflection and absorption in the atmosphere, the total solar energy that reaches the surface of 

earth is more than 1.0 x10
5
 Terawatts (TW), or several thousand folds more than the energy 

consumption all over the world (estimated to be 13.7 TW by 2004 and expected to be 21.84 TW 

by 2030
1
). It is promising to converse the solar energy to electricity or the chemical fuels to 

satisfy the energy consumption all over the world with constrained greenhouse gas emissions. 

Nevertheless, the current use of this energy resource represents less than 1% of the total 

production from renewable sources, as shown in Figure 1.1. The development and application of 

solar energy conversion devices such as solar heating, solar photovoltaics, solar thermal 

electricity and artificial photosynthesis, has been increasing steadily for the last several decades. 

Even though the fast deployment of solar energy conversion devices has been achieved, solar 

technologies are still suffering from some drawbacks that make them poorly competitive on an 

energy market dominated by fossil fuels: high capital cost, modest conversion efficiency, and 

intermittency. Enormous research efforts are addressing these problems. The intermittency 

drawback is a crucial problem when using solar energy. It is being addressed with extended 

research efforts in energy storage technologies.  Besides, the direct production of solar fuels 
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(typically hydrogen) is one of the valuable routs for enhancing the competitiveness and 

performance of solar technologies without intermittency disadvantage.  

 

Figure 1.1 Total world energy consumption 

 

Photoelectrochemical (PEC) cell refers either a type of photovoltaic cell, like that developed by 

A. E. Becquerel
2
 and dye-sensitized solar cells,

3
 or a device that splits water directly into 

hydrogen and oxygen using solar irradiation with a long history. It is the most efficient chemical 

means known for solar energy converting. It provides an energy solution method to converse the 

solar energy to electrical and/or chemical fuels with a simplest construction by two electrodes, 

one metallic and one semiconducting that are immersed into a liquid and exposed to sunlight. 

The basic concept of a photoelectrochemical cell is shown in Figure 1.2.  

 

 

Figure 1.2 Typical photoelectrochemical cells 

When light is absorbed by the semiconductor photoanode, electrons are excited to a higher 

energy level and move through the bulk of the semiconductor to the current collector and the 
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external circuit; the positive holes are driven to the surface where they are scavenged by the 

reduced form of the redox relay molecule. And a reduction reaction occurs at the counter cathode 

with the electrons from semiconductor photoanode.  Tremendous amount of researches about 

PEC cells were trigger by the discovery of the water splitting with TiO2 photoelectrode under 

UV irradiation in 1972.
4
 A major international research of photoelectrolysis of water into 

hydrogen and oxygen was launched after the oil crisis in 1973. Such devices have potential 

extremely effective at solar energy converting into electrical and/or chemical energy with 

efficiencies exceeding 15%.
5
 Conversion efficiencies of up to 19.6% have been reported for 

multijunction regenerative cells.
6
 

In the liquid junction PEC cells, the semiconductor electrode plays an important role for the 

operation of a photoelectrochemical cell and the liquid is the key factor for the subsequent 

chemical steps leading to energy conversion. Much of the work on PEC cells has focused on 

electron-doped (n-type) II/VI or III/V semiconductors using electrolytes based on 

sulphide/polysulphide, vanadium (II)/vanadium (III) or I2/I
– redox couples. Metal oxides such as 

TiO2, SrTiO3, BaTiO3, ZnO, SnO2 and Nb2O5 or metal nitrides such as GaN, Ta3N5, or 

chalcogenides such as CdSe, CdTe, WSe2, MoSe2 are the preferred compounds. Generally, metal 

oxides are employed for the PEC cells due to their stability against the photocorrosion reactions. 

Unlike the other semiconductors such as Si, InP, GaSe that suffered from the photocorrosion, 

metal oxides are able to use for long term solar energy water splitting application. Metal oxide 

semiconductors have received significant attention for their applications in photovoltaic cell and 

photochemical water splitting and photodegradation of organic pollutants under light 

irradiation.
7-10

 Especially, titanium dioxide (TiO2) is usually used due to its high photoactivities 

with low cost, low toxicity, and long-term stability. Therefore, TiO2 have been extensive 

investigated during last four decades.
11-14

 There are three main kinds of TiO2 structures: rutile, 

anatase and brookite. Generally, two types of TiO2 crystal are used in photoelectrochemical 

research: rutile and anatase. Rutile is the most stable phase for large TiO2 particles. Two crystal 

faces, (110), (100), are considered to be active for practical applications due to they are thermal 

stable. Anatase has two low energy surfaces, (101) and (001). Recently, the brookite phase has 

also been studied as a photocatalyst.
15,16

 Figure 1.3 shows the structures of both of rutile and 

anatase forms of TiO2. The optical, photocatalysis and photoelectrochemical properties highly 

depend on the band alignment of TiO2.
17
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Figure 1.1 The unit cell of (a) rutile, (b) anatase. Ti atoms are gray; O atoms are red. 

http://en.wikipedia.org/wiki/Rutile; http://en.wikipedia.org/wiki/Anatase 

 

Titanium dioxide is a semiconductor with a wide bandgap, mainly absorbs light in UV region. 

Only 4% of the entire solar spectrum can be used to directly drive the photovoltaic and 

photochemical effects for the wide band gap of the most common forms of TiO2 (3.0 eV for 

rutile and 3.2 eV for anatase).
18

 Several strategies were proposed to improve the absorption 

properties of TiO2 in visible region, including doping various anions (N, S, C, etc.)
19-23

 and 

cations (Cr, V, Fe, Mn, Co, Ni, etc.)
24,25

 into the lattice of TiO2, defect creation,
26,27

 organic dye 

sensitization,
3,28,29

 introduction of disorder,
30

 or hetero-structuring into composite systems,
31

 just 

to mention a few. Asahi et al. has shown visible light photocatalysis in N-doped TiO2 for the 

nitrogen p states contribute to the band-gap narrowing by mixing with O 2p states.
19

 Carbon-

doped TiO2 nanotube arrays for efficient solar water splitting have been demonstrated by Park et 

al. in 2006.
32

 The dye-sensitized solar cell, also known as the Grätzel cell 
3
, is currently the most 

efficient third-generation solar technology available. A more profoundly way to increase the 

optical absorption under sunlight is the introduction of disorder in the surface layer of nanophase 

TiO2. Such disorder-engineered nanomaterials were obtained from regular anatase nanoparticles 

of less than 10 nm by hydrogenation in a low pressure hydrogen atmosphere for several days.
33

 

With this treatment, the color of the titania changed from white to black; the bandgap decreased 

from 3.3 eV to about 1.0 eV and both of the decomposition of an organic dye and the production 

of hydrogen from water was greatly improved in comparison to the untreated one. 33
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In contrast with doping, defect creation, disorder introduction and dye sensitization, plasmon-

enhanced photosensitivity of TiO2 in visible and/or near infrared region is promising. Metallic 

nanostructures showing localized surface plasmon resonance (LSPR) have gained increasing 

interest in broad research topics, including surface-enhanced Raman scattering,
34,35

 

biosensing,
36,37

 near-field optics,
38,39

 fluorescence enhancement
40

 and solar cells.
12,41-43 

Metal 

nanoparticles exhibit very high absorption and scattering cross sections that can be tailored 

throughout the visible to the near infrared region by varying their size and shape.
44

 Recently, 

studies of plasmon-enhanced photocurrent generation and photocatalytic reactions in visible 

wavelength using metallic nanoparticles loaded TiO2 become one of interesting research topic.
45-

49
 There are mainly two ways to introduce metallic nanoparticles for plasmon-enhanced 

photocurrent generation and photochemical reactions on TiO2. The first possibility is the 

plasmon-induced localized near field enhancement to increase charge carriers generation in 

semiconductor itself. 
50-52

 The second approach is the directly electron transfer from the 

plasmon-excited metal nanoparticles to TiO2 conduction band. Tian et al. observed plasmon 

enhanced photocurrent generation and photocatalytic oxidation of ethanol and methanol in TiO2 

films loaded with gold nanoparticles (Au-NPs).
53,54

 Furube et al. have investigated the dynamics 

of charge separation of electrons and holes generated at Au-NPs loaded TiO2 nanoparticles with 

femtosecond transient absorption spectroscopy.
55

 Hot electron transfer from photon-excited 

metal nanoparticles to the conduction band of semiconductor was also proposed.
56-60

 These 

studies showed a charge transfer mechanism in which the plasmon-induced charge in the Au-

NPs transfers electrons to the TiO2 conduction band due to the ultrahigh localized 

electromagnetic field by LSPR excitation. Very recently, we have also demonstrated the 

plasmonic photocurrent generation from visible to near-infrared wavelength without 

deteriorating photoelectric conversion by using electrodes in which gold nanorods (Au-NRs) are 

elaborately arrayed on the surface of TiO2 single crystal.
61,62

 The Au-NRs/TiO2 photoelectrode 

was fabricated by electron beam lithography (EBL) and lift-off methods. 63
 

Despite there are numerous reports studying photocurrent generation using Au-NPs/TiO2 

including our system, the study on photocurrent generation efficiency that depend on the 

Au/TiO2 interfacial structure is worth exploring because it is easily predicted that the interfacial 

structure between gold and TiO2 plays an essential role in the electron transfer reaction. 

Furthermore, the mechanism of plasmon-enhanced photocurrent generation on TiO2 and the 
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photoexcited electro/hole charge carriers captured sites, which is essential for water oxidation 

process, are valuable investigated. This plasmon-enhanced photocurrent generation can be 

implemented to the TiO2 thin film system for the further design of low-cost and lightweight 

plasmon-enhanced energy conversion devices. 

 

1.2 Surface plasmon resonance 

The vivid optical properties of noble metal nanoparticles have been an object of fascination since 

ancient times. The ruby red of stained glass windows and the Lycurgus cup arises from silver 

and gold nanoparticles, which show the surface plasmon resonance. Surface plasmon resonance 

(SPR) is the collective oscillation of electrons in solid or liquid near the surface, which was first 

predicted in 1957 by Rufus Ritchie.
64

 The SPR occur when the frequency of incident light 

matches the natural frequency of surface electrons oscillating. The propagating surface plasmon 

polaritons can be exited on the interface of metal and dielectric materials under specific 

condition such as coupling with prism, grating configuration, focused beam irradiation. SPR in 

nanoparticles is called localized surface plasmon resonance, which can efficiently localize light 

to nanometer-scale regions and enhance the light-matter interaction. These resonances, 

associated with noble metal nanostructures, induce large absorption and scattering cross-section 

as well as ultrahigh electromagnetic near field enhancements.
65

 During the past decades, 

significant improvements have witnessed in the fabrication of noble metal nanostructures with 

well bottom-top synthesis and top-down nanofabrication techniques,
66-69

 which has led to great 

advances in LSPR research areas of the science and technology, such as surface enhanced 

Raman scattering,
70,71

 fluorescence enhancement,
72-74

 single molecule detection,
75,76

 

nanolithography,
77-79

 photovoltaics
80-82

 and so on. Surface plasmon resonance is one of the most 

promising optical techniques that find applications in wide research and practical fields. 

 

http://en.wikipedia.org/w/index.php?title=Rufus_Ritchie&action=edit&redlink=1


7 

 

 

Figure 1.4 The Lycurgus cup and the ruby red of stained glass windows. 

 

1.2.1 Surface plasmon in metal nanoparticles 

The interaction of a nanoparticle with the electromagnetic field can be solved using the quasi-

static approximation for the particle size is much smaller than the wavelength of light
44

. In the 

most convenient geometry, a sphere nanoparticle located in a uniform, static electric field E0, as 

shown in Figure 1.5.  

 

Figure 1.5 Sketch of a sphere located into an electrostatic field. 

 

r 
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In the electrostatic approach, the general solution of the Laplace equation for the potential

2 0    and the electric field E   is of the form: 

                                               
( 1)

0

(r, ) [A r B r ] (cos )l l

l l l

l

p 


 



                                        (1-1) 

where (cos )lp   are the Legendre Polynomials of order l, and    is the angle between the 

position vector r at point P and the Z-axis. The potentials remain finite at the origin, and 

combine with the boundary conditions; therefore the solution for the potentials inside and outside 

the sphere can be written as:  

                                                        0

3
cos

2

m
in

m

E r



 

  


                                                (1-2) 

                                                 
3

0 0 2

cos
cos

2

m
out

m

E r E a
r

  


 


   


                              (1-3) 

The potential outside the particle is interesting, and can be rewritten by introducing a dipole 

moment P and the polarizability  as: 

                                                        0 3

0

cos
4

out

m

P r
E r

r


 
                                         (1-4) 

                                                                0 0mP E                                                        (1-5) 

                                                          
34

2

m

m

a
 

 
 





                                                  (1-6) 

The polarizability in the electrostatic approximation is the central result for solving the potential 

of small particle in the electromagnetic field. It is apparent that the polarizability experiences a 

resonant enhancement in the condition that 2 m   is a minimum. The Fröhlich condition for 

the case of small or slowly-varying Im[  ] around the resonance simplifies can be written as: 

                                                            Re ( ) 2 m                                                          (1-7) 
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From the Fröhlich condition, it is apparent of the resonance frequency on the dielectric 

environment. The resonance red-shifts as dielectric constant increased. Thus, it could be used for 

the optical sensing for the changes in refractive index. 

The corresponding cross-sections for scattering and absorption scatC  and absC  can be calculated 

by the Poynting-vector: 

                                             

2
4

2 4 68

6 3 2

m
scat

m

k
C k a

 


  


 


                                            (1-8) 

                                           3Im 4 Im
2

m
abs

m

C k ka
 

 
 

 
   

 

                                        (1-9) 

For small nanoparticles with a  , the efficiency of absorption, scaling with 
3a , dominates 

over the scattering efficiency, which scales with 
6a . And for large particles, the scattering 

efficiency rapidly increases. The extinction cross section 
ext abs scatC C C   is: 
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where V is the sphere volume, and dielectric function of nanoparticle: 1 2i    . From the 

scattering and absorption cross-section, the radiation by a sphere nanoparticle predicts a resonant 

field enhancement due to a resonance of the polarizability. Under these circumstances, the 

nanoparticle acts as an electric dipole, resonantly absorbing and scattering electromagnetic fields. 

This dipole particle plasmon resonance is valid only for small particles, good approximation for 

particles with dimensions below 100 nm. However, for particles of larger size, the quasi-static 

approximation is not satisfied due to significant phase-changes of the driving field over the 

particle. Fortunately, Mie in 1908 developed a complete theory of the scattering and absorption 

of the electromagnetic radiation by a sphere, known as Mie theory.
83

 

1.3 Plasmon-enhanced photochemical reaction 

Along with the increasing capability of researchers to prepare high quality nanoparticles with 

excellent crystallographic properties, the localized plasmon of noble metal nanocrystal is 
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currently under intensive investigation from both fundamental and technological perspectives. 

Upon resonant excitation, the collective oscillations of the free electrons induce ultrahigh local 

electric field enhancements. The field intensity enhancements are maximal at the metal surface 

and decay exponentially away from the surface. As well known, the absorption cross-section of a 

standard dye molecule is on the order of 1x10
-16 

cm
2
, and the tight focus light cross-section is 

about 10
7
 times larger than the molecular absorption cross section.

84
  Therefore, the interaction 

between the light and molecule is less efficiency. The plasmonic nanoparticles exhibit high 

absorption and scattering cross-section and the intense electromagnetic field can be excited by 

metallic nanoparticles under localized plasmon resonance, which is efficient for promoting 

photochemical reaction,
85-87

 and amplifying a variety of optical signals, such as surface enhanced 

Raman scattering,
88,89

 fluorescence,
90,91

 second harmonic generation,
92,93

 two-photon 

luminescence.
94,95

 Widely applications of plasmon-enhanced photochemical reaction will be 

implemented. 

1.3.1 Surface-enhanced Raman scattering 

Surface-enhanced Raman scattering (SERS) is an ultrasensitive technique to detect molecules on 

or near the surface of plasmonic nanostructures, which has been independently discovered by 

Jeanmaire and Van Duyne in 1977. It is one of the early applications of the metallic plasmon 

resonance during 1970s, and has been applied to many analyses, especially in biochemistry and 

life sciences.
96,97

 The development of nanoparticles of well-controlled size and shape using 

bottom-up chemical syntheses and top-down nanofabrication techniques
98,99

 launched numerous 

studies for understanding the driven force behind the plasmon-enhanced chemical effects and to 

exploit the applications of the metal plasmon in chemical reactions.
100,101

 It has been 

demonstrated both experimentally and theoretically that the sharp tips of the nanoparticles give 

rise to electromagnetic field enhancement factors as large as 10
8
.
89,102,103

 Raman scattering 

intensity enhancements up to 10
14

 to 10
15

 fold for molecules adsorbed on the surfaces of noble 

metal nanostructures have been reported,
87

 which brings the ultrasensitive characterization down 

to the single-molecule level.
34,76

 The mechanisms of the SERS are now clearly 

understood.
88,104,105

 One of the mechanisms is known as electromagnetic enhancement, a Raman 

signal enhancement appears due to a magnification of both the incident and scatter fields. The 

other is known as electronic or chemical enhancement, which is the electronic interaction 
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between the molecule and metal nanostructure that can effectively produce a large cross-section. 

