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Abstract 

Electron-hole pair separation is a crucial process to realize solar energy 

harvesting which can drives most of the photocatalytic reactions on the 

semi-conductor surface. Plasmon-induced hot carrier generation unleash 

optical band gap limitation, extending the solar energy conversion spectrum 

to visible and near-infrared range. This is regarded as a promising 

alternative for the electron-hole separation process. However, the 

plasmonic-induced hot carrier generation and extraction efficiency remain 

low, hindering the large-scale application. In this thesis, a wide range of 

plasmonic metal/semiconductor hybrid nanostructures are synthesized by 

wet chemistry method which aims to join semiconducting titanium dioxide 

(Ti02) with metallic plasmonic nanostructure into many different 

configurations. More importantly, this thesis demonstrates a highly 

efficient strategy to extract the hot carries by assembling plasmonic 

metal/semiconductor hybrid nanostructures on Au film to construct a 

plasmonic film-coupled nanocavity system. 

The main results are summarized as follow: 

1. Uniform Gold nanorods (GNR) are synthesized via seed

mediated method, realizing a flexible tuning on the plasmonic response 

over the visible to infrared range. Besides, by the precise control of the 

titanium chloride (TiCb) hydrolysis process, metallic plasmonic 



nanostructures such as GNR and Au nanosphere are coated with a 

semiconducting Ti02 shell or be further decorated with metallic co-catalyst. 

This results in a monodispersed plasmonic/semiconductor hybrid structure 

which makes the plasmonic particle promising for the plasmonic-induced 

photocatalytic reactions. The preliminary photocatalysis results suggest 

that the morphology design of plasmonic/semiconductor hybrid structure 

is of high importance for photocatalytic reaction, since the spatial 

separation of electron/hole pair can supress the recombination. 

2. A film-coupled plasmonic photocatalysis system with an 

extraordinary hot carrier generation and extraction efficiency 1s 

constructed by assembling Au/Ti02 dumbbell nanostructures on a thin gold 

(Au) film. Benefited from the Au thin film, the film-coupled system has an 

enhanced photon absorption efficiency accompanied with an amplified 

plasmon resonance near field strength on the Au nanostructure. This 

resulted in a remarkable enhancement on both photocurrent (> 10 times) 

and photocatalysis reaction rate (> 3 times) compared with the 

counterpart's dumbbell nanostructures assembled on an ITO film. Under 

the excitation of the localized surface plasmons in this particle-on-film 

nanocavities, the on-top GNRs serves as an efficient hot electron generator, 

consequently injecting hot electrons over the Au/Ti02 Schottky barrier to 

participate in the photocatalytic reaction occurred on the Ti02 surface. 

Apart from the plasmonic hot carrier generation, an alternative hot carrier 
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generation mechanism is jointly confirmed by the incident-wavelength

dependent photocurrent and spectra dependent reaction rate measurements 

where hot electrons are generated through the Au film optical d-band 

transition. This mechanism is a secondary hot carrier source which 

promotes additional hot electron to the film-coupled nanocavity system 

and spontaneously contributes to the photocatalytic reactions. 

3. The strong coupling plasmonic film-coupled system is constructed 

by depositing with an ultra-thin Ti02 semiconducting layer on an Au film. 

This thin Ti02 layer acts as a hot electrons collector and a optical spacer to 

sustain a gap hybridized resonance mode of the atop plasmonic 

nanostructures. The plasmonic resonance is characterized by a single

particle darkfield optical measurement, revealing three plasmon resonance 

modes supported in this system: Dipolar resonance mode, gap hybridized 

plasmonic resonance and magnetic resonance mode. More importantly, the 

wavelength-dependent photocurrent measurement suggests the hybridized 

magnetic resonance mode has an outstanding photocurrent enhancement at 

the near-infrared region. This result explored a new photocurrent 

generation mechanism, also provided a basis for the future theoretical 

study. 
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Chapter 1 Introduction and Literature Review 

1.1 Background of this thesis 

Solar energy harvesting can trigger photocatalytic reactions by exciting 

electron/hole pair in the semiconductor-based system. This process leads to a 

wide ranging of applications including water purification1
, combustion fuel 

generation2 and toxic molecule decomposition3
. However, the semiconductor 

excitation is limited to its optical band gap, thus the photon energy conversion 

efficiency in visible range remains too low for a large-scale application. 

Plasmonic metal/semiconductor hybrid structure has been extensively studied 

to broaden the light harvesting spectrum, since the plasmonic resonance 

frequency can be facilely controlled ranging from visible to near-infrared range4
. 

This introduction/literature review chapter will briefly introduce the concept of 

plasmonic resonance, plasmonic-induced hot carrier generation and its 

implication to photocatalytic effect. 
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1.2 Plasmonic resonance 

Compared to the bulk structure, metallic nanostructure exhibits a distinctive 

optical response. Incident photon is trapped and confined into a sub-wavelength 

volume, resulting in collective surface electron oscillation. This dynamic is well 

known as surface plasmon resonance. 

1.2.1 Surface plasmonic polariton (SPP) 

z IE8pl Ez tl:;sP 
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£2 

Figure 1.1: SPP propagation in different dielectric interfaces5
. Where 6 1 

and 62 are dielectric constant of the 1 and the 3 layers, and Sin is the 

dielectric layer of the metallic layer (labelled as layer 2) in between layer 

1 and 3. 

Incident photon can excite a propagating surface polariton wave in the 

dielectric-metal interface as can be seen from Figure 1.1. By solving the 
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Maxwell equations and boundary conditions, we can obtain the 2-dimensional 

SPP condition as expressed by the following equation6
: 

k ( W) = W 61 E:m ........•..••..... . 1.1 
C 61+6m 

Where s1 and sm are the dielectric constant of two slabs. Therefore, the 

dielectric constants of both layers determine the interfacial oscillation 

characteristic of SPP and the energy dispersion relationship of can be obtained 

by considering the Drude mode, and we can finally reach the following 

expression 7: 

w w2-w z 
k(w) = -

2 
v 

2 
•..•....•.••....... 1.2 

c 2w +wp 

And the interface dielectric constants can also determine the field depth of the 

SPP which is expressed by: 

8=w 
C 

-w·z 
2 [ 2 .................. . 1.3 

2w +wp 

We may plot the dispersion relationship as can be seen from Figure 1.2, the 

dispersion relationship oflight line ( dash line) and SPP line (solid line) suggests 

SPP cannot be excited under the normal incident condition due to the 

mismatched wave momentum. To excite the SPP, different coupling medium 

such as optical grating8 or prism lenses9 are employed for compensating the 

momentum discrepancy between the light line and the SPP line. 
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Figure 1.2: dispersion relationship of the light line in the air( dash line) and the 

surface plasrnon polariton(solid line). ffisp indicates the surface plasrnon 

resonance frequency. 

1.2.3 Localized surlace plasmon resonance in noble metal nanoparticles 

Localized surface plasmon resonance (LSPR) involves the localized electron 

seas oscillation which can induce a highly confined electromagnetic field on 

the nanoparticle surface10. The non-propagating, intense near-field leads to 

many biotechnology and chemistry applications such as surface enhanced 

spectroscopy 11
, thermal-photo therapy 12 and plasmonic enhanced dye sensitized 

solar cell1 3
. Comparing with SPP, LSPR has a discrete resonance frequency 

which is determined by the nanostructure geometry or the material composition. 
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Electron cloud / 

Figure 1.3 The schematic illumination oflocalized surface plasmon resonance. The 

small blue sphere represents the noble metal nanosphere. Upon the photon 

excitation, the surface electron sea is pulled back and forth forming a dipole electric 

oscillation 14 

Typically, the field dynamic of incident photon can interact with the surface 

electron of noble metallic nanoparticle (As illustrated in figure 1.3), on 

condition that the particle size is much smaller than the incident photon 

wavelength. Upon the illumination, the surface electron is pulled back and forth 

forming a dipole electric field oscillation on the nanoparticle surface. The LSPR 

oscillation frequency is sensitive to the dielectric environment and nanoparticle 

morphology, by manipulating these parameters, the LSPR frequency could be 

precisely determined to meet the application's need. Due to the LSPR, the 

nanoparticle would cause the optical extinction. By 

assuming a(radius of nanoparticle) << A, the LSPR resonance and extinction 

spectrum of the NS can be estimated by solving the Maxwell equation with the 

following simple model15
: 
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2 3 3/2 

E(A) - 24rr Na £out [ Ei(il) 2 2J .............. . 1.4 
il ln(10) (Er(il)+XE0 ut) +Ei(il) 

Where £out is the environment dielectric function, Er and £i are the real and 

imaginary part of the metal dielectric function, and r is the r adius of the 

nanosphere. This simple model indicates that the particle geometry and the 

dielectric environment can vary with the LSPR frequency. In next few sections, 

the geometry and dielectric LSPR dependency will be briefly introduced. 

1.2.4 Morphology dependency of Localized surface plasmonic resonance 
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Figure 1.4 The extinction spectra of different Au nanostructure geometry fabricated 

by electron beam lithography. The first two rows indicate the dimension and the last 

row is the shape of nanostructure16. 

The plasmon resonance frequency is sensitive to the nanoparticle morphologies 
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and dimensions. The plasmonic resonance frequency can be varied from visible 

range to infrared range. For example, Electron beam (E-beam) lithography can 

fabricate nanostructure in various dimension and shapes. As can be seen from 

Figure 1.4, the E-beam lithography can fabricate nanostructures in nanoprism 

and nanodisk with different dimension17
-19 resulting in the adjustable resonance 

peak frequency over the whole visible spectrum. Typically, cylindrical 

nanostructure has a resonance peak at 400-500 nm, while for triangular 

structure the resonance peak can shift to the near infrared region up to 750-800 

nm. 
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Figure 1.5 The transmission electron microscope graph (upper) and the 

corresponding extinction spectra (lower) of different Au nanostructure geometry 

fabricated though wet-chemistry method. (a): Au nanosphere20
, (b) Au 

nanoprism21 and ( c) Au nanostar22 
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Besides from the e-beam lithography, mono-dispersed and uniform metallic 

nanostructure can be shaped into different morphologies though wet-chemistry 

methods. Though controlling the over-growth process, nanostructures can have 

isotropic (Gold nanosphere and prism) or anisotropic (Gold nanostar) shapes. 

Varied geometry and structure dimension implies an adjustable resonance 

frequency. For example, monodispersed Au nanosphere (Au NS) is a common 

nanostructure synthesised by wet-chemistry methods. Mnauplating the radius 

of Au NS23
, the SPR frequency can be facilely tailored from a narrow resonance 

peak to a board resonance peak over the infrared region as shown in Figure 1.5 

(a). In fact, the morphology of nanostructure also determines the complexity of 

resonance mode, this will explored more in the result part of this thesis. 

1.2.5 Surface decoration of nanostructures 

-.. _ 
·· - ·· - ··- ·· - ·· - ·· - ·· 

0.0-+------..-------~----.---------.--------..--------r--------.-------r--' 
400 500 600 700 800 
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Figure 1.6 The TEM graph of the Au NS (a) before the Si02 surface coating and 

(b) after the 20 nm Si02 coating. (c) The corresponding absorption spectra of the 
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Au@Si02 (Core@shell) structure in different thickness of Si02 coating24. 

Metallic nanostructures concentrate far-field radiation into a sub-wavelength 

resonance mode, inducing an intense near-field on nanostructure surface. 

This highly confined near-field can be exploited to trigger many surface 

applications, therefore it is important to regulate the energy transfer process 

though dielectric shell decoration. Surface decorated dielectric shell can also 

provide an optical spacing25
-
26

, chemical stability and electrical conductivity27
. 

In figure 1.6 (a) and (b) the metallic Au nanosphere is coated with a Si02 shell 

by wet chemistry method. Due to the increased dielectric environment the 

LSPR frequency shift significantly. Figure 1.6 (c) shows SPR peak red-shifts 

with the dielectric shell thickness. These surface decorated plasmonic 

nanostructure can be incorporated into optoelectronic devices and thus improve 

the visible-light responsivity, also by varying the core diameter and shell 

thickness, the plasmonic response of core/shell nanostructures can be flexibly 

tuned to meet the needs of specific applications28
. 
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1.3 Plasmonic induced hot carrier generation and injection 

mechanisms 
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Figure 1.7 The hot carrier generation mechanism of a plasmonic nanosphere (NS). 

Surface plasmonic resonance is excited by the incident photon and the plasmonic 

decay pathway is described from schematic diagrams (a)-(d) and (f) The 

corresponding carrier energy population. (e) The far-field distribution of incident 

photon upon the NS plasmonic resonance29
. 

Plasmonic enhanced photocatalysis is regarded as a promising way to extend 

the solar energy harvesting spectrum30-33. In this section, we will discuss the 

plasmonic induced hot carrier generation mechanism. 

