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Thesis Abstract 

Metallic nanoparticles (NPs) such as gold (Au) and silver exhibit very intense color 

which is derived from localized surface plasmon resonances (LSPRs). LSPRs are 

collective oscillations of conduction electrons, which induce large local 

electromagnetic (EM) field enhancements. EM field enhancement effects are known to 

induce various optical effects such as surface-enhanced Raman scattering (SERS) and 

fluorescence enhancement which make it possible to detect small number of molecules. 

Therefore, SERS and fluorescence enhancement have been applied to highly sensitive 

biosensors. As the other biosensor using the principle of LSPRs, there is a method 

which detect a small spectrum shift due to the refractive index change of surrounding 

medium based on the adsorption of bioanalytes to the surface of AuNPs, which is 

known as a LSPR biosensor. Although SERS is extremely sensitive and LSPR 

biosensor is simple, they require relatively large equipment such as laser and 

spectrometer, and development of small and compact sensor is also demanded. On the 

basis of the background of biosensors using a principle of LSPRs, a 

photoelectrochemical (PEC) biosensor in which electronic circuits and detectors can be 

integrated is proposed in this study by using Au nanostructured titanium dioxide (TiO2) 

photoelectrodes. Because the PEC biosensor studied previously relies on the spectrum 

change of LSPRs based on the refractive index change of surrounding medium, the 

sensitivity is not expected as similar to LSPR biosensor. In the present study, I 

proposed the improvement of sensitivity on the PEC biosensor based on the EM field 

enhancement due to near-field coupling between Au nanostructures on TiO2 and 

AuNPs by connecting using an antigen-antibody reaction of biotin and streptavidin.  

To elucidate the influence of near-field coupling between LSPR of Au nanostructures 

on TiO2 photoelectrode and the other optical modes on the PEC responses, I explored 

the internal quantum efficiency (IQE) of plasmon-induced photocurrent generations as 

a function of incident wavelength. Namely, the near-field coupling between LSPR and 

the other optical modes reflects the PEC response if the IQE spectrum reproduces the 
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near-field spectrum. On the basis of the hypothesis, I employed TiO2 photoelectrodes 

supporting Au nanogratings (AuNGs) because AuNGs/TiO2 substrate shows 

complicated near-field spectra due to the strong coupling between waveguide modes 

induced by AuNGs and LSPR of AuNGs for the demonstration of performance. 

Periodic AuNGs were fabricated on TiO2 photoelectrodes using electron beam 

lithography and lift-off processes. Plasmon-induced photocurrent generation was 

pursued by a conventional PEC measurement using a three-electrode system. It was 

clearly elucidated that IQE spectrum has successfully reproduced the near-field 

spectrum predicted by EM simulations based on the finite-difference time-domain 

(FDTD) method under the coupling conditions. This paves a new approach to indirectly 

measure the near-field spectra of coupled plasmonic systems and proves that the near-

field coupling reflects the plasmon-induced photocurrent generation. (Chapter 2).  

The photocurrent enhancement by the near-field coupling was studied as a sensitive 

biosensor for measuring the biotin-streptavidin binding kinetics. In this study, Au 

nanoislands (AuNIs) loaded single crystal TiO2 substrate was used as a photoelectrode. 

The photoelectrode was then processed by self-assembled thiol-terminated biotin (TTB) 

molecules. The self-assembled TTB molecules bound on an AuNIs/TiO2 

photoelectrode successfully detected different concentrations of streptavidin-modified 

AuNPs solutions based on the PEC measurement owing to the near-field coupling 

between AuNIs and AuNPs with biomolecules. Furthermore, the real-time monitoring 

of biotin-streptavidin binding affinities and kinetics by analyzing the PEC sensing 

characteristics has been also successfully demonstrated. This PEC biosensor could 

provide a new approach for the specific electrical detection and real-time kinetic 

measurements for clinical diagnostics and drug development (Chapter 3).  

In conclusion, the plasmon-induced photocurrent generation was proved as a useful 

tool for detecting the biomolecular binding affinity and kinetics. It was clearly 

confirmed that the near-field coupling between LSPR and the other optical modes 

reflects the PEC response, which can be utilized for the highly sensitive detection of 

bioanalytes. The biosensor for pursuing biotin-streptavidin binding kinetics based on 



 

vi  

  

the plasmon-induced photocurrent generation have been successfully improved by the 

near-field coupling between AuNIs and biomodified AuNPs. These findings provide a 

powerful tool to detect and determine the binding affinity and kinetics of biomolecular 

interactions as a compact plasmonic PEC biosensor.  

 

Keywords: Localized surface plasmon resonance, Photoelectrochemical 

biosensing, Titanium dioxide, Au nanoislands, Au nanogratings, Near-field coupling, 

Strongly coupled waveguide-plasmon modes, Biotin-streptavidin association, Binding 

kinetics. 
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Chapter 1 

Introduction 

1.1 Background of localized surface plasmon resonance biosensor 

What is a biosensor? “Biosensor” is short for “biological sensor.” A biosensor is an 

analytical device incorporating a biological sensing element either intimately connected 

to or integrated within a transducer.
[1,2]

 Biosensor can be traced back to 1962, Clark, L. 

C. and Lyons, C. invented the first enzyme electrode based on glucose oxidase (GOD) 

for detecting dissolved oxygen by amperometric method.
[3]

 While Updike, S.J. and 

Hicks, G.P. improved the enzyme transducer by immobilizing enzyme GOD over the 

oxygen electrode to achieve a more effective strategy.
[4]

 The biosensor market has been 

increasing year by year and incoming large industry of more than 15 billion USD in 

2016 as shown in Figure 1.1.  

 

 

Figure 1.1 Global biosensor market (USD Million).  

http://www.grandviewresearch.com/industry-analysis/biosensors-market.  

 

Until now, there are many different kinds of biosensors that have been utilized in 

different fields. Among all kinds of biosensors, surface plasmon resonance (SPR) 

sensors are extensively developed in recent years and have been realized for 

commercialized production (e.g. Biacore SPR Systems, GE Healthcare Life Sciences). 

Three types of most commonly used SPR biosensors are shown in Figure 1.2.
[5,6]

 The 

SPR biosensors have extremely high bulk dielectric sensitivity, therefore, they can 

http://www.grandviewresearch.com/industry-analysis/biosensors-market
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detect minor signal change induced by biomolecular interactions at very low 

concentrations. In addition, the SPR biosensor allows real time quantitative analysis of 

specific binding kinetics and affinities without labels and the requirements of removing 

spurious signals due to non-specific binding. However, several drawbacks also limit the 

applications of SPR biosensor including temperature-sensitive, high-throughput 

analyses, complex and high cost instrumentations and so on.  

 

 

Figure 1.2 Most widely used three types of SPR sensors: (a) prism coupler-based SPR 

system (attenuated total reflectance (ATR) method); (b) grating coupler-based SPR 

system; (c) optical waveguide-based SPR system.
[5]

  

 

When light is incident on sub-wavelength-sized metallic nanoparticles, the excited 

collective oscillations of conduction electrons in the metallic nanoparticles form 

localized SPR (LSPR).
[7-10]

 To date, the LSPR has been extensively applied in many 

fields especially in Surface-enhanced Raman scattering (SERS) and biosensing. 

Jeanmaire and Van Duyne demonstrated that the Raman scattering signal can be greatly 

enhanced when the molecule is placed on or near a roughened noble-metal substrate in 

1977.
[11]

 SERS is an ultrasensitive technique to detect molecules on or near the surface 

of metallic nanostructures. To date, the correct nature of the huge enhancement in 

Raman intensity found in the SERS is still controversial even though a great deal of 

researches have been carried out. However, near-field enhancement and electron 

transfer are generally accepted to explain the mechanism of SERS enhancement. The 

near-field enhancement is based on the electric field enhancement provided by the 

metallic film or nanoparticles. However, the near-field enhancement sometimes cannot 

fully explain the magnitude of the enhancement observed in many systems. The 

electron transfer, a different enhancement mechanism can explain the 
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enhancement involving charge transfer between the chemisorbed species and the metal 

surface. Now, most researchers believe that the total SERS enhancement is the 

cooperation of both these two enhancement mechanisms. It has been twenty years ago, 

single-molecule detection was successfully realized due to the Raman scattering 

intensity can be enhanced up to 10
14

 to 10
15

 fold for molecules adsorbed on the surfaces 

of noble metal.
[12-14]

 This brings extensive applications of SERS such as, corrosion, 

catalysis, advanced materials, diagnostics, biomedical applications, biological process, 

and biosensing. The SERS can be used to investigate antibiotic-induced chemical 

changes in bacterial cell wall, rapid detection of bacteria, target 

specific DNA and RNA sequences, pathogen detection, detection of arsenate and 

arsenite ions in aqueous solutions, glucose detection in human blood and so on. The 

SERS based biosensors have extremely high sensitivity but the SERS signal is highly 

dependent on the distance between molecule and metallic nanoparticles. Quantitative 

measurement is a challenge.  

There is another conventional optical LSPR biosensor based on the measurement of 

LSPR peak shifts.
[15-20]

 How LSPR can be utilized as biosensor? Just like the 

propagating SPPs, the LSPR is also sensitive to the surrounding refractive index (RI) 

change. The relationship between LSPR peak wavelength of a spherical particle and the 

surrounding RI has been calculated by Mie theory
 [19]

: 

2

max = 2 1p mn           (1.1) 

where max  and p  are the wavelengths of maximum LSPR peak and plasma frequency 

of the bulk metal, respectively. mn  is the RI of surrounding medium. It is easy to verify 

that the LSPR peak ought to have linear red shift with increase of RI of surrounding 

medium as shown in Figure 1.3 based on Equation 1.1 with p  = 300 nm over a 

reasonable range of mn . Note that both of the LSPR peak and energy have 

approximately linear relationships with surrounding RI change.  

 

https://en.wikipedia.org/wiki/Chemisorption
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/RNA
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Figure 1.3 A theoretical results between the LSPR peak and the surrounding RI.
[19]

  

 

LSPR biosensors are commonly utilized to detect biomolecular interactions through 

an optical response, such as LSPR spectral peak shifts
[21,22]

 or change in extinction 

values.
[23,24]

 Like the SPR biosensor, the immobilized receptors on the metal 

nanoparticles that exhibit LSPR is necessary to be used to detect the specific 

biomolecular interactions. Until now, lots of molecular interactions have been realized 

by utilizing LSPR biosensor. Biotin-streptavidin interaction has extremely strong 

binding affinity (Ka ～ 10
13

 M
-1

). Biotin, a kind of vitamin with small molecular weight, 

can be easily conjugated to the metallic nanostructures. Streptavidin, a kind of protein 

with extremely large molecular weight of about 53000, has four subunits for binding 

biotin, generating one of the strongest non-covalent interactions known in nature. This 

strong interaction leads to not only biosensing but also lots of other research 

applications such as immunological and diagnostic applications. The biotin-streptavidin 

interaction has been successfully utilized to realize LSPR sensor.
[21,23,25-33]

 Figure 1.4 

(1) shows a representative LSPR peak shift of a biotin-functioned triangular silver 

nanostructure biosensor to different concentrations of streptavidin solutions. The 

triangular silver nanoparticles were fabricated by nanosphere lithography and then a 

subsequent 24 h biotinylation was processed totally. These biotinylated triangular 

nanoparticles were used to detect the signal change to different concentrations of 

streptavidin solutions. Moreover, the surface-confined thermodynamic affinity constant 

of biotin-streptavidin interaction can be estimated by Langmuir isotherm with a value 
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Ka, surf = 10
11

 M
-1

. The low limit of detection (LOD) can reach 1 pM. While the LSPR 

based biotin-streptavidin biosensors have much smaller binding affinity values in 

comparison with the solution-based binding affinity constant (normally Ka = 10
14

 – 10
15

 

M
−1

) due to the restricted movement of biotin molecules on the sensor surface reduces 

the affinity for binding to streptavidin.
[27]

 The steric hindrance that the bottom attached 

biotin binding sites are retarded by the top attached biotin binding sites.  