The total SERS enhancement is the sum of both enhancement mechanisms. Several strategies 

have been made for the SERS based detection of ions and bimolecular.
106-108

 Advances in SERS 

also offer new possibilities for rapid screening and detection the pathogen to solve the issue in 

food safety, public health assurance, and diagnosis of infectious diseases.
109,110

 One key use of 

SERS in living cells is for multiplex, highly sensitive detection of cancer biomarkers on the cell 

membrane. Recently, the SERS technique has been used to design novel nanoprobes named 

“SERS tags”, which can be used for in vivo tumor targeting and spectroscopic detection
111

. 

Additionally, by taking advantage of the multiplex chemical information provided by SERS, 

novel biomedical instruments for clinical analysis can be further developed.  

1.3.2 Plasmonic nanolithography 

Photolithography plays an important role in the development of electronic devices, photonic 

devices and micro-electro-mechanical systems (MEMS). However, the traditional 

photolithography is limited by the diffraction limit of light. Surface plasmon-assisted 

nanolithography has been proposed to break the diffraction limit of incident light based on the 

near-field lithography.
112,113

 The near-field distribution around the nanoparticles is far smaller 

than the light wavelength, which make the photolithography in nanometer scale realized. In 

addition, three-dimensional lithography was demonstrated by surface plasmon-assisted 

nanolithography.
114

 The plasmon-assisted nanolithography not only localize the electromagnetic 

field at a nano-scale region, but also induce a strong enhancement of the electromagnetic field to  

several orders of the incident light, which provide a powerful tool to induce the nanolithography 

with weak and incoherent light source, such as the solar energy. Lithography techniques have 

been considered to be a mainstream of fabrication methods for its cost effective and high 

throughput. The plasmonic nanolithography has been studied for the spatially selective 

photochemical reactions that induced to break the optical diffraction limit by SPR.
115 

Normally, 

there are three types of plasmonic nanolithography approaches: contact nanolithography, planar 

lens imaging nanolithography, and direct writing nanolithography. Plasmonic contact 

lithography is a kind of evanescent near-field lithography, in which the photoresist is exposed 

with SPPs originated from the metal mask. Srituravanich et al. have demonstrated 

nanolithography by a half-pitch resolution down to 60 nm using a two dimensional holes array 
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Ag mask.
116

 Computational simulations show the resolution as high as 20 nm using the 

plasmonic photolithography.
116

 Plasmon-enhanced non-linear photochemical reactions via the 

two-photon absorption of molecules were observed through irradiation using femtosecond laser 

pulses as an excitation source.
68

 The non-linear process is dominated by the electromagnetic field 

which was produced by the LSPR near the metallic nanoparticles. The resolution with a lateral 

size of about 5 nm has been obtained. The nano-gap (“hot spot”) between metallic nanoparticles 

is the perfect region for the non-linear photochemical reaction.
117,118

 Planar lens imaging 

nanolithography is using superlens under the mask to project the nanopatterns through the mask 

onto the image plane with about tens of nanometers under the superlens to make patterns in 

photoresist. In 2005, Fang et al. have succeeded subdiffraction imaging with a 60 nm half-pitch 

resolution with a silver superlens.
119

 Direct writing lithography method is flexible and can be 

used on arbitrary patterns. A practical plasmonic direct writing by near-field scanning optical 

microscopy system was demonstrated by Wang et al in 2008.
120

  

 

Figure 1.6 Schematic of lithography setup, silver mask hole array and nanolighograpic pattern of 

Srituravanich et al.
116
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Figure 1.7 Schematic design of nanoblock pairs, experimental lighography photoresist images 

from.
77 

 

 

 

Figure 1.8 Schematic illustration and AFM image of the photoresist of nearfield scanning 

lithography.
118 
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Figure 1.9 FIB and AFM image of object "NANO".
119

 
 

1.3.3 Plasmon-assisted near-field imaging 

Near-field imaging is a technique for investigating the electromagnetic field distribution in small 

structures compared with the wavelength. Imaging the near-field intensity distributions are 

experimental difficult due to the demand of ultrahigh spatial resolution. Some studies base on the 

scanning probe methodologies, scanning near-field optical microscopy (SNOM),
121

 or direct 

imaging techniques, photoemission electron microscopy (PEEM).
122

 On the other hand, the 

plasmon-enhanced photochemical reaction could be also used to indirectly represent the near-

field spatial distribution of metal nanostructures.
123

 Tip-enhanced Raman and CARS imaging 

have been demonstrated by three groups in 1999-2000.
124-126

 Sánchez et al. demonstrated a near-

field two-photon excited fluorescence image by using gold  nano-tip and femtosecond laser.
127 

 

Figure 1.10 Tip-enhanced CARS images of the DNA networks.
128
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1.3.4 Plasmon-enhanced photocatalysis 

The plasmonic metallic nanoparticles have also been employed into the photocatalytic 

enhancement. Majority of the investigation discussing plasmon-enhanced photocatalysis were 

focused on reaction involving photocatalytic decomposition of organic compounds. The 

photolysis of methylene blue was promoted by the plasmonic effect using visible light irradiation 

onto Ag nanoparticles core, TiO2 shell structure.
45

 The electron transfer between Ag and TiO2 

was demonstrated by the Fermi level shift.
129

 The gold nanoparticle/TiO2 has been investigated, 

and the charge separation between gold and TiO2 based on plasmon-exited was demonstrated,
53

 

and the plasmon-induced charge separation occurred within 240 fs.
55

 Plasmon enhancement has 

also been demonstrated in photocatalytic methane formation by the reduction of carbon dioxide 

and water.
130-132

 In addition to methane, methanol, formaldehyde are possible products. Recently, 

many studies have been reported on water splitting by the plasmonic effect. Liu et al reported a 

plasmon-enhanced photocurrent generation and hydrogen evolution system of non-continue gold 

film on TiO2 photoelectrode.
51

 Ingram el al. succeeded the total water splitting using the 

plasmonic effect using Ag and Au loaded N-doped TiO2.
8
 In these studies, the plasmon-induced 

near field enhancement was dominated the water splitting efficiency. In contrast, many studies 

on water oxidation or water splitting based on plasmon-induced charge separation.
52,133

 Further 

discussion of plasmon-enhanced water oxidation and water splitting is described in Section 1.4.2.  

1.4 Plasmon-enhanced light energy conversion  

Subwavelength plasmonic metal nanoparticles have attracted numerous attentions for effective 

light trapping for inducing localized surface plasmon resonance absorption and strongly scatter 

incident light into the absorber layers based on the large absorption and scattering cross-section 

of metallic nanoparticles. Over the past decades, many researchers have demonstrated plasmon-

enhanced photocurrent generation or photocatalytic water splitting via photo-induced energy or 

electron transfer from metallic nanoparticle to semiconductor via localized surface plasmon 

resonance.
58,134,135

 The principle is analogous to dye sensitized solar cell (DSSC),
3 

in which 

plasmonic metallic nanoparticles is used as a sensitizer instead of dye molecule. The plasmonic 

optical antenna is promising for their optical resonance wavelength could be facility controlled 

from visible to infrared via changing their geometries.
136,137
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1.4.1 Plasmon-enhanced photovoltaic 

Plasmonics has yielded methods for guiding and localizing light at the nano-scale, far below the 

scale of the wavelength of light in free space. The researches field of plasmon-enhanced 

photovoltaic has benefited from the development of the nanotechnologies and the powerful 

numerical electromagnetic calculation methods. Now plasmonics have been applied to 

photovoltaics, where design methods based on plasmonics were used for improving absorption in 

photovoltaic devices, reducing the thickness of solar photovoltaic absorber layers, and yielding 

new options for solar-cell design. To date the plasmon-enhanced photovoltaic effect have been 

demonstrated in varies semiconductor, including c-Si, a-Si:H, GaAs, CdSe, InP, GaN, InGaN, 

TiO2, organic semiconductor, dye sensitized solar cells.
138-141

 In parallel, theoretical and 

simulation on plasmon-enhanced solar cells have reported by some research groups.
142-144

 There 

are at least four concepts of plasmon-enhanced solar energy conversion, as shown in Figure 1.11. 

 

 

Figure 1.11 Schematic for the plasmonic light harvesting geometries. (a) Light harvesting by 

scattering from metal nanoparticles at the surface. (b) Light harvesting by the excitation of 

localized surface plasmon resonance in metal nanoparticles on the surface or embedded into the 

semiconductor absorber. (c) Light absorbing in metal nanoparticles by the excitation of localized 

surface plasmon resonance. (d) Light harvesting by excitation SPPs at the metal/semiconductor 
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interface. The well design metal back contact can couple the incident light to SPPs that propagate 

in the plane of semiconductor layer. 

 

i) The metallic nanoparticles used as scattering center 

The metallic nanoparticle used as scattering element is the most common approach for the 

plasmon-enhanced photovoltaic solar energy conversion. Generally, the metallic nanoparticles 

with varies size, shape were deposited on the top surface of a solar energy absorber layer.  The 

large scattering cross-section of the nanoparticles could increase and re-direct the incident light 

path way inside the absorption layers. The fabrication for this kind of plasmon-enhanced solar 

cell is simple, but attention should be paid for the shadowing effect and the effect to the 

antireflection layer of the surface nanoparticles.
145,146

  

The plasmon-enhanced coupling of light into semiconductor absorber by nanoparticles scattering 

was first recognized by Stuart and Hall,
147,148

 who used nanoparticle arrays as plasmon scattering 

elements to couple light into Si-on-insulator photodetector. And the following plasmon-enhanced 

photovoltaic applications were realized in the single-crystalline Si,
149

 amorphous Si,
80

 and 

quantum well.
150

 On the design, the size and shape of the nanoparticles are the key parameters 

for coupling the incident light into the absorbers,
42

 and a lots of parameters should be taken into 

account, electron/hole recombination, ohmic damping, and grating diffraction effect, the 

coupling to waveguide modes and so on.
151,152

  

 

Figure 2 Au nanoparticles deposited on Si p-n junction and the photocurrent response. 
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ii) The metallic nanoparticles used for near-field enhancement 

In addition to the scattering, the metallic nanoparticles could be use as the near-field 

enhancement elements to promote the absorption in the surrounding semiconductor absorber 

material. The ultra-high localized electromagnetic field induced by surface plasmon resonance of 

metal nanoparticles can enhance charge carriers generation in the semiconductor and increase the 

photocurrent generation.  By employing the plasmonic near-field enhancement antennas, 

efficiencies enhancement has been demonstrate for the thin-film solar cells.
153

 The small metal 

nanoparticles also could be used in the dye-sensitized solar cells.
135 

 

 

Figure 1.13 Au nanorods for dye-sensitized solar cell.
135

 

iii) The metallic nanoparticles used as light absorber elements.  

In contrast to the scattering and near-field enhancement, the small metallic nanoparticles (5-20 

nm) could be use as the incident light absorber elements for the absorption cross-section is far 

larger than the scattering cross-section.
154

 One of the advantages of this metallic nanoparticles 

absorber is the independent of the band-gap of the semiconductors. The light absorption 

dominates by the localized surface plasmon resonance of metal nanoparticles, which can be well 

control from visible to infrared wavelength region by adjusting their size, shape. However, the 

semiconductor also very important for the electron/hole pairs separation and the charge transfer. 

The key factor for these plasmonic antenna light harvesting, the absorption rate in the 

semiconductor should be large than the reciprocal of the plasmon decay time (10-15 fs). The 

metal nanoparticle plasmon resonance wavelength could be easily tailored by controlling the size, 
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shape, and the surrounding material. Therefore, the light absorption wavelength could be 

engineered by well designing the metal nanoparticles. It is promising to apply this metal 

nanoparticles solar energy conversion system for the transparent solar cells.
61

 The utility of the 

metallic nanoparticle as light absorber is attractive in the wide-bandgap semiconductor, such as 

TiO2, ZnO, SrTiO3,
155-158 

and/or induced the infrared wavelength light absorption.
58,159

  

 

 

Figure 1.14 Au nanorods loaded on Si for photodetector.
58

 

 

iv) Propagating surface plasmon on the back surface of a corrugate metallic film. 

In this concept, the incident light is converted into SPPs that travel along the interface between a 

metal back contact and the semiconductor absorber layer. Metallic nanostructure thin films 

which support SPPs have the potential to confine and guide incident sunlight into subwavelength 

thickness absorber layer volumes.
160

 The propagating surface plasmons are often use in the 

waveguides as they supply the surface plasmon transfer on the metal surface and the losses due 

to the resistance and radiation are minimized. This propagating surface plasmon can excite the 

electron/hole pairs in the adjacent semiconductor and increases the photocurrent conversion 

efficiency. The advantage of the SPPs assisted light absorption is the optical absorption path way 

can be orders longer. Several reports on the integration of SPP geometries with thin-film solar-

cell geometries are now appearing, including organic solar cells.
161-164
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Figure 1.15 Subwavelength scatterers that couple sunlight into guided modes in thin film Si and 

GaAs plasmonic solar cells.
161

 

 

1.4.2 Plasmon-enhanced water oxidation/water splitting  

Solar hydrogen production from direct photochemical water splitting is the goal for a sustainable, 

renewable and clean hydrogen economy. Hydrogen is considered as an available option to 

today’s fossil fuel based energy source, especially when it is produced from water using 

sunlight.
165

 Photochemical water splitting has the potential to be an efficient and cost effective 

way to produce hydrogen. The research focus in photochemical water splitting still concern 

increasing the efficiency and stability of the photoactive materials to achieve the efficiency target 

that can be applied for commercialization.
166,167

 The efficient photoelectrochemical water 

splitting using sunlight was studied by many researchers since the early 1970s, especially after 

the discovery of water photoeletrolysis on TiO2 using UV light by Hondan and Fujishima.
4
 The 

main component of the photoelectrochemical cell is the incident light absorbed material, 

semiconductor, which converts the photons energy to electron/hole pairs. Several oxide 

semiconductors such as SrTiO3, KTaO3 and ZrO2 have the flat band potential above the H
+
/H2 

potential. Therefore, no external potential bias is required to perform the H2 and O2 evolution. 

Unfortunately, these oxide semiconductors have large band gaps (~3.4 eV); hence, they cannot 

efficient absorb the sunlight for solar energy conversion. One approach to solve the problem is 

employing plasmonic metallic nanoparticles that can sensitize the semiconductor to light with 

energy lower than the band-gap. In water splitting devices, the electric field that separates 
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electrons and holes is located at the semiconductor-electrolyte interface. Unlike most traditional 

inorganic solar cells, which have a buried space charge layer, metal nanoparticles can be placed 

at the semiconductor-electrolyte interface, thereby allowing near-field energy transfer from metal 

to semiconductor in a way that is analogous to dye-sensitized solar cells. Furthermore, from 

electrochemical analysis, the lowest photon energy that can be directly used for the 

photochemical water splitting is about 1.23 eV. It means that the solar energy with wavelength 

longer than 1000 nm is hard for the water splitting application. One of the amazing advantages of 

plasmon-assisted water oxidation/water splitting is breaking this long wavelength limit. The 

plasmon-induced water oxidation in near-infrared wavelength region has been demonstrated by 

our group.
62

 There are two main mechanisms to explain the plasmon-enhanced water splitting: 

electron transfer and plasmon resonance energy transfer. 

i) Electron transfer 

The principle of electron transfer is analogous to dye sensitized solar cell, in which plasmonic 

metallic nanoparticles is used as a sensitizer instead of dye molecule. The plasmonic optical 

antenna is promising for their optical resonance wavelength could be facility controlled from 

visible to infrared via changing their geometries.
44

 Research on LSPR-driven electron transfer 

has focused largely on the Au-TiO2 system. The early study of photoelectrochemical properties 

of TiO2 films contained Au/Ag nanoparticles showed a photocurrent increase by Au/Ag 

nanoparticles.
168

 Firstly study on the plasmon-induced charge separation in Au-TiO2 

nanocomposites has been shown in 2005.
53

 For the Au-TiO2, the incident photon to current 

conversion efficiency (IPCE) and photovoltage action spectrum matched the LSPR of the Au 

nanoparticles. Hot electron transfer from gold nanoparticles has also been studied using 

femtosecond transient absorption spectroscopy, in which a 40% yield of electron injection from 

plasmon-excited Au nanoparticles into TiO2 was observed.
55

 Plasmonic photocurrent generation 

and water oxidation using electrodes of gold nanostructures decorated TiO2 have been reported 

from UV to visible wavelength,
159

 and from visible to near-infrared wavelengths.61,62 
 

 



22 

 

 

Figure 1.16 Plasmon-enhanced photocurrent generation and water oxidation using visible to 

infrared light irradiation.
61-62

 

 

ii) Plasmon resonance energy transfer 

For some semiconductors, the optical band gap in relatively smaller, such as Fe2O3, WO3, InP 

and the doped semiconductor, the metallic nanoparticles plasmon resonance band overlaps with 

the semiconductor absorption band. In this case, the metallic nanoparticles can act as plasmonic 

antennas to increase the charge carrier generation inside the semiconductor absorption layer. 