To be specific, hot carriers are produced locally on the metal surface though 

plasmon resonance damping. This dynamic begins with the plasmon excitation 

as shown in Figure 1.7 (a). As can be seen from 1.7 (e), E-field of Incident 

photon is concentrated by NS due to the coherent surface electron oscillating 
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which is well known as plasmon resonance. This coherent electron oscillating 

will soon de-phase though nonradioactive Landau damping in femtosecond 

time (fs) scale, subsequently producing coherent energetic hot electron/hole 

pair in non-thermal equilibrium distribution as illustrated in the leftmost 

diagram of Figure 1.7 (f). The process is followed by the carriers relaxation 

though electron-electron or electron-phonon scattering. Due to the random 

scattering process, hot carriers become incoherent and non-direction. The 

relaxation process takes time 100 fs to 1 ps which recovers the energetic hot 

carriers to normal Fermi-Dirac distribution while increasing the lattice 

temperature. Finally, the produced heat will be dissipated to the surrounding 

from 100 ps to 10 ns. 

(a) (b) (c) 

CB 

E 

Figure 1.8 Three hot electron injection mechanisms (a) Plasmon-induced hot 

electron transfer (PHET) (b) Plasmon-medicated electron transfer (P1\1ET) ( c) 

plasmon induced metal-to-semiconductor interfacial charge transfer transition 

(PICTT) 34
. 

In the previous section, we have discussed the hot carrier generation though 

Landau damping process. The hot carrier collection can be realized by joining 
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a semiconductor with the plasmonic nanostructure as a hybrid structure. In 

particular, Plasmon-induced hot electron transfer (PHET) pathway is a well

accepted electron transfer mechanism. As shown in Figure l .8(a), electrons on 

metal side are excited above the fermi-level due to the surface plasmon Landau 

damping during which the energetic hot electrons can diffuse to the conduction 

band of the adjacent semiconductor. 

Quantum yield (QYo/o) of PHET pathway is found to be correlated to the 

Schottky barrier height and the excitation photon energy, which can be 

summarized with the fowler equation35-36. 

( ) 
(hw-Eb) 2 

QY w = ................... ... (1.1) 
4Ethw 

Where hw energy of the incident photon is, Eb is barrier high between the 

Semiconductor and metal, and E1 is the fermi energy of the metal. The above 

equation indicates that injection efficiency has a high dependency on the 

Schottky barrier height, and it is estimated by37
: 

Eb = <Pm - X ...................... (1.2) 

Where <Pm the work function of the metal and X is the affinity of the 

semiconductor. These two values can be experimentally obtained by 

photoemission spectroscopy38. 

Besides from the PHET pathway, some experimental and theoretical efforts 

have suggested that the hot electron injection process could take place though 

Plasmon-medicated electron transfer (PMET) or plasmon induced metal-to-
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semiconductor interfacial charge transfer transition (PICTT) pathways. The 

PHET mechanism was proposed due to the mismatched electron injection time

scale. An extensive study in 2015 was conducted to observe the exciton state 

bleaching of Au/CdSe (plasmonic/semiconductor) hybrid structure by using 

femtosecond transient absorption (TA) spectroscopy. The Au/CdSe 

nanostructure exhibits a strong excitonic orbital coupling which induces a long 

absorption tail over infrared region. By observing the bleaching of excitonic 

state, it is confirmed that the PICTT pathway take parts in the electron injection 

within the femtosecond time scale. The conventional PHET pathway has 

relatively low quantum efficiency, can be low as 3%. However, this PICTT 

pathway has an exceptionally high QY% up to 20%, suggesting an efficient 

pathway for the hot electron injection. 
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1.4 Evidence on plasmonic generated hot carriers 
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Figure 1.9 Energy bandgap of semiconductors. On left it is compared to the 

vacuum potential and the right is compared to normal hydrogen electrode potential 

(NHE)39_ 

Most of the semiconductor has a wide band gap, which is usually too large for 

the visible light excitation. For example, ZnS, Zr02, SrTi03 and Ti02 have an 

energy bandgap > 3.0 eV (See Figure 1.9). However, the conduction and 

valence band of these large bandgap semiconductor lies at a deep enough 

potential (vs NHE) to trigger many light-driven chemical reactions under the 

electron/hole pair excitation. 

As discussed in section 1.15, Jommg plasmonic nanostructure with the 

semiconductor, hot electrons can be injected over the Schottky barrier40 

through PICTT and PHET pathways and subsequently collected by the 
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conduction band (Summarized in Figure 1.10). These energetic electrons can 

participate the reduction process occurring in semiconductor surface as 

evidenced by many experimental studies. Therefore, this prevailed 

plasmonic/semiconductor structure can sustainably enhance the photocatalytic 

reaction over the visible to infrared spectrum. More importantly, the 

enhancement efficiency is correlated well with the nanostructure extinction 

spectra40 or the resonance frequency41
, indicating that the photocatalytic 

enhancement is mainly contributed by the plasmon induced hot carrier 

generation. 
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Figure 1.10 The plasmon induced photocatalytic reaction mechanism. ( a) The 
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schematic illustration on plasmonic induced hot electron generation and injection 

process42. (b) TEM graph of janus Au/Ti02 nanostructure. (c) The hydrogen 

generation rate of different plasmonic/semiconductor hybrid structure verse 

reaction time43. 

Suppressing the electron-hole recombination is of high importance to a 

desirable plasmonic photocatalytic reaction. Using hole scavengers such as iron 

ion42 (Fe2+) or methanol44 can scavenge the generated holes on valence band, 

thus suppressing the recombination probability and accelerates the electron 

reduction process occurring at the conduction band. In the other way, the 

recombination can also be suppressed by electron/hole spatial separation. 

Several Au/Ti02 configuration studies proved that in open structure, holes and 

electrons are spontaneously expose to the surrounding reactive species and thus 

lowering its recombination probability45-46 and the improved photocatalytic 

performance. For example, figure 8 (c) and (d) demonstrate a typical open 

structure that allows the electron/hole spatial separation. The janus Au/Ti02has 

a much better photocatalytic efficiency than the core@shell counterparts due to 

the spatial electron/hole separation. 
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(a) 
,osunlight 

Ti02 layer 

AuNPs 

(b) 

Figure 10 Two similar plasmonic planar systems in Au nanoparticles/Ti02 film/Au 

film arrangement. These two figures is extracted from reference 47 (a) and 48 (b) 

Nanostructure arranged in planar configuration is a common approach to study 

the plasmonic photocatalytic system. Au-film/TiOrfilm/ Au-nanosphere planar 

sandwich configuration has been extensively investigated in several studies as 

a broadband visible-light absorber (Figure 10 a and b) which efficiently 

converts visible light into plasmonic induced hot carrier. However, the 

plasmonic structure employed in these studies are limited to the spherical-like 

Au nanostructure which only support one plasmon resonance mode also the 

particle size and distribution is not uniform. In addition, the near-field strength 

of Au spherical particle is poor compared to nanocubes and nanosphere49
, thus 

limiting the understanding on the film-coupled plasmonic response. Besides, 

the crucial role of the Au film remains unclear in hot carrier generation and 

separation. Therefore, it is necessary to study the hot carrier generation and 

transfer mechanism in such particle on film sandwiches system. 
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1.5 Section summary 

Plasmon-induced hot carrier generation unleashes the excitation from optical 

bandgap limitation, extending the solar energy conversion spectrum to visible 

and near-infrared range. Under the visible light illumination, the sub-band gap 

photon can induce the hot carrier generation through nonradioactive Landau 

damping process and hot electrons can be injected to the adjacent 

semiconductor. However, the efficiency of plasmonic hot carrier generation and 

extraction remains low, it is important to adopt a new strategy to increase 

efficiency. 

In this thesis, we demonstrate a novel strategy to generate and to extract hot 

carrier plasmonic hot carriers though film-coupled plasmonic photocatalysis 

system. At first, plasmonic/Ti02 hybrid nanostructures are prepared into 

different configurations by wet chemistry method. Photocatalytic efficiencies 

suggest the dumbbell-shaped Au/Ti02 nanoparticle (Ti02 shells selectively 

grows at two ends of Au nanorods) outperforms its core@shell counterparts due 

to the spatial electron/hole separation. To this reason, Au/Ti02-dumbbell are 

selected as the candidate for studying as the film-coupled photocatalysis. This 

film-coupled nanocavities is constructed by assembling Au/TiOrdumbbell on 

Au film which allows us to investigate the plasmonic response of Au/TiOr 

dumbbell-on-Au-film nanocavities and comprehensive look into the dumbbell

film coupling mediated hot carrier generation mechanism and transfer at the 
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interfacial contact. This film-coupled nanocavity system is compared to the 

control system with Au/Ti02 dumbbells assembled on conducting ITO film. 

These two systems has a distinctive difference in optical and electrical property. 

Optically, the Au/TiOrdumbbell-on-Au system shows an intense Au-film

mediated near-field enhancement, localization and confinement compared with 

its ITO counterpart, and can locally generate hot carriers under resonance 

frequency illumination; Electrically, both ITO and Au film system has a 

Schottky barrier is established between the Au nanorod and the Ti02 shell, 

collecting hot electrons generated from localized surface plasmon resonance 

non-radioactively decayed. In an additional to the plasmonic hot electron 

generation, the Au film system is featured with a second Schottky barrier 

constructed at the TiOi Au-film interfacial contact. This Schottky barrier 

collects of the hot electron generated from the photoexcited d-band transitions 

in the Au film. Apparently, the hot electron injections though plasmonic 

induced and the photoexcited d-band transition pathways are counter each other 

in current direction, yet both hot electrons sources facilitate the photocatalytic 

reaction at the Ti02 shell surface, as manifested by an outstanding performance 

in the dye decomposition experiment. Hot carrier generation though the film

coupled is shown with a tremendous advantage. In the last part of this thesis, 

the film coupled system is studied in a sub 5 nm strong coupling region. A 

planar structure was constructed by ITO glass sputtered with Au film. On top, 
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an ultra-thin Ti02 film is decorated though atomic layer deposition. Darkfield 

characterization has revealed the system exhibits a hybridized plasmonic modes 

with an enhanced high order resonance mode. 
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Chapter 2 Experimental Instrument and 

Sample Characterization 

This chapter presents the experimental Instruments and material 

characterizations chapter will fully of this work, including plasmonic 

nanostructure preparation, plasmonic/Ti02 hybrid structure preparation, film

coupled system fabrication and also the principal of characterization 

instruments. 

2.1 Plasmonic nanostructure preparation: 

In this thesis, three metallic plasmonic nanostructures are synthesized, 

including Au nanorod (GNR), Au nanosphere (Au NS) and Au@Ag 

core@shell nanorod. All nanostructures are synthesized in wet chemistry 

environment with the following chemicals: 

Hexadecy ltrimethy !ammonium bromide (CTAB, >99%), 

Dodecyltrimethylammonium bromide (DTAB, >99%), 

Cetyltrimethylammonium chloride (CTAC, >99%), Tetrachloroauric (III) acid 

(HAuCl4-4H20, >99o/o), Sodium borohydride (NaBH4, >99%), Silver nitrate 

(AgN03, >99%), Hydrochloric acid (HCl, IM), Ascorbic acid (AA, >99%), 

Poly(styrenesulfonate) (PSS, >99°/o) Sodium bicarbonate (NaHC03, >99%), 
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Titanium (III) chloride solution (TiCh, 15-20o/o, in 30% HCl solution), Sodium 

sulphate (Na2S04, >99%) and Methanol (CH3CH20H, >99%) 

All materials are brought from Sigma-Aldrich without further purification. 

2.1.1 Seed-mediated CTAB capped Gold nanorod (GNR) synthesis 

GNRs are synthesized by seed-medicated method. In preparing the seed 

solution, 9. 75 mL C16 TAB (0.1 M) with 250 µL of HAuC14 are well mixed in 

test tube. Then it is injected with 600 µL of ice-cold NaBH4 (10 mM). NaBH4 

is a strong reducing agent which may degrade rapidly, so the injection process 

has to use fresh prepared N aBH4. Then the mixture is generally mixed until the 

solution turns into brownish, then it is left undisturbed for 2 hours under room 

temperature. 

To prepare the growth solution, 4 2. 5 mL of O .1 M CTAB is added with 2 mL of 

HAuC14 (1 OmM), 400 µL of AgN03 (10 mM), 800 µL of HCl (1 M) and 320 

µL of AA (1 M) in sequence, followed by quick mixing until the solution turns 

colourless where HAuC14 is reduced. Finally, 150 µL of the seed is injected into 

the growth solution under the gentle mixing. The final mixture is left 

undisturbed overnight before further usage. 
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2.1.2 Seed-mediated CTAB capped Gold Nanosphere (GNS) synthesis 

Au NSs were also obtained by a seed-mediated growth method. AT first, 

HAuC14 solution (0.01 M,0.25 mL) was mixed with a CTAB (0.1 M, 9.75 mL), 

followed by the injecting ice-cold NaBH4 solution (0.01 M, 0.60 mL) under 

vigorous stirring. is generally mixed until the solution turns into brownish, then 

it is left undisturbed for 2 hours under room temperature. 

0.12 mL of the as-prepared seed solution was added into a growth solution made 

of CTAB (0.1 M, 9.75 mL), water (190 mL), HAuC14 (0.01 M, 4 mL), and 

ascorbic acid (0 .1 M, 15 mL). The resultant mixture was gently mixed, and it is 

left undisturbed overnight at room temperature. 