One advantage of the SPR biosensor is the real time measurement and detection of 

the molecular interactions. The LSPR biosensor can also realize the real time 

measurement and detection of the molecular interactions as shown in Figure 1.4 (2). A 

biotinfunctionalized gold colloid monolayer is used to bind streptavidin and antibiotin 

mAb, respectively. The absorbance intensity was detected real time at LSPR peak. Both 

of 10 µg/mL streptavidin and 50 µg/mL antibiotin mAb showed the binding rising 

phase due to the specific interactions. However, 10 µg/mL Bovine Serum Albumin, 50 

µg/mL human immunoglobulin G, or streptavidin (30 µg/ mL) preincubated with 1.0 

mM biotin did not show such binding rising phase due to nonspecific interactions. After 

the bindings reaching saturations, incubation of the protein-ligand complex on the 

surface with 1 mM biotin in solution will cause decrease in signal due to dissociation of 

biotin-mAb complex. However, there was no obvious change in the case of biotin-

streptavidin associations. This is due to the much stronger binding affinity of biotin-

streptavidin than the biotin-antibiotin interaction.  

 

 

Figure 1.4 (1) The normalized LSPR shift response to different concentrations of 

streptavidin of a biotin-functionalized Ag nanotriangles biosensor (SA means 



 

6  

  

streptavidin).
[21]

 (2) The absorbance intensity change at LSPR peak wavelength when 

using biotinfunctionalized gold colloid monolayer to bind streptavidin and antibiotin 

mAb (A) Baseline (B) Incubation of the streptavidin (10 µg/mL), antibiotin mAb (50 

µg/mL), Bovine Serum Albumin (10 µg/mL) (a), human immunoglobulin G (50 µg/mL) 

(b), or streptavidin (30 µg/ mL) preincubated with 1.0 mM biotin (c). (C) Dissociations 

of biotin-mAb (obvious) and biotin-streptavidin complex (almost no change).
[23]

  

 

Lots of other biomolecular interaction measurements have been successfully realized 

by LSPR biosensing technique. Among them, the antibody-antigen interaction is 

extensively studied until now.
 [34-63]

 Figure 1.5 (A) displays the LSPR wavelength shifts 

of a nanobiosensor consisting of silver nanotriangle for the detection of different 

concentrations of ADDL, a marker for Alzheimer’s disease. Figure 1.5 (B) shows the 

experimental data of enhanced LSPR shift for the binding of the second anti-ADDL 

antibody. Meanwhile, the surface-confined thermodynamic affinity constant can also be 

determined. More importantly, kinetics analysis of antibody-antigen binding can be 

realized using LSPR biosensor. Figure 1.5 (C) demonstrates the real time binding 

kinetics of antibody-antigen binding by gold nanorod array, which is shown on the top 

panel of Figure 1.5 (C). From the fitting data, the binding equilibrium constants (kon, 

koff, keq) for an antigen–antibody interaction can be calculated for the first time by 

LSPR biosensor. Figure 1.5 (D) demonstrates the specificity of such LSPR biosensor. 

At step e, the nonspecific binding induced an extremely weak affect to the LSPR signal 

change. However, at step g, the specific binding significantly induced red shift of the 

LSPR peak.  
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Figure 1.5 (A) Quantitative response curves of amyloid-β derived diffusible ligands 

(ADDLs). (B) Enhanced LSPR shift for the binding of second anti-ADDL antibody to 

the ADDL functionalized Ag nanobiosensor.
[43]

 (2) (C) Demonstration of sensor 

specificity. Immunoassay with kinetic data fits of an antibody-antigen binding. The 

LSPR peak wavelength was measured as the various solutions flowed over the substrate 

of the LSPR biosensor in a continuous experiment versus time. (D) Real time binding 

kinetics provide an explicit demonstration of specificity with the response to both 

nonspecific and specific targets of identical molecular weight and concentration.
[60]

  

 

Until now, in addition to biotin-streptavidin and antibody-antigen interactions, LSPR 

sensing has been used to probe other biomolecular interactions, including DNA- 

hybridization,
[64]

 DNA-protein
[65, 66]

 and so on. In comparison with SPR biosensor, the 

simplicity in optical setup and the low cost make LSPR biosensor good candidate for 

biosensing, however, only low sensitivity is expected due to the broad LSPR band. 

Researchers have tried lots of approaches to improve the sensitivity of LSPR biosensor. 

Two approaches have been proved to be able to boost the sensitivity effectively. One is 

the introduction of Fano resonance induced by coupled plasmonic systems. Another 

one is the introduction of interparticle coupling by utilizing biomolecular labeled 

metallic nanoparticles target.  
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Fano resonance, which was first observed by Ugo Fano experimentally in 1935 and 

now bears his name.
[67]

 He theoretically described the Fano resonance in quantum 

autoionizing states of atoms in 1961.
[68]

 The Fano resonance is induced by the overlap 

of a discrete state with a continuum state, where destructive and constructive 

interferences take place at close energy positions, which results in the asymmetric 

profile. Until now, the Fano resonance has been extensively applied in various systems 

to explain many phenomena. Among them, the plasmonic Fano resonance attracts lots 

of attentions due to its unique properties. The optical properties of metallic 

nanostructures can be easily controlled by changing the geometry and composition of 

nanostructures. Recently, sharp Fano resonance in plamonic metallic nanostructures has 

been reported. This is very important for biosensing because narrower full width at half 

maximum (FWHM) and higher detection limit have been realized by plasmonic Fano 

resonance.
[69,70]

  

Figure 1.6 represents a novel Fano resonant biosensor based on gold mushroom array 

(GMRA) structure. The Fano resonance is derived from the interference between 

Wood’s anomaly and LSPR. Figure 1.6 (a) shows the SEM image of GMRA structure. 

Figure 1.6 (b), (c) and (d) show the RI sensing behaviors. A RI sensitivity as large as 

1015 nm/RI unit (RIU) with spectral line width as narrow as 10 nm are realized. The 

representative Cytochrome c (Cyt c) and alphafetoprotein (AFP) detection is shown 

from Figure 1.6 (e) to Figure 1.6 (h). Importantly, the key biosenser performance 

parameter, the figure of merit (FOM), which is introduced by Sherry et al. to directly 

compare the overall performance of LSPR sensors, will increase closely to the theory 

limit.
[81]

 The FOM can be defined as below: 

-1m(eV RIU )
FOM = 

FWHM(eV)


          (1.2) 

The FOM values of LSPR sensor without Fano resonance are normally below 5. 

However, the LSPR sensor with Fano resonance can be improved by several tens of 

order. This FOM value of GMRA structure can reach 108, which is comparable to the 
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theoretically estimated upper FOM limit for commercially available sensors based on 

propagating surface plasmon resonances.  

 

 

Figure 1.6. (a) SEM image of GMRA structure. (b) Reflectance spectra of the GMRA 

immersed in glycerine water mixture solutions with varying compositions. (c) 

Normalized reflectance spectra for D1in the spectral region indicated with the dashed 

box in (b). (d) Relationship between the wavelength evolution of D1 and the 

surrounding RI. (e) Representative reflectance spectra of the GMRA after the treatment 

of Cyt c solutions at different concentrations. (f) Relationship between the shift of the 

dip and Cyt c concentration. (g) Reflectance spectra measured when an anti-AFP-

functionalized GMRA was immersed in phosphate buffer solution (pH = 7.1) without 

AFP, a mixture solution of glucose (5 mM) and Cyt c (1.75 μM), an AFP solution (20 

ng ml
-1

), and a mixture solution of AFP (20 ng ml
-1

), glucose (5 mM) and Cyt c (1.75 

μM), respectively. (h) Relationship between the shift of the dip and AFP concentration. 

The red line is a linear fit.
[75]

  

 

The interparticle coupling between two closely spaced nanoparticles can affect the 

optical properties by the significant near-field coupling. The LSPR peak will have a red 

shift when reducing the distance between two closely spaced nanoparticles as shown in 

Figure 1.7 (1). The red shift of the resonant peak observed in the far-field spectrum is 

affected by the near-field coupling between two nanoparticles. This provides a new 

approach to increase the sensitivity of LSPR biosensor. For example, both the Ag and 
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Au nanodimers show a large LSPR peak shifts (102 nm in Ag, 23 nm in Au) after 

binding as shown in Figure 1.7 (2). The antibody-labeled gold nanoparticles can 

increase the LSPR peak shift of silver nanotriangles by up to 400% as compared to 

comparable concentrations of native antibody without labeled Au nanoparticles as 

shown in Figure 1.7 (3).  

 

 

Figure 1.7. (1) Interparticle coupling between two Au nanoparticles. (a) Simulated 

scattering spectra of two coupled Au nanoparticles with center-center particle spacing 

from 138 to 318 nm. (b) LSPR peak wavelength as a function of particle center-center 

spacing. (2) Color effect on Au and Ag nanoparticles and nanodimers. (a) First, Au or 

Ag nanoparticles functionalized with streptavidin are attached to the glass surface (left). 

A second particle is attached to the first particle (center) via biotin-streptavidin 

interaction (right). (b) Individual Ag particles appear blue (left) and Ag nanodimers 

blue-green (right). (c) Individual Au particles appear green (left), Au particle 

nanodimers, orange (right). (d) Representative scattering spectra of individual particles 

and particle pairs for Ag (top) and Au (bottom). (3) Biosensitivity enhancement by 

interparticle coupling. (A) Ag nanoparticle is firstly modified by biotin, antibiotin and 

antibiotin labeled Au nanoparticles are subsequently linked to the Ag nanoparticle. (B) 

LSPR spectra before (solid black) and after (dashed blue) binding of native antibiotin, 

showing a LSPR peak shift of 11 nm. (C) LSPR spectra before (solid black) and after 

(dashed red) binding of antibiotin labeled nanoparticles, showing LSPR peak shift of 

42.7 nm.  
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The spectral shift of closely-spaced nanodimers is induced by the near-field coupling. 

The introduced near-field coupling can boost the sensitivity of LSPR biosensor. 

However, ponderous instruments for optical measurements still limit its practical 

application. The fabrication of portable and miniaturized biosensors remains a 

challenge for optical biosensors. Recently, the surface plasmon-induced photon-to-

electron conversion system has received much interest. This makes the electrical 

measurement of biomolecular interaction possible, which can overcome the 

disadvantages of optical measurement. However, the sensitivity is low because it also 

relies on the refractive index change. The plasmon-induced photocurrent generation is 

believed to be activated by the near-field enhancement of LSPR. However, the near-

field coupling effect on photocurrent generation has not been explored. The motivation 

of this thesis is to utilize the near-field coupling enhanced photocurrent generation to 

achieve simple and highly sensitive photoelectrochemical (PEC) biosensor and explore 

the binding affinity and kinetics of biomolecular interactions.  

 

1.2 Optical properties of localized surface plasmon resonance 

To give a better understanding of the LSPR, the surface plasmons (SPs) should be 

introduced first. SPs are generated by the collective oscillations of surface electrons of 

metallic film (e.g. Au, Ag) when the light irradiated on the surface between metallic 

film and dielectric (Figure 1.8 shows the representative propagating surface plasmon 

polaritons (SPPs) along the interface of Au film and dielectric material). The excited 

SPPs have a penetration depth of several hundred nanometers, which make it very 

sensitive to the surrounding RI change. This is also the principle of SPR biosensor.  
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Figure 1.8 Schematic of surface plasmon polaritons that propagating along the Au-

dielectric or Au-air interface.
[85,86]

  

 

Figure 1.9 shows the working schematic of a typical SPR biosensor. Firstly, 

receptors are fully immobilized on the sensor chip with Au film. The analyte solution 

with different concentrations is introduced by a flow channel. The SPP is excited by 

polarized light coupled with a prism and detected in reflectance. During the flow of 

analyte solution, the signal change can be detected real time to record the binding 

between analyte and receptors. After the binding between receptor and analyte reaching 

saturation, the signal will be stable. Noticed that the receptor should retain their native 

conformation and specific binding activity to bind the analyte and resistant to non-

specific binding of other molecules. This is very important to reveal the binding affinity 

and kinetics.  

 

 

Figure 1.9 Schematic of SPR biosensor.
[87,88]
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Figure 1.10 shows a typical SPR biosensor sensorgram using to detect the analyte. At 

first, a buffer solution passes through the flow channel to get the base line (stable 

environment). At a certain time, the analyte solution in the running buffer passes over 

the receptor coated biosensor chip and the analytes starts to bind to the receptors. The 

induced RI change at the sensor chip surface affects SPR signal, realizing the real time 

detection of molecular association. This part of association phase gives the information 

of observed association rate (kobs). If the concentration of analyte is known, the 

association rate constant of the interaction (kass) can be determined. As the analyte 

solution passing through the flow channel, when the amounts of association and 

dissociation between receptors and analyte saturates, the signal will be stable without 

any change. This means that the association and dissociation get equilibrium. After that, 

the buffer solution replaced the analyte solution, the receptor-analyte complex will 

dissociate, making the SPR signal change reversely. This dissociation phase gives the 

information of dissociation rate constant (kdiss). The binding affinity of the interaction 

can be calculated as KD = 1/KA = kdiss/kass. The receptor will be regenerated by flowing 

regeneration solution (for example, high salt or low pH) to disrupt binding. This will 

make the receptor free to work again.  

