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Abstract 

Gallium (III) oxide (Ga2O3) is a wide bandgap semiconductor (~4.8 eV) with a very 

negative conduction band (CB) potential, making it applicable not only for the 

reduction of water but also for the reduction of CO2 and other substances requiring 

negative reduction potentials. However, the large bandgap of Ga2O3 has made it 

difficult to use visible light. To resolve this problem, in this thesis, the photocurrent 

generation and water splitting under the visible irradiation using a plasmonic 

photoanode based on gold nanoparticles (Au-NPs)/Ga2O3 were mainly studied. 

To harvest visible light, Au-NPs with different sizes were loaded on each single 

crystal Ga2O3 (SC-Ga2O3) substrate by annealing of deposited Au-films on the 

substrates with different thicknesses. As a result, generation of photocurrent by visible 

light irradiation was observed in Au-NPs loaded SC-Ga2O3 substrate as the 

photoanode due to hot carrier generation based on localized surface plasmon 

resonance (LSPR) of Au-NPs. In addition, the 15 nm-sized Au-NPs loaded SC-Ga2O3 

substrate exhibited the largest incident photon to current conversion efficiency (IPCE) 

(Chapter 2).  

To further enhance the IPCE of Au-NPs/SC-Ga2O3 as a photoanode, an attempt was 

made to deposit a thin TiO2 layer at the Au-NPs/SC-Ga2O3 interface because it is 

known that TiO2 is effective in trapping hot holes. First, it was found that depositing a 

TiO2 thin layer between the Au-NPs and the Ga2O3 substrate suppresses hot electron 

injection from the Au-NPs to Ga2O3, resulting in a decrease in IPCE. On the other 

hand, when the Au-NPs on the Ga2O3 substrate were partially embedded by TiO2, the 

hole-trapping ability was enhanced and IPCE was found to increase obviously. 

Furthermore, the thickness dependence of the TiO2 layer on IPCE was also revealed 
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that 2 nm TiO2-modified Au-NPs/SC-Ga2O3 exhibited the highest IPCE, 1.5 times 

higher than that of Au-NPs/SC-Ga2O3 (Chapter 3). 

To further improve the light harvesting and water oxidation reaction efficiency, a 

structure of TiO2/Au-NPs/Ga2O3/TiN/Au-film (TAGA) to achieve modal strong 

coupling between the LSPR of Au-NPs and the Fabry-Pérot nanocavity was employed. 

In the TAGA, TiN acted as a protection layer for Au-film and that Ga2O3 film, which 

exhibited excellent semiconductor properties, was deposited on the TiN/Au-film 

reflective mirror. The TiN/Au-film exhibited satisfactory electrochemical properties 

and served as a reflective mirror for the nanocavity. The modal strong coupling was 

constructed by overlapping the resonance wavelength of the nanocavity with the 

LSPR wavelength of the Au-NPs partially embedded in the TiO2 layer. Under the 

modal strong coupling condition, the optical absorption increased dramatically and the 

IPCE was enhanced. In this structure, the Au-NPs partially embedded in the TiO2 

layer showed an important role in enhancing the strength of the modal strong coupling 

and hole-trapping ability. The use of the TAGA with very negative CB potential led to 

successful water splitting at zero bias potential under visible light irradiation (Chapter 

4). 

In summary, it was demonstrated that hot electrons generated by the LSPR of 

Au-NPs were injected into the CB of Ga2O3, and hot holes could further induce water 

oxidation, generating a photocurrent under visible irradiation. In addition, partial 

embedding of Au-NPs in a TiO2 layer, which had a higher hole-capturing ability than 

Ga2O3, improved the efficiency of charge separation of hot carriers generated in the 

Au-NPs, resulting in improved IPCE. Furthermore, it was found that modal strong 

coupling between the LSPR of Au-NPs and the nanocavity was expressed in the 

TAGA photoanodes improved their visible light-harvesting ability and effectively 
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increased IPCE. Finally, visible light-driven water splitting at zero bias potential was 

also achieved using the TAGA photoanodes.  
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Chapter 1  

Introduction 

1.1 Background 

With the development of modern society and population explosion, energy resource 

consumption is dramatically increasing recent decades, especially since globalization 

all over the world.1 Although globalization has a huge contribution to economic 

development and improvement of living quality,2 on the other hand, the world would 

face an energy crisis in the future due to the non-renewable property of fossil fuel and 

the steady growth of energy consumption.3-4 Furthermore, the heavy use of fossil fuels 

leads to severe climate risk and environmental pollution, such as the global warming 

problem originated from massive carbon emissions.5-7 During the past 130 years, the 

global temperature has been rose by 0.85 oC (Figure 1.1), which would cause many 

terrible problems.8-9 Therefore, lots of countries have focused on the way to resolve 

this problem, and many strategies have been applied to prevent the situation worse, 

such as limiting carbon emission and searching for renewable and clean energy 

resource.10-11 

 

Figure 1.1 The graph of average global temperature rise.9 

Up to now, solar energy, nuclear energy and wind energy have been widely 

investigated as renewable or clean energy.12-14 Although nuclear energy owns a very 
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high energy density, nuclear leakage is a non-negligible risk during its application.15 It 

is understandable the disadvantages of strict location demand and non-consistent 

energy generation also limit the wide application of wind energy in the world. 

Compared with the other two kinds of new energy sources, solar energy is considered 

more abundant, eco-friendly and promising in the future.16 As we know, solar energy 

is almost exhaustible with various forms (light, heat) when it reaches our planet. The 

earth could intercept around 1.8×1014 kW from the energy emitted by the sun 

(3.8×1023 kW) even if it undergoes the loss from the scattering and reflection.17 Most 

importantly, unlike nuclear energy, solar energy is much cleaner and safer. 

Photovoltaic (PV) is one of the main applications among the solar energy conversion 

fields.18 Si-based solar cell still domains the global PV market,19-20 with a record 

energy conversion efficiency of 26.7% for mono-crystallinity silicon solar cells.21 

Meanwhile, in the industrial area, large-area Si solar cell with an efficiency of 24.5% 

has been widely applied.22 On the other hand, many research teams and companies 

also pay more attention to inorganic thin film solar cells, such as Cu-based thin film 

solar cells (CIGS and CZTS) due to their abundant elements, direct bandgap, high 

efficiency (26.4%) and non-toxic properties.23-24 Perovskite is a new kind of 

absorption material for solar cells, which owns excellent advantages including simple 

fabrication, cost-effective and high efficiency.25 It will show a huge prospect in the 

solar energy application if the perovskite could overcome the instability in the air due 

to the water.26   

On the other hand, photocatalysis is another mainly investigated topic that the 

mechanism is the transfer from solar energy to chemical energy. It is expected to 

achieve artificial photosynthesis using solar energy to simulate the series of reactions 

occurring in plants, such as the electrochemical CO2 reduction to fuels and chemicals 

(CO, CH4, HCOOH, etc.) that could efficiently release the CO2 emission problem.27-28 

H2 evolution from water splitting is also an extremely important application in 

photocatalysis.29 H2 is considered as a promising green energy source in the future 

which could take place of traditional fossil fuels based on the advantages of zero CO2 
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and other pollutants emission after combustion and very simple raw material of 

water.30  

1.2 Ga2O3 Properties and Application  

 

Figure 1.2 Schematics of photocatalytic water splitting and CO2 reduction in semiconductors.32  

In the case of water splitting, various technologies and materials have been 

developed to achieve hydrogen and oxygen evolution.31 To achieve the overall water 

splitting, the bottom of the conduction band (CB) of the semiconductor should be 

much more negative than the reduction potential of H+/H2, while the top valence band 

(VB) potential should be more positive than the oxidation potential of H2O/O2.
32 The 

photon energy larger than the bandgap of semiconductor could excite the electrons 

and holes taking parting in reduction and oxidation reactions on the surface of 

semiconductors or external circuit as shown in Figure 1.2. However, in the case of 

CO2 reduction, compared with H2 evolution, more negative reduction potential is 

required to convert CO2 into CO and CH4. Besides the requirement of energy band 

position, thermal and chemical stability are also vital factors that should be considered. 