2.1.2 Au@Ag core@shell nanorod synthesis 

The Au@Ag core@shell nanorod synthesis process is initialled by surfactant 

ligand exchange. 4 mL of the as-prepared GNR is centrifuged for twice to 

minimize the CTAB concentration, subsequently it is dispersed into 4 mL of 

CTAC solution (1 M) which allows CTAC to be absorbed on the GNRs. Then 

a various amount of AgN03 (10 mM) and AA (O. lM) (The ratio of AgN03 and 

AA is 2:1) is mixed with the GNRs. By varying the amount AgN03, the Ag 

shell thickness can be precisely controlled as summarized as below: 

Ag+added (uL) Ag Shell thickness (nm) 

100 10 
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200 18 

400 30 

2.2 Metal/semiconductor hybrid structure synthesis: 

In this thesis, Metal/semiconductor hybrid structures are fabricated into two 

different configurations (Core@shell and dumbbell structure) by wet chemistry 

methods with the following chemicals: 

Poly(styrenesulfonate) (PSS, >99%) Sodium bicarbonate (NaHC03, >99o/o), 

Titanium (III) chloride solution (TiCh, 15-20%, in 30% HCl solution), Sodium 

sulphate (Na2S04, >99%) and Methanol (CH3CH20H, >99%) 

All materials are brought from Sigma-Aldrich without further purification. 

PSS molecule absorption: 

2.2.1 Synthesis of Au@Ti02 Core@shell nanostructure50 

The as-prepared nanostructure is washed by centrifugation for twice to remove 

the excessive surfactant. PSS molecules are absorbed on nanostructure surface 

to attract titania species via charge interaction. To grow a uniform Ti02 shell, 

10 mL of metallic nanostructures are well dispersed by sonification for 30 

minutes. Then 10 mL of PSS solution (1 g L-1
) is added dropwise to the as

prepared nanostructure under the quick stirring. The resultant mixture is kept 
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stirring for 4 hours to allow the complete absorption of PSS molecules. Finally, 

it is washed twice by centrifugation to remove the excess PSS. (The 

concentration of PSS has to low as possible since it could induce self-growth 

of Ti02 nanoparticle ). 

To prepare the Au@Ti02 core@shell nanostructure, lOOul of TiC13 (-15o/o in 

30% HCl) is diluted with 4 mL D.I water and typically 1.2 mL ofNaHCQ3 (1 

M) is slowly added in to the diluted TiCh precursor until the solution turns to 

dark blue colour. It is of crucial important to regulate the pH value which 

determines the titania shell thickness The pH value is correlated with the 

solution colour by adding NaHCQ3 into TiCh solution the colour will tum from 

violet to greenish and finally dark-blue as the pH value increase, typically the 

addition of 1.2 mL NaHC03 results in-25 nm titania shell. 

2.2.2 Synthesis of Au/Ti02 dumbbell structure51 

The as-prepared GNR is washed by centrifugation for twice to remove the 

excessive surfactant. To synthesis Au/Ti02 dumbbell structure, the GNR 

surfactant CTAB is replaced by DTAB according to method reported by Wu. 

10 mL of the as-prepared Au NRs are washed twice by centrifugation (5500 

rpm). They are then dispersed into 2 mL of DTAB (0.2 M) and 7.6 mL of D.I 

water. The mixture is left in room temperature for 1 hour to allow the uniform 

absorption ofDTAB, followed by the Ti02 shell coating with 400 µL TiCb (15-

20% Ti Ch in 3 0% HCl) diluted into 8 mL of D .I water and it is diluted by the 
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addition ofNaHC03 (lM) solution until the mixture appears in dark-blue color. 

Typically, 5 mL ofNaHC03 (1 M) results in the 30-nm thick of the anisotropic 

shell on the tip of Au NRs. Then the Au NRs are added into the dark-blue TiCh 

solution and kept stirred for 15 minutes. Finally, the product is washed with 

ethanol by twice (4500 rpm). 

2.2.3 Particle on film plasmonic system by Spin-coating method 

The Particle density is a crucial parameter for comparing two film-coupled 

plasmonic photocatalysis systems. As mentioned in the induction part, Ti02/ Au 

dumbbell is respectively assembled on ITO and Au film to construct a film

coupled plasmonic system. Here we employ spin-coating method to control the 

Ti02/ Au dumbbell density which ensures the particle density is similar for both 

on-film plasmonic systems. 

To be detailed, 400 µL of the concentrated Ti02/ Au dumbbell is under 

sonication for 45 minutes. Then it is dropped onto the ITO or Au film followed 

by drying for 30 second to further increase the particle concentration. To obtain 

the similar particle density, different spin-coating parameters are adopted. For 

ITO film system the spin coating speed is set in 450 rpm for 30 second. While 

the Au film system is set in 1050 rpm for 20 second. 
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2.3 Material characterization 

The synthesized metallic plasmonic structures and metal/semiconductor hybrid 

structures are characterized by Ultraviolet-Visible (UV-Vis) spectrometer, 

optical microscope/dark field measurement, Transmission electron microscope, 

Field scanning electron microscope (SEM), electrochemical station and PDMS 

covered photocatalytic device. All measurement details will be covered in this 

section. 

2.3.1 Ultraviolet-Visible (UV-Vis) spectrometer 

A UV-Vis spectrophotometer is a common optical instrument for measuring the 

reflectance, transmittance and absorbance of the sample. The sample could be 

dispersed in liquid or in solid film. In this thesis, all the absorption spectra of 

plasmonic nanostructures are characterized by Shimadzu UV-2550 UV-Vis 

spectrophotometer (Figure 2.1 ). This instrument has two light source, the 

working wavelength of the high-pressure hydrogen lamp is from 190 - 400 nm, 

while the tungsten-halogen lamp is 300 - 2500 nm. Therefore, this UV-Vis 

spectrophotometer can measure the optical property ranging from 200 nm to 

900 nm. The working mechanism is shown in Figure 2.1. The output of light 

sources is aligned with a diffraction grating and optical filter for the single 

wavelength selection. After the wavelength selection, the sample and reference 

holder are illuminated with a double-beam optical pathway in which the 50/50 
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half-mirrored component splits the single wavelength beam into two beams 

with equal intensity. The reference beam will pass though reference cuvette as 

the reference signal which intensity is defined as 10. In the other way, the sample 

beam passes though the sample cuvette and the intensity is defined as J. By 

comparing the intensity of each beam, we will be able to obtain the 

transmittance (1) and absorbance (A) of the system. Where the transmittance 

(1) is defined as 

T(%) = .!... .. ................... (2.1) 
Io 

And the absorbance (A) is defined as 

A = log(;) ..................... (2.2) 

In this study, this UV-Vis spectrophotometer was employed to characterize the 

absorption spectra of plasmonic metallic nanostructure and 

metal/semiconductor hybrid structure dispersed m solutions. This 

characterization is effective for determining the LSPR resonance frequency 

with its absorption characteristic. Especially, the plasmonic resonance peaks 

will redshift due to the increased dielectric index of surrounding environment. 

Therefore, such characterization is an effective indicator to confirm whether the 

semiconductor shell (Ti02) is successfully coated on plsamonic metallic 

structure. 
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Figure 2.1 The photograph of the Shimadzu UV-2550 UV-Vis spectrophotometer 

employed in this study. 
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Figure 2.2 The Schematic optical path design of the double-beam UV-Vis 

spectrophotometer. 
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2.3.2 Extinction measurement and Single-Particle Measurement Optical 

System 

To characterize the optical response of the plasmonic on-film system, we have 

employed the microscopy system Olympics BX-150 equipped with Princeton 

Pixel 400 visible light CCD to characterize the collective extinction and single 

particle scattering behaviour of the plasmonic particle on film system. 

Extinction spectra are obtained by measuring the reflectance (R) and 

transmittance measurement (1) of the film-coupled plasmonic systems with a 

10 X objective (N.A. =0.5) lens. The 10 X objective lens make sure the 

experiment area is large enough to eliminate the signal error due to the local 

nanoparticle aggregation. The extinction spectra of ITO film are calculated 

Extinction ITO film(}.,) = 1 - R1 - T1 ... .................. (2.3) 

While the Au film plasmonic system has no transmittance component, therefore 

the extinction spectra is defined as 

Extinction Au film().) = 1 - R1 ... .................. (2.4) 

Besides from extinction spectra, the scattering response is measured by the 

dark-field module in the same optical system with a 50 X objective (please see 

figure 2.4 for the schematic optical pathway). Objective with a greater 

magnification sustains a larger incident angle which is determined by the 

numerical aperture of the lens. For the employed 50 X lens, the incident and 

collection angle is estimated to be 52.3 °C. The large angle of incidence has a 
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significant out-plane E-electric field component which could effectively excites 

the gap resonance mode in a film-coupled plasmonic system. With the 

extinction and single particle scattering measurement, we would be able to 

understand the plasmonic response of film-coupled plasmonic system. 

Figure 2.3 Photograph of the single particle measurement optical system. 
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Specimen 

Figure 2.4 Schematic diagram of single particle measurement optical system. 

2.3.3 Transmission Electron Microscopy (TEM) 

The conventional optical microscope system uses a light to resolve the sample 

image and therefore resolution is limited by the Rayleigh criterion as defined 

by the following equation52
: 

0.61A 
R =-..................... (2.5) 

N.A. 

Where Jthe wavelength of the incident light and N.A. is is the numerical 

aperture of the objective lens. Based on the above equation, we can conclude 
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that photon with shorter wavelength could result in a better image resolution. 

Therefore, the wavelength of optical microscope system is too long to resolve 

the image of nano-size objects. To solve this problem, electron beam is an 

possible alternative to enhance the microscope magnification. 

TEM technique employs electron beam as the probing source to improve the 

magnification, and the working mechanism of a TEM is similar to the optical 

microscopy system. The electron source wavelength is determined by the 

following equation53
. 

A= h 

J2m0eu(1+~) 2moc 

..................... (2.6) 

Where U is the applied acceleration potential, h is the Planck's constant, e is 

the elementary charge, m 0 is the rest mass of the electron, and c is the velocity 

of light in vacuum. The normal TEM operation acceleration potential is around 

120 KV, based on equation 2.2, TEM can reach the sub-nano size resolution 

which is much higher than the conventional optical microscope system. With 

such high magnification, TEM not only allows us to study the surface 

morphologies of the nanoparticle, also to obtain the crystallography 

information such as atomic arrangement of the specimen. 

The schematic TEM configuration is shown in Figure 2.5. On top, electrons are 

emitted by the filament component and subsequently accelerated by the high 

acceleration potential. The high speed electron it emitted though the condense 
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lens which controls the electron beam angular aperture and the em1ss1on 

intensity before reaching the specimen. Then the electron beam pass though the 

ultra-thin specimen and be focused by a set of electron lens. Finally, the image 

is projected on the fluorescent screen for direct observation or it is captured by 

the equipped CCD. 

Objac:h\/a 
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Auore&cenl 
screen 

Photogrophlc-+-J..be=~~=I 
! m 
CCO c.imcra__._..,.-c. __ ~ 

Spooimcn 
holde• 

Figure 2.5 Schematic diagram of the electron beam pathway insides the TEM system. 

Figure 2.6 Photograph of the JEOL Model JEM-2100F TEM 
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In this study, JEOL (Model JEM-2100F) as shown in Figure 2.6 TEM was 

employed to characterize the surface morphology of the synthesized 

nanostructures including the plasmonic metallic nanostructure (GNR, GNS) 

and the metal/semiconductor hybrid structure (Au@Ti02). 

2.3.4 Scanning Electron Microscopy (SEM) 

SEM is another microscopy system that uses electron beam as the probing 

source. Similar to TEM, both microscope system has a very high image 

resolution due to the ultra-short probing wavelength. With TEM and SEM 

technique, the imaging measurement is unleased from the optical diffraction 

limited and be extended to nano-size and sub-atomic size. 

In the SEM system, a high acceleration potential (normally 10-12 KV) is 

applied to accelerate the electron beam which is then illuminate on the 

specimen. Upon the electron beam illumination, the high speed electron could 

induce several kinds of interaction including scattered electrons, and electron 

filling process54
. These interaction is summarized in Figure 2.6. By collecting 

the surf ace back scattering electrons and secondary electron, the specimen 

image is formed on CCD. Besides from specimen imaging, the characteristic 

X-ray and auger electrons are collected for the elementary analysis, since the 

orbital energy is specific, It is possible to conduct elementary mapping to the 
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specimen. 

In this thesis, SEM the JEOLJSM-6335F field-emission SEM (Figure 

2.11).characterization is employed for inspecting the nanoparticle density of the 

film-coupled plasmonic system which ensures the nanoparticle density is 

similar among different systems. 
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Figure 2.7 The interaction between SEM sample and the electron beam. 
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Figure 2.8 The Photograph of the JEOLJSM-6335F field-emission SEM used in 

this thesis. 