Solarska et al. published a communication reporting enhanced photoelectrochemical water 

oxidation by Ag-WO3 nanocomposites.
169

 The effects of plasmonic Au nanoparticles on water 

photo-oxidation evolution when Au was embedded in compact Fe2O3 thin films or placed on the 

surface of Fe2O3 nanoplatelets was reported by Thomann et al.
52

 Ingram and Linic reported a 

study where the photoelectrochemical water oxidation performance of nanocomposite Ag/N-

TiO2 electrodes was compared to Au/N-TiO2.
8
 Liu et al. investigated the effect of discontinuous 

films prepared during the initial island-growth stage of Au deposition onto anodized TiO2.51 
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Figure 1.17 I-t curves obtained from with and without Au decorated TiO2 photoelectrodes 

irradiated with a monochromatic light at 633 nm.
51

 

 

 

 

Figure 1.18 (a) H2 and O2 evolution with visible light irradiation on N-TiO2 and Ag/N-TiO2. (b) 

I-t curves responding to the light on and off.
8
 

 

1.4.3 Plasmonic for thin film energy conversion 

Thin-film solar cell is one of the promising approaches for next generation solar energy 

conversion for its low-cost, lightweight. Cost is the most critical stumbling block for the 

application of current monocrystal silicon (c-Si) solar cell. Approximately 40% of the cost of the 
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c-Si solar cell modules fabrication is used for the material.  With respect to the traditional c-Si 

solar cell (typical thickness ~ 300 m), the thin-film (thickness ~ several m) solar energy 

conversion cells should be significant reduce the cost. There are three key parameters for the 

solar energy conversion, light absorption, electron/hole separation and charge carriers transfer. 

The biggest problem for thin film solar cells is that they don’t absorb light as the current solar 

cells. Approaches for trapping light on the surface, or in the absorbed layer are crucial for make 

thin-film solar cells practical. In conventional thick Si solar cells, light trapping is typically 

achieved using a micron-sized pyramidal surface texture that causes scattering of light into the 

solar cell over a large angular range, thereby enhancing the effective path length in the cell.
170,171

 

Such geometries are not suitable for thin-film cells, as the cell thickness is smaller than the 

texturing size and the greater surface area increases minority carrier recombination at the surface. 

Furthermore, texturing is not applicable to non-single-crystal cells. Advanced light trapping 

concepts are crucial to achieve high-efficiency thin-film solar cells due to the low absorption 

coefficient. One method that has been explored recently is decorating the semiconductor with 

metal nanoparticles, which exhibit the localized surface plasmon resonance. This allows light to 

be absorbed more directly without the relatively thick additional layer.
43,45 

These subwavelength 

nanostructures strongly interact with sunlight and, if properly engineered within the solar cell 

geometry, can concentrate and fold light into thin semiconductor layers, thereby enhancing the 

absorption. Spinelli et al. proofed that optimized plasmonic coatings with Ag nanoparticles on 

top of a 67 nm thick Si3N4 layer on a Si (100) substrate.
145

 Ferry et al. have demonstrated a 

designed a back-contact light trapping surface for a-Si:H solar cells which show enhanced 

efficiency over cells with a commonly used random texture.
172

 Thimsen et al. experimental 

studied the influence of gold nanoparticles on α-Fe2O3 photoanodes for photoelectrochemical 

water splitting.
173
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Figure 1.19 (a) Measured total reflection spectrum from a 300 µm crystalline Si cell coated with 

67 nm Si3N4 (red) and the same sample with an optimized Ag particle array on top (blue).. The 

calculated reflectance of a semi-infinite Si substrate is shown for refere.
145

 

 

 

 

Figure 1.20 (a) SEM image of a periodic array of Ag-coated sol–gel particles. (b) SEM image of 

an FIB cross section of a full nip type a-Si:H solar cell grown on the patterned back contact.
172

 

 

1.5 Overview of thesis 

This thesis describes the design, fabrication, characterization of plasmon-enhanced photocurrent 

generation and water oxidation on Au/TiO2 electrodes. In particular, we focused on the electron 

transfer from the plasmon-excited Au nanoparticles to TiO2 and the application of the electron 

(a) (b) 

 
 (a) 

(b) 
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transfer reaction into the Au decorated TiO2 thin film system. Chapter 2 describes the Au 

nanoislands loaded TiO2 photoelectrode fabrication and the characterization of the plasmon-

enhanced photocurrent generation and water oxidation. Chapter 3 describes the electron transfer 

between Au nanoislands to TiO2. Under plasmon-excitation, the electron transfers from Au-

nanoislands to TiO2 conduction band. The experiment showed the interfacial structure plays an 

important role for the electron transfer from Au-nanoislands to TiO2. Under the electric potential 

bias, the electron transfer from TiO2 to Au-nanoislands, and the plasmon resonance of Au-

nanoislands blue-shift was observed. In chapter 4, we describe the interference effects on the 

plasmon-enhanced photocurrent generation with Au-nanoislands loaded TiO2 thin film 

electrodes. In chapter 5, we employed Al reflector to improve the photocurrent conversion 

performance of the plasmon-enhanced photocurrent generation on Au-nanoislands/TiO2 thin film 

system. Over the previous studies, the plasmonic has been emerged as a promising research field 

for enhance the performance in photochemistry and photovoltaic. This thesis demonstrated the 

plasmon-enhanced photocurrent generation and water oxidation in visible wavelength with gold 

nanoislands loaded TiO2, not only in the single crystal TiO2 but also the TiO2 thin film with 

thickness less than 300 nm. This substantial plasmon-enhanced photocurrent generation provides 

a facility approach for further design of the plasmon-enhanced solar energy conversion devices. 
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Chapter 2. 

Plasmon-Enhanced Photocurrent Generation and Water Oxidation 

2.1 Introduction  

While the TiO2 have been employed into solar energy conversion, photovoltaic solar cells or 

photochemical water splitting for several decades, improving the TiO2 photorespond in the 

visible wavelength region remains a challenge. Band engineering and dye sensitized methods 

have been used for increasing TiO2 visible wavelength sensitivity. The basic concept of band 

engineering is to narrow the band gap of TiO2 by doping, disordering or oxygen vacancy. 

However, it is less efficiency for wide wavelength region solar energy conversion. Dye-

sensitized solar cell is a kind of efficient third-generation solar cell with efficiency higher than 

10%. Organic dye is used for visible light absorption, and generates electron/hole pair. However, 

the organic dye is less stable for long term power supply. Recently, an increasing number of 

studies have evaluated the use of metallic nanoparticle as sensitizer, due to its unique properties 

of high optical absorption and scattering cross-section, to enhance TiO2 visible photoresponse. 

Metallic nanoparticle loaded TiO2 have been applied to plasmon-enhanced photocurrent 

generation and photocatalytic reactions in visible wavelengths.
 1-12 

Generally, the metallic 

nanoparticles, Au-NPs, Ag-NPs, were fabricated by electron beam lithography, photolithography, 

chemical synthesis. However, these metallic nanoparticles fabrication methods are difficult for 

the metal/semiconductor interfacial control, which is important for the electron transfer between 

metal nanoparticle and semiconductor. The crystal structure of the metal nanoparticles is another 

important parameter for the plasmon-enhanced photoactivities in TiO2. Single crystal 

nanoparticles are preferred for the surface plasmon resonance due to its less electron scattering of 

perfect crystal boundary. In present study, gold nanoparticle was employed for decorating TiO2 

surface. Gold nanoparticles were fabricated by a simple gold thin film annealing method, which 

can provide a interfacial structure control and single crystal metallic nanostructure. The principle 

purpose of present study is to decorate TiO2 single crystal surface with small gold nanoislands 

(Au-NIs) particles for improving the photocurrent generation and water oxidation using visible 

light irradiation. On the basis of this concept, fabrication and characterization of the Au-NIs 

loaded TiO2 single crystal photoelectrode were performed. The Au nanoparticle size, shape and 
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the contact with the TiO2 single crystal substrate play crucial roles for the photocurrent 

generation. As described in chapter 1, the small Au nanoparticles show a large incident light 

absorption cross-section, and the intense electromagnetic field will generate at the interface of 

Au-NIs/TiO2. In this chapter, we focused on the Au-NIs/TiO2 fabrication with thermal annealing 

of Au thin film on TiO2 photoelectrodes, and the thermal annealing processes affect the 

photocurrent generation efficiency in the visible wavelength region. In order to observe the Au-

NIs particle morphology on TiO2 surface, the structures of the Au-NIs/TiO2 were evaluated by 

means of scanning electron microscopy (SEM). The Au-NIs particle size distribution dependence 

on the thermal annealing condition was investigated by ImageJ 

(http://rsbweb.nih.gov/ij/index.html) via SEM image. The water oxidation was further 

investigated for understanding the mechanism of the photocurrent generation of Au-NIs/TiO2 

electrode. In this chapter, the importance of annealing conditions and the effects on the 

photocurrent generation efficiency will be discussed. 

2.2 Experimental details 

2.2.1 Preparation of Au-NIs on TiO2 Photoelectrode  

Single-crystal TiO2 (rutile, 0.05wt% niobium doped, 10  10  0.5 mm
3
, Furuuchi Chemical Co.) 

with (110) surface was used as a photoelectrode in this study. The TiO2 substrate as purchased 

was rinsed with acetone, methanol, and deionized water in an ultrasonic bath for 5 min and was 

then immersed into a 3% HF solution for 5 min followed by rinsing with deionized water and 

drying under nitrogen flow. A 3-nm thin gold film was deposited on the surface of the TiO2 by 

helicon sputtering (MPS-4000, ULVAC Co., Ltd.) with a deposition rate of 1Å/s and annealed at 

different temperatures (150°C, 300°C, 600°C and 800°C for 1 h) in a nitrogen atmosphere. After 

annealing, the Au-NIs were formed on the surface of the TiO2. The Au-NIs on the TiO2 were 

observed by field-emission scanning electron microscopy (FE-SEM, JSM-6700FT, JEOL Ltd.); 

the maximum resolution attainable at an electron acceleration voltage of 15 kV was 1 nm. 
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Figure 2.1 The gold nanoislands loaded TiO2 substrate fabrication process. 

 

2.2.2 Photoelectrochemical Measurement 

To form Ohmic contacts, an In-Ga alloy (4:1 in weight ratio) film was pasted on the back of the 

TiO2 substrate and connected to the electrochemical analyzer (ALS/CH Instruments 852C, ALS 

Co., Ltd.) with a lead wire (as shown in Figure 2.2). To measure the IPCE action spectra and I-V 

curves, a platinum wire and a saturated calomel electrode (SCE) were used as the counter 

electrode and reference electrode, respectively (as shown in Figure 2.3). To obtain the IPCE 

action spectrum, bandpass filters with a bandwidth of less than 15 nm full width at half-

maximum (FWHM) were employed. An aqueous KClO4 (0.1 mol/L) solution was used as a 

supporting electrolyte solution without certain electron donors. The working electrode potential 

of the Au-NIs/TiO2 was set at +0.3 V versus SCE when the I-t curve was measured for producing 

the photocurrent action spectrum.  

 

Figure 2.2 Au-NIs/TiO2 container for photoelectrochemical properties measurements. 
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Figure 2.3 Experiment setups for photoelectrochemical measurements. Xenon lamp was 

employed for the irradiation light source. Three electrodes system with an electrochemical 

analyzer were used for the photochemical properties study. A Pt wire was used as counter 

electrode and saturated calomel electrode was used as reference electrode. 

 

2.2.3 Determination of Oxygen Evolution 

The amount of evolved O2 molecules resulting from the oxidation of water via photoexcitation of 

the Au-NIs/TiO2 electrode was quantitatively determined by gas chromatography-mass 

spectroscopy (GC-MS 2010-plus, Shimadzu Co.). An aqueous electrolyte solution containing 

Na2SO4 (0.1 mol/L, pH 7.3) with water-(18-O) (17.5 atom % isotopic purity) was used for the 

quantitative oxygen evolution measurement. The three-electrode system was also employed. The 

Au-NIs/TiO2 was the working electrode, and the two platinum wires acted as the reference and 

counter electrode. The Au-NIs/TiO2 electrode was irradiated with visible light over a range of 

450-750 nm, with the light intensity at approximately 32.6 W/cm
2
. GC-MS with an electron 

ionization source and a RT-Msieve 5A column (RESTEK Co.) was used for the separation in the 

mass and oxygen determinations. Normally, 5 0 μL of the evolved gas was injected in split mode 

with a split ratio of 30, and selected ion monitoring (SIM) mode was used for the detection of gas 

molecules. The column and sample injection temperatures were performed at room temperature. 

The EI ionization source temperature was set at 200°C. To analyze the quantity of evolved 

oxygen at an observed photocurrent, the number of photogenerated electrons was quantitatively 
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measured to assess the relationship between the irradiation time and the photocurrent. The 

present system does not significantly show the dependence of the photocurrent on the applied 

potential under sufficient positive polarization of the working electrode (>0 V vs SCE) because 

of the efficient charge separation at the space charge layer of the TiO2 electrode. It was 

confirmed that sufficient positive polarization (+0.3 V vs SCE) was applied to the system using 

the Pt quasi-reference electrode. 

2.3 Results and Discussion 

2.3.1 Structural Geometries of Au-NIs 

SEM images of the non-continuous gold film on the TiO2 after sputtering and Au-NIs on the 

TiO2 after annealing at 800°C are shown in Figures 2.4a and b, respectively. The gold thin film 

is polycrystalline in nature with deformed grainy structures, which forms discontinuous and 

irregular islands upon annealing the first nucleate. With prolonged annealing, the gold film 

grows in shape to give a more ordered structure as reported previously.
13

 The SEM images 

confirmed that the gold films transformed to a discontinuous nanoisland structure after annealing 

at 800°C, and the interisland spacing was comparable to the nanoisland size (Figure 2.4b). Figure 

2.4c shows the particle size distribution of Au-NIs on the TiO2, which was statistically analyzed 

using the SEM images by ImageJ. It indicates that the particle size is approximately 18 nm, with 

a standard deviation of 8 nm. The surface area coverage of gold nanoparticles is approximately 

30% on TiO2. The peak wavelength of the LSPR is approximately 610 nm (shown in Figure 

2.13). Typical scanning transmission electron microscope (STEM) images of Au-NIs cross-

section were shown in Figure 2.5. The shape of Au-NIs on TiO2 was spherical segmental 

structure with average height of about 13.3 nm. The Au-NIs tightly contact with TiO2 surface. 

Typical XPS characterization of Au-NIs on TiO2 after annealing at 800°C in a nitrogen 

atmosphere was shown in Figure 2.6. The Au 4f 7/2 and 4f5/2 peaks were center at about 82.3 and 

86.0 eV due to the spin-orbit splitting. 
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Figure 2.4 (a) Typical SEM images of Au 3 nm noncontinuous film on TiO2 after sputtering and (b) Au-

NIs on TiO2 after annealing at 800°C in a nitrogen atmosphere. Scale bars represent 100 nm in the SEM 

images. (c) The particle size distribution of Au-NIs on TiO2. 

 

Figure 2.5 Typical STEM images of Au-NIs on TiO2 after annealing at 800°C in a nitrogen atmosphere 

with different magnification. 

 

Figure 2.6 Typical XPS characterization of Au-NIs on TiO2 after annealing at 800°C in a nitrogen 

atmosphere. 
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2.3.2 Photoelectrochemical Properties of Au-NIs/TiO2 Annealed at 800°C 

The phenomenology of semiconductor/liquid junctions is an interesting area of science and 

research.  The energetic of n-type TiO2 electrode represents in Figure 2.7. For the initial 

condition, the Fermi level in the electrolyte is arbitrarily located above O2/H2O redox level. After 

equilibrium in dark, the Fermi level in semiconductor equilibrates with the Fermi level of 

electrolyte, producing a band-bending due to the band edge pinning effect of TiO2.  Under 

illumination, the Fermi level in semiconductor rise towards the flat-band potential, Ufb. The 

maximum Fermi level possible in the semiconductor/liquid junction is the flat-band potential.  

To raise the Fermi level in metal counter electrode, an external bias potential, EB, was applied. 

This external potential also provides an overvoltage for sustaining current flow. 

 

 

Figure 2.7 Sequence of energy level diagrams for n-TiO2 liquid junction. 

The photoelectrochemical properties of bare TiO2 were characterized by I-V (Figure 2.8) and 

IPCE (Figure 2.9) measurements. The onset potential of bare TiO2 is around -0.23 V vs. SCE, 

and the photocurrent trend to be stable when applied potential positive than 0 V vs SCE. Under 
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UV light illumination, direct electron interband transition was exited, and a high photocurrent 

was observed. 

 

Figure 2.8 IV curves of bare TiO2 in dark and illuminated by 350 nm UV light. 