 

 

Figure 1.10 Schematic of a typical SPR biosensor sensorgram with three phases, 

association, dissociation and regeneration.  
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As mentioned, the SPPs are propagating waves at a meatal-dielectric interface. 

Different from SPPs, localized surface plasmons (LSPs) are the collective oscillations 

of conduction electrons at the surface of metallic nanostructures as shown in Figure 

1.11. Different from propagating SPPs, LSPs can be excited by direct light illumination 

without the critical phase-matching techniques needed for SPR biosensor as shown in 

Figure. 1.9.  

 

 

Figure 1.11 Schematic of LSPR in a metal sphere and the displacement of the 

conduction electron cloud relative to the nuclei.
[10]

  

 

The optical properties of LSPR have also been extensively explored. Normally, two 

approaches are applied to explore the properties of LSPR: far-field and near-field 

measurement. For example, the color change of metal doped silica relies on the far-field 

properties of LSPR, which are the intense light absorption and scattering. Therefore, the 

extinction spectrum measurement in the far-field is often used to explore the optical 

properties of LSPR. Near-field measurement is another effective approach to explore 

the nanostructures which is used to detect the local electromagnetic field enhancement. 

This is usually analyzed by numerical simulations.  

 

1.2.1 Far-field spectral properties  

  The metallic nanoparticles show different colors, this is due to the light can be 

influenced by particle shape, size and surrounding environment. The application of 

nanostructured materials can be traced back to 4th century: the Lycurgus Cup (Rome), 

https://en.wikipedia.org/wiki/Lycurgus_Cup
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a kind of dichroic glass. The colloidal gold and silver in the glass allow it to look 

opaque green when lit from outside but translucent red when light shines through the 

inside as shown in Figure 1.12 (a) and (b), respectively. The scientific researchers first 

explored the optical properties of metallic nanostructures in the far-field, normally the 

extinction spectrum measurement.  

 

 

Figure 1.12 The Lycurgus Cup in reflected (a) and transmitted (b) light.  

http://www.britishmuseum.org/research/collection_online/collection 

_object_details.aspx?objectId=61219&partId=1 

 

1.2.1.1 Individual metallic nanoparticles  

  The individual metallic nanoparticles were firstly explored in the far-field 

measurement including nanoprisms,
[89]

 nanorings,
[90]

 nanospheres,
[91]

 nanocubes,
[91]

 

nanobranches,
[91]

 nanorods,
[91]

 nanobipyramids and so on. Figure 1.13 (A-J) shows the 

transmission electron microscopy (TEM) images of various types of Au nanoparticles. 

The extinction spectra were usually measured to explore the far-field properties of 

metallic nanoparticles with different shapes and sizes by UV-visible/NIR 

spectrophotometer as shown in Figure 1.13 (K, L). Normally, there will only one LSPR 

peak as shown in Figure 1.13 (K-a) and (K-b) for Au nanospheres and nanocubes. 

However, Au nanorods show two LSPR peaks (c-e). One peak (longer wavelength) is 

due to the excitation of longitudinal LSPR mode associated with the electron 
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oscillations along the length axis, and another one (shorter wavelength) is the transverse 

LSPR mode excited by light polarized along the transverse direction. Nanobipyramids 

and nanobranches also show two LSPR peaks as shown in Figure 1.13 (L). Different 

nanostructures have different RI sensitivities as shown in Figure 1.13 (M).  

 

 

Figure 1.13 The representative TEM images of Au nanoparticles of different shapes 

and sizes. (A) Nanospheres. (B) Nanocubes. (C) Nanobranches. (D) Nanorods (aspect 

ratio 2.4 ± 0.3). (E) Nanorods (aspect ratio 3.40 ± 0.5). (F) Nanorods (aspect ratio 4.6 ± 

0.8). (G) Nanobipyramids (aspect ratio 1.5 ± 0.3). (H) Nanobipyramids (aspect ratio 2.7 

± 0.2). (I) Nanobipyramids (aspect ratio 3.9 ± 0.2). (J) Nanobipyramids (aspect ratio 4.7 

± 0.2). Normalized extinction spectra of Au nanoparticles of different shapes and sizes. 

(K) Spectra a-e correspond to nanospheres, nanocubes, and nanorods with aspect ratios 

of 2.4 ± 0.3, 3.4 ± 0.5, and 4.6 ± 0.8, respectively. (L) Spectra a-e correspond to 

nanobipyramids with aspect ratios of 1.5 ± 0.3, 2.7 ± 0.2, 3.9 ± 0.2, and 4.7 ± 0.2, and 

nanobranches, respectively. (M) The LSPR peak shifts of Au nanoparticles of different 

shapes and sizes with different RI.
[91]

  

 

1.2.1.2 Coupled plasmonic systems  

The rapid development of nanofabrication techniques makes it possible for accurate 

controlling the size and geometry of the nanostructures. Researchers have made much 
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effort to tune the optical properties of LSPR. Until now, a plethora of coupled 

plasmonic systems with striking properties have been successfully fabricated.
[92-107]

 The 

couplings can not only occur between plasmons,
[92-98]

 but also other types of modes.
[99-

107]
  

  Dramatic near-field coupling will be achieved by placing two metallic nanoparticles 

closely (nanodimer). Strong near-field enhancement at the gap will modify the 

spectrum resulting in a red shift of LSPR in the far-field. Ueno et al. reported near-field 

coupling assisted two-photon polymerization by Au nanodimer structures. Figure 1.14 

shows the investigation of near-field coupling of Au nanodimer structures via two-

photon polymerization of the photoresist surrounding the nanoparticles. Only 5.6 nm 

gap (Figure 1.14 a) leads to a very strong near-field coupling under the vertical 

polarization excitation (Figure 1.14 b) and induce similar polymerization of the 

photoresist with only 0.01 s irradiation in comparison with horizontal polarization 

excitation with 100 s irradiation (Figure 1.14 c). The huge near-field enhancement 

located at the gap position can reach 6.3×10
3
 by finite-difference time-domain (FDTD) 

software package (Lumerical, Inc.) solutions simulations (Figure 1.14 d) under the 

vertical polarization excitation. However, the near-field enhancement can only reach 85 

under the horizontal polarization excitation without interparticle coupling.  
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Figure 1.14 Strongly coupled Au nanodimer structures. (a) Au nanodimer structure 

with 5.6 nm gap. (b) Au nanodimer structure after 0.01 s exposure to the laser beam 

under vertical polarized laser irradiation. (c) Au nanodimer structure after 100 s 

exposure under horizontal polarized laser irradiation. (d and e) are calculated near-field 

patterns corresponding (b and c).
[92]

  

 

  Niels et al. reported a type of coupled plasmonic systems based on symmetry-breaking 

nanostructures as shown in Figure 1.15 (A) and (B), respectively.
[93]

 Figure 1.15 (A) 

shows Au dolmen structures consists of a planar nanorod monomer and a planar 

nanorod dimer. Figure 1.15 (B) presents ring-near-disk cavity structures, which are 

composed by an Au nanodisk and an Au nanoring. Both dolmen and ring-near-disk 

cavity structures show obvious Fano type resonance in the far-field experimental 

(Figure 1.15 (A-a) and (B-a)) and simulated (Figure 1.15 (A-b) and (B-b)) extinction 

spectra under the specific polarized light excitation, respectively. The Fano resonances 

are very sensitive to the polarization angles and can be tuned by changing the 

polarization direction as shown in Figure 1.15 (A-c) and (B-c), respectively. They 
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concluded that both the Fano resonances of two types of nanocavities are due to the 

coupling of dark quadrupolar and higher order modes with bright dipolar modes, which 

are verified by the calculated surface charge distributions in Figure 1.15 (A-d, e, f) and 

(B-d, e, f), respectively.  

Halas et al. investigated another type of coupled plasmonic systems named as 

heptamer structures, which is composed by seven nanodisks, as shown in Figure 1.15 

(C-a).
[97]

 The heptamer is totally symmetry. However, it also shows Fano resonance in 

the experimental and calculated dark-field scattering spectra as shown in Figure 1.15 

(C-b) and Figure 1.15 (C-c), respectively. The collective modes of surrounded six 

nanodisks can couple efficiently with central nanodisk due to the small gaps between 

each nanodisk. The two relevant modes for Fano interference are hybridized bonding 

(superradiant) plasmon mode (the dipolar plasmons of all nanodisks oscillate in phase 

and in the same direction) and anti-bonding (subradiant) plasmon mode (the dipolar 

moment of the central nanodisk opposes the dipole moment of the surrounding six 

nanodisks).  

 

 

Figure 1.15 The representative far-field spectra of different coupled plasmonic systems. 

(A) Fano resonance of an individual dolmen structure. Respective experimental (a) and 

numerical (b) far-field extinction spectra, with horizontal (red) and vertical (blue) 

polarizations. (c) The evolution of the experimentally measured extinction as the 

polarization direction is changed in steps of 10° steps. (e, f) Calculated surface charge 
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distributions of the dipole mode and the Fano extinction dip as shown in (b).
[93]

 (B) 

Fano resonance of ring-near-disk cavity. Experimental (a) and numerical (b) spectra, 

respectively. (c) Experimental extinction spectra for increasing polarization in regular 

steps of 20°. Surface charge distribution associated with the dips at 680 nm (d) and 770 

nm (e) for polarization along the dimer axis. (f) Surface charge distribution associated 

with the peak at 950 nm for polarization perpendicular to the dimer axis.
[93]

 (C) Fano 

resonance of heptamer structures. (a) The SEM images of heptamer structure. (b) The 

experimental dark-field scattering spectrum, obtained with unpolarized light. (c) 

Calculated dark-field spectral response of the same structure.
[97]

  

 

The LSPR mode can also couple with some other modes, including whispering 

gallery modes,
[99]

 Fabry-Perot mode modes,
[100]

 and waveguide modes.
[101-107]

. Such 

couplings can tune the far-field spectra with fine control and bring special applications. 

Tong et al. reported a coupled plasmonic system fabricated by Au nanorods loaded on 

silica microfiber as shown in Figure 1.16. Silica microfibers were fabricated by flame-

heated taper drawing of standard optical fibers, which can support high quality-factor 

whispering gallery modes as shown in Figure 1.16 (a). Individual Au nanorods were 

elaborately deposited on the surface of the microfiber as shown in the inset of Figure 

1.16 (b). The scattering spectra of single Au nanorods coupled to microfibers with 

diameters from 0.51 to 25.4 μm were investigated. Silica microfiber with 1.46 μm 

diameter can achieve single-band 2-nm-line-width plasmon resonance as shown in 

Figure 1.16 (b). The extremely narrow LSPR line width of such coupled plasmonic 

systems is inspired to realize better performance in various applications including 

ultrasensitivity nanosensors and ultralow-threshold plasmon lasers.  
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Figure 1.16 (a) Schematic diagram of coupling an Au nanorod with an optical 

microfiber. (b) Scattering spectra of single Au nanorods coupled to silica microfibers 

with diameters of 1.46 μm.
[99]

  

 

Giessen et al. placed an array of plasmonic Au nanowires on top of a waveguide ITO 

layer to form the coupled waveguide-plasmon modes as shown in Figure 1.17 (A-a).
[101]

 

Periodic Au nanowires as shown in Figure (A-b), which are fabricated by EBL on top 

of 140-nm-thick ITO waveguide layer deposited on silica substrate. Figure (A-c) shows 

the corresponding extinction spectra at TE (black solid line) and TM (dashed line) 

polarizations. At TE polarization (incident light is parallel to the length of Au 

nanowires), there will be only one peak, which is due to the excitation of waveguide 

mode. The LSPR mode cannot be excited due to the overlong Au nanowires. At TM 

polarization (incident light is perpendicular to the length of Au nanowires), two 

resonant peaks will be excited due to the strong coupling between LSPR and waveguide 

mode. This novel effect is a suitable tool for photonic band gap engineering in active 

photonic crystals and also can be used as band-selective optical polarizer and optical 

switching device.
[105]

 The ITO waveguide layer can be replaced by other dielectric 
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materials such as WO3
[106]

 and titanium dioxide (TiO2).
[107]

 To obtain sensing 

functionality, Giessen et al. used Au nanowires on top of a gasochromic 120-nm-thick 

WO3 waveguide, which undergoes a strong modification of its optical properties when 

exposed to hydrogen gas as shown in Figure 1.17 (B).
[106]

 At TM polarization, there 

will be a sharp dip due to the coupling between the broad plasmon peak and the narrow 

waveguide mode. This sharp dip is ideally suited for sensing due to its low FWHM. 