2.3.5 Electrochemical station (Photocurrent measurement) 

Electrochemical station is a direct measurement on the sample electric potential 

which is a necessary instrument for the detecting the photocurrent of a 

photocatalytic system. This system can operate in a various number of 

electrodes. Typically, three-electro system is the most common configuration 

for measuring photocurrent induced by photocatalytic system due to the 

sufficient stability of the system. In Figure 2.9, the electrochemical station is 
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connected in three electrode systems55 where the tested sample is connected as 

a working electro, platium plate as the counter electrode and Hg/Hg2Cb in 

saturated 4M KCl as the reference electrode. All electrodes are immersed into 

electrolyte solution, forming an ionic double layer on the electrodes surface as 

shown in Figure 2.10 In this studys we have employed an inert electrolyte 

Na2S04 (IM) solution with the addition of 1 Oo/o v/v methanol as sacrificial 

reagent. In this electrochemistry system, we summarize the partial redox 

reactions as below: 

Photo anode: Au/Ti02/ITO or Au/TiOi Au plasmonic system 

Methanol (CH3QH) is oxidized by holes (h+) generated on the GNR surface. 

The reaction follows the following pathway56
: 

h+ + CH30H + H20~ CO2+ 6H+ + 6e-

Photo cathode: Pt plate 

Protons in solution are reduced by electrons in the following pathway: 

e-+H+~H2 

This system is integrated with 15 0 W Xeon a illumination system. The Xeon 

light is aligned to the 420 nm long pass filter, and a narrow bandwidth (15 nm 

bandwidth) filter for the wavelength selection (500 nm, 530 nm, 560 nm, 600 

nm, 620 nm, 640 nm, 680 nm, 720 nm, 740 nm, 760 nm, 780 nm, 800 nm, 820 
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nm, 840 nm and 860 nm.). The corresponding incident power is measured by 

hand held power meter (ThorbLabs PMlOO). Prior to the illumination, 

electrolyte solution is purged with N 2 for 15 min to remove the hole scavenger 

0 2. Upon the illumination, the working electrode is illuminated though the 

quartz window 

Counter eletrode (Pt fotl) 

Figure 2.9 Schematic illustrations of the three electrode electrochemistry system connected 

with an electrochemistry station 

39 



+1 Stem layer I 
'l's!~--~ 

\ 

negatively charged 
diffuse layer 

!bulk of the liquid I 

electric potential 

( K - Debye length 

slipping plane 

Figure 2.10 The Debye length on the surface of a double layer electrode. Where electro 

potential is plotted with the physical distance 

2.3.6 PDMS photocatalytic device 

To characterize the photocatalytic reaction of both plasmonic systems, we have 

designed a PDMS covered photocatalytic device. The fabrication process 

PDMS is depicted in schematic diagram figure 2.12. The device module is 

assembled with a silicon wafer on a clean glass slide, then PDMS (mixed well 

with 10% wt of hardener) is poured into the module for shaping the 

photocatalytic device, subsequently it is put into vacuum environment for 30 

minutes to remove the gas bubble insides PDMS. Finally, the hardening process 

conducted by heating the PDMS device under 60 °C for 30 minutes. The 

hardened PDMS is then be removed from the device module, and it is 

assembled on the plasmonic system by 0 2 plasma bonding, which adhesive the 
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glass slide to the PDMS due to the active hydroxyl group. Finally, the PDMS 

covered photocatalytic device is available for the injection of the Methylene 

blue (MB) decomposition experiment. 

The Au film and ITO glass deposited with Au/Ti02 nanoparticle are 

respectively assembled inside the PDMS-covered microfluidic reactor. In the 

reactor, the Au/Ti02 film is illuminated though the transparent PDMS cover, 

while the Methylene blue (MB, 10-3 mM) solution passes though the reactor 

laterally and it is collected in the outlet of the device. To control the flow rate, 

a steady syringe pump is equipped to allow four different MB flow rates (5, 10, 

15 and 20 µL min-1
). Prior to the illumination, dark absorption is conducted by 

pure MB flowing in 5µL min-1 for 15 min without illumination. After the dark 

absorption, the microfluidic is illuminated by 150 W Xeon lamp, and the 

illumination spectra are selected by inserting 4 different long pass filters (>450 

nm, >495 nm, >545 nm and >595 nm). Finally, the decomposition rate is 

characterized by UV-Vis spectrometer described on section 2.3 .1 

PDMS 
Silicon substrate hardoninc 

-JJttiJMi- ~ . ... Plasmonic system 
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1 .... 
PDMS covered 
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Figure 2.12 The fabrication process of PDMS covered photocatalytic device 
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Chapter 3 Plasmonic nanostructure and 

plasmonic metal/semiconductor Hybrid 

photocatalysts 

3.lPlasmonic metallic nanostructure 

In this section, we will characterize the plasmonic nanostructure. The 

characterization methods are TEM and UV-vis spectroscopy and the results will 

help us to understand the nanoparticle morphology and its plasmonic property. 
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3.1.1 Plasmonic gold nanorod (GNR) 
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Figure 3.1 The GNR syntheized by seed mediated method (a) and (b) TEM 

graph of the GNR with different aspect ratio (a):3.8, (b):2.4 (c) The absorbance 

spectra of the GNR with different aspect ratio. 

GNR are synthesized through seed mediated growth method. The length of 

GNR can be facilely tailored by controlling the seed amount. It is worth to note 

that, the SPR mode is not limited to one direction only. When it is excited by 

unpolarized excitation, two resonance modes are observed at around 530 nm 

and 800 nm57
-
58 (see Figure 3C). These two plasmonic peaks are ascribed to the 

transvers and longitudinal dipole resonance mode respectively. The 

longitudinal mode could be varied by controlling the growth seed amount. The 

more seed is added, the higher aspect ratio of GNR, leading to the red-shifted 

longitudinal resonance. On the other hand, the aspect ratio can also be reduced 
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by reducing the rod length. When HAuCl4 is added to the GNRs, the rod length 

is reduced59
, resulting higher aspect ratio. The longitudinal resonance mode 

would blue shift to short wavelength region as shown in Figure 3.1 (c). 

3.1.2 Plasmonic Sliver shell coated GNR (Au@Ag Core@shell structure) 
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Figure 3.2 The absorption spectra of the synthesized GNR (Black curve) and 

Au@Ag (Red curve). Insert: The TEM graph of Au@Ag NR under 20000X 

magnification. 

The Au NRs can be decorated with a thin sliver (Ag) metallic shell, resulting in 

this composited Au@Ag Core@shell nanostructure. This composited 

nanostructure exhibits a more complex resonance mode. By replacing the 
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CTAB with CTAC surfactant the Ag shell thickness controlled by the Ag+ 

amount. This highly uniform The Ag shell grow has induced a significant 

change on plasmonic modes. Two high order resonance modes60
-
61 appear after 

the Ag shell coating, location at around 350 nm and 420 nm. Despite of the 

complex resonance mode, the Au@Ag NRs has a larger near field enhancement 

than the pure GNR. This Au@Ag core shell nanoparticle has extended the 

plasmonic response to ultra-violet region. Although the Ag shell has intense 

field enhancement62
, yet this Au@Ag composited structure is not appropriate 

for wet chemistry reactions as the outermost sliver shell can easily react with 

thiolate molecules. This could affect the plasmonic resonance property and 

morphology of the Au@Ag. 

3.1.3 Section summary 

This complete wet chemistry GNR preparation method allows the facilely 

tailoring on the longitudinal resonance frequency from 650-850 nm. With the 

Ag shell decoration, the plasmonic response can further extent to ultra violet 

region, making an excellent platform to meet the specific need in designing 

plasmonic optoelectronic devices. 

Based on the above plasmonic nanostructure, we will tum to prepare plasmonic 

photocatalytic structure and it is necessary to design a semiconductor contact 

with the metallic core. The metallic core concentrates the far field light in to the 
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subwavelength SPR resonance, generating the hot earners though non

radioactive damping and the generated hot electron consequently be injected 

over the Schottky barrier formed between the metal/semiconductor the 

interfacial area. Ti02 is a common semiconductor and be widely adopted for 

photocatalysis studies. However, the Ti02 optical band gap is large (>3.2eV), 

thus hindering the visible light photoexcitation. In this thesis, the Au/Ti02 

(metal/semiconductor) hybrid structures are synthesized and the 

characterization details is covered in the following section. 

3.2 Plasmonic metal/semiconductor hybrid photocatalyst 

In this section, we will characterize the plasmonic metal/semiconductor hybrid 

photocatalyst synthesized by wet-chemistry method. The characterization 

methods are TEM and UV-vis spectroscopy and the results will help us to 

understand the hybrid structures morphology and its plasmonic response. 
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3.2.1 Au@Ti02 
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Figure 3.3 The Au@Ti02 synthesized by PSS decoration method (a) The 

schematic diagram of the PSS attaching titania shell growth processes (b) TEM 

graph of Au@Ti02 nanostructure in 40000 X magnification. (c) The absorbance 

spectra of the Au@Ti02 with thickness ranging from 20 to 35 nm. 

Au/Ti02 metal-semiconductor hybrid structure is successfully synthesized in 

wet chemistry environment as a plasmonic assisted photocatalyst63
. GNR is 

employed as a plasmonic metallic core and a Ti02 shell is coated on the GNR 

by controlling the hydrolysis rate of the Titania precursor (Ti Ch). To synthesize 

Au@Ti02, PSS molecule is decorated to GNR surface prior to the Ti02 shell 

coating. Due to the electrostatic interaction, the positive Titania species can be 
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attached to the negatively charged PSS molecules on GNR surface as shown by 

the schematic diagram in Figure 3.3 (a). The TEM graph on Figure 3.3 (b) 

shows a uniform Titania shell is coated on GNRs without aggregation. The 

Titania shell thickness can be controlled by the reaction pH value, as the TiCh 

hydrolysis rate is faster at high pH value, leading to a thicker titania shell on 

the GNR surface. Figure 3.3 (c) shows the optical property of Au@Ti02 

structure characterized by UV-vis spectrometer. The Au@Ti02 structure has a 

transvers and longitudinal plasmonic peaks at 530 nm and~ 700 nm. However, 

the longitudinal plasmonic peak is sensitive to the Ti02 shell thickness, it red 

shifts with the shell thickness increased due to the dielectric environment64
. 
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Figure 3.4 The absorption spectra of the core@shell nanostructure. (a) 

Au@Ag@Ti02 NRs (b) AuNS@Ti02 Black curves are original absorption 

spectra before the titania shell coating. 

Besides from GNR, this PSS decoration method can be implemented for other 

nanostructure with different composition and morphologies. Figure 3.4 shows 

the UV spectra of the Ag@Au Core@shell NR (black curve). When this 

48 



structure is coated with titania shell, all plasmon peaks exhibits a red shift 

tendency due to the increased the increased dielectric environment. In Figure 

3.4 (b), the AuNS also exhibits a red-shifted plasmon mode, indicating that the 

plasmonic metallic structure is successfully coated with the titania shell. 

3.2.2 Au/Ti02 dumbbell nanostructure 
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Figure 3.4 The Au/Ti02 dumbbell structure synthesized by surfactant exchange 

method (a) The schematic diagram of Au/Ti02 titania dumbbell shell coating by 
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surfactant exchange method (b) and ( c) TEM graph of Au@Ti 02 nanostructure 

in 40000 X and 20000X magnification. ( c) The absorbance spectra of the 

Au/Ti02 dumbbell structure. 

Besides from the core@shell structure, titania can be shaped into anisotropic 

dumbbell by the surfactant exchange method65
. The original GNR surfactant 

CT AB is replaced by DT AB, the shortened surfactant makes the GNR surface 

be more accessible for titania species as shown in Figure 3.4 (a). Surfactant is 

densely absorbed on the lateral side of GNR, which blocks the titania shell 

growth. While it is less dense in the tip area, thus allowing the titania species to 

accesses tip area only. The GNR diameter is an important factor that influence 

the titian shell coating quality, GNR diameter with bigger size could increase 

the better titania anisotropic shell quality. TEM graph in Figure 3 .4 (b) and ( c) 

depicts a single Au/Ti02 dumbbell nanoparticle, it is clear that the anisotropic 

titania shell grows on the tip area only, leaving the uncoated GNR body. 

Absorption spectra in Figure 3.4 (d) suggest the plasmonic property of the 

Au/Ti02 dumbbell structure is similar to Au@Ti02 with longitudinal and 

transverse resonance dipole mode located at-800 nm and-530 nm respectively. 

It is worth to note that, comparing with the Au@Ti02 structure the absorbance 

intensity of two resonance modes are enhanced in this dumbbell structure 

indicating that the uncoated GNR allows the more efficient plasmon excitation. 
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Figure 3.5 The Au/Ti02 dumbbell dimension statistics collected from TEM graph. 

(a) longitudinal length of the GNR core, (b) transverse length of the GNR core and 

(c) The Ti02 Shell thickness. The average values are indicated below each graph. 

The dimension of the dumbbell structure is revealed by TEM statistical 

measurement. The average length and diameter of the metallic Au core is 78 

nm and 23 nm respectively. For the anisotropic titania shell, the average 

thickness of the Ti02 shell is about 31 nm. These geometry statistic results 

would help us to determine the FDTD simulation parameters. 
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3.4 Co-catalyze growth on Au/fi02 dumbbell 
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Figure 3.8 The Pt decorated Au@Ti02 dumbbell (a) to (c) The TEM graph of the 

Pt decoratedAu@Ti02 dumbbell nanostructure in 40000 X magnification. (c) The 

absorbance spectra of Pt decorated Au@Ti02 with different amount of Pt precursor 

(d) with different Pt reduction time. 