 

The incident photon to current efficiency (IPCE) was calculated by the formula: 

                                        
2

sc

2

1240 I (A/ cm )
(%) 100

(nm) P(W/ cm )
IPCE




 


                                   (2-1) 

It is measured in electrons per photon per watt. IPCE is often measured over a range of different 

wavelengths to characterize the efficiency at each photon energy level. The IPCE action 

spectrum of bare TiO2 is shown in Figure 2.9. The IPCE for photons with energy below the band 

gap is almost zero. A highest IPCE value appeared at 350 nm, and the IPCE decrease as 

wavelength decrease for wavelength shorter than 350 nm, due to the reflection increase at shorter 

wavelength. 
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Figure 2.9 IPCE action spectrum of bare TiO2. 

 

When semiconductor contact with a metal, the rectifying metal-semiconductor junction forms a 

Schottky barrier (as shown in Figure 2.10), while the non-rectifying junction is called an ohmic 

contact. The Schottky barrier formation predicts the Schottky barrier height based on the vacuum 

work function of the metal relative to the vacuum electron affinity of the semiconductor: 

                                                      B metal semiconductor                                         (2-2) 

The work function of bulk gold is 5.0 eV, and the electron affinity of n-TiO2 is about 3.9 eV,
14

 

thus the barrier height is approximately 1.1 eV. However, the electrical properties of nanoscale 

gold particles/n-TiO2 junction exhibits lower Schottky barrier.
15

 The barrier at the interface of 

Au/TiO2 significantly affect the electron transfer between gold and TiO2, and play an important 

role for photocurrent generation. For anodic photocurrent generation, the hot electrons have 

sufficient energy to vault over the Schottky barrier and transfer from gold to TiO2 conduction 

band.  In the past few years, it has been shown that excitation of plasmons in metal 

nanostructures can lead to the injection of hot electrons into semiconductors.
16

 The concept of 

photon energy conversion to hot electron flow was suggested by McFarland and Tang.
17

 In their 

scheme, photons are harvested by dye molecules adsorbed on a Schottky via internal 

photoemission. The disadvantage of their scheme is the ineffectiveness of the adsorbed dye 

molecules in producing photocurrents. One scheme to overcome this issue involves localized 
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surface plasmon resonance. It has been suggested that surface plasmon induces electron transfer 

between noble metal nanoparticles and the semiconductor. 

 

 

Figure 2.10 Energetic diagram of Au/TiO2 Schottky barrier. 

 

I-V curves using the Au-NIs/TiO2 photoelectrode measured under nonirradiation conditions and 

irradiation conditions with monochromatic light are shown in Figure 2.11. Three monochromatic 

wavelengths at 550 nm, 620 nm and 750 nm were employed as a light source. An anodic 

photocurrent was observed at a potential more positive than -0.2 V vs. SCE. The quasi steady-

state current was easily observable when the applied potential was more positive than -0.1 V vs. 

SCE. 
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Figure 2.11 I-V curves using a Au-NIs/TiO2 electrode under nonirradiation conditions and 

irradiation conditions with a monochromatic light at wavelengths of 550 nm, 620 nm and 750 nm 

and intensities of 1.31 mW/cm
2
, 1.71 mW/cm

2
 and 1.09 mW/cm

2
, respectively. The scanning 

rate was set at 100 mV/s. 

 

Figure 2.12a depicts I-t curves measured with a monochromatic light (the potential was set at 

+0.3 V vs. SCE). The observed photocurrent responded to the light turning on and off. We 

confirmed that the photocurrents were stable and reproducible for a long-term experiment. 

Negligible anodic photocurrent was observed for the TiO2 single crystal without loading Au-NIs 

with a visible light irradiation wavelength longer than 450 nm. Figure 2.12b indicates the light 

intensity dependence of the photocurrent value. At each wavelength of 550 nm, 620 nm and 750 

nm, the photocurrent value linearly increased with the light intensity.  

 

 

Figure 2.12 (a) I-t curves and (b) light intensity dependence of the photocurrent with irradiation 

of monochromatic light at wavelengths of 550 nm, 620 nm and 750 nm. The applied potential 

was set at +0.3 V vs. a SCE during the measurements. 
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The IPCE action spectrum was compared with the extinction spectrum of the Au-NIs/TiO2 

photoelectrode, as shown in Figure 2.13. The IPCE action spectrum (red square plot in Figure 

2.13) was corresponding to the extinction spectrum (black curve) and showed a maximum IPCE 

value at the wavelength around 600 nm. In the wavelength region shorter than the LSPR band, 

from 420 nm to 550 nm, a small mismatch was observed between the IPCE spectrum and the 

extinction spectrum. The photocurrent generation in this wavelength region is likely contributed 

by the intrinsic light absorption of gold based on interband electronic excitation from d-bands to 

sp-conduction bands as reported previously.
11

 For the wavelength longer than 600 nm, the IPCE 

is corresponding with extinction very well, which indicated that the photocurrent enhancement 

originated from the plasmon resonance. At the wavelength longer than 800 nm, which is out of 

plasmon resonance band, the IPCE value decreases to be almost zero. 

 

Figure 2.13 IPCE action spectrum measured with the Au-NIs/TiO2 photoelectrode (red) and the 

extinction spectrum of the Au-NIs/TiO2 photoelectrode (black). 

 

2.3.3 FDTD simulation of Au-NIs on TiO2 

Finite-difference time-domain (FDTD) is a numerical analysis technique used for modeling 

computational electrodynamics. The FDTD method belongs in the general class of grid-based 

differential time-domain numerical modeling methods. FDTD is a versatile modeling technique 
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used to solve Maxwell's equations and provide animated displays of the electromagnetic field 

movement through the model.
18

 Recently, a growing number of researches are using FDTD to 

investigate optical nanostructures because the field pattern is readily available in real space and 

the algorithm is independent of the particular structure to be solved. Moreover, metal 

nanostructures have gained much attention owing to the existence of surface plasmon resonance, 

which give rise to resonant effects and field enhancement leading to many interesting 

applications.
19

 

The ultrahigh localized electromagnetic field that generated by localized surface plasmon 

resonance may play an important role for the photocurrent enhancement. However, it is difficult 

for experimental measure the localized electromagnetic field enhancement. Thus, computational 

simulation of the near-field enhanced by gold nanoparticles is a significant way to explore this 

investigation. The localized electromagnetic field distribution of Au-NIs/TiO2 was shown in 

Figure 2.14. From the simulation, the electromagnetic field shows enhancement larger than one 

thousand times. This high localized electromagnetic field should be a key role for the 

photocurrent enhancement. 

 

Figure 2.14 FDTD simulation of Au-NIs on TiO2 in water. 



53 

 

 

2.3.4 Influence of Au thin film thickness on Photocurrent Generation 

The Au nanoisland nanoparticles fabricated by thermal annealing Au thin film was studied by 

several groups.
20-22

 The size of Au nanoislands highly depends on the Au thin film thickness. 

The Au nanoparticle plasmon resonance exhibits sensitivity against the particles size and 

shape.
23

 Thus, the investigation of Au nanoislands particles size effect on the plasmon-enhanced 

photocurrent generation is interesting. The SEM images of Au nanoislands on TiO2 substrate that 

fabricated by thermal annealing Au thin films with thickness of 3, 5, 6.5 and 8 nm are shown in 

Figure 2.15. Obvious Au-NIs particles size difference and Au surface coverage was observed. 

Au-NIs particle size increased and the surface coverage decreased as the Au thin film thickness 

increased.  Figure 2.16 shows the plasmon resonance band and the plasmon resonance peak 

wavelength depended on the Au thin film thickness. The plasmon band shows a red-shift as the 

Au thin film thickness increased, and the plasmon peak wavelength is approximately 

proportional to the Au thin film thickness. 

 

Figure 2.15 SEM images of Au nanoislands by thermal annealing Au thin films with thickness of 3, 5, 

6.5 and 8 nm; Au thin films were annealed at 800℃  in N2. 
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Figure 2.16 (a) Plasmon resonance band and (b) plasmon resonance peak wavelength of Au-NIs annealed 

with different Au thin film thickness. 

 

Photocurrent conversion efficiency of the Au-NIs/TiO2 photoelectrodes that fabricated by 

annealing different Au thin film thickness are shown in Figure 2.17. The IPCE value at visible 

region shows a remarkable plasmon-enhanced IPCE band and the maximum value for the 3-nm 

Au thin film. The results depicts that the small Au nanoparticles are facility for the plasmon-

enhanced photocurrent conversion in present experiment. There are several possibilities for the 

better photocurrent conversion performance of smaller Au-NIs: 1) the larger absorption cross-

section of smaller Au nanoparticle as compared to the larger one.
24

 Extinction cross-section 

includes absorption and scattering cross-section. For larger nanoparticle, the scattering dominate 

the total extinction cross-section; for small nanoparticles, the absorption is the main part. 2) The 

smaller contact angle of smaller Au nanoparticles. Surface plasmon resonance of metal 

nanoparticles affect not only by the size, shape, environment of nanoparticles, but also the 

contact angle of nanoparticle and substrate. Larger contact angle might introduce a dead volume 

at the interface between gold and TiO2 that forbidding electrolyte getting inside. 3) The 

interfacial structure of Au/TiO2 difference between smaller and larger Au nanoparticle. Small Au 

nanoparticle seems to have a higher ability to penetrate TiO2 surface defect layer and tightly 

contact with single crystal surface of TiO2. The tightly contact interfacial may promote the 

electron transfer from gold to TiO2. The interfacial structure of Au/TiO2 effect on photocurrent 

conversion will be discussed in Chapter 3. 
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Figure 2.17 IPCE action spectra of TiO2 loaded with Au-NIs annealed with different Au thin 

film thickness. 

 

2.3.5 Influence of Annealing Temperature on Photocurrent Generation 

As expected, Au thin film annealing under different temperature will generate different size, 

shape of Au nanoparticle, and also the interfacial structure between Au and TiO2. The SEM 

images of Au-NIs after annealing at various temperatures are shown in Figure 2.18. The gold 

films transformed to a discontinuous Au-NI structure as a result of annealing even at the lowest 

temperature of 150°C. The Au-NIs prepared by low-temperature processes (150°C and 300°C) 

are rather irregular with noncircular shapes (Figure 2.18 a, b) and greater particle size 

distribution. The gold nanoislands prepared by high-temperature processes (600°C and 800°C) 

are almost spherical (Figure 2.18 c, d). The transformation to the islands is governed by the 

surface energies at each interface. The structure pursues a minimum energy state to balance the 

surface tension of the gold surface. At equilibrium, the surface attains the shape that has the 

smallest possible surface-area-to-volume ratio. When annealing at high temperature, the gold 

atom thermal motion is more violent and attains the shape with the smallest possible surface-

area-to-volume ratio at equilibrium to form a circular nanoisland structure. 
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Figure 2.18 SEM images of the Au-NIs/TiO2 photoelectrode prepared by annealing with 

different temperatures: (a) 150°C, (b) 300°C, (c) 600°C and (d) 800°C. The scale bar in each 

figure indicates 200 nm. 

 

Extinction spectra of Au-NIs on TiO2 prepared by different temperatures were shown in Figure 

2.19. Although the extinction values at the peak wavelength are different, all the Au-NIs on TiO2 

show plasmon peak at the wavelength range from 600 nm to 630 nm. This small different of 

extinction spectra may cause by the shape and size of Au nanoislands. Figure 2.19b indicates 

IPCE action spectra measured with Au-NIs/TiO2 photoelectrode prepared by different 

temperatures. The IPCE value at the LSPR wavelength of approximately 600 nm dramatically 

increased with the annealing temperature, and the highest IPCE value was obtained for Au-

NIs/TiO2 annealed at 800°C. At annealing temperatures higher than 800°C, no photocurrent was 

observed due to the TiO2 conductivity sharply decreases. The remarkable difference in IPCE 

value measured with Au-NIs that annealed at 150°C and 800°C were difficult to distinguish from 

one another using only the difference of the LSPR band and SEM images. Further study of the 

interfacial structure between Au and TiO2 is necessary for understand the mechanism that 

dominate the photocurrent conversion. The details of the interfacial structure study by high 

resolution transmission electron microscopy will discuss in chapter 3. 
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Figure 2.19 (a) Extinction spectra of Au-NIs/TiO2 photoelectrode and (b) IPCE action spectra 

measured with Au-NIs/TiO2 photoelectrode annealed at different temperature of 150°C (black), 

300°C (red), 600°C (blue) and 800°C (green). 

 

2.3.6 Influence of Annealing Atmosphere on Photocurrent Generation 

Logically, the annealing atmosphere may affect the Au nanoisland morphology due to the TiO2 

surface modification. The SEM images of Au-NIs on TiO2 who was fabricated by thermal 

annealing 3-nm Au gold thin film in vary atmosphere are shown in Figure 2.20. Clear Au 

nanoisland structure was observed for 3-nm Au thin film annealed in vary atmosphere.  It shows 

a relative smaller Au-NIs particle size distribution for Au-NIs annealed in O2 and larger for Au-

NIs annealed in vacuum atmosphere. However, all the Au-NIs shows plasmon band at 
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wavelength around 620 nm (Figure 2.21a). The corresponding IPCE action spectra were shown 

in Figure 2.21b. The Au-NIs/TiO2 that annealed in N2 shows the highest IPCE value at around 

600 nm; annealed in O2 shows a broad photocurrent respond band, from visible to infrared 

wavelength, and center at around 650 nm; annealed in H2 and vacuum show small photocurrent 

enhanced at around 650 nm.  All of Au-NIs annealed in vary atmosphere showed obvious Au-

NIs/TiO2, and all of them showed clear plasmon resonance band at around 620 nm, however, 

large IPCE different was observed. It might also contribute to the interfacial structure different 

between Au and TiO2.  

 

 

Figure 2.20 SEM images of Au-NIs that was fabricated by annealing 3-nm Au thin film in vary 

atmosphere. 
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Figure 2.21 (a) Extinction spectra of Au-NIs/TiO2 photoelectrode and (b) IPCE action spectra 

measured with Au-NIs/TiO2 photoelectrode annealed at different atmosphere of H2, O2, N2 and 

vacuum. 

 

2.3.7 Determination of Oxygen Evolution 

A possible mechanism for plasmon-enhanced photocurrent generation may result from the 

plasmon-assisted electron transfer reaction from Au-NIs to the conduction band of TiO2. A hole 

with a high oxidation ability was left at the TiO2 surface states near the Au-NIs/TiO2 interface, 

which has the potential for photocatalytic water oxidation.
11,12

 We recently reported that water 

molecules work as electron donors in the plasmon-enhanced photocurrent generation system, and 

consequently, oxygen evolution was confirmed in the photocatalytic water oxidization.
12

 

Therefore, we attempted to determine the oxygen evolution of the Au-NIs/TiO2 photoelectrode 

to pursue electron sources in the photocurrent generation system and to determine its 

photocatalytic ability.  
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The mass-to-charge ratio (m/z) of 28, 32, 34, 36, and 40 were determined by the gas 

chromatography-mass spectrometry (GC-MS) spectra shown in Figure 2.22.  The (m/z) of 28, 32, 

34, 36, and 40 are 
28

N2, 
32

O2, 
34

O2, 
36

O2 & 
36

Ar, and 
40

Ar gas chromatogram. The area of gas 

chromatogram was used for the calculation of gas concentration. The 
34

O2 gas chromatogram is 

used for quantitatively detection of oxygen evolution.  The calibration of 
34

O2 and 
40

Ar was 

shown in Figure 2.23. 

 

Figure 2.22 (a) Gas chromatogram of m/z 28, 32, 34, 36 and 40. Intensity was normalized to m/z 

40. (b) Enlarger view of the gas chromatogram of (a). 

 

 

Figure 2.23 Calibration curve of 
34

O2 and 
40

Ar gas. 

The mass-to-charge ratio (m/z) of 34 was determined from the gas chromatography-mass 

spectrometry (GC-MS) spectra shown in Figure 2.24a. The gas of m/z 34 is a kind of oxygen 
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isotope gas, which contains one 
16

O and one 
18

O atom. The gas chromatogram intensity of the 

m/z of 34 increased with irradiation time. It elucidated that water oxidation was proceeded 

successfully. Water oxidation process is a bottleneck for water splitting. In fact, the generation of 

oxygen gas by the formation of a bond between two oxygen atoms originating from water 

molecules that proves to be the bottleneck in the water splitting process. From the chemical 

reaction: 

2 22 4 4hH O O H e    
 

Four electrons are needed for one oxygen molecule generation. From the plot of oxygen 

molecule versus electron number, the linear relationship between the number of evolved oxygen 

molecules and the number of photogenerated electrons was clearly observed as shown in Figure 

2.24b. Thus, we confirmed that the oxygen isotope 
34

O2 evolved with visible light irradiation. 

The yield of evolved O2 as a function of the observed photocurrent was estimated to be 91.6%. 

Therefore, the evolution of O2 via four-electron oxidation of water molecules proceeded 

approximately stoichiometrically. Therefore, we successfully confirmed that water molecules are 

used as electron donors in the photocurrent generation system and that the system is useful as a 

photocatalyst responding to visible light. 

   

 

Figure 2.24 (a) GC-MS spectra of the oxygen isotope 
34

O2 evolved from the Au-NIs/TiO2 

system with different irradiation times. (b) The relationship between the number of evolved 

oxygen molecules and the number of photogenerated electrons. The electron number was 

calculated from the observed photocurrent. 