The extinction spectrum will be changed due to the drastically change of optical 

properties of the WO3 layer upon hydrogen exposure. The combination of a chemically 

sensitive waveguide with plasmonic elements can lead to versatile and high-

performance sensors. Daniel et al. fabricated periodic Au nanowires structures on 200-

nm-thick TiO2 waveguide layer as shown in Figure 1.17 (C).
[107]

 The femtosecond 

transient absorption spectroscopy measurements have shown that this strong coupling 

regime of LSPR and waveguide modes enhances the injection rate (efficiency) of 

plasmonic hot-charge carriers into the supporting semiconductor waveguide, showing 

the potential applications of this coupled system in photon-to-electron conversion.  

 

 

Figure 1.17 (A) Schematic view (a), SEM image (b), and measured extinction spectra 

with 400 nm pitch size (c) of the gold wire array on top of a 140-nm-thick ITO 

waveguide layer.
[101]

 (B) Schematic view (a), measured extinction spectra with 450 nm 

pitch size (b) of the gold wire array on top of a 120-nm-thick WO3 waveguide layer.
[106]

 

(C) Schematic view (a), SEM image (b), and measured extinction spectra with various 

pitch sizes (c) of the gold wire array on top of a 200-nm-thick TiO2 waveguide layer.
[107]
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1.2.2 Near-field spectral properties  

The spectrum modulations of coupled plasmonic systems are derived from near-field 

interactions between different modes. Near-field spectrum measurement techniques are 

crucial to investigate near-field interactions in coupled plasmonic systems. There are 

several approaches to measure the near-field including scanning near-field optical 

microscopy (SNOM),
[108]

 electron energyloss spectroscopy (EELS),
[109]

 

cathodoluminescence (CL),
[110,111]

 and photoemission electron microscopy 

(PEEM).
[112,113]

 These techniques play very important roles on the investigation of near-

field and optimization of complex coupled plasmonic systems for various applications. 

 

1.2.2.1 Scanning near-field optical microscopy  

Pablo et al. investigated near-field properties of PI-shaped nanostructures by SNOM 

as shown in Figure 1.18 (a). The calculated reflection spectra of PI-shaped 

nanostructures under the horizontal polarization (red) and vertical polarization (blue) 

are shown in Figure 1.18 (b). There is no Fano resonance and only one broad peak can 

be observed in the reflection spectra under vertical polarization excitation, which 

accords well with both the experimental and calculated near-field as shown in Figure 

1.18 (c). However, Fano resonance can be observed under the horizontal polarization. 

The experimental and calculated near-field at each wavelength position are recorded 

through the near-field mapping by SNOM as shown in Figure 1.18 (d). The SNOM can 

reveal the information of near-field (electric field intensity and phase) of coupled 

plasmonic system and give further understanding of plasmonic Fano resonances.  
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Figure 1.18 Real-space mapping of asymmetric PI-shaped structures. (a) Experimental 

setup of near-field imaging. (b) The normalized simulated reflection spectra at 

horizontal (blue) and vertical (red) polarization. (c) Experimental (up) and calculated 

(down) Ez under horizontal polarization, recorded at 10.2 μm. (d) Experimental (up) and 

calculated (down) Ez under vertical polarization, recorded at the spectral positions A-D 

marked in (b).
[108]

  

 

1.2.2.2 Cathodoluminescence and electron energy-loss spectroscopy  

Toon et al. investigated the bonding and anti-bonding plasmon modes supported by 

Au dolmen structures by EELS and CL.
[109]

 Figure 1.19 (a) and (b) show the CL (blue) 

and electron EELS (red) spectra of Au dolmen for excitation at different positions of 

dolmen structure as shown in the inset of Figure 1.19 (a). Furthermore, the EELS and 

CL mappings under specific wavelength excitation in Figure 1.19 (c) give the near-field 

intensity distribution for different plasmon modes (bonding and antibonding modes) 

and better understanding of interaction between different plasmon modes on coupled 

plasmonic systems.  
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Figure 1.19 (a) CL (blue) and electron EELS (red) spectra of Au dolmen for excitation 

at position A of the inset. (b) CL and EELS spectra of Au dolmen for excitation at 

position B of the inset. (c) EELS image (1-3) and CL image (4-6) for different 

excitation wavelengths.
[109]

  

 

1.2.2.3 Photoemission electron microscopy  

Misawa et al. investigated the near-field spectrum of single Au dolmen structure by 

PEEM measurement as shown in Figure 1.20 (a).
[47]

 The PEEM imaging under UV and 

femtosecond laser pulses shows both the entire morphology and hot spots of the Au 

dolmen as shown in Figure 1.20 (b). The PEEM imaging at four different wavelengths 

can reveal the different coupled modes deriving from the different hot spots locations as 

shown from Figure Figure 1.20 (c) to (f). The near-field spectrum of Au dolmen 

structure is in good accordance with the far-field spectrum, allowing for distinguishing 

the difference of their contribution to the near-field enhancement between plasmon 

hybridization and Fano resonances in plasmonic dolmen structures. 

 



 

26  

  

 

Figure 1.20 Near-field intensity spectrum of Au dolmen structure obtained from PEEM 

measurements. (a) Near-field spectrum of a single Au dolmen structure as shown in the 

inset SEM image. (b) PEEM image of Au dolmen structures irradiated with UV light 

and femtosecond laser pulses (800 nm), simultaneously. (c-f) PEEM images collected 

under irradiation with femtosecond laser pulses at four different wavelengths marked in 

(a).
[112]

 

 

1.3 Plasmonic photoelectrochemical biosensors 

Recently, the metallic nanostructure/TiO2 system has been applied in PEC biosensing 

field.
[114-116]

 The electric signal can overcome the optical measurement technology 

barrier, showing compelling advantages in comparison with optical measurement to 

achieve compact and small PEC biosenosrs. Perhaps the first PEC biosensing platform 

by utilizing Au nanoparticles (AuNPs)/TiO2 electrode was reported by Zhu et al.
[114]

 

The cytochrome c (cyt. c) modified AuNPs/TiO2 was used to detect different 

concentrations of H2O2 solutions. Figure 1.21 (a) and (b) show the SEM image and 

absorption spectrum of AuNPs/TiO2 electrode, respectively. The absorption spectrum is 

still broad and not good candidate for optical biosensing applications. However, as 

shown in Figure 1.21 (c), direct electron transfer of cyt. c has been realized at the 

Au/TiO2 film, and both anodic and cathodic currents of the redox reaction have been 
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amplified upon visible-light irradiation. Figure 1.21 (d) shows the photocurrent 

response to successive addition of 1 × 10
-5

 M H2O2 under (A) visible light illumination 

and (B) without illumination. The analytical performance was enhanced by utilizing 

surface plasmon resonance effect. Most importantly, Au NPs can absorb visible light 

and undergo the charge separation upon irradiation with visible light, which avoids the 

damage on the biomolecules adsorbed on the electrode induced by UV illumination.  

 

 

Figure 1.21 (a) SEM images of AuNPs/TiO2 electrode, inset shows the SEM image of 

TiO2 nanoneedle. (b) The absorption spectrum of AuNPs, inset shows the absorption 

spectrum of TiO2 nanoneedle. (c) cyt. c modified AuNPs/TiO2 Film: (A) Anodic and 

(B) cathodic photocurrent generation in the presence of reduced and oxidized cyt. C, 

respectively. (d) Typical photocurrent responses of AuNPs/TiO2/cyt. c electrode to 

successive addition of 1 × 10
-5

 M H2O2 under (A) visible light illumination and (B) 

without illumination at 0 V vs Ag/AgCl in 25 mM phosphate buffer solution (PBS, pH 

7.2). Inset shows the corresponding calibration curves of current density versus the 

concentration of H2O2.
[114]

   

 

Da et al. reported a PEC protein biosensor by Au nanoparticles decorated TiO2 

nanowires and successfully achieved real time and direct measurement of binding 

kinetics between cholera toxin subunit B and GM1 (association and disassociation rate 
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constants).
[116]

 Figure 1.22 (a) shows the schematic of such biosensing platform. As the 

LSPR induced photon-to-electron conversion is mainly attributed to the plasmonically 

near-field enhancement effect as well as the injection of LSPR-generated hot electrons 

into the conduction band of TiO2, the near-field enhancement effect and charge-transfer 

efficiency strongly depends on the local chemical environment fluctuation between Au 

and TiO2. The Au nanoparticle-decorated TiO2 nanowires can not only tune the energy 

coupling and charge transfer across the interface between these two materials, but also 

resulting in increased photoconversion efficiency and a much enhanced sensitivity in 

comparison with only TiO2 nanowires PEC sensors. Figure 1.22 (b) shows the PEC 

sensing measurements using TiO2 nanowires with and without Au nanoparticles 

decorations. The surface of Au nanoparticles is firstly prefunctionalized with a 

monolayer of cellular receptor GM1, which can selectively recognize the presence of 

cholera toxin subunit-B (CTB). The addition of different concentrations of CTB (e.g., 

16.7 nM) onto the PEC cell leads to an increase of photocurrent density of Au 

nanoparticle-decorated TiO2 nanowires, which reaches equilibrium within 30 s. In 

contrast, a much smaller photocurrent change is observed on GM1-functionalized TiO2 

nanowires without Au nanoparticles. Furthermore, Figure 1.22 (c) shows another 

important feature of the PEC sensor: the real time photocurrent measurement allows for 

direct measurement and analysis of binding kinetics between GM1 and CTB. The 

observed kinetic rate constant (kobs) caculated by fitting the rising phase of the sensor 

gram curve and shows linear relationship with association (kon) and disassociation (koff): 

kobs = kon C + koff, in which C stands for CTB concentrations. The slope and intercept 

can be calculated corresponding to kon and koff, respectively. Figure 1.22 (d) shows the 

photocurrent response to the addition of different molecular interferences, such as 

biotin, IgG, lysozyme, and streptavidin, each with a final concentration of 20 nM, does 

not result in an observable signal of photocurrent change for the GM1 functioned Au 

nanoparticle-decorated TiO2 nanowires PEC sensor, which suggests its excellent 

selectivity.  
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Figure 1.22 (a) Schematic of LSPR-enhanced PEC sensing mechanisms: 

Functionalization of surface receptors (GM1) and binding of molecular targets (CTB) 

on Au nanoparticles decorated TiO2 nanowires sensor surfaces. The binding of GM1 

and CTB can effectively tune the hot electron transfer across the interface between Au 

nanoparticles and TiO2 nanowires. (b) Successive injections of CTB solutions induced 

photocurrent response of GM1 functioned TiO2 nanowires without Au nanoparticles 

(black curve) and GM1 functioned Au nanoparticles decorated TiO2 nanowires (red 

curve). Arrows indicate the successive injection timing. Inset is the zoom-in of the 

photocurrent response of GM1 functioned TiO2 nanowires without Au nanoparticles. 

(c) Schematic illustration of binding kinetics: observed kinetic rate constant (kobs), 

association (kon) and disassociation (koff). kobs at various concentrations are observed by 

single-exponential fitting the rising phase of sensor gram and concentration-dependent 

kobs has linear relationship between kon and koff. The slope and intercept of the linear fit 

represent the kon and koff, respectively. (d) Good selectivity of CTB by GM1 functioned 

Au nanoparticles decorated TiO2 nanowires biosensor over other proteins and small 

molecular interferences.
[116]

  

 

The electronic circuits and detectors of such plasmonic PEC biosensor can be 

integrated on only one chip. However, only low sensitivity is expected because it is 

similar to conventional optical LSPR biosensor, which relies on the spectrum change of 

LSPR.  
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1.4 Aim and outline of this thesis 

  This thesis aims at investigating the influence of near-field coupling on photocurrent 

generation and constructing highly sensitive PEC biosensor using near-field coupling 

enhanced photocurrent generation for in situ real-time measurement of the binding 

affinity and kinetics of biomolecular interactions. The metallic nanoparticles loaded 

semiconductor photoelectrodes have been extensively utilized in photocurrent 

generation deriving from the plasmon-induced electron transfer from metallic 

nanoparticles to the attached semiconductor. However, it has not been understood how 

the near-field coupling influence the photocurrent generation. I proposed to explore the 

influence of near-field coupling on the photocurrent generation using a strongly 

coupled waveguide-LSPR modes with multiple near-field peaks. Based on this result, a 

highly sensitive PEC biosensor using the near-field coupling between AuNIs on TiO2 

and AuNPs by connecting using biotin-streptavidin interaction has been developed. 