Based on the Au/Ti02 dumbbell structure, Pt nanoparticle is decorated on 

Au/Ti02 dumbbell via UV reduction process as shown in TEM graphs in Figure 

3.8 (a) to (c). Pt precursor and methanol are well mixed withAu/Ti02 dumbbell, 

and it is subsequently be illuminated by UV light (290 nm). Under the UV 

excitation, electron/hole pair is excited in the UV active Ti02 where the excited 

electrons reduce Pt+ into Pt nanoparticle. Figure 3.8 shows the UV spectra of Pt 

decorated Au/Ti02 dumbbell under different added amount of Pt precursor ( c) 

and reaction time ( d), indicating that the excessive growth of Pt could reduce 
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the plasmonic absorption due to the plasmonic quenching effect. This complex 

structure is expected to have a better photocatalytic efficiency, since small 

metallic nanoparticles is a co-catalyst, providing a fast channel for the electron 

induced reduction process66
. Yet the absorption spectra suggest the plasmonic 

resonance is attenuated with the excessive Pt nanoparticle, therefore the precise 

control on the coverage of Pt nanoparticle is important to maintain the 

plasmonic property. In the future study, we will focus in finding the best Pt 

coverage to enhance the overall photocatalytic efficient of this complex 

Pt/ Au/Ti02 structure 

3.5 Preliminary photocatalytic result 

Plasmonic metal/semiconductor hybrid structure has extended the light 

harvesting spectrum to the visible range though hot electron injection. In this 

regard, we will first compare the photocatalysis performance of the Au/Ti02 

dumbbell and Au@Ti02 nanostructures. 
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Figure 3.6 The Methylene blue photocatalytic performance of the Au/Ti02 

dumbbell and Au@Ti02 under different illumination spectra (a) photocatalytic 

performance of the Au/Ti02 dumbbell (b) Au@Ti02 with illumination spectra 

>455 nm (c) photocatalytic performance of the Au/Ti02 dumbbell (d) Au@Ti02 

with illumination spectra >650 nm 

These two types of titania coated plasmonic metal/semiconductor hybrid 

structure can generate hot carriers under the plasmon modes excitation, 

injecting hot electron to the semiconductor. In comparing the hot carrier 

generation and extraction efficiency of these two hybrid structures, the same 

amount of Au/Ti02 and Au@Ti02 are dispersed in the methylene blue solution 
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(10-4 M) and be illuminated with Xenon light (The illumination spectra is 

controlled by long pass cut off filter, ?v450 nm and ?v650 nm). The 

photocatalytic results indicate that the Au/Ti02 dumbbell structure has a better 

photocatalytic efficiency than the Au@Ti02 core shell structure in both tested 

illumination spectra. Under the ?v450 illumination, ( figure 4 a and b ), the Co/C 

of Au/Ti02 dumbbell structure is only 0.25 while 0.86 for Au@Ti02 core shell 

structure, indicating that Au/Ti02 dumbbell structure has three times more 

photocatalytic efficiency. Similarly, when the illumination spectra is >650 nm, 

the Au/Ti02 dumbbell also exhibit a much higher photocatalytic efficiency 

(-2.5 times) than the Au@Ti02 core shell counterpart. 

Oxidation 

Au 

Reduction 

Figure 3.7 The schematic illustration on the electron hole separation process in 

Au/Ti02 dumbbell and Au@Ti02 Core@shell structure. 

The enhanced photocatalytic rate in the Au/Ti02 dumbbell is due to the efficient 

electron/hole spatial separation in Au/Ti02 dumbbell structure. The plasmonic 

generated hot electrons are be injected to the adjacent Ti02 and participate in 

the reduction reaction occurring at the Ti02 conduction band. Meanwhile, holes 
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are generated at around the fermi level of Au surface, thus taking parts in the 

oxidation reactions. This process is summarized in the Figure 3. 7. In 

comparison, the hot carriers generated in Au@Ti02 core@shell structure would 

process a rapid recombination rather than trigging the chemical reaction, since 

the holes on GNRs cannot diffuse out from the Ti02 shell. 

3.6 Section summary 

By wet chemistry method, the semiconductor/plasmonic hybrid structures are 

successfully synthesized based on the plasmonic metallic structure. Though 

controlling the hydrolysis rate of the titania precursor, the titania shell can grow 

on different metallic nanostructures such as GNR, GNS and Au@Ag. Besides 

form the metallic core@shell structure, anisotropic titania shells can selectively 

grow on the tip area of GNR due to the less dense surfactant. In This prevailed 

Au/Ti02 dumbbell structure, hot carriers are generated by non-radioactive 

plasmon decay and the spatial separation of electron and holes retards the 

recombination, thus the photocatalytic efficiency is much higher than the 

core@shell counterpart. This thesis aims at studying photocatalytic efficiency 

with the film-coupled system. Having the preliminary understanding on the 

plasmonic metal/semiconductor hybrid structure, the coming study will 

assemble the Au/Ti02 on solid substrate, forming a film-coupled photocatalytic 

system. 

56 



Chapter 4 Film-coupled plasmonic 

photocatalytic system 

4.1. Introduction 

Plasmonic film-coupled system has been widely explored due to film 

coupled systems support hybridized resonance mode in gap region, leading 

to high quality resonance mode, linewidth shrinking of plasmonic resonance 

peak63 and the photo-luminescent peak64
. The enhanced near-field strength 

is another appealing feature of film coupled system. The hybridized 

plasmonic resonance usually sustains a stronger near-field magnitude with 

better confinement on the nanostructure. Therefore, the particle-on-film 

system is expected to generate and extract more hot carriers. Here, we 

propose a film-coupled photocatalytic system by assembling Au/Ti02 on Au 

film substrate. It is expected that, the film coupled plasmonic mode could 

enhance the hot carrier generation and extraction efficiency. 
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4.2 Characterization to the plasmonic particle on film 

photocatalytic system 

Figure 4.1 The SEM graphs of the flim-coupled photocatalysis systems (a) on ITO film 

(b) onAu film. 

Experimentally, the film-coupled photocatalytic system is prepared by 

assembling Au/Ti02 dumbbell structure on the Au thin film (-100nm), while 

the control set is assembled on ITO coated glass. SEM graphs on Figure 4.1 

show that two a monolayer of Au/Ti02 dumbbell is deposited on both 

substrates in a similar particle density. This uniform particle assembling is 

controlled by the spin-coating method (For see section 2.2.3.), resulting in a 

uniform and dense particle on the substrate. To obtain a collective 

measurement, the Au/Ti02 dumbbell structure need to be densely assembled 

on ITO and Au film. With the direct drop-casting method the particle 

uniformity is low, leading to the serious aggregation as show in Figure 3.10. 

This could induced the unwanted plasmonic coupling65 thus hindering the 
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investigation on the particular plasmonic resonance frequency. Though spin 

coating method66
, the dumbbell nanoparticle can be uniformly assembled on 

the bot ITO and Au film with a similar density. This is illustrated in Figure 

4.2, showing the Au/Ti02 dumbbell structure densely assembled on ITO and 

Au film as the Au/Ti02/ITO and Au/Ti02/Au respective. These two system 

has a similar particle density which is a crucial requirement for the on-going 

collective measurement. In the rest part of the thesis, we will carefully 

address the optical response and wavelength-dependent photocurrent and 

photocatalytic reaction to reveal the hot carrier transport mechanism in the 

coupled plasmonic particle-on-film nanocavities. 

Figure 4.2 The SEM graph of the particle on-film system (a) By the direct drop 

casting method, (b) By the spin coating method. 
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Figure 4.3 The schematic band diagram of particle on film system (a) Au/Ti02 

dumbbell on ITO film, (b)Au/Ti02 dumbbell onAu film 

In this two sets of on-film configuration, the electric property is entirely 

different. Figure 4.3 summaries the band diagram of each system. For the 

Au/Ti02 dumbbell on gold film (Au/Ti02/ Au) system, two Schottky barriers 

are electrically formed in both Au/Ti02 interface and the fermi level is 

aligned in these three components. Due to the Schottky barrier formed in 

both interface, hot electron can be injected from Au film/Ti02 and 

GNRs/Ti02 interface. However, these two hot electron generation 

mechanism are has a distinctive difference. On one hand, GNRs injects hot 

electron to Ti02 though non-radioactive plasmon decay. On the other hand, 

the Au film has an optical d-band transition at around 500 nm67
-
68 which also 

enables the migration of hot electrons to the Ti02 conduction band. Such 

dual channels of hot-electron generation are illustrated in the proposed band 

diagram illustrated in Figure 4.3 (b). Yet, the ITO system can only generate 

hot electron though plasmonic non-radioactive decay mechanism, due to the 
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lack of the backing Au thin film. 

4.3 Optical property of on-film-particle system 

The optical extinction measurement of both system is measured by optical 

microscopy system (Olympis BX-51) equipped with Princeton Pixel 400 

CCD. In extracting the Au/Ti02 dumbbell structure extinction, the total 

optical signal is subtracted by their corresponding background signal so that 

we can comparatively study the optical responses of the dumbbell structure 

on both particle on film systems. The extinction of the two systems are 

defined as 1- R - T, where T is the transmittance and R is the reflectance. 

Since the Au film was sputtered on an opaque silicon wafer with zero 

transmittance, the extinction in the Au-film-coupled system is defined as 1 -

R. When the Au/Ti02 dumbbells are assembled on a film substrate, the 

supporting anisotropic Ti02 shells isolate the GNRs from the backing film, 

creating a non-contact plasmonic nanocavities. Figure 4.4 illustrates the pure 

extinction spectra of the Au/Ti02 on ITO (Au/Ti02/ITO) and on Au film 

(Au/Ti02/Au) systems. The extinction of the Au/TiOiITO system has two 

distinct peaks at 560 and 820 nm. While the dumbbells on the thin Au film 

have two narrow peaks at 560 and 800 nm. This result is consistent with the 

previous study that the film coupled systems leads to the plasmonic 

resonance linewidth shrinking69
. With the Gaussian fitting, the actual line 

(FWHM) of the Au/Ti02/ITO system estimated as 161 nm, while it shrinks 
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to 132 nm on the Au/fi02/Au system. 
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Figure 4.4 The sole extinction spectra of Au/Ti02 dumbbell (Black) on ITO film, (red) 

on Au film. This extinction spectra are extracted by normalizing the optical signal to 

the background film. (The optical signal is obtained by the 10 X objective lens) 

Besides, the Au/Ti02 Au film coupled system exhibits the enhanced 

extinction in short-wavelength region. With a larger incident angle of light 

(obtained with 50X objective lens) the extinction intensity at 560 nm 

becomes comparable to the long-wavelength extinction peak (Please see 

Figure 4.5) This observation is in good agreement with the dark-field images 

in Figure 4.6, where the Au/Ti02 dumbbells appear reddish on the ITO film 

and becomes greenish on the Au film, suggesting that the Au/Ti02 dumbbells 

on ITO has a far-field scattering radiation dominated in the long-wavelength 
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region and the short-wavelength scattering is enhanced when coupled to the 

Au film. 
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Figure 4.5 The sole extinction spectra of Au/Ti02 dumbbell (Black) on ITO film, (red) 

on Au film. This extinction spectra are extracted by subtracting the optical signal 

induced by the background film. (The optical signal is obtained by the 50 X objective 

lens) 
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Au film 

Figure 4.6 The Darkfield images of Au/Ti02 dumbbell on (a) ITO film and (b) on Au 

film. The corresponding schematic illustration is available on the right side. 

Compared to the ITO substrate system, the Au-film-coupled nanocavity 

provides an extra advantage associated with its unique configuration. In the 

long-wavelength region (>750 nm), the Au film has very high reflectance 

(-90%), and thus it can also serve as a rear mirror to reflect the incident light 

which further enhance the extinction intensity of the Au/Ti02 dumbbells as 

shown in Figure 4.7. While in the short-wavelength region (<600 nm), the 

reflectance is lowered due to the increased photon absorption by the Au film 

itself, this is originated from the optical d-band transitions under excitation 

by the high-energy photons. 
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Figure 4.7 The reflectance spectra of the Au film coupled system black line: The 
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4.4 Finite-difference time-domain method (FDTD) Optical 

simulation 
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Figure 4.8 The FDTD simulation on the particle on-film systems Simulated 

extinction spectra of an Au/Ti02 dumbbell nanoparticle with experimentally 

determined geometrical dimensions on a 100 nm thick Au film (red lines) and on a 

semi-infinite ITO substrate (black lines): (a) The incident E-field is parallel to the 

x-axis (i.e. the long axis of the dumbbell) and (b) parallel to the y-axis (i.e. the short 

axis of the dumbbell) both under normal incidence~ (c) The incident E-field is 

parallel to the z-axis (i.e. the short axis of the dumbbell under horizontal incidence). 