(a) (b) 
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2.4 Conclusions 

We successfully demonstrated enhancement in the photocurrent generation and 

photochemical water oxidation on TiO2 electrodes in the visible wavelength region which 

sensitized by gold nanoislands. Au-NIs on the surface of TiO2 shows clear plasmon resonance 

band at around 600 nm. The IPCE action spectrum corresponds with the plasmon band of Au-

NIs plasmon resonance band closely, which demonstrated that the photocurrent enhancement 

originated from localized surface plasmon resonance of Au-NIs. The localized enhanced 

electromagnetic field based on LSPR excitation may promote the electron transfer reaction from 

gold nanoislands to the conduction band of TiO2 to generate anodic photocurrent. The Au-TiO2 

interfacial structure was controlled by changing the annealing temperature, atmosphere during 

the preparation of the Au-NIs/TiO2 photoelectrode. We observed that the annealing temperature, 

atmosphere of the Au-NIs/TiO2 affects on the photocurrent generation. In addition the water 

oxidation was observed with Au-NIs/TiO2 electrode under visible light irradiation. The yield of 

photogenerated electron to the oxygen is approximately 91.6%. These findings will contribute to 

the design of metallic nanoparticle loaded TiO2 photovoltaic cells and photocatalysts.  
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Chapter 3.  

Electron Transfer between Au-NIs and TiO2 

3.1 Introduction 

The electron transfer between the metal and semiconductor is a key factor for understanding the 

mechanism of photocatalysis and photovoltaic properties improvement. Gold nanoparticles are 

attracting numerous interest since they are chemically stable and optically sensitive, showing 

unique size and shape-dependent optical properties due to the surface plasmon resonance.
1-4

 

Furthermore, strong electric fields near the metallic nanoparticles can enhance Raman 

scattering.
5-8

 fluorescence,
9,10

 and nonlinear process.
11,12

 In accord with the strong interactions 

between the environment and oscillating electrons in the gold nanoparticle, recently, it was 

evidenced that electron transfer from gold nanoparticle into a TiO2 semiconductor electrode 

occurs because the system exhibited photocurrent under excitation of the plasmon band.
13-17

 The 

electron and energy transfer between the metal nanoparticle and the semiconductor is the basis 

for study the plasmon-enhanced photochemistry and photovoltaic effects of the metallic 

nanoparticle/semiconductor systems. 

Charge separation at a plasmon-excited metal nanoparticle without degradation of the 

nanoparticles has firstly been reported by Tian and Tatsuma.
13

 They found that the charge 

separation is accomplished by electron transfer from the excited gold particles to TiO2 and that 

from a donor to the gold particle. The incident photon to current conversion efficiency (IPCE) is 

12% with the Fe
2+/3+

 redox mediator. Transient absorption measurements have been used to show 

an efficient electron transfer from gold nanodots to TiO2 with a yield of approximately 40%.
18

  

Plasmon resonances that arise from the collective oscillations of the electrons close to the surface 

of the noble metal have the ability to induce electron/hole generation, and the plasmon-excited 

electrons can be transferred to the conduction band of TiO2.
19,20

  

In contrast, the reverse electron transfer from TiO2 to gold is also reported.
21-23

 Kamat et al have 

demonstrated the electron transfer from TiO2 to the Ag core under UV irradiation of TiO2.
21,22

 

Novo et al. have demonstrated a method for modulating the optical properties of single gold 

nanorods using electrochemical charge injection.
23

 The plasmon band of gold nanorods exhibited 
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a clear and reversible blue shift when the electrochemical charges transferred from the ITO 

substrate to gold nanorods. 

In present chapter, we shown both of the electron transfer from the plasmon-excited Au-NIs to 

TiO2 electrode under visible light irradiation and the electron transfer from TiO2 to the Au 

nanoislands particles with electrochemical controlling. The electron transfer from plasmon-

excited Au-NIs to TiO2 produced the plasmon-enhanced anodic photocurrent generation, which 

showed a highly corresponding between IPCE band and the plasmon band of Au-NIs. The 

electron transfer from TiO2 to Au-NIs under a negative electrochemical potential controlled 

showed an Au-NIs plasmon-band blue-shift as the electrons accumulated in Au-NIs.   

3.2 Experimental details 

3.2.1 Electrochemical control of the plasmon shift 

The Au-NIs loaded TiO2 photoelectrode fabrication was described in the chapter 2. And in this 

chapter, the Au-NIs was fabricated under the 150 and 800 degree Celsius annealing in N2. To 

measurement the plasmon shifts of the Au-NIs loaded on TiO2 substrate, we used a photonic 

multichannel analyzer system (PMA C7473; Hamamatsu Photonics) to record the Au-NIs 

plasmon resonance spectrum within the wavelength range of 400-900 nm. A thin electrochemical 

cell was developed for locating the Au-NIs/TiO2 electrode and measures the optical spectrum. 

The cell was contained a copper TiO2 substrate holder, Teflon seal and a silica cover glass. A Pt 

and a Ag wire contact the electrolyte (a 0.1 M KCl solution) and function as counter and quasi-

reference electrodes, respectively. A lead wire connects the Au-NIs/TiO2 substrate, the working 

electrode, to the potentiostat, as shown in Schematic 1. 

 

Schematic 3.1 Cell for electrochemical charging experiment, comprising a cell with an Ag wire 

as quasi-reference electrode and a Pt wire as counter electrode. The electrolyte is 0.1 mol/cm
3
 

KCl solution. 
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3.3 Results and Discussion 

3.3.1 Interfacial structure effects on the electron transfer 

Plasmon resonance properties of Au nanoisland could be tailored by the thermal annealing 

temperature.
24

 Figure 3.1a shows extinction spectra of Au-NIs on TiO2 prepared under 150℃  

and 800 ℃  annealing. Although the extinction values at the peak wavelength are different, all the 

Au-NIs on TiO2 show plasmon peak at the wavelength range from 600 nm to 630 nm. Figure 

3.1b indicates IPCE action spectra measured with Au-NIs/TiO2 photoelectrode prepared by 

annealing at 150℃  and 800 ℃ . The IPCE value at the LSPR wavelength of approximately 600 

nm dramatically increased with the annealing temperature, and the high IPCE value was obtained 

for Au-NIs/TiO2 annealed at 800°C. The difference in IPCE value measured with Au-NIs that 

were annealed at 150°C and 800°C were difficult to distinguish from one another using only the 

difference of the LSPR band and SEM images. The interfacial structure between Au and TiO2 

substrate should be quite different for the low and high temperature annealing. 

 

 

Figure 3.1 (a) Extinction spectra of Au-NIs/TiO2 photoelectrode and (b) IPCE action spectra 

measured with Au-NIs/TiO2 photoelectrode annealed at 150°C (black), and 800°C (red). 

(b) 

(a) 
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Figure 3.2a and c show the HR-TEM images of the Au-NIs/TiO2 cross-sections prepared at 

800°C and 150°C, respectively. For Au-NIs/TiO2 annealed at 150°C, there was an interfacial 

structure with several atomic layers between the Au-NIs and the TiO2. The Au-NIs annealed at 

800°C tightly contacted the TiO2 surface and appeared to be incorporated into the interfacial 

structure atomic layers. The electron energy loss spectroscopy (EELS) was measured to 

characterize the interfacial structure of the Au-NIs/TiO2. In EELS, the corresponding core edge 

(the titanium (Ti) L2,3 edge) in the spectrum carries information about the electronic structure and 

symmetry coordination of the corresponding excited atom. The EELS spectra of the Ti L2,3 edge 

of the Au-NIs/TiO2 annealed at 800°C and 150°C after background removal and deconvolution 

are shown in Figure 3.2b and d, respectively. Five different positions of Au-NIs/TiO2 that lined 

the interface, marked in Figure 3.2a and c, were performed in the EELS measurement. The pitch 

between the vicinity EELS measurement positions was 1 nm. Spin-orbit splitting into 2p3/2 (L3) 

and 2p1/2(L2) levels with a separation of 5.4 eV was observed in all the spectra. The degree of 

crystallinity is reflected by the further splitting of the L2 and L3 peaks into two peaks due to the 

crystal-field interaction. The octahedral coordination of titanium atoms with oxygen splits the Ti 

3d states into the t2g(3dπ) and eg(3dσ) symmetries.
25 
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Figure 3.2 HR-TEM images of the cross-section at the interface of the Au-NIs and the TiO2 

annealed at 800°C (a) and 150°C (c) and the corresponding EELS spectra of the titanium L2,3 

edge (b) and (d), respectively. The EELS measurements were performed at five positions near 

the interface, which were indicated in each HR-TEM image. The electron beam size was 

approximately 2Å. The pitch between the vicinity positions was 1 nm.  

 

For the rutile-type TiO2 single crystal, four peaks of titanium L2,3 edge at energy losses of 459.6 

eV, 461.8 eV, 465.0 eV and 467.1 eV were clearly observed in Figure 3.2b at positions 3, 4, 5 

and in Figure 3.2d only at position 5. These positions appear to maintain TiO2 as a single crystal. 

The EELS spectrum of the interspace atomic layers between the Au-NIs and the TiO2 annealed 

at 150°C as shown in Figure 3.2d position 4 depicts two broad titanium L2,3 core-loss peaks. 

These two broad titanium L2,3 core-loss peaks that depict the interspace atomic layers are not 

perfect crystals of TiO2 and might be a form of reduced TiO2, such as TiO or Ti2O3. Most 

importantly, this broad EELS spectrum was also observed on the interior surface of the Au-NIs 

(Figure 3.2b, position 2) although the intensity was very low. The interface of the Au-NIs/TiO2 

annealed at 800°C, which supposed that the gold was embedded inside the reduced TiO2 surface 

layer and tightly contacted the TiO2 single crystal surface. Therefore, tight contact between the 

gold and the TiO2 single crystal is important for electron transfer reactions. 

3.3.2 Electrochemical controlled electron transfer from TiO2 to Au-NIs 

The schematic of the experiment setup was shown in Figure 3.3. The Au-NIs/TiO2 electrode was 

seal in a small electrochemical cell with 0.1 M KCl as electrolyte solution. The Pt and Ag wire 

acted as the counter and quasi-reference electrode. It is well known from the physical chemistry, 

the Fermi level of the semiconductor could be controlled with applying an external potential.
26

 

When a negative potential versus the reference potential was applied to the Au-NIs/TiO2 

working electrode, the Fermi level will be shifted negative, and the electron will transfer from 

the TiO2 to Au-NIs. The surface plasmon resonance is the collective electron movement near the 

metal surface. Thus, the electron density in the metallic nanoparticle plays a key role for the 

surface plasmon resonance. As reported, the localized surface plasmon resonance wavelength 

according to the following equation:
23
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where p  is the bulk plasma frequency,   is the permittivity of  high frequency contribution, L 

is the particle size shape parameter, m  is the permittivity of the media, N is the electron density, 

e is the charge of the electron, m is the effective mass of the electron and 0   is the permittivity of 

free-space. 

 

 

Figure 3.3 Schematic of the experiment setup. 

http://en.wikipedia.org/wiki/Electron_charge
http://en.wikipedia.org/wiki/Effective_mass_%28solid-state_physics%29
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If the electron density n change, the surface plasmon resonance wavelength will shift; blue-shift 

as the electron density increase and red-shift as the electron density decrease. Figure 3.4a shows 

the extinction spectra of Au-NIs under different applied potential. The plasmon band shifts were 

obviously shown when the applied potential shifted from 0 to -2.0 V. The onset potential of the 

plasmon band shift is around -0.5 V, which correspond to the flat band potential of the TiO2. The 

linear trend of plasmon wavelength shift as the applied potential changed is clearly shown in 

Figure 3.4b. Furthermore, in these experiments the most negative applied potential was -2.0 V, 

which resulted in a blue shift of 22 nm. From the change in applied potential and the calculated 

electron density change, the double layer capacitance of the Au-NIs was estimated to be 130 

F/cm
2
. 

 

 

Figure 3.4 (a) The plasmon band of Au-NIs shift as the applied potential changed. (b) Au-NIs 

plasmon peak wavelength versus the applied potential. 
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The plasmon band of the Au-NIs could be controlled by changing the electron density in the Au-

NIs. It will be interesting that if the electron in Au-NIs transfer to TiO2 by plasmon-excitation, 

the electron density will be decrease and result in the plasmon band red-shift. The number of the 

electrons transferred from plasmon-excited Au-NIs to TiO2 that calculated from the photocurrent 

generation is sufficient for the plasmon band shift, as discuss in last section. However, in our 

experiment, the plasmon band of Au-NIs did not show any shift under the intense light 

irradiation of the Au-NIs/TiO2 photoelectrode, as shown in Figure 3.5.  The results depict that 

the Au-NIs cannot capture the photo-generated hole inside it. The hole may be captured on the 

TiO2 surface state immediately after the electron transfer to the TiO2 or react with the water. 

 

 

Figure 3.5 (a) Photocurrent generated under the low intensity and high intensity light irradiation.  

(b) Plasmon band of Au-NIs under low intensity and high intensity light irradiation. 

 

3.3.3 Electron transfer at Au nanoblock/ITO interface 

In previous section, Au-NIs showed weak plasmon-excited hole capture ability at the interface of 

Au/TiO2 Schottky junction. In contrast, there is not Schottky junction on Au/ITO interface.  It 

allows charge to flow easily in both directions between Au and ITO, without blocking due to 

rectification or excess power dissipation due to voltage thresholds. It is valuable to investigate 

charge transfer at Au/ITO interface.  

(a) (b) 
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Electron beam lithography (EBL) and lift off method was employed for Au nanoblock 

fabrication with homogeneous nanoparticle size distribution, which makes it facility for plasmon 

band study. Au nanoblock was fabricated on ITO coated glass substrate.  Figure 3.6 shows top-

view SEM image of Au nanoblock on ITO substrate. The size and height of Au nanoblock are 95 

and 40 nm, respectively. Au/ITO substrate was located in thin electrochemical cell (as shown in 

Schematic 3.1) and used as working electrode. The electrochemical potential was controlled by 

electrochemical analyzer.  

 

 

Figure 3.6 SEM image of Au nanoblock on ITO substrate. The size of Au nanoblock is 95 nm.  

 

When applied external potential on Au/ITO electrode, the electron density in Au nanoblock will 

change immediately. According to last section, the plasmon band will shift as the electron 

density change. Figure 3.7 shows the plasmon band of Au nanoblock blue-shifts as the negative 

potential applied. The extinction value also increases as the negative potential applied due to the 

stronger plasmon resonance induced by higher electron density. Figure 3.8 shows the plasmon 

band of Au nanoblock red-shifts as the positive potential applied. The extinction value decrease 

as the positive potential applied due to the weaker plasmon resonance induced by lower electron 

density. 
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Figure 3.7 Plasmon band of Au nanoblock blue-shifts as negative potential applied. 

 

 

Figure 3.8 Plasmon band of Au nanoblock red-shifts as positive potential applied. 

 

3.3.3 Mechanism of plasmon-enhanced photocurrent generation in Au-NIs/TiO2 

By combining the experiment results of the plasmon-enhanced photocurrent generation, water 

oxidation and the electrochemical controlled plasmon band shift, we can concluded the 
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mechanism of plasmon-enhanced photocurrent generation with Au-NIs/TiO2 photoelectrodes, as 

the Figure 3.9 shown. The electron/hole pairs were generated inside Au-NIs under the plasmon-

excitation, the electrons energetically have potential to transfer though the Schottky barrier 

between Au-NIs and TiO2 to the conduction band of TiO2. The plasmon-excited holes with high 

oxidation power were captured by the surface state of TiO2 immediately, and consequently oxide 

the water to generate oxygen. Some researchers showed possible mechanism of plasmon-excited 

“hot electron” transition from gold to TiO2.
19-20

 The electron excited from the energy states near 

Fermi level to the higher sp-band of Au by plasmon resonance, and a hole was left near Fermi 

level. However, the hole left near Fermi level of Au does not have the potential to oxide water 

for oxygen evolution. Therefore, we suspected that it is the plasmon-induced electron excited 

from d-band to sp-band of Au, and a hole with high oxidation power was left near Au d-band. 

The hole was trapped by TiO2 surface state quickly due to the weak hole capture ability of Au. 

 

 

Figure 3.9 Energy diagram of electron excitation based on between-band transfer. Standard 

redox potential of electron donors and the flatband potential of an n-TiO2 rutile single crystal 

were reviewed in refs [14] 



76 

 

3.4 Conclusions 

We successfully demonstrated the Au-TiO2 interfacial structure could be controlled by the 

annealing temperature during the preparation of the Au-NIs/TiO2 photoelectrode. We observed 

that the annealing temperature of the Au-NIs/TiO2 affects the contact between the gold and the 

TiO2, which plays a crucial role in the photocurrent generation, in addition to the structural 

geometry of the Au-NIs. HR-TEM and EELS analyses elucidated the importance of complete 

contact between the gold and the TiO2 single crystal structures for the electron transfer. In 

reverse, the electron transfer from TiO2 to Au-NIs was controlled by the electrochemical 

potential, which showed the Au-NIs is a good electrons acceptor but not holes. These findings 

will contribute to the design of metallic nanoparticle loaded TiO2 photovoltaic cells and 

photocatalysts.  
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Chapter 4.  