Although some semiconductors fit the demand on band energy and show good 

properties in photo energy conversion, such as CdS, the unstable properties in 

oxidation reactions resulting in degradation limit their application.33  
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nanoparticles: radiative and non-radiative processes as depicted by Figure 1.14.89 For 

larger particles, the damping process is mainly dominated by radiative decay which is 

also called scattering. This is also the main reason for the dipole resonance weakening 

while increasing the particle size.93 During the radiative decay, the particles plasmon 

directly transform into photons. For smaller particles, the main non-radiative damping 

process as a result of absorption would generate the carriers of electron/hole pairs via 

the Landan damping which is a pure quantum process.94 The plasmon quantum could 

be transferred to hot carriers in a timescale from 1 to 100 fs.95 During the absorption 

process, the single-electron states would be first excited by the surface plasmons. 

Then, there would be two channels for the electrons excitations: intraband transition 

with conduction band and the transition from d band to sp band which is called the 

interband excitation as illustrated in the schematic. These electrons could be excited 

above the fermi level as the hot carriers.96 The non-radiative decay mechanism is a 

very important topic during the application of LSPR of noble metal-NPs in various 

optical and photoelectric fields.97  

 

Figure 1.15 Hot electrons generation and injection into semiconductors by the Schottky barrier at 

the interface.98 

To form the photo-generated circuit current, the whole process should be the carrier 

generation, transfer/separation and regeneration.99 The Schottky barrier formed at the 

interface between metal nanoparticles and semiconductors which own a suitable work 

function is an effective strategy to capture the electron owning energy larger than the 
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barrier height. However, the hot electrons just generate in a time scale smaller than 

100 fs through the e-e scattering process.100 To achieve the electrons transfer in such a 

short time efficiently based on the electrons and electrons-accepting levels coupling, a 

large amount of states in CB is required. As shown in Figure 1.15,98 the barrier could 

achieve the separation and injection of the hot carrier decreasing the recombination 

between electrons and holes.101 

1.3.2 Fabrication of plasmonic particles and structures  

Up to now, various methods have been studied to obtain the noble metal-NPs or 

nanostructures with different sizes and shapes including chemical synthesis and 

physical preparation. Here, the following section will introduce some classic methods 

for the fabrication of metal NPs and nanostructures. 

a. Reduction of HAuCl4 

Au-NPs with small sizes have attracted much interest in various applications due to 

their excellent optical properties originating from LSPR. However, the fabrication of 

Au-NPs with a diameter smaller than 5 nm still faces lots of difficulties due to the 

aggregate phenomenon resulting from Van Der Waals interaction between very small 

particles.102 

 

Figure 1.16 TEM of ATP-capped Au-NPs with different ATP molar ratios.103 

To overcome the aggregation, capping ligand is a good way to protect the crystals 
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range from visible to infrared light as shown in Figure 1.17. 

c. High temperature annealing 

 

Figure 1.18 SEM of Ag nanoparticles by thermal annealing Ag film by evaporation under 

different heating temperatures from 50 to 400 oC.106 

Although metal nanoparticles could be fabricated by chemical synthesis method, 

the thermal annealing process under high temperatures for the metal film deposited by 

vacuum equipment is an effective approach to achieve the load of nanoparticles with 

strong bonds with semiconductors. The particle size, shape and coverage could be 

tailored by the morphology of metal film and annealing conditions including the 

temperature, duration time and atmosphere.107 As a result, the LSPR properties could 

be further modified due to the close relationship between LSPR and particle 

morphology. N.venugopal reported the Ag nanoparticles fabrication by thermally 

evaporating Ag film under different substrate temperatures. The Ag film deposited 

under low temperature showed an anisotropic morphology. With the temperature 
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increasing, the hill-like shape began to transfer to a valley hillock. Continue to 

increase the temperature, regular isotropic nanoparticles were formed and the shape 

transfer from spheroid to ellipsoidal occurred. Too high temperatures would lead to 

the generation of worm-like morphology on the surface.  

d. Lithography pattern methods 

 

Figure 1.19 SEM of nanostructure fabricated by lithography method.108 

Optical lithography is the most widely applied method in modern industry, 

especially in the semiconductors fields such as chips and power electronics. 

Shortening the light source wavelength by using deep ultraviolet (193 nm) or even 

extreme ultraviolet (13.5 nm) is an effective way to resolve diffraction-limited 

resolution in the optical lithography process.108 For those features smaller than the 

light wavelength, optical lithography would become inaccessible. In this case, 

electron-beam-lithography (EBL) and focused-ion-beam (FIB) etching are two 

alternative methods to resolve the problem mentioned above.109-110 As shown by 

Figure 1.19, it is easy to obtain the nanostructure or nanoarrays with the desired shape, 
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size and period by the lithography method using different masks or pattern procedures 

designed before the lithography. Therefore, researchers could investigate the various 

optical properties of LSRP with different nanostructures.  

1.3.3 Application of LSPR in photo energy conversion  

As mentioned above, the noble metal nanoparticles have tunable LSPR properties 

that are sensitive to the shape, size and period in nanostructures and the dielectric 

medium.111 The light absorption could be achieved in the visible region by adjusting 

the morphology of metal nanoparticles. The LSPR-induced carrier separation after the 

generation of hot carriers has been widely reported.112 This mechanism could 

successfully achieve the photo energy conversion in the visible region for those wide 

bandgap semiconductors without changing their band structures. 

a. LSPR enhanced solar cells 

 

Figure 1.20 Schematic of Au NPs in the PEDOT:PSS layer and its J-V curve.113 

Jyh-Lih Wu reported an improvement of solar energy conversion efficiency in 

organic solar cells by incorporating Au-NPs in the buffer layer as shown in the 

schematic (Figure 1.20).113 Au-NPs were fabricated by the hydrothermal synthesis to 

form the octahedral structure using a mixture solution containing the HAuCl4·3H2O, 

CTAB and Na3C6H5O7·2H2O. The Au-NPs showed a strong LSPR peak at 550 nm 
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with a size of around 45 nm which was very close to the absorption peak of the active 

layer consisting of P3HT/PCBM. Therefore, the light absorption efficiency was 

dramatically enhanced even though the thickness of the active layer was not such 

thick. Both the photocurrent and fill factor were increased with the same open circuit 

voltage meaning the interface between organics and electrodes was not destroyed.  

b. LSPR assisted water splitting in visible region 

The band structure of some wide bandgap semiconductors is appropriate to the 

overall water splitting due to their suitable CB and VB potentials such as TiO2, SrTiO3 

and ZnO. However, the large bandgap also limits their application in visible 

light-driven water splitting because they are only active in the UV region. The 

LSPR-induced hot carrier generation and the separation by the Schottky junction was 

reported to be a strategy for the water splitting under visible irradiation using wide 

bandgap semiconductors. 