Each inset showsl corresponding excitation configuration and simulated electric 

near-field distribution profiles at the resonance modes. (d) Simulated extinction 

spectra for randomly distributed Au/Ti02 dumbbell nanoparticles on both 
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substrates. 

To have a comprehensive understanding on the optical response of the 

presented particle on-film systems and look deep into the near-field 

distribution of resonance modes sustained by the two systems, we employed 

the finite-difference-time-domain method implemented in the platform of 

Lumerical FDTD Solutions to study their far-field extinction and the electric 

near-field response on the Au/Ti02 dumbbell structure. The particle 

dimension is estimated by the statistics obtained from TEM graph (Please 

see Figure 3.5). Both of the longitudinal and transverse plasmon resonance 

modes of the two systems are respectively studied in Figure 4.8 (a) and (b), 

where the incident E-field is parallel to the x-axis (along the longitudinal side 

of GNR) in Figure 3(a) and the y-axis in Figure 3(b) under normal incidence 

(along the transvers side of GNR) as schematically indicated in the insets. 

The calculated extinction spectra of the Au/Ti02 dumbbell on ITO and Au 

film show two resonance modes, one long-wavelength peak at-800 nm and 

the other short-wavelength peak at -530 nm, and they are ascribed to the 

longitudinal and transverse localized plasmon resonance of the metallic 

GNR core. Due to the Ti02 dielectric shell, the plasmonic resonance peaks 

frequency show no significant frequency shift in these two on-film systems. 

Compared to the Au/Ti02 dumbbell on ITO film, the longitudinal resonance 

of the Au-film-coupled nanocavity also exhibits linewidth shrinking. In the 
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simulated ITO system, the FWHM of the longitudinal resonance peak is -30 

nm and it shrinks to -19 nm in the Au-film-coupled system, which is a 

signature of plasmonic coupling between the Au/Ti02 nano-dumbbell and 

the Au film underneath. More importantly, we observe that the extinction 

intensities of the two resonance modes for the Au film-coupled nanocavity 

are enhanced by 3-4 times compared to that for the Au/Ti02 dumbbell, which 

is because the plasmonic coupling between the Au/Ti02 nano-dumbbell and 

the high reflectance of Au film contributes an extra photon absorption 

channel. On the other hand, because in experiment we have illuminated two 

samples with the white light focused by a 50X objective, consisting a 

significant component of out-of-plane electric-field (i.e. parallel to the z

axis), here we also simulate the extinction spectra for the two systems with 

field polarization along the z-axis and propagating along the x-axis, with 

results shown in Figure 4.8 (c). Similar to the extinction spectra in Figure 

4.5, a remarkable extinction enhancement is found at the short-wavelength 

peak for the Au film-coupled nanocavity system. These results give a 

comprehensive explanation to the 5 60 nm extinction enhancement when the 

extinction is measured with 50X objective. Considering the experiment case, 

light is normal incident to sample surface along the z axis with two 

perpendicular E-field components along the x and y axis. When the incident 

angle increases in z-x plane, the E-field component along the x axis can 

gradually decomposed into z axis, while persevering an unchanged y plane 
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component. In fact, the E-field in z plane component can be effectively 

couple with the underneath gold film, thus the short wavelength extinction 

is significantly enhanced in the Au/TiOi/ Au system. Such far-field extinction 

enhancement is consistent with simulated near-field results. 
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Figure 4.9 Comparison ofFDTD simulated extinction spectra (Blue line) and the 

experimental extinction spectra (black line). (a) On the Au/Ti02/ITO system (b) 

On the Au/Ti02/Au system. 

After understanding those SPR modes in the two systems under specific 

excitation conditions, we finally construct a general model to simulate the 

extinction spectrum of Au/Ti02 nano-dumbbells randomly distributed on a 

thin Au film and on ITO, mimicking the exact experimental situation. The 

obtained extinction spectra for the two systems are shown in Figure 4.9, 

which agree well with the experimental spectra obtained in Figure 4.5, in 

terms of both peak position and extinction intensity. This further confirms 

that both the longitudinal and transverse SPR modes contribute to the total 

optical absorbance of the Au-film-coupled nanocavity. The modulation of 

SPR modes has a great potential implication on efficient hot carrier 
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generation and extraction. Since the nonradioactive damping of SPRs is 

believed to result in the hot carrier generation, the near-field strength and 

distribution would be crucial. Therefore, the Au-film-coupled nanocavity 

system is expected to have a much higher efficiency in generating plasmon

decay-induced hot carriers. In the coming paragraph we will further discuss 

the hot carrier generation in connection with the above-shown optical 

characterization and simulation results. 

By FDTD simulation, it is revealed that the Au film has an expectation 

contribution to the Au/Ti02 dumbbell photon absorption. The Au film 

underneath couples with the Au/Ti02 dumbbells on top as indicated by the 

plasmon resonance linewidth shrinking and the enhanced extinction with the 

out-plane e-field components. In fact, Au film has a high reflectance in long 

wavelength region (At 800nm the reflectance is 92o/o), thus reflecting more 

photon to excite the GNR longitudinal resonance mode ( ~800nm). This 

simulation also agrees well with the experimental optical characterization in 

section 4.3. The calculated spectra matches well with the experimental 

spectra in terms of peak frequency and intensity. The understanding on the 

optical response has provided a solid insight for us to depict the hot carrier 

generation mechanisms in those plasmonic on-film system. 
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4.5 Hot carriers generation and injection mechanism 
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Figure 4.10 The Photocurrent measurement of the on-film system. (a) The 

electrochemistry setup of a three-electrode potentialstastic system for measuring 

the photocurrent induced by the monochromatic light illumination. 

25 

To understand the photocurrent generation and transport in the proposed 

configurations, the two systems were measured in a three-electrode 

potentiostatic setup75 as shown in Figure 4.10. In these systems, two 

plasmonic on-film systems are respectively connected as working electrode 

in the measurement setup and under the illumination with a monochromatic 

light. A Pt wire and saturated calomel (Hg/Hg2Ch) serve as counter electrode 

and reference electrode, respectively and the whole setup works in Na2S04 

electrolyte with 1 Oo/o v/v methanol as sacrificial reagent76
. This 

photochemistry system provides a platform for studying the hot carrier 

generation in both plasmonic systems. The electrolyte consist of free proton 

and methanol, and this two species will be the most possible species to 

71 



process the reduction and oxidation reaction with the generated hot carriers. 

The Redox/Oxidation couple is summarized in section 2.25. 

In this photocurrent measurement, the particle assembling method is the 

same as the spin coating method discussed in Section 3.6. Therefore, the 

particle density and uniformity are expected to be similar on both plasmonic 

on-film system. Prior to photocurrent measurements, the nanoparticle 

density and uniformity on the Au film and on the ITO glass were inspected 

by the optical dark-field microscope system. 

Based on the extinction and the darkfield measurement characterized in 

Figure 4.5, we first focus in studying the photocurrent response of each 

plasmonic peaks under 560 and 800 nm illumination, respectively. Upon the 

plasmonic resonance excitation, the photocurrent results in Figure 4.10 (b) 

suggest that the Au/Ti02/ Au nanocavity system has a remarkable 

photocurrent enhancement (more than ten-folds) compared to its counterpart, 

i.e. Au/TiOiITO under both incident wavelengths at the same power. When 

the incident light is off, both plasmonic systems show negligible 

photocurrent, indicating the negligible contribution of dark current in our 

setup. 

To have a normalized companson and depict the relative strength of 

photocurrent response of the two plasmonic on-film systems, here we 
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introduce the incident photon-to-electron conversion efficiency (IPCE %), 

which normalize the photocurrent to the incident photon number. 

IPCE = l (
4
0) X J m X 100% ................. ( 4 .1) 

A nm Pin 

Where Im (Pin) refers to the measured photocurrent density (incident light 

power density). The incident power is measured by hand held power-meter 

(Thorlabs). The results in Figure 4.11 and shows that the wavelength

dependent IPCE for the Au/Ti02/ITO film system. In particular, two IPCE 

peaks for the Au/Ti02/ITO system are found at 560 and 800 nm as shown in 

Figure 4(c), which matches well with its extinction spectrum measured in 

Figure 3.12. To verify that the measured photocurrent is entirely from the 

SPR excitation of the Au/Ti02 dumbbells, we measured photocurrent of a 

bare ITO substrate under the same illumination condition. As expected, no 

photocurrent was observed over the incident wavelength region, which is 

evidenced that the photocurrent measured in the Au/Ti02/ITO system is 

entirely generated from the excitation of the Au/Ti02 dumbbell. 
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Figure 4.11 The comparison of experimental extinction spectra (Black curve) with 

the IPCE measurement (Blue curve) (a) On ITO glass system (b) On Au film 

system. 

Similarly, the IPCE curve for the Au/Ti02/ Au nanocavity system shown in 

Figure 4(d) is also found to have two peaks located at 560 and 800 nm, which 

is also in good agreement with its extinction spectrum. However, two peaks 

show different IPCE magnitudes where hot carrier excitations at long 

wavelengths are more efficient. The magnitude of is much enhanced in the 

Au/Ti02/Au nanocavity system which is enhanced for 15-fold than that for 

the Au/Ti02/ITO system at the same illumination wavelength and same 

incident power 

The photocurrent measurement has revealed the hot carrier generation in 

Au/Ti02/ Au nanocavity system is more efficient. In order to explain for the 

difference, it is necessary to analyze the spatial distribution of the electric 

near-fields at the plasmonic resonant wavelengths discussed in Section 3.5. 

In fact, the field distribution, magnitude and localization of the electric field 

in the system has a high importance to the hot carrier excitation and carrier 

transport 78
-
79

. It is worth to note that the Schottky barrier height of Au/Ti02 

is estimated by considering the Ti02 affinity and Au work function. In 

general the Ti02 affinity is 4.2 eV80 experimentally measured as, while the 

work function of Au is 5 .1 e V81
. Therefore, the Schottky barrier height of 
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Au/Ti02 is estimated as 0.9e V. Therefore the hot electron injection though 

plasmon damping is possible for the whole excitation spectrum (580 nm-860 

nm). 

In the simulated near-field distribution profiles, we can summarize the 

advantages of introducing the Au/Ti02/ Au nanocavity system in comparing 

with the ITO film system. First, the near-field strength is significantly higher 

in the Au/TiOi Au system, thus more hot carriers are generated. Meanwhile, 

dumbbells atop the Au film has a much concentrated near-field localization 

then its counterparts atop the ITO glass. Especially at resonance long

wavelength frequency (-800). This highly localized near-field con 

dramatically increases the probability of the hot electron injection into the 

nearby Ti02 shell. Lastly, the Au film can servers as a rear reflector at long 

wavelength (-800), as the reflectance of Au film is up to 90%. This allows 

the Au/Ti02 dumbbell to harvest more excitation photons by the SPR effect. 

Through the photocurrent measurement, the Au/Ti02/ Au nanocavity system 

has an exceptional enhancement to the hot carrier generation efficiency, 

resulting in the 15 times photocurrent enhancement in comparing with the 

ITO system. Negligible back current is induced from both system's 

substrates (Bare Au film and ITO film), suggesting that the measured 

photocurrent is entirely due to the plasmonic excitation of the Au/Ti02 

dumbbell. The near-field distribution profiles of Au/Ti02 dumbbells reveals 

75 



three main advantageous of the Au film nanocavity system. 1) The near-field 

strength is much enhanced on the Au film system 2) The localization of near

field is much concentrated on the tip areas of the GNR. 3) More photons are 

collected though the SPR effect due to the high reflectance of the Au film. 

Benefited from these advantageous, the hot carrier generation and injection 

efficiency is significantly boosted on the Au/Ti02/ Au nanocavity system. 

However, on the Au film coupled system has a more complexed hot carrier 

generation as proposed in Figure 3 .11. In the next section, we will 

comprehensively study the hot carrier generation mechanism in the 

Au/Ti02/ Au nanocavity system. 

4.6 Carrier transport description 

At the beginning, we have proposed the Au/Ti02/ Au system generates hot 

carriers in dual-mechanism. On one way, hot carriers are generated through 

the nonradioactive damping of plasmon excitation74
. On the other way, the 

short wavelength excitation can excite the d-sp optical transition from the 

underneath Au film. Electron promoted by optical excitation can also be 

injected over the Schottky barrier. To verify this dual electron injection 

mechanism, we have fully exanimated the photocurrent generated in the by 

each component of Au/Ti02/Au system. With the bare Au film, the short

wavelength photon (500nm<"A<560nm) illuminations induce no significant 
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photocurrent as shown in Figure 3.12 (a) (due to inefficient hot carrier 

collection without the presence of Schottky barrier. 
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Figure 4.12 Measured photocurrent for a bare Au film (b) and a Ti02/Au system 

(a) under illumination with monochromatic light at the same condition as 

described in Experiment Section. 