Improvement of Plasmon-Enhanced Photocurrent Generation by Interference 

of TiO2 Thin Film 

4.1 Introduction  

Plasmon-enhanced photocurrent generation and water oxidation in aqueous supporting 

electrolytes, even in the near-infrared wavelength region, using gold-nanorods-loaded TiO2 

single-crystal photoelectrodes have been demonstrated by our group.
1
 We also demonstrated that 

the contact between gold nanoparticles and TiO2 plays an important role in photocurrent 

enhancement and water oxidation.
2
 The plasmon-induced charge separation mechanism of Au 

nanoparticles/TiO2 system is believed to be electron transfer from plasmon-excited Au 

nanoparticles to the conduction band of TiO2.
3
 Therefore, to obtain higher photocurrent 

generation efficiency, it is important to increase the probability of interaction between Au 

nanoparticles and the incident photons to increase the creation of plasmon-excited electrons. 

In most Au/TiO2 heterogeneous systems, TiO2 nanocrystal particles or TiO2 single crystals 

are employed. However, the use of lightweight and reliable low-cost thin films for solar energy 

conversion is promising. Titanium dioxide thin films are transparent in the visible and infrared 

wavelength regions, with a high refractive index (n ~ 2.7). When a TiO2 thin film with a 

thickness of several hundred nanometers deposited on low-refractive-index silica glass (n ~ 1.46) 

is used, the probability of plasmon excitation of Au nanoparticles on the TiO2 thin films should 

be strongly enhanced by Fabry–Pérot interference when the transmission constructive 

interference wavelength of the TiO2 thin film overlaps the plasmon band of the Au nanoparticles 

(Scheme 4.1).  

On the basis of this expectation, we here report in this chapter on the spectral properties and the 

photocurrent generation efficiency of Au-NIs-loaded TiO2 thin-film electrodes and demonstrate 

the dependence of these properties on the thickness of the TiO2 thin films.  
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Scheme 4.1 Fabry–Pérot interference in the Au-NIs/TiO2 thin films deposited onto SiO2 

substrate. Normal light irradiation was used with an incident angle= 0°. 

 

4.2 Experimental details 

4.2.1 Au-NIs/TiO2 substrate preparation and characterization 

Before ALD deposition, silica glass with a size of 10 × 10 × 0.5 mm
3
 (Pier Optics, Japan) 

was rinsed with acetone, methanol, and deionized water in an ultrasonic bath for 5 min and was 

then immersed into a solution containing concentrated sulfuric acid and hydrogen peroxide (30 

wt.% in H2O) in a volume ratio of 1:1 for 1 hour. The glass was rinsed with deionized water and 

dried with a pure nitrogen flow. Titanium dioxide thin films with different thicknesses were 

deposited onto the silica glass substrate using a commercial hot-wall flow-type ALD reactor 

(SUNALETM R series, Picosun, Finland). The deposition procedure involved alternating 

exposure of TiCl4 and deionized water vapor at a process temperature of 300°C with N2 as a 

precursor carrier and purge gas at a pressure of 1.6 kPa. The pulse and purge times for the 

precursors were 0.1 s and 4 s, respectively. The deposition rate of TiO2 on silica glass was 

estimated to be 0.43Å per cycle. To fabricate uniform, one-sided-deposition TiO2 films, the silica 

glass was tightly attached to a smooth cover glass, which was washed with deionized water in an 

ultrasonic bath for 5 min. The TiO2 film thickness was estimated from the interference 

oscillations in the visible spectra using an optical spectroscopic reflectometer (F20, Filmetrics, 
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USA) with a lower bound accuracy of ± 2 nm, and the difference between film thicknesses is ± 4 

nm. A 3-nm Au thin film was evaporated by a thermal evaporator with a deposition rate of 0.2Å 

per second. All of the depositions were performed under a pressure less than 5.0 × 10
-3

 Pa, and 

the thicknesses were monitored with a quartz-crystal oscillator placed near the substrates. After 

evaporation of the 3 nm Au film, the samples were annealed in H2 (3.9% in Ar) at 250°C for 2 

hours, and the Au nanoislands appeared on the TiO2 film surfaces. The optical reflectance and 

transmittance spectra were obtained using a photonic multichannel analyzer (PMA C7473; 

Hamamatsu Photonics) system operated within the wavelength range of 400-900 nm. The 

surface morphology of the ALD-deposited TiO2 and the Au-NIs on the TiO2 surface were 

observed by field-emission scanning electron microscopy (FE-SEM, JSM-6700FT, JEOL), 

whose maximum resolution at an electron acceleration voltage of 15 kV was 1 nm. X-ray 

diffraction spectra of the TiO2 thin films were recorded with a RIGAKU RINT-2000/PC using 

 u Kα radiation and a scanning speed of 2° (2θ)/min within the 2θ range from 20° to 60°  

4.2.2 Photoelectrochemical measurement 

An In-Ga alloy (4:1 in weight ratio) film was pasted onto the backside and the side walls of 

the TiO2-film-coated silica substrate to make ohmic contact and was connected to an 

electrochemical analyzer (ALS/CH Instruments 852C, ALS) with a copper lead wire. The 

conductivity between the TiO2 and the In-Ga alloy was dominated by the ohmic contact of the 

side walls. The normal incident irradiation was always used in our experiment, and it is 

important to maintain the normal incident due to the sensitive interference resonance wavelength 

dependence on the incident angle. The method to ensure the normal incident during the 

photoelectrochemical measurement is to align the optical circuit and the Au-NIs/TiO2 electrode 

to make sure the incident and reflected light of the Au-NIs /TiO2 go through the same pinhole 

that located about 10 cm in front of the Au-NIs /TiO2 electrode; the pinhole size is approximately 

2.5 mm. For the measurement of the IPCE action spectra and I–V curves, a platinum wire and a 

saturated calomel electrode (SCE) were employed as the counter electrode and reference 

electrode, respectively. To obtain the IPCE action spectra, band pass filters with a bandwidth less 

than 15 nm full-width at half-maximum (FWHM) were used. An Ar-gas-bubbled KClO4 (0.1 

mol/dm
3
) aqueous solution was used as a supporting electrolyte solution without a specific 
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electron donor. The Au-NIs/TiO2 working electrode potential was set at +0.3 V versus SCE 

when the I–t curve was measured. 

4.3 Results and Discussion 

4.3.1 Characteristics of ALD-deposited TiO2 thin films 

To study the relationship between the thickness and the photocurrent generation of Au-NIs-

modified TiO2 thin films, we deposited a series of TiO2 thin films onto silica glass substrates by 

atomic layer deposition (ALD), which is a method for depositing thin films with precise 

thickness control and excellent step coverage; this method is known for its unique self-limiting 

growth and layer-by-layer deposition mechanism.
4-6

 However, for the deposition of crystalline 

TiO2 thin film with thickness larger than 200 nm, the obvious aggregation of TiO2 crystalline 

were formed, which makes the ultraprecise thickness control difficult in experiment. The TiO2 

film thicknesses were estimated from interference oscillations using an optical spectroscopic 

reflectometer and were confirmed by SEM cross-section observations (shown in Figure 4.1).  

 

Figure 4.1 Cross-section images of Au-NIs/TiO2 thickness of 228 nm and 243 nm. 

 

Color photographs of the TiO2 thin films on silica glass substrates are shown in Figure 4.2. 

The TiO2 film thicknesses ranged from 215 nm to 274 nm and exhibited a characteristic color 

due to the Fabry–Pérot interference. The colors of the sample edges slightly differed from those 

of the centers, where the colors were non-uniform because the center part of the silica glass only 

had TiO2 deposited on one side, whereas both sides were covered near the edge. One-sided TiO2 

deposition is favorable for optical spectrum measurements compared to two-sided TiO2 
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deposition, which results in a non-uniform film on the back side. Only the center area with a 

diameter of 2 mm was used for the investigation of the photoelectrochemical (PEC) properties.  

The XRD investigation, as shown in Figure 4.3, indicated that the crystallographic phase of the 

TiO2 films prepared in the present work, with thicknesses that ranged from 215 nm to 275 nm, 

were anatase-type titanium dioxide. The anatase (101) reflections, at 2= 25.3°, exhibited the 

highest intensities in the XRD spectra. The anatase (200) and (211) reflections showed at around 

48° and 55°. In particular, the XRD intensity of the TiO2 films gradually increased with 

increasing TiO2 film thickness. Anatase-phase TiO2 has previously been shown to exhibit 

substantially greater photocatalytic activity than rutile-phase TiO2 because the conduction band 

of the anatase phase is 0.2 eV more negative than that of the rutile phase and because the anatase 

phase is more hydrophilic than the rutile phase.
7
 Thus, anatase TiO2 is valuable for the 

investigation of the PEC properties. 

 

 

Figure 4.2 Photographs of the TiO2 films deposited onto silica glass by atomic layer deposition 

at 300°C. The TiO2 films thicknesses are (a) 215 nm, (b) 228 nm, (c) 237 nm, (d) 274 nm, and (e) 

275 nm. 
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Figure 4.3 XRD measurements of the TiO2 thin films with thicknesses that range from 215 nm 

to 275 nm; the films were deposited by atomic layer deposition at 300°C. 

 

4.3.2 PEC and optical properties of Au-NIs/TiO2 thin films with thicknesses of 215 nm and 

243 nm     

Pure anatase TiO2 absorbs light within the UV region due to its large bandgap.
8
 To improve 

and extend the activity in the visible region, we have deposited small Au nanoparticles onto TiO2 

thin films. The Au nanoparticles can increase the incident light-absorption cross-section and 

enhance the generation of electron/hole pairs due to the localized surface plasmon resonance. In 

our study, we fabricated Au-NIs by thermal evaporated a 3 nm Au thin film onto a TiO2 film 

surface and annealed the film under H2 to increase the charge-carrier density of the TiO2 by 

creating a high concentration of oxygen vacancies.
9
 The root-mean-square roughness factor Rrms 

of the TiO2 films, measured by atomic force microscopy, are 13.7 nm, 13.5 nm, 13.8 nm, 13.9 

nm for TiO2 thin film in thickness of 215 nm, 228 nm, 243 nm and 274 nm respectively (shown 

in Figure 4.4); these roughness factors correspond to approximately /40. Top-view SEM 

micrographs of the Au-NIs-loaded TiO2 thin films with thicknesses of 215 nm, 228 nm, 243 nm 

and 274 nm are shown in Figure 4.5. The TiO2 surface morphology indicated significant surface 

roughening. The agglomerate formation can be attributed to the growth of anatase-type TiO2 

crystals during the ALD deposition process.  
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Figure 4.4 AFM images of ALD TiO2 in thickness of (a) 215 nm, (b) 228 nm, (c) 243 nm and (d) 

274 nm. 

 

The Au-NIs loaded on the all of TiO2 thin films exhibited similar particle size distributions 

and nearly round shapes when viewed from the top, and the statistical analysis of the particles for 

all samples revealed an average size distribution of 11.5 nm in diameter with a standard 

deviation approximately 6 nm (shown in Figure 4.5). It was confirmed by the SEM image of 

Figure 4.5 (a) and (i) that the Au-NIs particles on 215-nm TiO2 surface did not change before 

and after light irradiation due to its high photocorrosion resistance for the photochemical reaction. 
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Figure 4.5 SEM images and Au-NIs particle size histograms distributions of Au-NIs/TiO2 with 

vary TiO2 thin film thickness before photoelectrochemical (PEC) measurement and 215-nm Au-

NIs/TiO2 after PEC measurement. The scale bar represents 200 nm. 

 

 The PEC properties of the Au-NIs/TiO2 were studied under normal light irradiation, as 

shown in Scheme 4.1. Figure 4.6 show the  top-view SEM images and I–t and I–V curves, 

respectively, of the Au-NIs/TiO2 photoelectrodes with TiO2 thicknesses of 215 nm and 243 nm 

under irradiation by 600 nm monochromatic light with an intensity of 1.68 mW/cm
2
. The Au-

NIs/TiO2 with a thickness of 215 nm exhibited a much higher photocurrent than the 243-nm film 

under irradiation with 600-nm light. 

 

Figure 4.6 SEM images of Au-NIs on TiO2 films with thicknesses of 215 nm (a) and 243 nm (b), 

and the I–t plots (c) and I–V curves (d) of Au-NIs/TiO2 with thicknesses of 215 nm and 243 nm 

under irradiation with 600-nm monochromatic light with an intensity of 1.68 mW/cm
2
. The scale 

bars in the SEM images represent 200 nm. The potential for the I–t measurement was 0.3 V vs. 

SCE, and the scanning speed for the I–V measurement was 5 mV/s. 
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To obtain the plasmon resonance band of the Au-NIs and eliminate the interference effects, we 

fabricated Au-NIs on an ALD-deposited TiO2 thin film with a thickness of 30 nm. The extinction 

spectrum shown in Figure 4.7, which was measured in a 0.1 M KClO4 solution, represents the 

plasmon resonance band of the Au-NIs. The Au-NIs plasmon resonance band is centered at 603 

nm, and the wavelength region (from 540 nm to 675 nm) marked with light-blue depicts the full-

width at half-maximum (FWHM) of the plasmon band.  

 

Figure 4.7 The plasmon resonance band of Au nanoislands loaded on a 30-nm-thick ALD 

deposited TiO2 thin film surface; the measurement was performed with the sample in 0.1 M 

KClO4 solution. The particle size of the Au nanoislands is approximately 12.5 nm with a 

standard deviation of approximately 7 nm. 

 

Figures 4.8a to d show the transmission and reflection spectra of the TiO2 films with thicknesses 

of 215 nm and 243 nm with and without Au-NIs loaded; the spectra reveal the interference wave 

due to the high refractive index of the TiO2 films and the large refractive index difference from 

the surrounding materials. The light-blue wavelength region indicates the FWHM of the Au-NIs 

plasmon resonance band, as shown in Figure 4.8. The wavelengths at maximum or minimum 

reflectance and transmittance were correlated with the thickness and the refractive index of the 
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thin film: thicker films exhibited a red-shift in the maximum or minimum. The reflectance and 

transmittance of the TiO2 films show symmetric interference waves with maximum values that 

correspond to the minimum values of each other. The 1-T-R of the TiO2 thin film without Au-

NIs increased as the wavelength decreased, as shown by the green lines in Figures 4.8a and c. 

The ALD-deposited TiO2 films showed obvious agglomerated grains on their surfaces, as seen in 

the SEM micrographs in Figures 4.6a and b; these films exhibited significant Rayleigh scattering 

and resulted in the non-zero and wavelength-dependent 1-T-R spectra. A key step in improving 

the efficiency of the photoreaction is to increase the optical absorption. Our investigations were 

thus primarily based on the correlation of the TiO2 thin film interference and the Au-NIs 

plasmon resonance. When the transmittance constructive interference of the TiO2 thin films 

overlaps with the plasmon resonance of the Au-NIs, the possibility of incident light interacting 

with the Au-NIs is increased, and an increasing number of photons are captured by the Au-NIs, 

which results in a large difference between the transmittance spectra with and without Au-NIs-

loaded TiO2 films. For the 215 nm thick TiO2 films, the transmission constructive interference 

wavelength was approximately 620 nm, which is in the wavelength region marked with light-

blue and partially overlaps the Au-NIs plasmon band. This overlapping led to a wavelength 

mismatch of the constructive interference of the transmission and reflection at approximately 680 

nm (as the black and red lines show in Fig. 4.8b) and resulted in a larger difference in the 1-T-R 

between the TiO2 films with and without Au-NIs at a wavelength of approximately 600 nm (as 

shown by the green lines in Figures 4.8a and b). However, for the 243 nm thick TiO2 film, the 

transmittance constructive wavelengths were approximately 480 nm and 680 nm, which are far 

from the Au-NIs plasmon resonance band, and a transmittance destructive interference 

wavelength was present at approximately 560 nm, which led to negligible overlapping of the 

interference and Au-NIs plasmon resonance. The negligible overlapping resulted in a small 

difference in the transmittance and the 1-T-R between the TiO2 films with and without Au-NIs, 

as indicated by the red and green lines in Figures 4.8c and d. 
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Figure 4.8 The reflection, transmission and 1-T-R spectra of TiO2 films with a thickness of 215 

nm without Au-NIs (a) and with Au-NIs (b) and those of films with a thickness of 243 nm 

without Au-NIs (c) and with Au-NIs (d). 