 

Figure 1.21 TEM of Cu@C/STO and the H2 evolution using Cu@C/STO under visible 

light.114 

Tong et.al reported an H2 evolution under visible light using the photocatalyst 

which consists of Cu@C/STO. In this study, a tunable C cage was introduced to keep 

the Cu particles stable because it is easy to be oxidized by the oxygen and water in the 

air. The Cu@C/STO showed much better H2 evolution performance than the pure 

STO catalyst (almost 5 times enhancement). Similar works based on the STO 

semiconductor assisted by LSPR of metal NPs were also reported by Trang et.al and 

Zhong et.al.115  
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c. LSPR enhanced CO2 reduction under visible irradiation 

CO2 is the main reason for global warming which could cause series of climate 

problems. Thus, the transformation of CO2 to other useful fuel or products that are 

similar to photosynthesis has drawn much interest. Many progresses have been 

achieved to reduce CO2 to CO, CH4 and CH3OH by designing different structures or 

loading noble metal-NPs.116 

 

Figure 1.22 Mechanism of CO2 reduction by Au/Ag-NPs loaded TiO2 and the reduction 

products.117 

Tahir M designed Au/Ag-NPs loaded TiO2 nanowires to achieve CO2 reduction 

under visible light.117 The hydrothermal method was applied to fabricate the TiO2 

nanowires. Au/Ag-NPs were deposited on TiO2 by chemical reduction and 

photo-deposition. As illustrated by the mechanism diagram in Figure 1.22, 

LSPR-excited hot electrons with higher energy from Au-Ag alloy NPs by visible light 

could be transferred to the CB of TiO2. The Au/Ag-NPs with smaller size could 

promote the separation between electrons and holes due to the sink effect for electrons 

so that it owns a longer lifetime. This plasmonic structure showed high selectivity to 

generate the CO from CO2 reduction. And the CO amount generated under visible 

light was 3.8 times more than that by UV irradiation which resulted from the LSPR 

effect of Au/Ag-NPs. 

1.4 Overview of thesis 
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In this thesis, the LSPR-induced photocurrent generation in the visible region using 

wide bandgap semiconductor Ga2O3 that owns negative CB potential was investigated. 

This study mainly focused on a) the photocurrent generation on differently sized 

Au-NPs loaded Ga2O3, b) enhanced charges separation by an interfacial modification 

based on the holes trapping ability of thin TiO2 layer, and c) further improvement in 

light absorption and PEC conversion efficiency by constructing the modal strong 

coupling between nanocavity mode and LSPR mode. In chapter 2, Au-NPs with 

different particle sizes loaded SC-Ga2O3 were fabricated by annealing different 

thickness Au film and the PEC properties were characterized. Chapter 3 introduced 

the interfacial modification on Au-NPs/SC-Ga2O3 by a thin layer of TiO2. The 

deposition position of TiO2 was explored. The structure consisting of Au-NPs partially 

inlaid by TiO2 would not damage the electrons transfer from Au-NPs to SC-Ga2O3 

while the holes-trapping ability was further enhanced by TiO2, resulting in the 

improved photocurrent in the visible region. In chapter 4, an optimized Ga2O3 film 

with good semiconductor properties was obtained by the PLD method. A new method 

by depositing a TiN layer on Au-film under high deposition temperature was 

developed. Optical nanocavity was formed by depositing Ga2O3 film on TiN/Au-film. 

A tuning condition was achieved when the LSPR and cavity resonance wavelength 

overlapped overcoming the poor absorption of a single layer Au-NPs as described in 

chapter 2 and 3. Furthermore, water splitting in the visible region was accomplished at 

zero bias potential by the advantages of the negative CB potential of Ga2O3. Based on 

the results in these chapters, it demonstrated that the Ga2O3 owing negative CB 

potential shows huge promise in the PEC performance in the visible region, especially 

in that fields requiring negative reduction potential such as CO2 reduction. 
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Figure 2.3 SEM images of different size Au-NPs loaded on SC-Ga2O3 by annealing (a) 2 nm, (b) 

3nm, (c) 4 nm and (d) 5 nm Au film deposited by e-beam evaporation; (e) statistic size and the 

area coverage of Au-NPs with different size. 

As the plasmonic properties of Au-NPs are very sensitive to the particle size, to find 

the most proper particle size of Au-NPs on Ga2O3, a series of Au films with a 

thickness from 2 nm to 5 nm were deposited on the surface of single crystal Ga2O3 

following an annealing process.18 Upon annealing process, it could be seen from the 

SEM images in Figure 2.3 that the Au-NPs size showed a dependence on the Au film 

thickness. Au-NPs got larger with the thickness of Au film increasing and the 

distribution of particles became more non-uniform when the thickness was larger than 

4 nm Au film. And some tiny particles were observed in the gap among those large 

particles shown in Figure 2.3c and 2.3d. According to the particle analysis and size 

statistics, the average size Au-NPs calculated by ImageJ was 10, 15, 22 and 50 nm 

shown in the black line in Figure 2.3e, respectively. 

2.3.2 Photocurrent generation on Au-NPs loaded SC-Ga2O3 with different 

particles size  
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spectra showed a closely similar shape to the extinction spectrum of Au-NPs. Based 

on the results, it demonstrated that LSPR of Au-NPs loaded on SC-Ga2O3 actually 

induced the photocurrent generation at visible wavelength. The best PEC performance 

was observed on a 15-nm Au-NP-loaded SC-Ga2O3 sample with a peak IPCE value of 

0.11% at 580 nm, as shown in Figure 2.4c (red curve). A stable photocurrent was 

obtained at 600 nm irradiation on SC-Ga2O3 loaded by 15 nm Au-NPs with a value of 

17 nA, as shown in Figure 2.4d. For the 10-nm Au-NP-loaded Ga2O3 sample, the 

IPCE was lower than the 15-nm Au-NPs/SC-Ga2O3 because of its low LSPR intensity. 

On the other hand, while the particle size got larger than 15 nm, the IPCEs also 

decreased. 

 

Figure 2.5 (a) Near-field spectrum of Au-NPs/SC-Ga2O3 interface with different Au-NPs size 

simulated by FDTD; (b) FWHM of near-field spectrum and dephasing time of different sized 

Au-NPs; (c) circumference of interface of Au-NPs/Ga2O3 and density of Au-NPs with different 

size. 



45 
 

For plasmonic systems, the LSPR decay mechanism played an important role in the 

energy conversion efficiency.19 To investigate the reason for the IPCE decrease when 

the particle size was larger than 15 nm, the near-field spectrum of Au-NPs/SC-Ga2O3 

interface with different Au-NPs sizes was calculated by FDTD shown in Figure 2.5. 

As we mentioned in the previous chapter, hot carriers were mainly generated through 

the non-radiative decay process.20 However, the radiative decay would become the 

main pathway upon LSPR decay in larger particles that is not favorable for hot carrier 

generation.21 According to the near-field enhancement spectrum in Figure 2.5, 

near-field enhancement spectra showed an obvious broadening trend with the FWHM 

increasing shown in Figure 2.5b when particle size became larger, which was 

consistent with extinction spectra. This broadening indicated a short dephasing time 

(see Figure 2.5b) of LSPR decay in the case of larger Au-NPs due to significant 

radiation damping which would suppress the hot carrier generation. In addition, the 

lower area coverage of larger Au-NPs as shown in Figure 2.3 would also reduce the 

interface of Au-NPs/SC-Ga2O3 (Figure 2.5c) where oxidation reaction with holes 

occurred, resulting in the IPCE decrease. 

Therefore, 15 nm Au-NPs loaded SC-Ga2O3 showed the best performance for 

photocurrent generation at visible wavelengths based on the high LSPR intensity and 

long dephasing time. Therefore, 15 nm was chosen as the particle size of Au-NPs 

applied in the following sections. 