Next, we deposit Ti02 nanoparticles on the Au film to assemble a Ti02/Au 

system. Surprisingly, when Ti02/Au system is illuminated by short 

wavelength region (500nm<tv<560nm), the measured photocurrent in Figure 

4.12 (b) shows a negative magnitude which is an order of A magnitude lower 

than the SPR induced photocurrent. This result also indicates that the current 

flow direction is reversed when it is compared to the SPR induced 

photocurrent as the measured SPR photocurrent in the same photochemistry 

and illumination condition was positive (see Figure 4.10). The possible 

explanation could be understood by investigating optical property of the Au 

film, the reflection spectrum discussed in section 3. 7 indicates that the Au 

film has an increasing extinction in short wavelength region (<580 nm), such 
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strong extinction is due to the d-band optical transition by promoting electron 

from d-band to sp-band level. The excited electrons in sp-band have 

sufficient energy, overcoming the Ti02/ Au Schottky barrier83
, thus the 

electron injection would be also possible. 

By considering the whole Au/Ti02/ Au system, it is obvious that hot electrons 

are generated by two distinct mechanisms. Both SPR effect in Au NRs and 

optical d-band transition in Au film resulting in electron injection to the Ti02 

conduction band. In other words, the resulting photocurrent generations are 

in the opposite current directions. Despite the opposite current direction may 

weaken the measured IPCE magnitude, these dual-mechanisms enable the 

injection of hot electrons simultaneously to the Ti02 conduction band. 

Therefore, the dual hot electron mechanism would be an extra advantage to 

the photocatalysis reaction occurring in Ti02 conduction band, and it is 

expected that the Au/Ti02/ Au system would be promising to enhance the 

photocatalysis efficiency over the ITO system, since photocatalytic reaction 

could take places with the electron injected on Ti0}5
. 

In this section, the hot carriers generation and transportations has been 

comprehensively studied by photocurrent measurements in short wavelength 

region. By dividing the Au/Ti02/ Au system shows, the bare Au film shows 

negligible photo-induced current upon the short wavelength photon 

excitation. This is due to the low hot electrons collection efficiency in the 

absence of Schottky barrier. When Ti02 nanoparticle is assembled on the Au 
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film and under the short wavelength illumination, the resulting photocurrent 

is negative magnitude due to the from d-sp band optical electron transition. 

In comparing with the positive SPR induced photocurrent, this result 

confirms the proposed dual electron injection mechanism. The short 

wavelength region (-530 nm) illumination excites both SPR in GNRs and 

optical transition in Au film, thus injecting hot electrons from both sides. 

Apparently, this two currents counter each other in terms of current direction, 

which may weaken the IPCE magnitude. However, the simultaneous hot 

electron injection can facilitate the photocatalytic reaction on the Ti02 

conduction band. In fact, the hot electron injection over the Schottky barrier 

has been experimentally and theoretically studied in many systems76
-
79

. In 

the next section, we will focus on the methylene blue decomposition 

experiment by these two plasmonic systems. 

4. 7 Photocatalytic characterization 

(a) MR._de_c_omp.ositio_n_b_y. Visible light 

~_M_S_~v.e_r.e_d. )" illumination 
m1croflur1dic device MB outlet 

MBinlet I t 
~ il' 

.. / ,<l<t 
~(j 

PDMS Covered 
microfluridic device 

~(J;) 

(bho-----------

1.6, 

0 1.2, 

~ u 
0.8 

0.4 

1.4 ~ 61.2 

0 1.0 

:r~:: ~ ----
--Au/TiQ:!/ITO 0_4 ~ 
-+- Au/TIQ:!/Au o.2·.......,....-~~~---1 

1/5 1/10 1/15 1/20 
MB flow rate lµL min-1) 

. 
5 10 15 20 

MB flow rate (µL min·') 

Figure 4.13 The microfluidic decomposition experiment (a) The schematic diagram 

of the PDMS covered microfluidic device (b) The photocatalytic performance of 
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the Au/Ti02/ITO device (Black curve) and Au/Ti02/Au device (red curve) under 

the "A >550 nm illumination, where the decomposition rate is defined as 

decomposed concentration (C)/original concentration (Co) (insert): The log scale 

to the Ca!C against the inversed MB flow rate. 

From the above photocurrent characterization, the Au/Ti02/ Au nanocavity 

system exhibits an efficient hot carriers generation and transportation due to 

the Au film underneath couples to the plasmonic resonance modes of the 

Au/Ti02 dumbbell nanostructure. Besides, the backing Au film can also 

inject hot carriers to the Ti02 conduction band though d band transition. In 

this section, these two plasmonic system will be implanted in the PDMS 

covered microfluidic device to characterize their respective photocatalytic 

efficiency though Methylene blue (MB) decomposition experiment. 

0.15 

~ 
~0.12 
C 
0 
~ 0.09 
C 
:;::: 
>< 0.06 
w 

0.03 

o.oo 

600 650 700 750 600 650 700 750 

Wavelength (nm) 

1.0 

0.8 

0 
u U 0.6 

>590nm >545nm >495nm >405n 

0.4- -
-.. Au!TiO:zllTO 

--e-AulTiOz'A.u 0.2------------' 

Figure 4.14 The microfluidic decomposition experiment (a) The MB absorbance 

under different illumination spectra. (Left) Au/Ti02/ITO system (Right) 

Au/Ti 02/ Au system. (b) The summarized photocatalytic performance (C/Co) of 

both plasmonic systems. 
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To demonstrate the Au/Ti02/ Au system exhibiting better photocatalysis 

efficiency over the visible regions, we employed the Methylene blue (MB) 

organic molecule as the photocatalysis indicator with two main absorption 

peaks locates at 606 nm and 668 nm. The decomposition experiment is 

conducted in a PDMS microfluidic device implanted with an Au/Ti Oil Au or 

Au/Ti02/ITO plasmonic systems (1.5 cm X 1 cm). These two systems are 

deposited with similar Au/Ti02 dumbbell densities controlled by spin

coating method. In this PDMS photocatalytic device, a small cavity with 0.2 

mm height is left as a flowing pathway. The PDMS covered device is 

schematically shown in Figure 3.21 (a). To understand the photocatalytic 

performance under different illumination spectra, we employed 4 visible 

light long-pass filters (>590 nm, >550 nm,>495 nm,>450 nm) to observe the 

corresponding decomposition rate. Under the visible light illumination 

(Filter >550 nm), the MB decomposition in Au/TiOi/Au system exhibits a 

better decomposition efficiency under different flow rates in comparing to 

the ITO plasmonic system. In the slowest flow rate (5 µL xmin-1), 

Au/Ti02/ Au system has a very significant decomposition rate, where C/Co 

equals 0.26. Taking logarithm scale on the decomposition rate shows a linear 

relationship to the inversed flow rate, therefore we deduce that the MB 

decomposition in this microfluidic system process is in first-order kinetics80
. 

Note that the microfluidic experiment would not significantly reduce the 

particle density of the plasmonic systems which is shown in Figure 3 .22, 
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showing that the density of Au/Ti02 dumbbell after an hour microfluidic 

experiment. 

Figure 4.15 TheAu/Ti02 dumbbell particle density after the 1-hour microfluidic 

experiment under 10 µLmin- 1 MB flow rate (a) the Au/Ti02/ITO system (b) 

TheAu/Ti02/Au system. 

The decomposition kinetics of MB relies on the radicals generation. 

Hydroxyl radical (OH•) and superoxide radical (Or•) are two radials in 

aqueous environment81 , which could subsequently trigger the redox 

reactions. In the both plasmonic systems, no electron-hole pair is excited in 

Ti02 (Band gap ~3.2 eV) under the visible light illumination. Therefore, we 

suggest the radical generation is solely originated from the excitation of SPR 

and the d-band optical transition of Au film. Hot electrons generated from 

both d-band optical transition and SPR excitations are injected to the 

conduction band ofTi02 which produce 02-· radical. On the other hand, OH· 

radicals are produced on the surface on both surf aces of Au film and Au NRs, 

since hot holes with sufficient negative energy that could take part in the 

oxidization reactions82· In the Au/Ti02/ Au system, both hot carrier 
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generation pathways has an electron/hole pair spatial separation, thus 

suppressing the recombination. 

The radicals generation pathways are summarized below92: 

Au NRs SPR induced pathway: 

hv + Au/Ti02 dumbbells----*(}l+) Au/ (e-) Ti02 

(li+) Au+ H20----*0H·+ Au 

(e-) Ti02+ 02----*Ti02+02-· 

Au film d band transition induced pathway: 

hv + Ti02/Au film--* (e-) Ti02/ (li+) Au film 

(1i +) Au film + H20----*0 H· + Au film 

(e-) Ti02+ 02----* Ti02+02-· 

From the above pathways, both Au NRs and Au film act as the photo anode 

where the holes induce the formation of OH• radicals. Meanwhile, the Ti02 

shell act as the photocathode where the electron induces the formation of Or 

• radicals. 

The photocatalytic performance of both plasmonic systems can be fully 

understood by the spectra dependent analysis which indicates that the MB 

concentration continuously decreases with the illumination wavelength in 

the Au/Ti02/ Au system as illustrated in Figure 4.14 (b ). From the result, we 

can conclude that the Au/Ti02/ Au system is a more efficient photocatalytic 

system under all illumination spectra. Especially in short wavelength region 

(>495 nm), the photocatalysis 1s .accelerated. In comparison, the 
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Au/Ti02/ITO system does not have a strong correlation with the illumination 

spectra shown in Figure 4.14 (b). This result further confirms the dual

mechanism hot carrier generation as proposed at Figure 4.5 (c). 
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Figure 4.16 The summarized photocatalytic decomposition rate of each 

plasmonic system (Black) The bare Au film system (red) The Bare ITO Glass 

system (Blue) The Au/Ti02/ITO-based system and (magenta) Au/Ti02/Au film 

system. 

Under the longer wavelength illumination (Filter >590 nm), the MB 

decomposition mainly relies on the electron -pair generated by the 

longitudinal SPR excitation of Au NRs. When shorter wavelength is 

illuminated on the device (Filter > 550 nm), the decomposition is much 

facilitated for both Au/Ti Oil Au and ITO plasmonic system, because all 

plasmonic resonance modes are excited (See the optical characterization in 

section). The decomposition is mainly contributed from the first mechanism 
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(Plasmon-induced hot electron) where hot electrons are injected to the Ti02 

shell, leaving holes on the GNR surface. As the illumination includes more 

short-wavelength photons (Filter >490 nm, Filter >450 nm), extra electrons 

are injected to Ti02 Au film d-band transition. In fact, the reflectance 

measurement has revealed that the absorption increases dramatically at 

around 550 nm. As a result, the MB decomposition accelerates in short

wavelength region due the extra electron injection. 

To ensure the MB decomposition the result of the plasmon excitation and Au 

film d-band transition, we have conducted a set of control experiment by 

illuminating the same microfluidic systems without the deposition of 

Au/Ti02 dumbbells. This result this control experiment (Figure 4.16) clearly 

shows that without the presence of Au/Ti02 dumbbells, the MB 

decomposition is not significant where C/Co is higher than 0.9. Also, the 

decomposition rate is not sensitive to the wavelength selection, thus ensuring 

that under the visible light illumination, the MB decomposition is entirely 

due to the plasmonic excitation of Au/Ti02 dumbbell and the d band optical 

excitation of Au film underneath. 
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(AQE) of the decomposition rate. (a) On Au/Ti02/ITO system and (b) 

Au/Ti02/Au system 

More details of the photocatalytic performance could be found though 

wavelength dependent action spectra (Figure 4.17). For Au/Ti02/ITO 

system, the apparent quantum yield (AQE) well matches with the 

corresponding IPCE and extinction spectra with two AQE peaks located at 

SPR regions (560 nm and 800 nm). In comparing these two plasmonic 

systems, the measured AQE of Au/Ti02/ Au system is clearly higher than 

Au/Ti02/ITO system with ~3 times enhancement, and it also follows the 

extinction and IPCE spectra especially in long wavelength region (~800nm). 

In short wavelength region, the AQE roughly follows the extinction and 

IPCE spectra, yet it also exhibits a little raising tendency at the d-band 

transition region. This observation is fully consistent with the spectra 

dependent analysis and the dual hot electron injection model proposed at the 

beginning, such that the photocurrent induced by SPR excitation and optical 

transition are opposite in flow direction, yet the hot electron generates either 

though d-band and SPR excitations are simultaneously injected to the 

conduction band of Ti 02, thus facilitating the photocatalytic reaction rate 

The MB decomposition experiments further explains the photo-induced hot 

carrier generation in both plasmonic system. The Au/Ti Oil Au system 

outperforms the Au/Ti02/ITO system with 3 times more photocatalysis rate. 
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This is mainly due to the efficient hot earner generation though SPR 

excitation. When the Au/Ti02/ Au system is illuminated with shorter 

wavelength photons, the accelerated photocatalytic rate suggests the electron 

injection though d-band optical excitation could add extra electron to the 

system which facilitates the overall photocatalytic efficiency of the system. 
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4.8 Conclusion 

In studying the film coupled system, the Au/Ti02 dumbbell structure is spin-coated 

on the Au and ITO films respectively, resulting in uniform distribution and 

comparable density. With the aid of optical characterization and electromagnetic 

simulation, it is suggested that plasmonic nanocavities coupled with underneath Au 

film, leading a strong near-field enhancement and a better field confinement, which 

eventually contributes to the substantial photocurrent enhancement, IPCE and 

decomposition reaction rate. Unlike the ITO-based device, the Au/Ti02 dumbbell 

assembled on Au film electrically forms two Schottky barrier to collect the hot 

carrier injection. Under the visible light illumination, the Plasmon-induced hot 

electron in Au/Ti02 NR and d-band transition hot electron in Au film will be 

simultaneously injected over the barrier and migrated to the conduction band ofTi02, 

this dual channel electron injection mechanism is verified by the photocurrent 

measurement. Apparently, these two current has an opposite flow direction which 

may weaken the IPCE measurement. However, the decomposition experiment 

verifies that Au/Ti02 dumbbell on Au film is more efficient in hot carrier collection. 