Four chapters will be presented in this thesis. In chapter 1, I will describe the 

backgrounds and motivations of this study briefly, introduce conventional optical LSPR 

biosensor, newly emerged plasmonic PEC biosensor, spectral properties of various 

nanostructures (individual nanostructures and coupled plasmonic systems) both in far- 

and near-field measurement. In chapter 2, I will use the plasmon induced photocurrent 

generation to measure the near-field spectra of strongly coupled waveguide-LSPR 

modes, demonstrating that the PEC response is corresponding to the near-field coupling, 

showing the potential to realize highly sensitive PEC biosensor utilizing near-field 

coupling. In chapter 3, a sensitive PEC biosensor based on biomolecule modified Au 

AuNIs decorated TiO2 photoelectrode is successfully proposed and developed to 

measure the binding affinities and kinetics between biotin and streptavidin by using the 

near-field coupling enhanced photocurrent generation. Chapter 4 will summarize the 

results described in chapter 2 and chapter 3 and make perspectives beyond the research 

investigated in this thesis.  
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Chapter 2 

Near-field spectrum measurement of strongly coupled 

waveguide-plasmon modes by photoelectrochemistry 

 

2.1 Introduction  

To elucidate the influence of near-field coupling on PEC response, a suitable 

plasmonic system with near-field coupling needs to be employed. A simple coupled 

plasmonic system such as nanogap dimer Au particles exhibit only one peak in the 

near-field spectrum and PEC spectrum. Even if the shape of PEC spectrum corresponds 

to that of the near-field spectrum, it is difficult to conclude that the near-field spectrum 

is completely reproduced by the PEC spectrum because the physical parameter of y-

axis of each spectrum differs from each other. If there are multiple peaks in the near-

field spectrum and the PEC spectrum completely responds to the near-field spectrum, 

the difference in the spectrum shape can be discussed as a relative comparison even if 

the physical parameter of y-axis is different.  

Plasmonic strong coupling system is promising to be used for exploring the influence 

of near-field coupling on the PEC response because the coupled plasmonic system has 

multiple peaks and near-field intensity of each peak can be modulated by detuning of 

strong coupling. Here, I employed Au nanogratings (Au-NGs) loaded titanium dioxide 

(TiO2) waveguide structures showing strong coupling due to the interaction of the 

evanescent wave of the waveguide and LSPR modes, resulting in multiple peaks in far-

field and near-field spectra.  

In this chapter, periodic Au-NGs/TiO2 structures with various pitch sizes have been 

fabricated and their far-field and near-field spectral properties as well as PEC responses 

have been studied. The near-field spectra also show multiple peaks due to the strong 

coupling between waveguide modes and LSPR. Importantly, the near-field intensity of 
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multiple peaks can be tuned by changing the pitch size of the Au-NGs to compare the 

shape deference between near-field and PEC spectra.  

Prior starting the experimental section of this chapter, the photocatalytic properties of 

TiO2 and metallic nanostructured TiO2 will be presented to give a better understanding 

of the plamon-induced photocurrent generation mechanism. TiO2 has been extensively 

applied for photocatalytic fuel generation
[1-3]

 and organic pollution degradation
[4-14]

 

after the photocatalytic splitting of water under ultraviolet (UV) light irradiation, which 

was discovered by A. Fujishima and K. Honda in 1972
[15]

 as shown in Figure 2.1. 

Under the irradiation of UV light, the electrons and holes are generated and the 

electrons reduce water to form H2 at Pt electrode and the holes oxide water to form O2 

at TiO2 electrode.  

 

 

Figure 2.1 Honda-Fujishima effect-water splitting using a TiO2 

photoelectrode.
[15]

  

 

Lots of materials have been synthesized and found to display photocatalytic activity 

including metal oxides (such as TiO2
[1-16]

, ZnO
[17-19]

, SnO2
[20]

, VO2
[21]

, ZrO2
[22,23]

, 

Ta2O5 
[24-26]

, Nb2O5
[27]

, SrTiO3
[28-35]

, BaTiO3
[36]

, CaTiO3
[37]

 etc.) and nonoxide 

photocatalysts (GaN 
[38,39]

, InP
[40]

, ZnS
[41]

, Ge3N4
[42-44]

,Ta3N5
[45]

, CdS
[16]

, CdSe
[46]

 etc.). 

However, TiO2 remains the most studied among these materials due to its chemical 

stability, low cost, non-toxicity, and accessible band gap. Lots of researches have been 

done about different types of TiO2.
[47-50]

 There are mainly four phase structures of TO2 
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found in nature known as anatase, rutile, brookite, and TiO2(B) as shown in Figure 2.2 

and Table 2.1.
[50]

 Generally, rutile is the most stable phase thermodynamically 

especially for large TiO2 particles and can be normally obtained from the other three 

polymorphs by high temperature annealing at elevated temperatures. The phase 

transformations are: anatase → rutile; brookite → anatase → rutile and TiO2(B) → 

anatase → rutile.  

 

 

Figure 2.2 Crystalline structures of TiO2 in four different phases: (a) anatase, (b) rutile, 

(c) brookite, and (d) TiO2(B).
[50]

  

 

 

Table 2.1. Four main polymorphs of TiO2 and their structural parameters.
 [50]

 

 

 

In the recent four decades, rutile and anatase are mostly investigated. Because only 

about 5% of the solar light (UV region as shown in Figure 2.3) can be absorbed by the 

TiO2 due to the wide band gap of TiO2 (3.0 eV for rutile and 3.2 eV for anatase),
[51]

 

solar energy in visible, near infrared (IR) and IR region is hardly harvested. 

Researchers tried a lot of efforts to promote the photoactivity of TiO2 to a longer 
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wavelength via various approaches such as metal ion doping (Cr, Ga, Ni, Sn, Eu, Sb, V, 

Mn, Fe, Ag, Pt, etc.),
[52-59]

 nonmetal-ion doping (N, C, F, P, S, H, B, Br, Si, etc.),
[60-71]

 

metal/nonmetal-ion codoping (Ce/C, Ce/I, Ce/N, Ce/B, Fe/C, Fe/N, Bi/C, Bi/N, Bi/S, 

Ni/B, Ni/N, La/S, La/I, W/N, Pt/N, Pd/N, etc.),
[72-86]

 organic dye sensitization
[87-88]

 and 

many other methods.
[89]

  

 

 

Figure 2.3 The radiation energy distribution from the sun by wavelength and photon 

energy. http://solarcellcentral.com/solar_page.html. 

 

In the past decade, the surface plasmon resonance of metallic nanoparticles 

incorporated with semiconductor has been investigated to improve the efficiency of 

photocatalytic processes.
[90-108]

 The photocatalytic production of hydrogen is 

particularly interesting for its ability to store the solar energy in chemical bonds, which 

can be released later without producing harmful byproducts. Many photocatalysis 

properties have been found to benefit from LSPR of various metallic nanostrucutres. 

How does the LSPR improve the efficiency of photocatalytic processes? Typically, 

photocatalysis consists of a series of working steps. In brief, the metal nanostructures 

will first absorb and scatter the incoming photons and produce an extremely enhanced 

local electric field. As a result, active charge carriers are generated and then separated. 

To date, two main mechanisms have been approved to explain the plasmon-induced or 

enhanced water oxidation and splitting: plasmon-induced charge separation and 

electron transfer, near-field enhancement.  
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Charge separation and electron transfer mechanism is the most extensively accepted 

theory to explain the plasmon-induced water oxidation and splitting. Tatsuma et al. 

observed that the incident photon to current efficiency (IPCE) action spectrum under 

visible light illumination upon loading Au or Ag nanoparticles into TiO2 sol gel films 

accords well with the absorption spectrum of surface plasmon. They proposed that the 

surface plasmon resonance excites electrons in Au or Ag, which are then transferred to 

the conduction band of the adjacent TiO2, as shown schematically in Figure 2.4 (a).
[92]

 

This is similar to that of a dye-sensitized solar cell. Charge separation and electron 

transfer mechanism was then proved by Furube et al. using femtosecond transient 

absorption spectroscopy with an infrared probe as shown in Figure 2.4 (b).
[93]

 Laser 

pulses (duration: 150 fs, wavelength: 550 nm) were used to excite LSPR in Au 

nanoparticles deposited on TiO2 substrate, meanwhile, the transient absorption of TiO2 

at 3500 nm was simultaneously monitored. They found that electron generation and 

transfer completed within 50 fs with an efficiency around 40% from plasmon-excited 

Au nanoparticles into TiO2 in comparison with ruthenium N3 dye on TiO2, which is 

known to have a carrier injection efficiency of almost 100%.  

 

 

Figure 2.4 (a) Schematic illustration of the proposed plasmon-induced charge 

separation and electron transfer mechanism.
[92]

 (b) Schematic diagram of a gold 

nanoparticles attaching on a TiO2 substrate, also indicating the revealed plasmon-

induced charge separation and electron transfer.
[93]
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As mentioned in chapter 1, the metallic nanostructures can generate extremely 

intense local electric field enhancement near the surface of the nanostructures. Ample 

evidences have proved the existence of plasmonic “hot spots” with high local near-field 

enhancement, which can reach as much as 1000 times higher than that of the incident 

electric field not only by the numerical simulations as shown in Figure 2.5 (a) and 2.6 

(a),
[101,102]

 but also the experimental observations, such as EELS, CL and PEEM as 

shown in chapter 1. The photocurrent generation is enhanced after depositing Au or Ag 

nanoparticles on the surface of TiO2 substrate as shown in 2.5 (b) and 2.6 (c), 

respectively. Meanwhile, hydrogen and oxygen production rates are also boosted as 

shown in Figure 2.6 (b). Stephen et al. believed that in these “hot spots” regions, the 

electron-hole pair generation rate is 1000 times that of the incident electromagnetic 

field. Therefore, an increased amount of photo-induced photocurrent is generated. They 

also found that this local near-field enhancement mechanism highly relies on the 

presence of defect states in the TiO2. The photocurrent is enhanced with Au 

nanoparticles in doped TiO2 with N- and F-impurities. However, there will be no 

photocurrent generation for undoped TiO2 prepared by the sol-gel method with or 

without nanoparticles. The light absorption below the band gap of the semiconductor 

due to the defect is necessary.  

 

 

Figure 2.5 (a) Simulated electric field intensity at the interface of Au-TiO2. (b) 

Photocurrent obtained from with (red) and without (black) Au decorated TiO2 

photoelectrodes irradiated with a monochromatic light at 633 nm for 22 s.
[101]
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Figure 2.6 (a) Calculated average electric field enhancement around a silver cube with 

an edge length of 120 nm as a function of the distance d from the cube. Inset: Simulated 

local enhancement of the electric field of a 120 nm Ag cube in water. (b) H2 and O2 

production with visible light irradiation on N-TiO2 (black) and Ag/N-TiO2 (blue). (c) 

Photocurrent responses upon illumination with a broadband visible light source 

responding to the light on and off.
[102]

  

 

     The external quantum efficiency (EQE, same as IPCE) and internal quantum 

efficiency (IQE) spectra are two important parameters to evaluate the performance and 

quality of various photosensitive devices including solar cells, charge-coupled 

device (CCD), photodetector and so on. The IQE is determined by correcting the EQE 

for the fraction of incident photons absorbed by the device. The IQE gives the photon-

to-charge conversion efficiency and is always larger than the EQE. Typically, the IQE 

action spectrum shows no wavelength dependence that corresponds to the absorption 

spectrum of dye sensitizer driving the electron transfer.
[109]

 However, Grancini et al. 

reported wavelength-dependent IQE of polymer solar cells based on 

PCPDTBT:PC60BM blends.
[110]

 The IQE increased monotonically (by a factor of two) 

with increasing excitation energies. They found that excitons can create both relaxed 

charge transfer states and free charge carriers, which are depended on the excess energy. 