2.4 Conclusion 

In this work, we successfully achieved the photocurrent generation on SC-Ga2O3 

with a large bandgap which is inactive in the visible region by loading Au-NPs. Light 

absorption was observed in visible after loading Au-NPs. 15 nm was the optimised 

particle size and 15 nm Au-NPs loaded SC-Ga2O3 showed the highest photo energy 
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conversion efficiency at around 580 nm with a peak IPCE of 0.11%. The low LSPR 

intensity of smaller Au-NPs would lead to the lower photocurrent generation. Larger 

particles would decrease the IPCE because the non-radiative decay process domains 

the LSPR damping suppressing hot carrier generation. We believe this new system 

has huge potential in the water splitting field and could be applied in various devices 

for photo energy conversion. 
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Chapter 3 

Improvement of Plasmon Induced Photocurrent Generation on 

Au-NPs/Ga2O3 Based on Interfacial Modification by TiO2 layer 

3.1 Introduction 

The photocurrent generation on SC-Ga2O3 has been achieved by the load of Au-NPs 

based on the LSPR induced hot carrier generation and separation in the visible region 

without changing the negative CB potential of Ga2O3.
1 Hot electrons injected into 

the CB of Ga2O3 could take part in the H2 generation, while holes remained in 

the Au-NPs could oxidize water to generate O2.
2-3 Although photocurrent 

generation was obtained in visible light on Au-NPs/SC-Ga2O3 photoanode in 

chapter 2, the photo energy conversion performance should be further improved. 

For plasmon-induced PEC systems, it is required to efficiently achieve water 

oxidation which is a rate-determining step. For the prober reason that the holes 

captured by the formation of OH and H+ are slow because of a large potential 

need for water oxidization,4-5 large numbers of holes remained at the interface 

would increase the recombination chances with hot electrons.6 Interface 

between Au-NPs and Ga2O3 plays an important role during the separation of 

plasmon-induced carriers. As a result, the semiconductor with surface 

conditions that own excellent holes capture ability is required to modify the 

interfacial condition between Au-NPs and Ga2O3. 

Recently, our team has demonstrated that in the case of SrTiO3, water oxidation 

induced by the plasmon effect is highly sensitive to the surface states of the crystal 

facets.7 Au-NPs loaded SrTiO3 with a crystal facet that is terminated with TiO2 layer 

exhibits good oxidation ability. In addition, Murakoshi et al. also reported that TiO2 
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was beneficial for water oxidation by studying the intermediate species during 

plasmon-induced oxygen evolution.8 Therefore, it is an effective way to improve the 

water oxidation ability of Au-NPs/Ga2O3 system by enhancing the hole-trapping 

ability at the interface of the Au-NPs/Ga2O3 based on the surface states of TiO2. 

Herein, an interfacial modification was proposed to improve the water oxidation 

reaction of the Au-NPs/Ga2O3 photoelectrode using a thin TiO2 layer. To optimize the 

PEC performance, the deposition position of TiO2 in the structure of Au-NPs/Ga2O3 

was studied. Nanometre-scale TiO2 thin film was deposited on the interface of 

Au-NPs/Ga2O3 by the ALD. Monitoring the photocurrent of the PEC reaction was 

applied to evaluate the photocatalytic reactivity. Due to the excellent hole-trapping 

ability of the TiO2 thin film, when the Au-NPs were partially inlaid by TiO2, the 

plasmon-generated holes could be efficiently trapped by the surface states at the 

interfacial boundary between the Au-NPs and TiO2 layer, which successfully 

enhanced the water oxidation reactivity of the Au-NPs/Ga2O3 photoelectrode. 

3.2 Experiment Methods and Characterization 

3.2.1 TiO2 modified Au-NPs/SC-Ga2O3 photoanode fabrication and structure 

characterization 
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Mott-Schottky experiments were carried out at a constant frequency of 5000 Hz in a 

scan window of -1.5 to 1.0 V vs. SCE in the three-electrode system described above. 

3.3 Results and Discussion 

3.3.1 Effect of TiO2 deposition position on the PEC performance of 

Au-NPs/SC-Ga2O3 

 

Figure 3.2 SEM and statistics size of Au-NPs on SC-Ga2O3 that was modified by 2 nm TiO2 at 

different position. 

In order to investigate the most suitable deposition position of TiO2, 2 nm TiO2 was 

deposited at different positions as shown in Figure 3.2. In structure A, the 2 nm TiO2 

layer was first deposited on the surface of Ga2O3 before the annealing process, so the 

Au-NPs were fully exposed to the air on the surface of TiO2. While in structure B, the 

contact between Au-NPs and Ga2O3 was not changed and the Au-NPs were partially 

inlaid by a 2 nm TiO2 layer. The morphology of Au-NPs showed obvious differences 
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Figure 3.4d, a slight broadening at lower energy was observed without shifting of 

peak energy, resulting from the presence of O 1s peak of Ti-O (529.8 eV).13 Based on 

the results above, it could be concluded that the crystal phase, band structure of Ga2O3 

did not change after the deposition of TiO2. 

 

Figure 3.5 (a) Extinction spectra and (b) IPCE spectra of Au-NPs/SC-Ga2O3 (black), 

Au-NPs/TiO2/SC-Ga2O3 (red) and TiO2/Au-NPs/SC-Ga2O3 (blue). 

As the Au-NPs showed different morphology in the two modification structures, 

correspondingly, the blue shift and weaker intensity of LSPR resonance wavelength in 

structure A compared with the Au-NPs/SC-Ga2O3 is due to the decrease of particle 

size shown in Figure 3.5a.14 As the resonance position of noble metal nanoparticles 

showed a negative relation with the dielectric constant, samples using structure B had 

a redshift and higher intensity as a result of the refractive index increment of the 
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surrounding media from TiO2.
15 Moreover, we compared the PEC performance of 

samples with and without interfacial modification in Figure 3.5b. The application of 

the TiO2 layer between Au-NPs and Ga2O3 dramatically decreases the IPCE to 

one-third of the value without TiO2. In contrast, it could be seen from the blue plot in 

Figure 3.5b that structure B showed an obvious improvement in photoelectrochemical 

conversion performance compared with the pure Au-NPs/Ga2O3 without modification.  

 

Figure 3.6 Schematic diagram of charge carrier transfer in Au-NPs/Ga2O3 with different TiO2 

layer modification position. 

We speculated that, as shown in Figure 3.6, upon LSPR decay hot electrons in 

structure A would first be captured by the TiO2 layer which is difficult for these hot 

electrons to transfer to Ga2O3 as a result of the more negative CB of Ga2O3 than 

TiO2.
16 In addition, as discussed in the previous chapter, the lower LSPR intensity 

would also decrease the IPCE. Therefore, the application of a TiO2 layer using 
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structure A has a poisonous effect on the PEC performance which makes the IPCE 

much lower. On the contrary, the contact between Au and Ga2O3 using structure B was 

not changed so that the electrons could be transferred to the CB of Ga2O3 smoothly 

and the holes were captured by the defective states at the TiO2 interface decreasing the 

recombination. Therefore, structure B showed a much better performance compared 

with structure A. With this structure, the plasmon-generated electrons could transfer 

from Au-NPs to Ga2O3 at the interface of Au-NPs/Ga2O3, and the hot holes could be 

captured at the surface states of TiO2, which might accelerate the water oxidation 

reaction. 