Although d-band optical transition contributes a reversed photocurrent to the system, 

yet the extra electron injection facilities the photocatalysis reaction rate. This thesis 

has provided a fundamental understanding of plasmonic-induced hot carrier in 

Au/Ti02 nanocavities film coupled system and give a new insight to design a high

efficiency plasmonic based optoelectronic device. 
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Chapter 5. Extended study 

5.1 Strong film-coupled plasmonic system 

(a) (b) 

Al nanoparticle 
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Figure 5.1 The film-coupled plasmonic system (a) Schematic diagram of Aluminium (Al) 

nanosphere placing at the Al film forming a plasmonic film-coupled system. (b) The 

scattering line-width dependency to the thickness of the rear Al film84
. 

Film coupled plasmonic particle supports the resonance mode in the small gap 

volume, processing a highly confined e-field in a tiny nanocavity. In both monomer 

and dimer plasmonic systems, it has been experimentally observed that the film 

coupled system leads to the hybridized resonance modes in the gap region. Such gap 

resonance mode induced has a significant plasmonic line-width shrinking 

accompanied with the enhanced electric field distribution86-87. Benefited to the 

strong near field enhancement, this film coupled system could have different 

extensive applications including surface-enhanced Raman scattering88
-
89

, surface-
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enhanced photoemission90
-
91

, and nonlinear optics92
-
93

. However, the strong film

coupled system is not be studied as a photcatalysis system. 

5.2 Introduction to Au/fi02/AuNS strong film-coupled nanocavity 

photocatalytic system 

The above study focused in the plasmon-induced hot carrier generation with a film 

coupled nanocavity system. By reducing the spacing between the plasmonic 

nanostructure and the rear Au film, the coupling strength can be much enhanced with 

a sub 5 nm spacing which could support a plasmon resonance mode tiny confined in 

the gap area with a substantial near-field enhancement. In this regard, we have 

designed a plasmonic/semiconducting hybrid system as shown in figure 5.1 which 

supports a strong plasmonic coupling between the Au film and the atop plasmonic 

Au nanosphere (AuNP). 

90 



Au 
nanoparticles 
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Figure 5.1 The proposed Au/Ti02/AuNP film plasmonic nanocavity structure which 

sustains a strong film-coupled gap resonance plamonic mode. 

This planar system is depicted in Figure 5 .1, namely Au/Ti02/ AuNS. This plasmonic 

could sustain a gap plasmon resonance mode due the ultra-thin Ti02 layer (3-5 nm). 

In the coming study, we will first focus in characterizing the optical response and 

photocurrent of this strong film-coupled system. In particular, the dipolar plasmon 

resonance mode of Au NS and the gap mode resonance are both radiative, thus it can 

be measured by the dark-field optical system as discussed in section 2.2.3. The 

optical response is of immense importance to understand the plasmonic-induced hot 

carrier generation in such strong film coupled plasmonic system. 
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5.3 Fabrication of the Au/Ti02/ AuNS strong film-coupled system(For 

optical measurement). 

ITO glass is cleaned thoroughly by aqua regia (1 :3 HN03 to HCl, caution! strong 

oxidizing), then the flat Au film with thickness -110 nm grows on the ITO glass by 

thermal evaporation method. The Ti02 film grow on Au film by atomic layer 

deposition (ALD) method, which can precisely control the Ti02 thickness down to 

1 nm. In this experiment, 3 nm and 5 nm thickness of Ti02 film is grown on the Au 

film. Finally, the Au nanosphers (NS) with diameter in 50 nm and 100 nm are spin 

coated on the surface ofTi02. 

5.4 Fabrication of the Au/fi02/AuNS strong film coupled system (For 

Photocurrent measurment). 

The 3 nm Ti02 substrate is prepared by ALD method described on section 5.2. In 

order to have collective photocurrent measurement, the particle density has to be 

dense and uniform. Here, we adopt oxygen (02) plasma to increase the particle 

deposition density. (See Figure 5.2) 

After the 0 2 Plasma treatment, the Ti02 film less becomes hydrophobic and results 

in smaller contact angle with the deposition liquid. As can be seen from the darkfield 

image, the 0 2 treatment leads to a large area, dense particle deposition on the Ti02 

film. In contrast, the one without 0 2 plasma treatment has induced a serious particle 

aggregation on the substrate. 
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Before 02 plasma 
treatment 

After 02 plasma 
treatment 

Figure 5.2 The darkfield image of Au/Ti02/AuNS system (left) Before the 02 plasma 

treatment (b )After the 02 plasma treatment. 

5.5 Preliminary Surface/Optical characterization 

diameter- 160 nm 

400 500 llOO 700 800 400 500 600 700 800 

Wavelength (nm) Wavelength (nm) 

Figure 5.3 The absorbance spectra ofNS dispersed inD.I water (a) The NS in 100 nm diameter. 

(b) The NS in 160 nm diameter. (insert) The corresponding SEM graph ofNS. 

In study we have employed two types of Au NS with diameter in 100 and 160 nm, 

namely NS-100 and NS-160. Figure 5.1 (a) ad (b) shows the absorbance spectra of 
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the NS dispersed in D.I. water. Both NS has a main absorbance peak located at 

around 560 nm ascribed to the dipolar plasmonic resonance mode. However the NS-

160 has a long broadened tail from 600 nm to 800 nm which is coherent to previous 

studies. After understanding the absorbance spectra, we have deposited the NS on 

the TiOi Au film to construct the Au NS/Ti02/ Au film plasmonic system. Again, to 

control the particle density, we have employed the spin coating method to ensure no 

serious aggregation is induced. 
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Figure 5.4 The absorbance spectra of NS assembled on ITO film and its corresponding darkfield 

image (a)-(b) NS-100 (c)-(d) NS-160 
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In this Au NS/TiOiAu strong film coupled system the Au NS are spin coated on 

Au/Ti02 substrates with 3 nm Ti02 thickness. In these two system, the NS are well 

dispersed where we can easily find the single particle on the substrate surface for the 

optical darkfield characterization. To have a comprehensive understanding on the 

plasmonic system, we analyse the NS scattering response under every single 

component of the substrate. As proposed in Figure 5.1, the plasmonic system is built 

on the conductive ITO glass. Therefore, we first measure the scattering behaviour of 

NS on ITO film. Figure 5.3 (a) and (b) shows the scattering spectra of single particle 

measurement of NS-100 and NS-160 on ITO film, corresponding to the particle 

indicated by darkfield image at Figure 5 .3 (b) and ( d). Both spectra profiles are in 

good agreement with the corresponding spectra in Figure 5.2, showing a main 

scattering peak at around 540 nm (For NS-50) and 560 nm (For NS-80). Interestingly, 

the NS-100 has a board should peak at around 750 nm. This peak will be further 

analyzed later by FDTD simulation. 
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Figure 5.5 The scattering spectra ofNS-100 assembled on Si02 substrate. 

For comparison, we also collected the scattering spectra from the Au NS-100/Si02 

plasmonic system. The scattering profile in Figure 5. 4 is similar to the one in Au 

NS-100/ITO system, a strong scattering peak locate at 560 nm, despite the shoulder 

peak at 730 nm disappear in the Au NS-100/Si02 system. 
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Figure 5.6 The scattering spectra of NS assembled Au film (Au NS/Au fim) system (a) NS-100 
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Then we tum to analyze the scattering response of the Au NS/ Au film system by 

spin coating NS on the bare Au film. Figure 5.5 shows the scattering spectra and the 

corresponding darkfield image of the NS/ Au film system. In both plasmonic systems, 

the Au NS exhibits a scattering peak at around 800-850 nm which is ascribed to the 

gap plasmonic resonance mode. This is because the NS is encapsulated with CTAB 

surfactant thus isolating the NS from the Au film. It is worth to note that the board 

dipole scattering peak of NS-160 has blue shifted and narrowed to 630 nm. This 

phenomena will be further explored by the FDTD simulation. 
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Figure 5.7 The absorbance spectra of NS assembled on Ti02 (3nm)/Au film system and its 

corresponding darkfield image (a) NS-100 (b) NS-160 

Based on the darkfield characterization result of the Au NS/ITO and NS/ Au film 

system, we finally come to the Au/Ti02/ Au film system, where the Ti02 Layer is grown 

on the Au film by ALD method. Therefore the Ti02 thickness can be precisely 

controlled. Here, Ti02 film with 3 nm is deposited on the Au film. Then Au NS is spin 
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coated on top of Ti02 layer to construct an Au NS/Ti02/Au system. The scattering 

spectra in Figure 5. 6 suggest the Au NS/ Au film system and Au NS/Ti02/ Au film 

system process a similar scattering response, with the main scattering peak at 560 nm 

and a gap mode resonance at around 700 nm (NS-100) and 900 nm (NS-160). 

Comparing to NS-160/ Au film system, the board dipole resonance peak also blue-shifts 

and shrinks to 650 nm due to the plasmonic mode modulation by the underneath Au 

film. 

5.6 Strong film-coupled plasmonic photocatalysis system 

After the optical characterization, the future work will focus in measuring the 

photocurrent generation and photocatalytic performance of this Au NS/Ti02/ Au film 

strong film-coupled system. Here, we proposed two structures for comparison, namely 

Au/Ti02/AuNP andAu/Ti02/AuNR (see Figure 5.8). 

AuNS AuNR 

Figure 5.8 The proposed strong film-coupled photocatalysis system: (Left) Au/Ti02/AuNS and 
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(b)Au/Ti02/AuNR 

Based on the pervious optical characterization on section 5.3, it is clear that the 

Au/Ti02/ AuNS system sustains both dipolar resonance mode and gap resonance mode. 

However, the Au/Ti02/ AuNS system has not yet been explored. In this regard, we tum 

to characterize the optical behaviour of Au/Ti02/AuNS system. Figure 5.9 (a) shows 

the morphology of the AuNS, indicating that the AuNS has an average diameter in 40 

nm. When this AuNS is deposited on Au/Ti02 substrate, we have collected the 

collective optical extinction by 10 X and 50 X objective lens as can be seen from figure 

5.7 (c) and (d). The 10 X objective lens extinction spectrum suggests two exctinction 

peaks at -530 nm and -900 nm, theses peaks are ascribed to transverse and film

coupled magnetic plasmonic resonance mode. Qualitatively, these peak features are 

preserved in 50 X lens extinction spectrum (Figure 5 .8 d). In addition, a peak arise at 

-650 nm is ascribed to the gap mode resonance. 
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Figure 5.9 (a) TEM graph of AuNR under 40000X magnification. (b) the schematic digram 

of Au/Ti02/AuNR system (c) The extinction spectrum collected with 10 X objective lens. 

(d) The extinction spectrum collected with 50 X objective lens. 

To verify the plasmonic resonance modes of the Au/TiOi AuNR system, we have 

collected the single particle scattering spectrum in darkfield measurement. Basically, 

the Au/Ti02/ AuNR system has three scattering peaks which is consistent with the 

extinction spectra. As the excitation includes more out of plan E-field component 

(from SOX to lOOX objective Lens), the Gap resonance mode and hybridized 

magnetic resonance mode increase in scattering intensity. 
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Figure 5.10 The single particle scattering measurement of Au/Ti02/ AuNR system. 

Finally, we measured the photocurrent of these two systems. The illumination 

condition is normal to the substrate, therefore we consider gap mode resonance is not 

excited in this photocurrent measurement. As can be seen from figure 5 .11, the 

measured photocurrent (Figure 5.9), the photocurrent is enhanced by their respective 

resonance modes. For example, AuNS has a dipolar resonance mode at around 520 nm 

while the AuNR has transverse resonance mode at around 560 nm. At these resonance 

region, the generated photocurrent is enhanced, yet the enhancement factor remains 

low as 1.2-1.5. In long wavelength region (-800-900 nm), the enhancement factor of 

AuNR system becomes significant, indicating that the magnetic resonance mode give 

rise an exceptional photocurrent enhancement even in infrared region. 
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Figure 5.11 The wavelength-dependent photocurrent measurement of Au/Ti02/ AuNS (red line) 

and Au/Ti02/AuNR (black line) system. The enhancement factor (blue line) is obtained by 

diving the measured photocurrent of two systems. 

Based on the above result, we compared the photocurrent enhancement with different 

plasmonic resonance modes. It is obvious that film-coupled magnetic resonance leads 

to a significant photocurrent generation enhancement. This result has a great 

implication to the plasmonic induced hot carrier generation mechanism. 
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