Due to much stronger coupling between high-energy singlets and hot charge transfer 

states with high-energy excitation, the high-lying singlet states can be converted into 

hot charge transfer states with higher generation efficiency. On the contrast, the relaxed 

charge transfer state has much lower photocurrent generation efficiency. Hot charge 

https://en.wikipedia.org/wiki/Photosensitivity
https://en.wikipedia.org/wiki/Charge-coupled_device
https://en.wikipedia.org/wiki/Charge-coupled_device
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transfer states in charge carrier generation played an important role in wavelength-

dependent IQE spectrum.  

However, Scharber and Armin et al. commented that the IQE spectrum measured by 

Grancini et al. is not accurate and claimed that the IQE is independent of the 

wavelength across the absorption spectrum of the blend because the accurate 

determination of IQE is not easy.
[111,112]

 After that, Grancini et al. replied these 

comments and acknowledged the difficulty in obtaining accurate IQE due to 

interference and parasitic absorptions.
[113]

  They further made a new planar device with 

simplified in terms of optical effects and demonstrated that the IQE of the planar device 

also shows wavelength-dependance.  

Recently, some researchers have reported that the IQE action spectra of some 

plasmonic devices are strongly wavelength dependent with the plasmon band.
[94, 114-120]

 

Misawa et al. reported the IQE spectrum of Au nanorods loaded TiO2 photoelectrode is 

highly dependent on wavelength as shown in Figure 2.7. Figure 2.7 (a) shows the SEM 

image of Au nanorods loaded on TiO2 substrate and corresponding extinction spectra 

under different polarized light. Two apparent peaks can be observed in the IQE 

spectrum as shown in Figure 2.7 (b), which are in good accordance with the extinction 

spectra as shown as blue curve in Figure 2.7 (a). They attributed this to the nonlinear 

photo-induced electron transfer from Au nanorods to TiO2 photoelectrode induced by 

the combinations of antenna effects and giant electromagnetic field enhancement 

effects.  

 

 

Figure 2.7 (a) Extinction spectra of the Au nanorods loaded on TiO2 substrate in water. 

Black: under irradiation of nonpolarized light. Red and blue: minor-axis direction (T-
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mode) and major-axis direction (L-mode) under irradiation of linearly polarized light, 

respectively. (b) The corresponding highly wavelength dependent IQE spectrum under 

irradiation of nonpolarized light.
[94]

  

 

Park et al. reported the combined influence of dye molecules and surface plasmons 

on hot electron flows detected on Au/TiO2 nanodiodes generated by the absorption of 

photons as shown in Figure 2.8. Figure 2.8 (a) shows the schematic of a Au/TiO2 diode. 

Figure 2.8 (b) shows the corresponding three IPCE spectra of three different samples. 

There is no effect (blue triangular curve), only surface plasmons (black squared curve) 

and the combined dye molecules (merbromin) and surface plasmons (red circled curve), 

respectively. The IQE spectra of only dye molecules effect (black squared curve) and 

combined influence of dye molecules and surface plasmons (red squared curve) are 

shown in Figure 2.8 (c). It should be noticed that the IQE spectrum of merbromin 

deposited continuous Au film (black squared curve in Figure 2.8 (c)) shows no 

wavelength dependence. However, the combined influence of dye molecules and 

surface plasmons (red squared curve) shows apparent wavelength dependence, which is 

also in good accordance with the IPCE spectrum in Figure 2.8 (b). They attributed the 

enhanced IQE of dye molecules modified Au islands/TiO2 diodes to an additional 

pathway for generating hot electron flows between the dye molecules and surface 

plasmons.
[115,116]
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Figure 2.8 (a) Scheme of a Au/TiO2 diode to detect hot electron flow driven by the 

coupling of dye molecules and surface plamons. (b) IPCE spectra after surface 

treatments (blue line, untreated Au/TiO2 diode; black line, IPCE measured on a surface 

modified Au/TiO2 diode after heating at 200 
o
C for 1 h; red line, merbromin adsorbed 

on a Au/TiO2 diode after heating at 200 
o
C for 1 h). (c) IQE of the merbromin adsorbed 

on Au/TiO2 diodes after annealing at 200 
o
C, and that of the merbromin on the 

continuous Au/TiO2 diodes.
[115]

  

 

Moskovits et al. reported a stable, wholly plasmonic photovoltaic device in which 

photon absorption and carrier generation take place exclusively in the plasmonic 

metallic nanostructures. Figure 2.9 (a) and Figure 2.9 (b) show the schematic of the 

plasmonic photovoltaic device and the corresponding SEM image, respectively. Figure 

2.9 (c) shows the absorption spectrum of gold nanorod arrays capped with 10 nm ALD-

deposited TiO2 film, which is measured by separating the absorptance from the 

transmittance and both specular and diffuse reflectance in an integrating sphere. Figure 

2.9 (d) and Figure 2.9 (e) show the IPCE and IQE spectra with 10 nm (orange), 30 nm 

(blue), and 50 nm (purple) ALD-deposited TiO2 film, respectively. Apparent peaks 

accord with absorbance spectrum can also be observed. They attributed wavelength-
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dependent IQE of plasmonic photovoltaic device to two different types of absorbance, 

one absorbance is due to the direct single-electrons absorptions, i.e. band to band 

absorptions in the TiO2 and interband transitions in the gold, another absorbance is due 

to the surface plasmon.  

 

 

Figure 2.9 (a). Plasmonic photovoltaic device. (b). Cross sectional SEM micrograph of 

plasmonic photovoltaic device. (c) The absorption spectrum of plasmonic photovoltaic 

device. (d) IPCE spectra of devices fabricated with TiO2 layers of varying thickness: (i) 

10, (ii) 30, and (iii) 50 nm. (e) The corresponding IQE spectra.
[118]

  

 

Kim et al. reported that an Au/TiO2 metallic-semiconductor photonic crystal 

(MSPhC) device for photochemical energy conversion showed a sub-bandgap 

photoresponse centered at the surface plasmon polariton (SPP) resonant wavelength of 

this device as shown in Figure 2.10 (a) and (b). The electric field distribution at cross-

section of MSPhC nano-cavity is shown in Figure 2.10 (c), which shows SPP at the 

Au/TiO2 interface along the cavity side wall at 590 nm. The measured (blue solid line) 

and calculated (blue dashed curve) reflectance spectra and normalized photoresponse of 

MSPhC from 400 nm to 800 nm are shown in Figure 2.10 (d). The Fowler’s theory, 

which has been widely used to model the Schottky internal photoemission.
[122]

 The IQE 

of a Schottky device, such as Au/TiO2 MSPhC, could be fitted to Fowler’s equation, as 

shown by the black curve in Figure 2.10 (e). However, the calculated IQE spectrum is 

deviated from the measured IQE spectrum, which is shown as symbols and blue dash 
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line in Figure 2.10 (e). In fact, various experimental results have also shown that the 

applicability of Fowler’s theory is limited when plasmon resonance exists.
[123-125]

 All 

these evidences predict that the surface plasmon induced hot electron transfer is 

different from the electron transfer and charge separation induced by only photon 

absorption, e.g. semiconductor, dye molecules et al. However, detailed information and 

exploration need further investigation.  

 

 

Figure 2.10 (a). Schematic of Au/TiO2 metallic-semiconductor photonic crystal 

(MSPhC) device. (a) Focused ion beam (FIB) photo of MSPhC viewed at 30° angle. (b) 

The crosssection view of MSPhC structure. r and d represent the radius (250 nm) and 

depth (1 µm) of the nano-cavity, respectively. (c) Electric field distribution at cross-

section of nano-cavity, obtained from FDTD simulation, which shows SPP at the 

Au/TiO2 interface along the cavity side wall at 590 nm. (d) Measured (blue solid line) 

and calculated (blue dashed curve) reflectance spectra and normalized photoresponse of 

MSPhC from 400 nm to 800 nm. The low reflectance from UV-Vis measurement and 

FDTD simulation indicates high absorption in this range. Value of photoresponse is 

normalized against the highest value at 590 nm. (e) Normalized IQE spectrum of 

MSPhC (symbols and blue dash line), which is normalized against the value at 2.21 eV 

(560 nm). The IQE is calculated with the measured photocurrent and absorption by the 

Au layer. Example of IQE curve (black solid line) based on Fowler’s theory with 

barrier height of 1.53 eV and arbitrary fitting constant.
[120]
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I hypothesized that the plamson induced local near-field enhancement plays a 

significant role in wavelength-dependent IQE of plasmonic devices. Due to the 

localization of surface plasmon, for example, the giant electromagnetic field 

enhancement is normally localized at the sharp corners of Au nanosquares.
[101,102]

 In Au 

nanostructured TiO2 induced water oxidation and photocurrent generation systems, the 

surface plasmon excited electrons are transferred to the conduction band of TiO2 and 

the remained holes are trapped to the surface states of TiO2 at the restricted nanospace 

near the Au/TiO2/water interface. In general, IQE spectrum should be wavelength 

independent if the photocurrent generation is triggered only by the light absorption 

because the efficiency is normalized by the absorbed photons. However, the plasmon-

induced water oxidation efficiency should be influenced not only by the light 

absorption but also by the local near-field intensity because the reaction proceeds via 

multi-electron transfers only at the restricted nanospace. Namely, the IQE spectrum in 

the plasmon-induced photocurrent generation using water as an electron source should 

correspond to the near-field spectrum.  

  To explore the near-field enhancement effect on the plasmon-induced photocurrent 

generation and water oxidation, a coupled plasmonic system, strongly coupled 

waveguide-LSPR modes are explored by photocurrent generation measurement and 

numerical near-field spectral simulation. The relationship between the near-field and 

IQE spectra is analyzed and compared in detail in this chapter.  

 

2.2 Experimental details  

2.2.1 Preparation of periodic gold nanogratings patterned titanium 

dioxide photoelectrode 

The glass substrates were rinsed with acetone, methanol, and deionized water in an 

ultrasonic bath for 5 minutes, respectively. The glass substrates were then dried with 

compressed nitrogen. After that, TiO2 thin film with thickness of 250 nm was deposited 

on one side of glass substrate using a commercial hot-wall flow-type atomic layer 
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deposition (ALD) reactor (SUNALETM R series, Picosun, Finland). The deposition of 

TiO2 thin film was processed by alternating exposures of TiCl4 and subsequent 

deionized water vapor at a process temperature of 300ºC with nitrogen as a precursor 

carrier and purge gas at a pressure of 1.6 kPa layer by layer. The TiO2 deposited silica 

glass substrate was then rinsed with acetone, methanol, and deionized water in an 

ultrasonic bath for 5 minutes separately again and dried with compressed nitrogen. 

After that, periodic Au-NGs were fabricated on the surface of TiO2 substrate. A 

conventional copolymer resist (ZEP-520A; Zeon Chemicals, Louisville, USA) diluted 

with ZEP-A (Zeon Chemicals) thinner (volumetric ratio 1:1) was spin-coated on the 

250 nm TiO2 thin film (1000 rpm for 10 s, and 4000 rpm for 90 s), and prebaked on a 

hot plate for 2 min at 150ºC. Electron beam lithography (EBL, ELS-F125; Elionix, 

Tokyo, Japan) was conducted at an acceleration voltage of 125 kV, a beam current of 3 

nA and a dose of 512 µC cm
-2

 by skip scan method. After the development by 4-

Methyl-2-pentanome (methyl isobutyl ketone, Wako) for 60 s, 1 nm-thick titanium as 

an adhesion layer was deposited onto the substrate followed by the deposition of a 50 

nm-thick Au film via sputtering (MPS-4000, ULVAC). Finally, the residual resist was 

removed by a lift-off process in an ultrasonic bath of anisole (Methoxybenzene, Wako) 

for 5 minutes, and subsequently rinsed with acetone, methanol, and deionized water in 

an ultrasonic bath for 5 minutes, respectively.  

 

2.2.2 Photoelectrochemical measurements  

Figure 2.11 shows the detailed information for PEC measurements. Good Ohmic 

contact and electron conductivity are achieved by pasting In−Ga alloy (4:1 in weight 

ratio) film and a thin layer of silver on the backside of the Au-NGs/TiO2 substrate 

before measurement. A platinum wire, a saturated calomel electrode and Au-NGs/TiO2 

sample utilized as counter electrode, reference electrode and working electrode, were 

connected to an electrochemical analyzer (ALS/CH Instruments 852C, ALS) to create a 

three-electrode system. An aqueous KClO4 (0.1 mol/L in water) solution was used as 
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the supporting electrolyte solution. A xenon lamp used as a light source (Model 66870, 

Newport), monochromatic light with full width at half-maximum (fwhm) of less than 7 

nm was employed to obtain the EQE action spectrum. The working potential was set to 

+0.3 V versus the reference electrode during the photocurrent measurement.  