3.3.2 Effect of TiO2 thickness on the PEC performance of Au-NPs/SC-Ga2O3 

 

Figure 3.7 (a) Absorption spectra and (b) IPCE action spectra of Au-NPs/Ga2O3 modified with 

different thicknesses of TiO2. (c) I-t characteristics Au-NPs/Ga2O3 with 0 and 2 nm TiO2 under 600 

nm irradiation; (d) Current density-time curve of 2-nm-TiO2/Au-NPs/Ga2O3 under 600 nm light 

irradiation. The measurement conditions were identical to the photocurrent measurements in 

experiment section. The dash line meant the initial value of quasi-steady current density. 
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The absorption spectrum of Au-NPs was shown in Figure 3.7a which was 

calculated as the difference between the (1-T-R) spectrum substrate with Au-NPs and 

without Au-NPs, where R and T are the reflection and transmission, respectively. With 

the thickness of TiO2 increasing, a redshift of the peak position of the LSPR band 

from 585 to 645 nm was observed. Due to the similar particle size and distribution of 

Au-NPs with different thicknesses of TiO2, the redshift was mainly owing to the 

refractive index increase in the surrounding media after TiO2 deposition.15 In addition, 

the absorption value at the LSPR peak also increased as the thickness of the TiO2 

layer increased at a wavelength longer than 550 nm. In contrast, the almost same 

absorption at wavelengths shorter than 550 nm was only due to the interband 

transition of Au.2 The PEC performance of these samples modified by different 

thicknesses of TiO2 is presented in Figure 3.7b. When 1 nm TiO2 layer was deposited, 

the IPCE was decreased compared with the Au-NPs/Ga2O3. Continue to increase the 

TiO2 thickness to 2-4 nm, an obvious IPCE increase in all the TiO2/Au-NPs/Ga2O3 

photoelectrodes was presented in the visible region compared with that of the 

Au-NPs/Ga2O3 photoelectrode. It was noticeable that Au-NPs/Ga2O3 modified by 2 

nm TiO2 showed the maximum IPCE value, which achieved 0.17% at approximately 

600 nm. Figure 3.7c showed the stable photocurrents of Au-NPs/Ga2O3 with and 

without 2 nm TiO2 under 600 nm irradiation. The photocurrent of 

2-nm-TiO2/Au-NPs/Ga2O3 was approximately 1.5 times larger than that of 

Au-NPs/Ga2O3 without modification. The photocurrent after 7.5 hours irradiation 

maintained 90% of the initial value of quasi-steady photocurrent, indicating a good 

stability of 2-nm-TiO2/Au-NPs/Ga2O3, as shown in Figure 3.7d. Based on the results 

above, it demonstrated that the interfacial modification by TiO2 had an effective 

positive effect on improving the PEC performance of Au-NPs/Ga2O3 under visible 

light.  









64 
 

oxidation.19 The IPCE spectrum of 2-nm-TiO2/Au-NPs/Ga2O3 and Au-NPs/Ga2O3 

measured in the electrolyte with TEOA and the enhancement of IPCE was shown in 

Figure 3.10a and 3.10b. It was difficult for Au-NPs/Ga2O3 without TiO2 modification 

to achieve the water oxidation reaction by holes, as discussed above. While the TEOA 

was added into the electrolyte, the oxidation reactivity was dramatically increased 

even though the hole-trapping ability of the Ga2O3 surface was poor for 

Au-NPs/Ga2O3, as illustrated in Figure 3.10c. The high IPCE of 

2-nm-TiO2/Au-NPs/Ga2O3 without TEOA in Figure 3.10b indicated that the hot holes 

trapped at the surface states of 2-nm-TiO2/Au-NPs/Ga2O3 oxidized water efficiently 

even without the addition of TEOA, as shown in Figure 3.10d. 

 

Figure 3.11 Near-field distributions of Au-NPs/Ga2O3 modified with (a) 0, (b) 1, (c) 2, (d) 3, and 

(e) 4-nm TiO2 layers, which were calculated by an FDTD simulation. 
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Figure 3.12 Near-field enhancement spectra at interface of Au-NPs/Ga2O3 modified with different 

thickness TiO2 layers calculated by an FDTD simulation. 

To understand the different PEC performance of TiO2/Au-NPs/Ga2O3 with different 

thicknesses of the TiO2 layer, we calculated the near-field distribution at the interface 

of TiO2/Au-NPs/Ga2O3 that determined the plasmon-induced carrier generation by a 

finite-difference time-domain simulation. When Au-NPs/Ga2O3 was not modified by 

TiO2, the hot spot of the near-field was located at the interface between Au-NPs and 

Ga2O3 represented by two bright spots in Figure 3.11a. After the deposition of 1 nm 

TiO2, although the near field was enhanced, the IPCE was dropped as shown in Figure 

3.7a. We speculated that the surface states of TiO2 was not formed efficiently in 1 nm 

TiO2, so that the holes-trapping of 1 nm TiO2 was not as good as thicker TiO2. The 

deposition of TiO2 deceases the contact between water and Au-NPs/Ga2O3 resulting in 

the reduced IPCE. For 2-nm-TiO2/Au-NPs/Ga2O3, the significantly improved 

near-field intensity was observed at the three-phase boundary of TiO2/Au-NPs/Ga2O3 

(Figure 3.11c). However, when the thickness of TiO2 layer was further increased to 3 

nm and 4 nm as shown in Figure 3.11d and e, the near-field intensity at the 

three-phase boundary decreased which was consistent with the calculation results in 
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Figure 3.12 by FDTD. Furthermore, holes trapped at the TiO2/Au-NPs/Ga2O3 

boundary should migrate to the surface of TiO2 taking part in the water oxidation 

reaction. The increasing distance from the bottom to the surface of TiO2 in the thick 

TiO2 modification case would also harm the migration of holes to the surface of TiO2 

as a result of the extended migration path. Therefore, 2-nm TiO2 interfacial-modified 

Au-NPs/Ga2O3 showed the best PEC improvement. 

3.4 Conclusion 

In this chapter, we successfully demonstrated the IPCE of Au-NPs/Ga2O3 was 

further improved by an interfacial modification through the deposition of a TiO2 layer 

by the advantage of its good hole-trapping ability. It was beneficial to trap 

plasmon-induced holes at the interfacial boundary between Au-NPs and Ga2O3 by 

partially inlaying Au-NPs with the TiO2 layer, leading to improved oxidation 

reactivity without damage to the efficient electron transfer. The highest IPCE 

improvement (1.5-times compared with that without TiO2) in the visible region was 

obtained in the 2-nm-thick TiO2 interfacial modification. The thermodynamic 

energy-conversion efficiency of the 2-nm-TiO2/Au-NPs/Ga2O3 photoelectrode under 

light irradiation at 600 nm showed almost twice larger than that of the 

Au-NPs/TiO2-thin film resulting from the extremely negative onset potential. Based 

on these, we demonstrated a novel plasmonic photoanode could own both a high 

ability for reduction, such as H2 evolution, and oxidation ability for water oxidation 

based on the negative CB of Ga2O3 and the hole-trapping ability of TiO2, respectively. 

It is expected that this interfacial modification has huge potential in artificial 

photosynthesis and could be applied in varied photon energy conversion fields and 

devices. 
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deposition temperature was difficult. Thus, a new method was developed by 

depositing a thin TiN layer on Au film to improve the electrochemical property of 

Ga2O3 on Au film under high temperatures. Based on this method, a nanocavity was 

fabricated by depositing Ga2O3 film on TiN/Au-film at 600 oC successfully. The 

important role of partial inlaying of Au-NPs by TiO2 layer was also confirmed which 

could improve the coupling strength and the charge separation of the hot carriers 

efficiently. Using the TAGA photoelectrode with modal strong coupling, water 

splitting was successfully achieved at zero bias potential under visible light irradiation, 

suggesting that this photoanode could help reduce substances requiring a negative CB 

potential higher than water. 

4.2 Experiment Methods and Characterization 

4.2.1 Fabrication of TAGA photoanode and characterization 

 

Figure 4.1 (a) Schematic diagram of energy splitting in strong coupling between the optical cavity 
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a photonic multichannel analyser (PMA C7473, Hamamatsu Photonics) and 

spectroscopic reflectometer (Filmetrics, F20-UV). A UV-Vis spectrophotometer 

(UV-3100PC, SHIMADZU) was applied to measure the transmittance of Ga2O3 of 

film on sapphire and to estimate the optical bandgap by the Tauc plots. 

4.2.2 Photoelectrochemical measurement   

 

Figure 4.2 Schematic of O2 evolution using TAGA in a two-electrode system. 