 

To provide details of our investigation of the 1-T-R difference between the TiO2 films with 

thicknesses of 215 nm and 243 nm, the △ (1-T-R) spectra with and without Au-NIs with 

thicknesses of 30 nm, 215 nm, and 243 nm are plotted in Figure 4.9a. The △ (1-T-R) spectrum 

reveals the Au-NIs optical absorption and scattering, and, in the case of small Au nanoparticles 

(~10 nm), it is dominated by the absorption of the optical absorption cross-section, which is far 

larger than the scattering cross-section.
10

  As previously discussed, the Au-NIs plasmon 

resonance highly depend on the TiO2 thin-film interference. The △ (1-T-R) spectrum of the TiO2 

thin film at 228 nm shows an obvious Au-NIs plasmon resonance band at approximately 600 nm, 

and the △ (1-T-R) value is increased compared to that of the Au-NIs on the 30 nm TiO2 thin film 

due to the partial overlap of the transmission constructive interference and the Au-NIs plasmon 

resonance band. In the △ (1-T-R) spectrum of the 243 nm thick TiO2 film, an unobvious Au-NIs 

△ (1-T-R) band was observed at approximately 600 nm that exhibited a low △ (1-T-R) value due 

to the negligible overlapping of the transmission constructive interference and the Au-NIs 
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plasmon resonance band. The TiO2 photoelectrode loaded with Au-NIs has already been 

demonstrated to achieve plasmon-enhanced photocurrent at visible wavelengths.
7
 The 

monochromatic efficiency is indicated by the incident photon to current efficiency (IPCE), which 

is simply the number of electrons measured under short-circuit conditions divided by the number 

of incident photons. The IPCE value is calculated from the formula: 

                                    %   1240  /     100( )sc incIPCE J I                                  (1) 

where Jsc is the short-circuit photocurrent (Acm
-2

), Iinc is the incident light power (Wcm
-2

), and 

is the wavelength (nm). The IPCE action spectra of the Au-NIs/TiO2 with thicknesses of 215 nm 

and 243 nm are shown in Figure 4.9b. The IPCE spectrum of the 215 nm TiO2 film reveals a 

clear enhancement band at approximately 620 nm (shown in red). In contrast, the IPCE of the 

243 nm TiO2 film shows only a small hump without large enhancement at 620 nm.  

 

Figure 4.9 (a) △ (1-T-R) spectra, with and without Au-NIs, of TiO2 thin films with thicknesses 

of 30 nm, 215 nm, and 243 nm. (b) The IPCE action spectra of Au-NIs/TiO2 with TiO2 

thicknesses of 215 nm and 243 nm. 

 



91 

 

4.3.3 △ (1-T-R) and IPCE spectra of Au-NIs/TiO2 thin-film electrodes 

The transmission and reflection spectra of TiO2 thin film with vary thickness are shown in 

the Figure 4.10. Transmission constructive (reflection destructive) wavelength of 215-nm, 228-

nm and 243-nm TiO2 are totally, partially and negligibly overlapping with the Au-NIs plasmon 

band in the wavelength region longer than 603 nm, respectively. The 274-nm shows a 

transmission constructive (reflection destructive) interference partially overlapping with Au-NIs 

plasmon band in the wavelength region shorter than 603 nm. These totally, partially and 

negligibly overlap between the interference of TiO2 thin film and Au-NIs plasmon band lead to 

the difference of △ (1-T-R) spectra.  

 

Figure 4.10 Experiment transmission (a), reflection (b) and calculation transmission (c), 

reflection (d) of TiO2 thin film with vary thickness. 

 

The △ (1-T-R) spectra and the IPCE action spectra of Au-NIs/TiO2 photoelectrodes with 

various TiO2 film thicknesses are shown in Figure 4.11a and b, respectively. The IPCE action 

spectra correlate with the △ (1-T-R) spectra for all the Au-NIs/TiO2 photoelectrodes. The IPCE 

of bare TiO2 (without Au-NIs) annealed in H2 is shown in Figure 4.11b for reference. A greater 

△ (1-T-R) intensity indicates a greater number of incident photons interacting with the Au-NIs, 

which results in a higher photocurrent conversion efficiency. The two higher △ (1-T-R) values 

for the Au-NIs on 215 and 228 nm thick TiO2 films exhibit higher IPCE values, and both the 

△ (1-T-R) and IPCE bands are centered at approximately 610 nm. The 215-nm TiO2 exhibited 
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the highest △ (1-T-R) value, although its IPCE is similar to that of the 228-nm film, probably 

due to an improvement of the photocatalytic properties of TiO2 with increased film thickness.
11,12

 

For the TiO2 film with thicknesses of 274 nm, the IPCE spectrum shows blue shift that 

correspond to the blue shift of the Au-NIs △ (1-T-R) band. The IPCE value decreases as the 

△ (1-T-R) values decreases. For the TiO2 film thickness of 243 nm, the IPCE value sharply 

decreases and shows the lowest value, which results from the lowest △ (1-T-R) of its Au-NIs. 

The IPCE action spectra of the all the Au-NIs/TiO2 and the △ (1-T-R) spectra coincide with the 

overlap between TiO2 thin film interference and Au-NIs plasmon band, which indicates that the 

photocurrent enhancement results from the Au-NIs plasmon resonance that is enhanced by 

coupling with the TiO2 thin-film interference. For the Au-NIs/TiO2 films with thicknesses of 215 

nm and 243 nm, the difference in their thicknesses is about 15±4 nm, yet their PEC properties 

differ dramatically. This interference effect in PEC properties provides a facile approach for 

tailoring the plasmon-enhanced photocurrent generation. The mechanism for the anodic 

photocurrent enhancement of Au-NIs/TiO2 electrodes is direct electron transfer
13-15

 from the 

photon-excited Au-NIs to the conduction band of TiO2 at the Au-NIs/TiO2 heterogeneous 

interface; the holes in the Au-NIs with active oxidation ability are immediately captured by the 

TiO2 surface state and, consequently, by the oxidation of water to evolve oxygen. For 

wavelengths shorter than 500 nm, the electron transfer from the Au-NIs to the conduction band 

of TiO2 is based on direct excitation of the electron interband transition of the Au-NIs and shows 

that the IPCE value increases sharply as the wavelength decreases. For wavelengths longer than 

500 nm, the electron transfer is dominated by plasmon-excited electrons of the Au-NIs and their 

transfer to the conduction band of TiO2; this process results in a plasmon-enhanced IPCE band in 

visible region. The dependence of the IPCE action spectra on the Au-NIs plasmon band enables 

us to confirm the plasmon resonance origin of the observed photocurrent enhancements. The 

plasmon-enhanced optical and PEC activities could be facilely engineered through control of the 

thickness of the TiO2 thin film. 
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Figure 4.11 △ (1-T-R) spectra (a) and IPCE spectra (b) of the Au-Ns/TiO2 thin-film electrodes. 

The IPCE spectrum of bare TiO2 with a thickness of 270 nm is plotted as the black, hollow-

square scatter line shown in the lower panel. The data for TiO2 films with thicknesses of 215 nm 

and 243 nm were obtained from Figure 4.9. 

 

4.4 Conclusions 

In summary, we demonstrated the dependence of the plasmon-enhanced photocurrent 

generation of Au-NIs-loaded anatase-TiO2 thin films prepared on the silica substrate by ALD 

deposition. Anodic photocurrent enhancement that depended on the thickness of a TiO2 thin film 

was observed using Au-NIs/TiO2 electrodes under irradiation with visible light, and the IPCE 

action spectra of the Au-NIs/TiO2 electrodes closely correlated to the Au-NIs plasmon band. 

This result indicates that the photocurrent originated from the plasmon-excited Au-NIs. We 

easily controlled the plasmon-enhanced photocurrent conversion efficiency by controlling the 

TiO2 thin film thickness within several tens of nanometers. Higher photocurrent conversion 

efficiency was obtained when the TiO2 thin film transmittance constructive interference 
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overlapped with the plasmon resonance of the Au-NIs. We believe that this thin-film-thickness-

dependent photocurrent generation is functional for the further design of low-cost and 

lightweight plasmon-enhanced energy conversion devices.   
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Chapter 5.  

Plasmon-Enhanced Photocurrent Generation in TiO2 Thin Film Deposited on 

Al Coated Silica  

5.1 Introduction 

Light harvesting plays a decisive function for device performance for the solar energy 

conversion device. For the further development of the solar energy conversion, a reduction the 

cost and increase the efficiency of solar conversion device are the major issues. The thin-film 

solar energy conversion device has the potential to reduce the cost of the device fabrication. 

However, the light trapping in the thin-film absorption layer is limited due to the short path way 

of light-matter interaction.  

The optical properties of metal particles have been studied since the time of Faraday.  In recent 

decades interest has intensified due to the discovery that Raman scattering can be increased by 

orders of magnitude through the use of metal nanostructures.
1,2

 Following this, there has been a 

great deal of work in fundamental properties and applications of plasmonic resonances, 

especially in biosensing.
3,4

 Pioneering work in the area of plasmonic enhancement of light-

harvesting devices was done. 5-9
 

Stuart and Hall showed that an enhancement in the photocurrent of a factor of 18 could be 

achieved for thin film silicon-on-insulator at a wavelength of 800nm using surface decorated 

with silver nanoparticles.
10

 Subsequently Schaadt et al. deposited gold nanoparticles on highly 

doped wafer-based solar cells, obtaining enhancements of up to 80% at wavelengths around 

500nm.
11

 Derkacs  et al. used Au nanoparticles on thin-film amorphous silicon solar cells to 

achieve an 8 % overall increase in conversion efficiency.
12

 Recently, Pillai et al . deposited silver 

particles on 1 25  μm thic  silicon-on-insulator solar cells and planar wafer based cells, and 

achieved overall photocurrent increases of 33 % and 19 % respectively.
5
 Enhancements due to 

particle plasmons have also been reported for other semiconductors than silicon. Here, early 

work was done by Stenzel et al., who reported an enhancement in photocurrent by up to a factor 

of 2.7 for ITO-copper phthalocyanine-indium structures. Westphalen et al. reported an 

enhancement for silver clusters incorporated in an ITO and zinc phthalocyanine solar cell.
13
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Rand et al.  have reported enhanced efficiencies for ultra-thin film organic solar cells due to the 

presence of very small (5 nm diameter) silver nanoparticles.
14

 Morfa  et al. have reported an 

increase in efficiency by a factor of 1.7 for organic bulk heterojunction solar cells.
15

 Increased 

photocurrent has also been reported for CdSe/Si heterostructures
16

 and enhanced carrier 

generation has been observed in dye-sensitized TiO2 films.
17

 Catchpole et al. have shown 

theoretically that particle shape is a crucial parameter determining the light trapping efficiency: 

path length enhancements in thin films of up to a factor of 30 were found for optimized shapes.
18

  

In the other hand, the back side metal reflector or surface plasmon polaritons supporting are 

employed for increase the incident light path way.
19,20

 Zeng et al. developed for solar cells that 

can enhance the optical path length by several orders of magnitude using a textured photonic 

crystal as a backside reflector.
21

 They showed an external quantum efficiency significantly 

improved between the wavelengths of 1000 and 1200 nm and the overall power conversion 

efficiency was considerably increased. Banerjee et al. studied role of back reflectors in 

enhancing the absorption of weakly absorbing, long wavelength light as applied to amorphous 

silicon alloy solar cells, which showed a improvement of the short circuit current density and 

thereby the efficiency of the cell.
22

 Ferry et al. investigated the control of the nanopatterning on 

the Ag back contact of an n-i-p a-Si:H solar cell, demonstrated an efficiency increase from 4.5% 

to 6.2%, with a 26% increase in short circuit current density.
19

 

As described in the previous chapter, we have demonstrated the plasmon-enhanced photocurrent 

generation in Au-NIs/TiO2 thin-film photoelectrodes. The higher refractive index anatase type 

TiO2 can confine the incident light inside the TiO2 thin-film, and increase the interaction 

between Au-NIs and incident light. Logically, the more light that localized inside the TiO2 thin-

film the more light will be trapped with Au-NIs, and higher photoelectron conversion efficiency 

could be realized. In previous study, the substrate of TiO2 thin-film deposited on silica glass 

shows obvious Fabry–Pérot interference. The interference wavelength could be facility control 

by vary the TiO2 thin-film thickness. However, the reflection r on the interface of TiO2/silica is 

still low. The coefficient of finesse of the Fabry–Pérot interference is defined by: 

2

4

(1 R)

R
F 


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Where R = r
2
. A high-finesse etalon shows sharper peaks and lower transmission minima than a 

low-finesse. One of effective approaches to increase the finesse of the Fabry–Pérot interference 

of TiO2 thin-film solar energy conversion system is to use metal reflector between the TiO2 and 

silica glass. The metal reflector increases the reflection at the interface of TiO2 and metal, 

inducing a high Fabry–Pérot interference finesse. Thus more incidents light will be trapped in the 

TiO2 thin-film layer and increase the interaction between the photon and the Au-NIs. Base on 

this concept, we investigated the plasmon-enhanced photocurrent generation on Au-NIs/TiO2 

thin film that deposited on Al coated silica glass substrate. 

5.2 Experiment details 

A 50 nm aluminum thin film was evaporated on silica glass and used as the reflector. It is well 

known the Al thin-film is a good reflector at the visible wavelength region. After the evaporation, 

Al thin-film on silica was rinse with pure water to increase the surface hydroxyl group, which is 

benefit for the TiO2 thin film deposition. The TiO2 thin films with thickness range from 230nm 

to 290 nm were deposited on the Al thin-film by ALD deposition at temperature of 300 degree 

Celsius. The details of the TiO2 thin film deposition was described in experiment section of 

Chapter 4. After the TiO2 thin-film fabrication, a 3-nm Au thin film was evaporated by a thermal 

evaporator with a deposition rate of 0.2Å per second. All of the depositions were performed 

under a pressure less than 5.0 × 10
-3

 Pa, and the thicknesses were monitored with a quartz-crystal 

oscillator placed near the substrates. After evaporation of the 3 nm Au film, the samples were 

annealed in H2 (3.9% in Ar) at 250°C for two hours, and the Au nanoislands appeared on the 

TiO2 film surfaces. The photoelectrochemical measurement experiment details describe in 

chapter 4. 

5.3 Results and discussion 

5.3.1 Characterization of Au-NIs/TiO2 on Al-Silica 

The schematic of the cross-section of the Au-NIs/TiO2/Al-SiO2 substrate is shown in Figure 5.1. 

The SEM image of the cross-section of the Au-NIs/TiO2/Al-SiO2 substrate is shown in Figure 

5.2. Due to the high reflection of Al thin-film, the incident light could be reflecting by a factor of 

more than 80% in the visible wavelength region. The high refractive index different of ALD 

deposited TiO2 (2.7) and the air induce high incident light confine in the TiO2 thin-film, as the 
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scheme shown. For the TiO2 thin-film shows transparent in visible wavelength, the Au-NIs on 

the surface of TiO2 thin-film acts as the light absorber due to their localized surface plasmon 

resonance. The photographs of ALD-deposited-TiO2 thin film on Al-Silica glass substrate with 

and without Au-NIs loading were shown in Figure 5.3. The TiO2/Al-SiO2 without Au-NIs 

slightly reveals dark red color due to the Fabry–Pérot interference of TiO2 thin film. The 

TiO2/Al-SiO2 with Au-NIs reveals almost dark color. 

    

Figure 5.1 Schematic of the cross-section of Au-NIs loaded ALD-deposited-TiO2 thin film on 

Al-Silica glass substrate. 

  

Figure 5.2 SEM image of the cross-section of Au-NIs loaded ALD-deposited-TiO2 thin film on 

Al-Silica glass substrate. 

 

Figure 5.3 Photographs of ALD-deposited-TiO2 thin film on Al-Silica glass substrate with and 

without Au-NIs loading. 
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The AFM characterization of surface morphology of the ALD deposited TiO2 thin-film on Al-

silica is shown in Figure 5.4. The obvious aggregates on the surface of ALD TiO2 thin-film could 

be observed. The surface roughness factor RMS is about 11.7 nm, which is smaller than the 

RMS of TiO2/SiO2 substrates as discussed in Chapter 4. The top-view SEM images of Au-NIs 

modified TiO2 thin-film is shown in Figure 5.5. The Au-NIs shows round shape from the top-

view; the particle size is about 9.5 nm with a standard deviation of 7 nm (as the size distributions 

shown in Figure 5.6). The Au-NIs particle on TiO2/Al-SiO2 also shows smaller size distribution 

than on TiO2/SiO2, which may attribute to the larger surface roughness of TiO2 deposited on Al-

SiO2. The function of this small Au-NIs is of light absorption. The larger absorption cross-

section of the Au-NIs makes them available for the light energy conversion.  

 

Figure 5.4 AFM images of the surface morphology of the Au-NIs loaded ALD deposited TiO2 

thin films with vary TiO2 thickness (a) 230 nm, (b) 250 nm, (c) 275 nm and (d) 295 nm. Scale 

bar in the figure represents 1 m. 
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Figure 5.5 SEM image of the surface morphology of the Au-NIs loaded ALD deposited TiO2 

thin films with vary TiO2 thickness (a) 230 nm, (b) 250 nm, (c) 275 nm and (d) 295 nm. 

  

 

Figure 5.6 Au-NIs particle size distributions. 