 

 

Figure 2.11 Schematic of PEC measurements. Xenon lamp was employed as light 

source. Au-NGs/TiO2, Pt wire and saturated calomel electrode were employed as 

working electrode, counter electrode and reference electrode, respectively.  

 

2.3 Results and discussions  

2.3.1 Structural geometries of periodic gold nanogratings patterned 

titanium dioxide photoelectrode  

The schematic illustration of periodic Au-NGs/TiO2 structure is shown in the 

diagram of Figure 2.12 (a). The samples consist of variable periodic Au-NGs, which 

are deposited on the top of TiO2 waveguide film. As a consequence, the Au-NGs excite 

LSPR mode (with resonance energy of Ep) and TiO2 waveguide film supports 

waveguide mode (with resonance energy of Ew) when the incident light is polarized 

perpendicular to the Au-NGs length as shown in Figure 2.12 (b). The strong coupling 

between these two modes will occur by tuning the pitch size of periodic Au-NGs, 

leading to the formation of strongly coupled hybrid states (upper branch (P＋) and lower 

branch (P－), separated by ℏΩ in energy). The typical top-viewed SEM image of the 

periodic arrays of Au-NGs/TiO2 structure with 300 nm pitch size was shown in figure 

2.13.  
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Figure 2.12 (a) A schematic illustration of periodic Au-NGs of 100 nm in width and 50 

nm in height deposited on 250 nm TiO2 film. The Au-NGs excite LSPR mode and TiO2 

film supports waveguide mode when the incident light is polarized perpendicular to the 

Au-NGs length. (b) The formation of strongly coupled waveguide-LSPR coupling 

modes, upper branch (P＋) and lower branch (P－) with splitting energy of ℏΩ deriving 

from uncoupled waveguide (Ew) and plasmon (Ep) modes, respectively.  

 

 

Figure 2.13 Typical top-viewed SEM images of the Au-NGs/TiO2 structure with 300 

nm pitch size. The scale bars represent 300 nm.  

 

2.3.2 Experimental extinction properties of periodic gold nanogratings 

patterned titanium dioxide photoelectrode  

The extinction spectra were measured to investigate the far-field spectrum properties 

of the Au-NGs/TiO2. Figure 2.14 shows extinction spectra evolution of the periodic 

Au-NGs/TiO2 structures in water (in accordance with the photocurrent measurement 

due to the samples were immersed into KClO4 electrolyte solution) with increasing 
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pitch size from 200 nm to 400 nm. The incident light is polarized perpendicular to the 

Au-NGs length. Only one peak can be observed corresponding to LSPR mode of 

periodic Au-NGs with 200 nm and 225 nm pitch sizes, demonstrating the absence of 

waveguide mode. Starting with a pitch size of 250 nm, three peaks can be observed, 

and the peaks show spectrum shift with increasing of pitch size. Detailed discussions 

will be introduced in the next section.  

 

 

Figure 2.14 Measured far-field extinction spectra of Au-NGs/TiO2 structure with 

different pitch sizes in water (P200 means Au-NGs/TiO2 structure with 200 nm pitch 

size). Multi peaks can be observed with pitch size larger than 250 nm and they show 

spectral shift with increasing pitch size.  

 

2.3.3 Finite-difference time-domain simulation results  

To give a better understanding of the strong coupling mechanism, FDTD solutions 

software package was utilized to calculate and explore the far- and near-field spectra of 

Au-NGs/TiO2 structures. The optical constants of the silica glass were obtained from 

Palik. The TiO2 substrate was assumed to behave as a dielectric material with an 

average refractive index n = 2.4. The optical constants of Au were obtained using the 

data from Johnson and Christy.
[126]

 A discrete, uniformly spaced mesh with a mesh size 

of 2.5 nm was performed during the FDTD simulations. The background index of 

FDTD was set to be 1.33. The plane wave light source was injected onto Au-NGs/TiO2 
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structures from the structure side polarized perpendicular to the Au-NGs length at 

normal incidence and oblique incidence with an incidence angle of 1.5°, respectively. 

In the light propagation direction, the perfectly matched layer boundary conditions 

were imposed, and in the plane perpendicular to the light propagation direction, the 

Bloch boundary conditions were applied on each boundary. The extinction spectra were 

obtained by a transmission power monitor located at 400 nm below the TiO2 surface. 

Two power and profile monitors were performed to explore the near-field properties. 

One was located at the interface of the Au-NGs and TiO2 to monitor the near-field 

enhancement. Another one covered the entire cross section of Au-NGs/TiO2 structures 

to monitor the electric and magnetic fields evolutions with various pitch sizes.  

    Figure 2.15 shows the simulated extinction spectra of such structures with various 

pitch sizes at normal incidence (a) and with 1.5° incidence degree (b), respectively. 

Obvious difference due to the oblique incidence is observed in Figure 2.15 (b) 

comparing with the spectra in Figure 2.15 (a). There is only one peak with 200 nm and 

225 nm pitch sizes, which is in good accordance with the experimental extinction 

spectra as shown in Figure 2.14. The periodic Au-NGs can impart momentum to the 

incident light and couple it to waveguide modes supported by the TiO2 waveguide thin 

film. As the pitch size is increased, starting with period of 250 nm, another additional 

peak which is due to the waveguide mode resonance appears as shown in Figure 2.15 

(a). The strong coupling of the waveguide mode with the LSPR mode results in spectral 

doublets that display an avoided crossing behavior, as shown in the progression of the 

spectra with increasing pitch size in Figure 2.15 (a). However, the experimental 

extinction spectra as shown in Figure 2.14 have three peaks. This is due to the non-

collimated incoherent light source employed during the extinction measurement and it 

is inevitable for oblique incidence. Therefore, various incidence degrees to the light 

source were introduced to optimize the simulations and 1.5° incidence angle gives the 

best reproduction of experimental data. As shown in Figure 2.15 (b), a sharp third peak 

appeared between the two peaks at normal incidence with pitch sizes larger than 250 

nm due to the oblique incidence. The appearance of three peaks can be attributed to the 

file:///C:/Users/mslabo01/AppData/Local/youdao/dict/Application/7.0.1.0227/resultui/dict/
file:///C:/Users/mslabo01/AppData/Local/youdao/dict/Application/7.0.1.0227/resultui/dict/
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couplings between LSPR and two waveguide modes and two waveguide modes are 

excited by the oblique incidence.  

 

  

Figure 2.15 Calculated extinction spectra at normal incidence (a) and with (b) 1.5° 

incidence degree of Au-NGs/TiO2 structure with different pitch sizes in water (P200 

means Au-NGs/TiO2 structure with 200 nm pitch size). Seven resonance peaks are 

marked from (1) to (7) as shown in (b) corresponding to pitch size of 200 nm (1) 

uncoupled one, 300 nm (2), (3) and (4), coupling (near tuning), 350 nm (5), (6) and (7) 

coupling (detuning).  

 

The absorption, scattering and extinction cross-section of periodic Au-NGs-TiO2 

structures are also calculated by FDTD simulations. Figure 2.16 shows the respective 

simulated extinction (black), scattering (red) and absorption (blue) cross-section spectra 

with pitch size of 300 nm (a) and 350 nm (b), which show good agreement with the far-

field extinction spectra as shown in Figure 2.15 (b). The scattering cross-sections of 

such structures are much larger than that of absorption ones due to the large size of Au-

NGs.  
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Figure 2.16 Calculated extinction (black), scattering (red) and absorption (blue) cross-

sections of Au-NGs/TiO2 structures with 300 nm (a) and 350 nm (b) pitch size, 

respectively.  

 

The electric field distributions of selected seven characterized wavelengths 

corresponding to three pitch sizes of 200 nm, 300 nm and 350 nm are shown in Figure 

2.17. Only LSPR mode is excited with 200 nm pitch size as shown in Figure 2.17 (1) 

due to absence of waveguide mode, which agrees with the far-field extinction spectra 

well. As the pitch size increases to 300 nm, both shorter-wavelength and longer-

wavelength peaks show strong spatial confinements of electric fields at the interface 

between the Au-NGs and supported TiO2 substrate, which are deriving from the 

excitation of LSPR mode of Au-NGs as shown in Figure 2.17 (2) (shorter-wavelength 

peak) and 2.17 (4) (longer-wavelength peak), respectively. Moreover, the electric field 

distributions inside the TiO2 thin waveguide film also show the waveguide mode 

patterns especially the shorter-wavelength peak as shown in Figure 2.17 (2). However, 

in the case of 350 nm, shorter-wavelength peak shows much clearer plasmon 

characteristic than that of 300 nm pitch size, while the waveguide characteristic 

depresses as shown in Figure 2.17 (5). Therefore, shorter-wavelength peak is more 

plasmon-like mode with 350 nm pitch size. However, longer-wavelength peak is more 

waveguide-like mode as shown in Figure 2.17 (7).  
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Figure 2.17 Calculated electric field |E| distributions under selected seven 

characterized wavelengths with 200 nm, 300 nm and 350 nm period, respectively. Only 

LSPR mode is excited with 200 nm period as shown in (1) due to the absence of 

waveguide mode. Three characterized wavelengths of coupled waveguide-LSPR modes 

with 300 nm period: the shorter-peak wavelength (2, also named as P+), the middle-

peak wavelength (3), and the longer-peak wavelength of (4, P-). (5), (6), and (7) 

correspond to three resonant peaks of 350 nm period.  

 

The magnetic field distributions of selected seven characterized wavelengths of three 

pitch sizes of 200 nm, 300 nm and 350 nm corresponding to Figure 2.15 are shown in 

2.18, which shows similar but much clearer behavior in comparison with Figure 2.17. 

The simulated results agree well with the experimental data, demonstrating that the 

coupling between LSPR and waveguide modes can be tuned by changing the pitch size 

of periodic Au-NGs.  
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Figure 2.18 Calculated magnetic field |H| distributions under selected seven 

characterized wavelengths with 200 nm, 300 nm and 350 nm period, respectively. Only 

LSPR mode is excited with 200 nm period as shown in (1). Three characterized 

wavelengths of coupled waveguide-LSPR modes with 300 nm period: the shorter-peak 

wavelength (2, also named as P+), the middle-peak wavelength (3), and the longer-peak 

wavelength of (4, P-). (5), (6), and (7) correspond to three peaks of 350 nm period.  

 

2.3.4 Experimental and calculated hybrid dispersion curves  

Due to strong coupling between the waveguide mode and LSPR mode, a strong 

anticrossing behavior of the modes instead of their spectral overlap can be observed in 

Figure 2.19, the experimental (a) and calculated (b) spectral peak positions (in photon 

energy) of two coupled waveguide-LSPR modes P+ and P-, which are obtained from the 

experimental (Figure 2.14) and simulated (Figure 2.15 (b)) extinction spectra, are 

plotted as a function of momentum. The momentum is calculated from the pitch sizes. 

As shown in Figure 2.19 (a), the horizontal red line shows the extinction maximum of 

the uncoupled bare LSPR mode (200 nm pitch size). The black line is the uncoupled 

bare waveguide mode estimated by numerical simulations using TiO2-NGs instead of 

Au-NGs. The interaction between the LSPR mode and the waveguide mode could 

result in hybridized plexciton states, which exhibit typical anticrossing behavior. The 

energies of the upper branch (P+) and lower branch (P-) plexciton states are calculated 

using a coupled harmonic oscillator model.
[127]

  

p w 2 2

UB,LB p w

+ 1
 = - +  

2 2

E E
E E E （ ） （ ）   (2.1) 

where Ep and Ew are the resonance energies of uncoupled bare LSPR mode and 

waveguide mode, respectively. ℏΩ is the strong-coupling energy. The green and blue 

curves in Figure 2.19 (a) are fitting results calculated using equation 2.1. The splitting 

energy is estimated to be approximately 250 meV. The corresponding simulated 
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dispersion curve 3.12 (b) is also in very good agreement with the experimental results 

(a).  

 

 

Figure 2.19 (a) Experimental and (b) calculated waveguide-LSPR modes hybrid 

dispersion curves. The black and red lines correspond to the uncoupled bare waveguide 

and LSPR modes, respectively. The green and blue dots were obtained from the 

maxima of the extinction spectrum. The green and blue lines are the corresponding 

fitted results deriving from green and blue dots, respectively.  