Before the PEC measurement, the backside and sidewall of samples were coated by 

In-Ga alloy with a weight ratio of 4:1 to form an ohmic contact with the samples. 

Then the samples were connected to a copper plate in a Teflon reaction cell which has 

a pinhole with a diameter of 2.0 mm on the lid. Subsequently, this cell was connected 

to an electrochemical analyser (ALS/CH Instruments 852C, ALS) with a copper lead 

wire using a three-electrode system to measure the PEC performance. A platinum wire, 

a saturated calomel electrode (SCE) and 0.1M KOH aqueous solution were the 

counter electrode, reference electrode and electrolyte, respectively. During the I-t 
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Figure 4.3 Schematics of PLD and fabrication of Sn doped Ga2O3 target. 

To construct the optical nanocavity, a thin film should be deposited on the reflective 

layer. Therefore, Ga2O3 thin film with good optical and electric properties was the first 

factor that should be considered. In this study, PLD was employed to deposit the 

Ga2O3 thin film because of the advantages of stoichiometry transfer between target 

and substrate, high vacuum, tunable film properties, etc.4 The SnO2 doped Ga2O3 

target was fabricated by sintering the molded mixture powder under high temperature 

shown in the experimental section and the schematic in Figure 4.3. To overcome the 

poor conductivity of pure Ga2O3, during the fabrication of the target, SnO2 was 

applied to dope the powder. When the Sn4+ with a similar size to the Ga3+ was doped 

into the lattice of Ga2O3, the position of Ga3+ in the lattice would be occupied by Sn4+ 

resulting in the formation of a shallow donor energy level.5 As a result, the charge 

density and conductivity could be improved and the Sn-doped Ga2O3 would exhibit 

n-type conductivity. 
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measurement using UV-Vis, high transmittance (larger than 90%) in the wavelength 

range longer than 400 nm was obtained when Ga2O3 film was deposited on sapphire. 

Based on this transmittance, as a direct bandgap semiconductor (n=1/2), the optical 

Eg of Ga2O3 film was estimated to be 5.0 eV by the Tauc plot shown in Figure 4.4d, 

which was similar to the reference values.7 

 

Figure 4.5 (a) Absorption spectra of Au-NPs/Ga2O3-film annealing under different temperature; (b) 

IPCE and (c) I-V spectra of Au-NPs/Ga2O3-film annealing under different temperature measured 

in 0.1 M KClO4 solution; (d) I-V spectra of Au-NPs/Ga2O3-film annealing under 600 oC measured 

in 0.1 M KClO4 solution. 

In the case of Au-NPs/Ga2O3-film, the effect of annealing temperature on the PEC 

performance was investigated as shown in Figure 4.5. It could be found that all the 

Au-NPs loaded on Ga2O3-film owned similar absorption with a peak value of around 

0.2 at 580 nm when the Au-NPs were obtained under different annealing temperatures. 
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However, the PEC conversion efficiency showed an obvious difference for these 

samples under different annealing temperatures. Under the annealing temperature of 

400 oC, the Au-NPs/Ga2O3-film showed a peak IPCE of 0.07% at 600 nm measured in 

KClO4 solution without the modification of TiO2 layer. The IPCE has achieved the 70% 

of the IPCE measured using Au-NPs/SC-Ga2O3 (0.1% at 600 nm). I-V data of 

Au-NPs/Ga2O3-film under 400 oC in Figure 4.5c (black plot) also showed obvious 

semiconductor character. Both the IPCE and I-V results meant that the 

PLD-fabricated Ga2O3 thin film owned good electric properties.  

However, with the increasing of annealing temperature to 500 oC or above, the 

IPCE of Au-NPs/Ga2O3-film dramatically dropped. When the annealing temperature 

reached 600 oC, the IPCE became zero even at a wavelength shorter than 400 nm 

which owns higher photon energy. A linear I-V of Au-NPs/Ga2O3-film under 600 oC 

was observed as shown in Figure 4.5d which meant very poor conductivity. It was 

reported that oxygen vacancies played an important role in determining the 

conductivity of Ga2O3-film during the deposition.8 Too high oxygen concentration 

would suppress the carrier concentration during the deposition. Thus, the Ga2O3 film 

was deposited at a lower oxygen pressure under high temperatures. As a result, we 

speculated that, under a too high annealing temperature, the conductivity would 

probably be easily destroyed in the air atmosphere which owned very high oxygen 

concentration. As a result, Ga2O3-film only acted as a resistance under a high 

annealing temperature.  

4.3.2 Positive effect of TiN layer on Ga2O3/Au-film  
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Figure 4.6 (a) XRD of Ga2O3 film deposited on TiN/Au-film; (b) Top-view SEM image of 

Au-NPs on Ga2O3 and the size analysis by Image J. 

 

Figure 4.7 (a) XRD of TiN deposited on Si; (b) Reflectance spectra of Au film on SiO2 with and 

without TiN film; (c) I-V curve of Au-NPs/Ga2O3/Au-film under dark conditions; (d) I-V curve of 

Au-NPs/Ga2O3/TiN/Au-film under dark conditions. 

To construct the strong coupling between LSPR and nanocavity mode, Ga2O3-film 

was deposited on Au-film forming the nanocavity mode. However, when Ga2O3 was 

deposited directly on Au film, an undesired I-V relation was observed meaning poor 

semiconductor properties as shown in Figure 4.7c. In order to overcome the unstable 

deposition of Ga2O3 on Au-film, a method depositing a thin TiN layer on Au-film 
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Figure 4.8 (a) Reflectance spectra of Ga2O3 on TiN/Au-film; (b) Absorption spectra of TAGA 

structure.; (c) Absorption of TiO2/Au-NPs/Ga2O3 (210 nm)/sapphire. The thickness of TiO2 in 

TAGA was 4 nm. 

Based on the positive effect of TiN on the electrochemical properties of Ga2O3, 

different thicknesses of Ga2O3 film were deposited on the Au-film to adjust the cavity 

resonance wavelength. After the deposition of Ga2O3 film on the Au-film, an obvious 

cavity mode was observed in Figure 4.8a. The cavity resonance wavelength shifted 

from 450 nm to 740 nm when the thickness of Ga2O3 was increased from 135 nm to 

293 nm. The absorption spectra of TAGA calculated by -log (T+R) with various 

thickness of Ga2O3 film was shown in Figure 4.8b, where T and R represented the 

transmittance and reflectance, respectively. It could be found that dual bands were not 

observed, only one absorption peak at 470 nm appeared when the thickness of Ga2O3 

was 135 nm. That is because the cavity resonance wavelength was far away from the 
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LSPR band of Au-NPs on Ga2O3 film at around 635 nm as shown by the orange line 

in Figure 4.8c when the Ga2O3 film was deposited on the sapphire. With the thickness 

increasing from 150 nm, the cavity resonance wavelength began to shift close to the 

LSPR wavelength, two absorption peaks gradually appeared in Figure 4.8b. The 

tuning condition was formed when the thickness of Ga2O3 was around 210 nm with 

two distinct absorption peaks. When the thickness was further increased to 293 nm, 

the dual absorption bands disappeared gradually. Because of the similar refractive 

index between Ga2O3 (n=1.90) and sapphire (n=1.77),12 no cavity and coupling was 

formed in TiO2/Au-NPs/Ga2O3/sapphire (TAG) without Au-film in which the light 

absorption only originated from LSPR of single layer Au-NPs. Therefore, the visible 

light absorption of the TAGA sample was much higher than the TAG without 

coupling. 

 

Figure 4.9 (a) Dispersion curve of TAGA; (b) Spectral separation of the absorption spectrum of 

TAGA with tuning structure by a Lorentz fitting. 