The XRD measurement spectrum was shown in Figure 5.7. As the spectrum clear shown, the 

ALD deposited TiO2 on Al-silica glass belongs to the anatase type TiO2 crystal. However, the 

spectrum shown the highest intensity peak is anatase (211), which is different from the ALD 

deposited TiO2 thin-film on silica glass as shown in previous chapter. The crystalline structure 

and the exposure orientation flat of ALD thin-film show a strongly substrate dependence.
23 
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Figure 5.7 XRD characterization of the ALD deposited TiO2 with different thickness. 

 

5.3.2 Photoelectrochemical properties of Au-NIs/TiO2 on Al-Silica 

The I-t and I-V curves of Au-NIs/TiO2/Al-SiO2 photoelectrodes are shown in Fiugre 5.5, which 

ehibit clear photocurrent response as the visible light irradiation. The transient decay observed in 

I-t curves is the result of charge trapped at the TiO2 surface and release upon irradiation. The 

onset potential of the Au-NIs/TiO2 under 600 nm monochromatic light with intensity of 168 

mW/cm
2
 irradiation is about -0.21 V vs. SCE which is more negative than the Au-NIs/TiO2 

without Al reflector, as shown in Figure 4.6 of  Chapter 4. It may be contributed to the 

orientation flat of the crystalline structure different between the ALD TiO2 on silica and Al-silica. 

The anatase (211) may have a better photocatalitic property than the anatase (101) orientation 

flat. For  the potential positive than -0.1 V vs. SCE the photocurrent shows a relative stable trend, 

which depict a good property of TiO2 thin-film electrode. In order to prevent leakage, pin-hole 

free thin film fabrication is important for the thin film solar energy conversion. One of the main 

advantages of ALD deposition is the pin-hole free thin film fabrication.  
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Figure 5.8 I-t and I-V curves of Au-NIs/TiO2 with thickness of 230 nm in dark and under the 

600 nm monochromatic light irradiation with light intensity of 1.68 mW/cm
2
.  

 

Figure 5.9 shows the experiment and calculation reflection spectra of the Au-NIs/TiO2 thin-film 

on Al-silica with different TiO2 thin-film thickness. The TiO2 thin-film thickness range from 230 

nm to 290 nm. The reflection spetra ehibit characterize reflection distructive wavelength, as the 

valleys shown. As discuss in previous chapter, the reflection distructive wavelength dipict the 

incident light confine in the TiO2 thin-film, which is benefit for the interation between incident 

light and the Au-NIs. The reflection spectra show two valleys in the wavelength region from 400 

nm to 900 nm. The distructive valleys show a red-shift as the thickness increase.The thicker of 

TiO2 thin film the more resonance wavelength can exist in the thin film. The wavelength region 

marked with light blue color shows the full maximum at half width (FMHW) of Au-NIs plasmon 

resonance. When the reflection valley overlap with the Au-NIs plasmon band, the interaction 

possibility of the light and Au-NIs should be increased. The photocurrent conversion efficiecy 

should be also increased as the overlapping between the reflection valley and the Au-NIs 

plasmon band.  
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Figure 5.9 Experiment and calculation reflection spectra of TiO2 thin film on Al coated Silica 

glass. 

 

Figure 5.10 shows the reflection and IPCE action spectra of Au-NIs/TiO2 thin-film electrode 

with different TiO2 film thickness under monochromatic light irradiation. The IPCE exhibit a 

remarkable different for vary thickness Au-NIs/TiO2 electrodes. The Au-NIs/TiO2 with thickenss 

of 250 nm shows the highest IPCE value at around 600 nm; the Au-NIs/TiO2 with thickness of 

295 nm appears the lowest IPCE value. There are three main parameters that effect the IPCE 

value: light absorption, electron/hole seperation and charge transfer. For all the Au-NIs/TiO2 

electrode with thickness of 230, 250, 275 and 295 nm, the electro/hole pairs generate in Au-NIs 

under light illunimation, and the electron/hole pairs separate at the Schottky junction of Au/TiO2 

interface. The Au-NIs of all the samples shows a similar particle distribution and Au 

nanoparticles surface coverage, the TiO2 thin film crystalline structure of all the sample are 

anatase type TiO2. Therefore, the electron/hole pairs seperation property for all the Au/TiO2 

interface are similar. The charge transfer properties dominate by the oxygen vacancy in the TiO2 
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thin-film. The charge transfer property could be simply reprecented by the photocurrent under 

UV light irradiation. The photocurrent conversion efficiency under 350 nm monochromatic light 

irradiation of all the samples are all aroximately 45%, which depicts the charge transfer 

properties of all the Au-NIs/TiO2 thin film are similar. Finally, the factor that dominate the 

photocurrent generation is the light absorption. When the reflection destructive interference 

wavelength overlap with the Au-NIs plasmon band, more incident photon could be absorbed by 

the small Au nanoisland particles, results in the higher photocurrent generation. Most 

interestingly, the IPCE action spectra shows a remarkable shift as the Au-NIs/TiO2 thickness 

changes and they corressponding to the reflection valley closely. The IPCE value also shows a 

different as the Au-NIs/TIO2 thickness changes. For the Au-NIs/TiO2 of thickness 250 nm, the 

reflection valley locate at about 600 nm, which tightly overlap with the Au-NIs plasmon band, 

and shows the highest photocurrent conversion efficiecy and the IPCE band located at about 600 

nm. For the Au-NIs/TiO2 of 250 nm and 275 nm, the IPCE action spectra band and reflection 

valley wavelength located at about 550 nm and 620 nm, respectively. The IPCE value shows a 

little lower than the 250 nm Au-NIs/TiO2. For the Au-NIs/TIO2 thin-film of 230 nm, 250 nm, 

275 nm, the reflection spectra and IPCE action spectra show a red-shift as the Au-NIs/TiO2 

thickness increase. And the reflection destructive interference band highly correspond with the 

IPCE band. The Au-NIs/TiO2 of 250 nm shows the highest IPCE value due to the better 

overlapping between the reflection valley and the Au-NIs plasmon band. For the Au-NIs/TiO2 of 

thickness 230 nm and 270 nm, the IPCE value decrease due to the relfection interference band 

just partially overlap with the Au-NIs plasmon band. Remarkably, when the Au-NIs/TiO2 thin 

film thickness increase to 295 nm, the overlapping between reflection destructive band and the 

Au-NIs plasmon band is neglegible, the reflection destructive wavelength located outside Au-NIs 

plasmon band FMWH wavelength region (the wavelength region marked with light blue color). 

As a result, the Au-NIs/TiO2 with thickness of 295 nm show the lowest IPCE value. 
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Figure 5.10 (a)Reflection spectra and (b) IPCE action spectra of varias TiO2 thickness on Al-

Silica substrtate.  The wavelength region marked with light blue color depicts the FWHM of Au-

NIs plasmon band. 

 

5.3.3 Incident angle dependence of IPCE action spectra with 265-nm Au-NIs/TiO2 on Al-

Silica 

The unique power of a Fabry-Perot etalon is the resonance wavelength sensitive by changing the 

incidence angle. In order to further demonstrate the interference improvement of the photocurrent 

generation in TiO2 thin film, the incidence angle dependence of optical reflection and IPCE action spectra 

were investigated.  Figure 5.11 shows the incidence angle dependent reflection and IPCE spectra of Au-

NIs/TiO2 with TiO2 thickness of 265 nm. Normal incidence and an oblique incidence angle of 60 degree 

were used. As the reflection spectra shown, the Fabry-Perot interference wavelength exhibits a blue-shift 

as the oblique incidence. The reflection minimum wavelength of shifted from 460 and 620 nm to 450 and 

595 nm, and the reflection value at minimum decreased for the oblique incidence. Interestingly, the IPCE 

action spectra band also shows a blue-shift which is corresponding to the reflection spectra. The IPCE 
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maximum wavelength correspondingly shifted from 460 and 620 nm to 450 and 595 nm. Furthermore, the 

IPCE maximum value at around 600 nm was decreased when oblique incidence was introduced, even the 

oblique incidence interference resonance wavelength overlapped with Au-NIs plasmon band better than 

normal incidence. This IPCE value decrease may attribute to the lower finesse of the interference for the 

oblique incidence. 

 

Figure 5.11 Reflection spectra (a) and IPCE action spectra (b) of 265-nm Au/TiO2 on Al-Silica 

glass with normal and oblique incidence. 

 

5.3.4 Photocurrent improvement of Au-NIs/TiO2 on Al-silica glass 

Figure 5.12 shows the reflection spectra and the IPCE action spectra of the Au-NIs/TiO2 on silica 

glass with and without Al reflector thin film. The refletion spectra clear show the better finesse 

of the the Fabry–Pérot interference for the Au-NIs/TiO2 with Al reflector thin film. The 

interference bands are sharper and the reflection intensity are higher for Au-NIs/TiO2 on Al 

coated glass. The thickness of Au-NIs/TiO2 on silica glass and Al coated silica glass was 215 and 
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250 nm respectively for totally overlapping with Au-NIs plasmon band at around 600 nm. The 

maximun IPCE value with Al reflector at around 600 nm shows an increasement about 40%. 

 

Figure 5.12 (a) Reflection spectra and (b) IPCE action spectra of Au-NIs/TiO2 that deposited on 

silica glass and Al-Silica glass. 

 

5.4 Conclusion 

In present study, we have demonstrated the Al reflector thin film is a functional and pratical 

approach to increase the light trapping in the Au-NIs/TiO2 thin-film solar energy conversion 

device. The Al thin film was evaporated on silica glass that suportting pin-hole free ALD 

deposition of TiO2 thin film. The back-contact Al reflector increase finess of Fabry–Pérot 

interference in TiO2 thin film and increase the confinement of the incident light energy inside the 

TiO2 thin film, enhance the possibility of the interaction between incident photon and the Au-NIs, 

resulting in a higher IPCE value. The incident photo coversion efficiency increased about 40% 

when the Al reflector thin film was employed. Interference improvement of the plasmon-
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enhanced photocurrent generation was clearly elucidated. The IPCE band shifted as the 

interference wavelength shifted. The maximum IPCE value was obtained when the destructive 

reflection wavelength overlaped with the plasmon resoance wavelength of Au-NIs. A remarkable 

tunning of the IPCE action spectra band could be implemented by the TiO2 thin film thickness 

control. The incidence angle dependence of the reflection spectrum and IPCE action spectrum 

further demonstrated the interference improvement of the plasmon-enhanced photocurrent 

generation. This study shows a simple route for further design of plasmon-enhanced energy 

conversion devices. 
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Chapter 6. 

Conclusions and Future Perspectives 

6.1 Conclusions 

In this thesis, plasmon-enhanced photocurrent generation and water oxidation on TiO2 

photoelectrode in visible wavelength region was demonstrated in two common kinds of TiO2 

crystalline structure, rutile and anatase. Au nanoparticles were fabricated on TiO2 surface by 

depositing a 3-nm Au thin film and then thermal annealing. Au nanoislands with particle size of 

10-30 nm were formed on TiO2 surface, which enhanced the TiO2 photorespond in visible 

wavelength region due to the localized surface plasmon resonance. The interfacial structure 

effect on the photocurrent generation in rutile single crystal TiO2 and the interference effect on 

the photocurrent generation in anatase TiO2 were investigated. 

For studying the plasmon-enhanced photocurrent generation and water oxidation in single crystal 

TiO2, 3-nm Au thin film was sputtered on TiO2 surface and annealed at 800℃  in N2. The Au-NIs, 

with round shape from top view, exhibited characteristic plasmon resonance band at around 600 

nm. The photocurrent measurement showed Au-NIs decorated TiO2 exhibited an obvious 

photocurrent enhancement at the Au-NIs surface plasmon resonance band with 0.1M KClO4 

supporting electrolyte. Water oxidation was further confirmed on the Au-NIs/TiO2 electrode 

under the visible light illumination by GC-MS measurement. The photon generated electron to 

oxygen yield was stoichiometrically to be 91.6%. 

A further study of the electron transfer between Au-NIs and TiO2 investigated: one is 

photoexcited electron transfer from Au-NIs to TiO2 and the other is electron transfer 

alternatively from TiO2 to Au-NIs by electrochemical control. For the photoexcited electron 

transfer from Au-NIs to TiO2, a crucial role was the contact between Au-NIs and TiO2 crystal 

surface, which was controlled by the annealing temperature during the Au-NIs fabrication 

process. The higher annealing temperature produced a tightly contact between the Au-NIs and 

the TiO2; the lower annealing temperature induced a defect layer between the Au-NIs and the 

TiO2 single crystal surface. The defect layer was further study by high resolution TEM, which 

depicted that the defect layer was a reduced TiO2 defect layer. The surface defect layer 

suppressed the electron transfer from the plasmon excited Au-NIs to TiO2 conduction band 
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and/or decreased the hole trapping ability of the TiO2 surface state, and decreased the 

photocurrent conversion efficiency. For the electron transfer from TiO2 to Au-NIs by 

electrochemical control, Au-NIs plasmon band blue-shifted when electrons were accumulated in 

Au-NIs. However, Au-NIs plasmon band red-shift cannot be observed when electrons were 

excited from Au-NIs to TiO2, which depicted a weak holes capture ability of Au-NIs. 

Plasmon-enhanced photocurrent generation was further study on the lightweight, low-cost TiO2 

thin-film electrodes. The anatase type TiO2 was successfully fabricated on silica glass by atomic 

layer deposition (ALD). TiO2 thin-film with thickness less than 300 nm is capable for the 

plasmon-enhanced photocurrent generation under visible light illumination. Interestingly, the 

interference effect on the Au-NIs/TiO2/silica showed an improvement of the photocurrent 

conversion efficiency. The photocurrent conversion efficiency was obviously improved when the 

transmission constructive interference overlap with the Au-NIs plasmon band. Notably, merely 

several tens of nanometers difference of the TiO2 thickness can induced remarkable IPCE 

difference.  

For improving the plasmon-enhanced photocurrent generation in TiO2 thin-film, a 50-nm Al thin 

film was employed. The using of Al reflector increase the finesse of the Fabry–Pérot interference 

and increase the incident light trapping in the TiO2 thin-film, and enhance the possibility of the 

interaction of light and Au-NIs. The photocurrent conversion efficiency showed a highly TiO2 

film thickness tunable, and about 40% improvement when employing the Al thin film. The 

interference improvement of the photocurrent efficiency provides a facility approach for further 

design of the plasmon-enhanced solar energy conversion devices. 

6.2 Future Perspectives 

On the basis of the results obtained in present study, perspective outlook could be raised for the 

future plasmon-enhanced solar energy conversion devices, which is a kind of sustainable energy 

source and is compatible to the green society. The ultimate purpose is to implement a long-term 

stable plasmon-enhanced solar energy conversion device using not only visible but also infrared 

light. It is expected that the plasmon-enhancement in infrared wavelength could be realized by 

metallic nanoparticle size, shape control to excite plasmon resonance in infrared region. The 

photon energy conversion device employed in present investigation is photoelectrochemical cell, 
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in which the charge carriers are generated and separated at the interface of semiconductor and 

liquid. By using appropriate semiconductor, photochemical fuel energy conversion could be 

opened up by water splitting. It is also promising to apply the plasmon-enhanced photon energy 

conversion to the solid-state devices, solar cells. The plasmon-enhanced energy conversion 

shows an unexpected potential for the thin-film solar energy conversion application by 

decreasing the thin film thickness and increasing the light harvesting abilities. 

In view of these, suggestions for further work are: 

i)  Plasmon-enhanced photocurrent generation and water oxidation using infrared wavelength 

light. A larger size gold nanoparticle supports surface plasmon resonance in infrared region. It 

can be used for the enhancement of photon energy conversion by optimized the size, shape of 

gold nanoparticle and the contact, interfacial condition between gold nanoparticle  and 

semiconductor. The larger Au nanoparticles loaded semiconductor can be fabricated by 

deposition, electron-beam lithography, photolithography, chemical synthesis. 

ii) Plasmon-enhanced photocurrent generation and/or water oxidation in thin-film semiconductor 

such as TiO2, SrTiO3, ZnO, ZrO2, Ta2O5, Na2Ti6O13, BaTi4O9. Thin film solar energy conversion 

device is the promising for the next generation solar cells. The metallic nanoparticles decoration 

on thin film semiconductor enhances the charge carrier generation and separation at the interface 

of metal/semiconductor, and the thin film semiconductor will reduce the carrier charges 

recombination possibility, which can promote the energy conversion efficiency.  

 

iii) Plasmon-enhanced photocurrent generation using low-cost metal such as aluminum, copper. 

The surface plasmon resonance of aluminum nanoparticles located at shorter wavelengths 

comparing to Ag, Au nanoparticles with the same size. It has the potential to apply for the 

plasmon-enhanced photocurrent generation from UV to infrared region. The surface dense oxide 

layer makes it stable in natural environment. Copper is abundantly used metal in electronics 

applications due its high conductivity and low-cost. However, it suffers from surface oxidation 

upon exposure to ambient atmosphere. Varies protection methods have been employed to 

prevent surface oxidation of copper.  The significant surface plasmon resonance in Al, Cu 
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nanoparticles and the surface protection approaches raise the potential for using these low-cost 

metals in plasmon-enhanced photocurrent generation application. 
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