To confirm whether this energy splitting of TAGA structure is a strong coupling, 

the dispersion curve of TAGA structure was shown in Figure 4.9a. The black and red 

lines were the fittings using a coupled harmonic oscillator model.2 Lorentzian fittings 

were applied to calculate the peak energy of separated dual bands for TAGA structure 
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in a 0.1M KOH aqueous solution. The IPCE of TAGA samples with different Ga2O3 

thickness was shown in Figure 4.10. It was found that average IPCE showed obvious 

enhancement when the cavity wavelength was close to the LSPR position. When the 

thickness was 210 nm, peak IPCE reached the maximum value of 0.24%. 

 

Figure 4.11 (a) I-t curve of TAGA under 600 nm irradiation, bias potential was applied as + 0.3 V 

vs SCE; (b) I-V curve of TAGA samples measured in 0.1M KOH solution under dark condition 

and 600 nm irradiation; (c) IPCE of TAG measured in 0.1 M KOH solution; (d) FDTD simulation 

of near-field spectra at the interface of Au-NPs/Ga2O3 in TAGA (green) and TAG (purple). The 

monitor position (black line) is 1 nm above the interface of Au-NPs/Ga2O3 shown in the 

schematic. 

At the IPCE peak wavelength of 600 nm, the stable photocurrent of TAGA at 

tuning condition was 27 nA in Figure 4.11a which was consistent with the I-V results 

measured under dark and 600 nm irradiation shown in Figure 4.11b. To investigate the 

effect of strong coupling on the photocurrent generation as well as the electrons 
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injection, the IPCE of TAG sample that 210 nm Ga2O3 was also deposited on sapphire 

instead of TiN/Au-film are also calculated shown in Figure 4.11c. This IPCE of 

TAGA sample showed 2.4-fold larger than that of TAG without strong coupling, 

demonstrating that the light absorption of Au-NPs as well as the electrons injection 

significantly increased by strong coupling. According to FDTD simulation in Figure 

4.11d, the near-filed intensity at the interface of Au-NPs/Ga2O3 in TAGA was 

dramatically increased compared with that of TAG which might contribute to the 

efficiently improved IPCE.14 The lower IPCE enhancement than the absorption 

enhancement between TAGA and TAG is attributed to the difference on the 

crystallinity between Ga2O3 film deposited on TiN/Au-film and sapphire (see Figure 

4.4b and Figure 4.6a). The Ga2O3 film deposited on sapphire showed an (-2 0 1) 

orientation similar to the SC-Ga2O3 which owns a good carriers transportation. 

However, The Ga2O3 film deposited on TiN/Au-film showed a poly-crystal structure 

meaning many grain boundaries in the crystal Ga2O3 film. These boundaries would 

have negative effect on the carrier transportation. As a result, The IPCE enhancement 

of TAGA compared with TAG is not as high as the absorption enhancement. 

It could be found that the peak IPCE of TAGA with the application of strong 

coupling showed an enhancement compared with TiO2/Au-NPs/SC-Ga2O3 with a peak 

IPCE of 0.17% as shown in chapter 3. TAGA owned superior performance in light 

absorption and photoelectric conversion efficiency than SC-Ga2O3 based sample, 

while the deposition of Ga2O3 film was relatively low cost compared with the 

application of SC-Ga2O3. 
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Figure 4.12 (a) Absorption spectra of TAGA and AGA; (b) Extinction spectra of Au-NPs/ 

Ga2O3/sapphire with and without 4-nm TiO2; (c) IPCE of TAGA and AGA measured in 0.1M 

KOH solution; (d) I-V curve of TAGA and AGA measured in 0.1M KOH solution under dark 

condition. 

In this study, the role of TiO2 layer partially inlaying Au-NPs was also studied. 

Dual-band of absorption spectra did not occur after the load of Au-NPs for AGA 

samples with 210 nm Ga2O3 in Figure 4.12a, indicating that coupling condition was 

not formed. While Au-NPs were inlaid by 4 nm TiO2 using ALD, two absorption 

peaks were observed and the absorption was efficiently increased in the visible region. 

This was attributed to the enhanced LSPR mode of Au-NPs after the deposition of 

TiO2 layer shown in Figure 4.12b, resulting in the increased coupling strength. 

Furthermore, a better spatial overlap between cavity and LSPR mode could be 

obtained by the TiO2 inlaying Au-NPs as illustrated in our previous study.2 For TAGA 

structure, the IPCE peak after the deposition of TiO2 was 4.2 times larger than that of 
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the AGA without TiO2 as presented in Figure 4.12c. It is found that there is only one 

obvious peak in the IPCE spectra of TAGA, which was not consistent with the 

absorption spectra. An obvious IPCE peak of TAGA was located at 600 nm which is 

the same as absorption peak of upper branch. The electron excited by the short 

wavelength owns high energy would be efficiently injected into the conduction band 

of Ga2O3. A small peak at around 700 nm could also be found although it is not such 

high as the peak at 600 nm. According to the Marcus theory on electrons transfer, the 

electrons excited by longer wavelength owns lower energy, so the rate of these lower 

energy electron injection to the conduction band is smaller compared with electrons 

excited by shorter wavelength. Therefore, the IPCE peak at around 700 nm was not so 

strong. It should be noted that the CB potential of TiO2 is more positive than Ga2O3, 

the deposition of TiO2 probably influence the CB potential of Ga2O3. According to the 

I-V results in Figure 4.12d, the onset potential of TAGA only showed a slight shifting 

towards positive potential as compared with AGA. It demonstrated that after the 4-nm 

TiO2 layer partially inlaid Au-NPs, the Ga2O3 in TAGA still kept a high reduction 

ability.  

 

Figure 4.13 (a) Near-field distribution at 600 nm irradiation in (a) AGA and (b) TAGA (right) 

calculated by FDTD; (c) Near-field spectra at the interface of Au-NPs/Ga2O3 in TAGA and AGA 

calculated by FDTD. 
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As discussed above, TAGA at the tuning condition showed much higher near-field 

intensity compared with TAG. We also calculated the near-field distribution and 

intensity in TAGA and AGA by FDTD as depicted in Figure 4.13. It could be found 

that two bright spots were located at the interface of Au-NPs/Ga2O3 which were 

assigned to the near-field enhancement induced by LSPR. After the Au-NPs were 

inlaid by TiO2, near-field at the interface of Au-NPs/Ga2O3 in TAGA showed a 

higher-intensity at the coupling condition compared with the AGA structure at the 

wavelength of 600 nm. Furthermore, a much higher integrated intensity of near-field 

enhancement at the interface of Au-NPs/Ga2O3 in TAGA was observed than AGA 

without TiO2 shown in Figure 4.13c, leading to efficient electrons injection to the CB 

of Ga2O3. It should be noted that the near-field enhancements at the interface of 

Au-NPs/Ga2O3 in TAG are not as high as those in AGA (see Figure 4.11d and Figure 

4.13c, the larger IPCE in TAG could be attributed to the good hole-trapping ability of 

the TiO2 layer, which suppresses electron/hole recombination and promotes charge 

separation.1  

Therefore, the TiO2 layer partially inlaying Au-NPs played an important role in 

increasing the coupling strength between cavity mode and LSPR mode, as well as the 

charge separation so that the absorption and IPCE were dramatically improved 

without too much change in the negative CB potential of Ga2O3. 
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applied in PEC reactions to further drive the related reduction reaction, such as in 

water splitting while the CB potential of semiconductors was insufficient.15 In this 

case, the water splitting on TAGA at zero bias potential could be explained that the 

negative CB potential of Ga2O3 positively affects the reduction reaction on the 

cathode, resulting in the improvement of the whole water splitting reaction.16 By 

advantage of the intrinsically negative CB potential, hot electrons injected into the CB 

of Ga2O3 and holes captured by the TiO2 could take part in the redox reaction for the 

generation of H2 and O2 at zero bias potential. 

4.4 Conclusion 

In this study, a novel thin-film photoanode of TiO2/Au-NPs/Ga2O3/TiN/Au-film 

with negative CB potential was developed towards zero bias water splitting under 

visible irradiation. The deposition of TiN between Ga2O3 and Au-film successfully 

improved the I-V character under high deposition temperature. Strong coupling was 

achieved when the cavity resonance wavelength of Ga2O3 on TiN/Au-film overlapped 

with the LSPR of Au-NPs partially inlaid by a thin TiO2 layer. Both the visible light 

absorption and electron injection from Au-NPs to Ga2O3 were successfully enhanced 

by applying the strong coupling into the Ga2O3 system which is intrinsically visible 

light inactive. And the photoelectric conversion efficiency under strong coupling was 

obviously enhanced compared with that using SC-Ga2O3. Based on the advantage of 

the negative CB potential of Ga2O3, water splitting was successfully detected at zero 

bias potential. This result demonstrates that the Ga2O3 exhibits a huge prospect in 

relieving the global environmental problem, especially CO2 reduction, based on its 

negative CB potential. 
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Chapter 5  

Conclusion and Future Prospect 

5.1 Conclusion 

In this thesis, we mainly focused on the photocurrent generation and water splitting in 

the visible region using wide bandgap semiconductor Ga2O3 with negative CB 

potential that is beneficial to reducing the water, or even CO2. Based on the LSPR 

effect, the load of Au-NPs on the surface of Ga2O3 by annealing Au film successfully 

overcame the intrinsically inactive to visible light due to its large bandgap. Next, the 

interfacial modification in Au-NPs/SC-Ga2O3 by a TiO2 layer which owns an excellent 

holes-trapping ability to improve the charges separation was investigated further 

enhancing the IPCE of Au-NPs/SC-Ga2O3. In order to resolve the poor light 

absorption of a single Au-NPs layer, modal strong coupling was introduced into the 

Au-NPs/Ga2O3-film system. Strong coupling was formed when the cavity resonance 

wavelength and LSPR wavelength matched each other, efficiently increasing the light 

absorption and IPCE in visible region. Finally, water splitting at zero bias potential 

was achieved based on the intrinsic negative CB potential of Ga2O3. 

To confirm the most appropriate size of Au-NPs on SC-Ga2O3, series size of 

Au-NPs were loaded on SC-Ga2O3. After the load of Au-NPs with different size, 

obvious absorption, as well as the photocurrent generation was observed in visible 

region. 15-nm Au-NPs loaded SC-Ga2O3 showed the highest peak IPCE at 580 nm 

due to high LSPR intensity and long dephasing time.  

In order to improve the charges separation at the interface of Au-NPs/SC-Ga2O3, an 

interfacial modification was applied based on the hole-trapping ability of TiO2. The 

deposition of TiO2 at the interface of Au-NPs/Ga2O3 would damage the electrons 
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transfer from Au-NPs to Ga2O3. The deposition of TiO2 layer partially inlaying 

Au-NPs without destroying the contact between Au-NPs and Ga2O3 was a much better 

structure for the charges transfer. In this structure, the hot electrons would be 

smoothly injected into the CB of Ga2O3, while holes remained in the Au-NPs were 

trapped by TiO2, so that the IPEC was further enhanced. This modification showed an 

obvious dependence on the thickness of TiO2. Thicker TiO2 would do harm to the 

generation and migration of the hot electron at the interface of Au-NPs/Ga2O3, having 

a negative effect on the IPCE improvement. 

The plasmon induced photocurrent generation based on the low-cost Ga2O3 thin 

film deposited by PLD was further investigated. After the optimization of deposition 

conditions, the Ga2O3 thin film on sapphire with good electric properties was obtained. 

The IPCE of Au-NPs loaded Ga2O3 film was comparable with that using SC-Ga2O3.  

Based on the fabrication of Ga2O3 thin film by PLD, strong coupling between 

LSPR and cavity mode was employed to increase the light absorption of Au-NPs and 

electrons injection. Before the deposition of Ga2O3 film on Au film to form 

nanocavity mode, a thin TiN layer was deposited on Au film before the deposition of 

Ga2O3 film to obtain the required I-V properties. The cavity mode with tunable 

resonance wavelength was formed in Ga2O3/TiN/Au-film with different thickness of 

Ga2O3. Strong coupling was achieved when the cavity resonance wavelength and 

LSPR wavelength of Au-NPs overlapped. Under the strong coupling conditions, light 

absorption and near field intensity, as well as IPCE was efficiently increased 

compared with that without coupling effect. TiO2 inlaying Au-NPs played a critical 

role in increasing coupling strength and holes trapping. By advantage of the negative 

CB of Ga2O3, water splitting at zero bias potential was successfully achieved using 

TAGA under visible irradiation. 
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As a summary, in this thesis, we demonstrated the photocurrent generation and 

water splitting using Ga2O3 based photoanode with negative CB potential under the 

visible irradiation. The load of Au-NPs could efficiently achieve light absorption and 

photocurrent generation on wide bandgap Ga2O3 in the visible region. It was also 

demonstrated that the excellent holes-trapping ability of TiO2 layer could further 

increase the charges separation through the interfacial modification on Au-NPs/Ga2O3 

by partially inlaying Au-NPs by TiO2. The strong coupling between the LSPR mode 

and nanocavity mode was an efficient strategy to increase the light absorption and 

electrons injection. Moreover, the zero bias potential water splitting was achieved 

based on the negative CB potential of Ga2O3. 
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5.2 Future Prospect 

Based on results obtained in the present research, the light absorption and 

photocurrent generation in visible region has been achieved on wide bandgap 

semiconductor Ga2O3 relying on the LSPR effect of Au-NPs. Furthermore, water 

splitting at zero bias potential was observed over Ga2O3 based photoanode in visible 

region due to the negative CB potential of Ga2O3. According to the principles in PEC 

reactions, the negative CB potential is beneficial to the reduction reaction, especially 

the substances that require a negative reduction potential, such as CO2. As a result, it 

is expected to achieve CO2 reduction, even at zero bias potential using the Ga2O3 

based photoanode under visible irradiation. In addition, the Schottky barrier at the 

interface of metallic-NPs and semiconductors is also another factor that should be 

considered in the carrier separation and injection. It is found that the Schottky 

junction barrier between Ga2O3 and Au-NPs is very high due to the large work 

function of Au and negative CB potential of Ga2O3. The IPCE is expected to be 

further enhanced when the Schottky junction barrier is reduced moderately so that 

photons with lower energy could be injected into the CB of Ga2O3. Furthermore, in a 

strong coupling system, splitting energy also plays an important role in the PEC 

performance. The quantum efficiency probably will be increased with larger spitting 

energy so that the IPCE is enhanced. 

According to the views mentioned above, the future work is shown as below: 

(1) The reaction cell will be designed with a suitable structure for CO2 reduction. Also, 

the electrolyte and electrode should be investigated for the best selectivity during 

the CO2 reduction process. 

(2) It is expected that Al nanoparticles (Al-NPs) could be loaded on the Ga2O3 
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reducing the barrier height due to its low work function compared with Au. As Al 

is easily oxidized to Al2O3, solution method might be a good approach to load 

Al-NPs on Ga2O3 instead of annealing thin Al film. 

(3) To control the LSPR properties, alloy metal NPs (such as Au-Ag, Au-Al) will be 

loaded on the surface of Ga2O3 film instead of the Au-NPs. Before the annealing 

process for the formation of alloy NPs, stack layers with different kind of metal 

are deposited on the surface of Ga2O3 film. The thickness ratio of these metal 

layers and annealing conditions shall be investigated to optimize the composition.