 

2.3.5 Near-field and internal quantum efficiency spectra of periodic gold 

nanogratings patterned titanium dioxide photoelectrode  

The near-field spectra of Au-NGs/TiO2 structures with different pitch sizes were 

measured by utilizing a plasmon-induced photocurrent generation measurement to 

elucidate whether the strongly coupled waveguide-LSPR coupling modes are really 

induced or not. The photocurrent response of Au-NGs/TiO2 photoelectrode under 

irradiation with different wavelength light was explored. Firstly, a 300-nm pitch size 

Au-NGs/TiO2 photoelectrode was measured under dark and irradiation conditions with 

monochromatic light with different wavelengths. The linear sweep voltammograms I-V 

and I-t curves are shown in Figure 2.20 (a) and (b), respectively. 650 and 700 nm 

monochromatic wavelengths were employed for these measurements, respectively. 

From Figure 2.20 (b), anodic photocurrents were clearly observed under both 650 and 

700 nm monochromatic wavelengths irradiations. Therefore, this indicates that the 

electrons were transferred from the periodic Au-NGs to the conduction band of TiO2 
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and the remained holes in locally Au/TiO2/water interface might oxidize water to 

evolve oxygen. Importantly, the induced photocurrent values are different with different 

irradiation wavelength. The EQE was calculated by the following formula: 

( ) 1240
Q (%) 100

( ) (nm)

scI A
E E

P W 
        (2.2) 

The EQE action spectrum is usually measured over a wide range of different 

wavelengths. Isc is the generated photocurrent at a particular wavelength region. P(W) 

is the incident power at this wavelength. Therefore, the EQE spectrum can be 

calculated and obtained as shown in Figure 2.20 (c).  

 

 

Figure 2.20 Photocurrent response of linear sweep voltammograms I-V (a) and I−t 

curves (b) measured using a 300-nm pitch size Au-NGs/TiO2 photoelectrode under dark 

and irradiation conditions with a monochromatic light at wavelengths of 650 nm, and 

700 nm, respectively. The sweep rate for the measurement of linear sweep 

voltammograms I-V was set at 5 mV/s, and the applied potential was set at +0.3 V 

versus SCE during the I−t curve measurements. (c) Calculated EQE spectrum of 300 

nm pitch size Au-NGs/TiO2 photoelectrode obtained from (b).  

 

The IQE spectrum represents the ratio of the number of electrons resulting in the 

photocurrent generation with respect to the number of photons absorbed by Au-NGs. 

The IQE spectrum can be estimated from the generated photocurrents from a 

monochromatic photon flux over a long wavelength region. The IQE is normally 

calculated by correcting the EQE spectrum and photons absorbed by the Au-NGs as: 

IQE = EQE/η         (2.3) 
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where η is the ratio of absorbed photons by Au-NGs among the irradiated photons.
[94] 

Therefore, η can be calculated and expressed by the following equation: absorbed 

photon flux/total photon flux. η can be easily obtained from the measured extinction 

spectra. However, lots of photons are scattered and lost in total extinction in the case of 

Au-NGs due to the larger size of Au-NGs. Therefore, a new parameter, absorption ratio 

in total extinction (γ), which is necessary to be taken into consideration to obtain the 

true IQE spectrum.  

γ can be expressed by the ratio of the absorbed photons among all the incident 

photons. How to obtain the γ values of each wavelength? The absorption, scattering and 

extinction cross-sections of Au-NGs/TiO2 structure with different pitch sizes have been 

calculated by FDTD simulations as shown in Figure 2.16. γ can be calculated and 

expressed by the following equation: γ = absorption cross section/extinction cross-

section. The calculated absorption, scattering and extinction cross-sections of periodic 

Au-NGs/TiO2 structure with 300 nm and 350 nm pitch sizes are shown in Figure 2.16 

(a) and (b), respectively. From the experimental extinction spectrum and γ, η can be 

determined by multiplying experimental extinction and γ. Therefore, the IQE action 

spectra of Au-NGs/TiO2 structure with 300 nm and 350 nm pitch sizes can be obtained 

from the equation 2.3.  

The near-field enhancement spectra and IQE action spectra of periodic Au-NGs/TiO2 

structures with 300 nm and 350 nm pitch sizes plotted as a function of illuminated 

wavelength are shown in Figure 2.21 (a), (b), (c) and (d), respectively. The near-field 

enhancement spectra and IQE action spectra of periodic Au-NGs/TiO2 structures with 

300 nm and 350 nm pitch sizes both have three peaks as shown in Figure 2.21. It is 

hypothesized that the plamson induced near-field enhancement plays a significant role 

in wavelength-dependent IQE. It was considered that the water oxidation, which is four 

electronic transitions, proceeds even with low energy light because the electron transfer 

reaction is induced by the near-field, and multiple holes are trapped to the surface states 

of TiO2 at the restricted nanospace near the Au/TiO2/water interface. In general, the 

IQE spectrum of dye-sensitized solar cell is not dependent on the wavelength because 
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the efficiency is normalized by the absorbed photons if the photocurrent generation is 

triggered only by the light absorption by organic dye molecules. However, the 

plasmon-induced water oxidation efficiency should be influenced not only by the light 

absorption but also by the local near-field intensity because the reaction proceeds via 

multi-electron transfers only at the restricted nanospace. The photocurrent generation is 

induced by water oxidation. Therefore, water molecules are used as an electron source 

for photocurrent generation as shown below: 

2H2O + 4h
+
 → O2 + 4H

+
  (2.4) 

Efficient oxidation of water molecules requires highly concentrated electron holes at 

a local site because multiple electron-transfer processes are required with two water 

molecules. It is hypothesized that excited electrons are transferred into the conduction 

band of TiO2 immediately from Au-NGs induced by plasmonically enhanced near-field 

and multiple holes trapped at a local site through surface states of TiO2 near the hot site 

of Au/ TiO2/water interface. The stored multiple holes confined at a local site of the 

TiO2 may be able to accelerate the oxidation of water and the subsequent evolution of 

oxygen. This demonstrates that the near-field enhancement directly affected the 

oxidation of water molecules and photocurrent generation. Therefore, the IQE action 

spectra are highly dependent on near-field enhancement spectra.  
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Figure 2.21 The normalized near-field (black) enhancement action spectra of Au-

NGs/TiO2 structure with 300 nm (a) and 350 nm (b) period, respectively. The 

corresponding IQE (red) spectra of Au-NGs/TiO2 structure with 300 nm (c) and 350 nm 

(d), respectively. The action spectrum of near-field intensity was calculated by 

monitoring at the interface between Au-NGs and the TiO2 film by the FDTD numerical 

simulations.  

 

The relative intensity of IQE and near-field enhancement spectra need to be taken 

into consideration. In the case of 300 nm pitch size as shown in Figure 2.21 (a) and (c), 

importantly, P ＋  (shorter-wavelength) and P －  (longer-wavelength) modes have 

comparable near-field enhancement and IQE values. However, in the case of 350 nm 

pitch size as shown in Figure 3.14 (b) and (d), the P＋ (shorter-wavelength) has much 

higher near-field enhancement and IQE values in comparison with P- (longer-

wavelength). The plasmon-induced photocurrent generation is induced by the plasmon-

induced charge separation which is happened at the interface between Au 

nanostructures and TiO2 and subsequent water oxidation. However, in the case of 

coupled waveguide-plasmon modes systems, the waveguide mode, which is confined 

file:///C:/Users/mslabo01/AppData/Local/youdao/dict/Application/7.2.0.0703/resultui/dict/
file:///C:/Users/mslabo01/AppData/Local/youdao/dict/Application/7.2.0.0703/resultui/dict/
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inside the TiO2 waveguide film, cannot induce the photocurrent generation because 

TiO2 does not absorb the visible light. Therefore, the plasmon component plays the role 

in photocurrent generation. In the case of 300 nm pitch size, both of the coupled P+ and 

P- have comparable plasmon characteristics and near-field enhancement. As a result, 

both coupled P+ and P- can obtain comparable IQE values. However, in the case of 350 

nm pitch size, the P＋ is more plasmon-like mode and the P－ is more waveguide-like 

mode. Therefore, the P＋ has much higher near-field enhancement and obtain larger IQE 

value than the P －  with 350 nm pitch size. The IQE action spectra are in good 

accordance with near-field spectra.  
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2.4 Conclusions  

In conclusion, plasmon-induced photocurrent generation was pursued as an effective 

approach to explore the spectral near-field properties of strongly coupled waveguide-

plasmon modes. Periodic Au-NGs/TiO2 structures, which can support both waveguide 

and plasmon modes and induce strong coupling of waveguide-LSPR modes with a 

large splitting energy of approximate 250 meV, were fabricated and utilized as 

photoelectrodes to measure the photocurrent generation. Moreover, under tuning and 

detuning conditions by changing the pitch size, it was clearly elucidated that the PEC 

response is corresponding to the near-field coupling. A highly sensitive PEC biosensor 

is highly respected by utilizing near-field coupling enhanced photocurrent generation.  
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Chapter 3 

In situ real-time measurement of biotin-streptavidin binding 

kinetics by photoelectrochemistry 

 

3.1 Introduction  

The near-field coupling has been proved to be able to enhance the plasmon-induced 

photocurrent generation in chapter 2, which shows a great potential to realize highly 

sensitive PEC biosensor by utilizing the near-field coupling effect. The interparticle 

interaction between two closely spaced nanoparticles is known to induce strong near-

field enhancement as introduced in chapter 1. In this chapter, I proposed to develop a 

highly sensitive PEC biosensor utilizing the near-field coupling between two 

nanoparticles to detect the binding affinities and kinetics of biotin-STA interaction. The 

enhanced photocurrent response to different concentrations of streptavidin-modified 

gold nanoparticles (STA-AuNPs) should be observed due to the near-field coupling 

between the gold nanoislands (AuNIs) and STA-AuNPs. The AuNIs loaded TiO2 

photoelectrode was prepared and modified by TTB molecules for 2 h. The STA-AuNPs 

were selected as a model target due to the specific interaction of biotin-STA. The 

introduced interparticle interaction between AuNPs and AuNIs induced near-field 

coupling can enhance the photocurrent generation. The photocurrent response to 

different concentrations of STA-AuNPs will be measured under only visible light, 

which prevents UV light-induced decomposition of organic molecules. Moreover, 

direct investigation of the binding kinetics of the biotin-STA association at different 

concentrations will be analyzed by real-time monitoring of the PEC sensing 

characteristics. I believe this affinity biosensor can be further utilized to detect and 

determine the binding affinity and kinetics of other biomolecular interactions such as 

antibody-antigen
[1,2]

, DNA-protein
[3,4]

.  
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3.2 Experimental details  

3.2.1 Gold film preparation and modifications 

Two silicon substrates were rinsed with acetone, methanol, and deionized water in an 

ultrasonic bath for 5 minutes separately and dried by compressed nitrogen. 1 nm Ti 

adhesion layer and 40 nm Au film were deposited on the surface of silicon substrates by 

Helicon sputtering (MPS-4000, ULVAC) to form the Au film. The biomolecule 

modification process is shown in Figure 3.1. A sample was immersed into the TTB 

solution with a sealed vessel for 2 h at room temperature. The TTB molecules can bind 

to the surface of AuNIs directly due to the extremely strong Au-S bond.
[5-8]

 The Au-S 

bond is very strong with good resistance to acid, alkali, and external forces and good 

selectivity to prevent interactions with other functional groups. Purchased TTB (HS-

(CH2)11-NH-CO-biotin, ProChimia Co., Gdansk, Poland) solution was prepared by 

dissolving 5 mg TTB powder into 5 mL 2-propanol solution (ultrasonic bath needed to 

dissolve the TTB completely). The TTB modified Au film was then rinsed with 2-

propanol and deionized water in an ultrasonic bath for 5 minutes separately and dried 

by compressed nitrogen completely. Same method has been applied to process the 

STA-AuNPs (98 nM, EM.STP20, BBI, Cardiff, UK) conjugate solution modifications 

but with 24 h to make sure the biotin-STA combine completely. However, for 

removing excess STA-AuNPs that do not bound on AuNIs, the biotin-STA association 

is not strong enough to prevent the broken from ultrasonic bath and high speed 

compressed nitrogen. Therefore, after STA-AuNPs modification, the sample was 

cleaned by immersing the sample into deionized water and kindly shaking by hand for 

30 seconds. The samples were cleaned thrice to ensure the minimum physical 

absorption of STA-AuNPs. Another sample had only STA-AuNPs modification 

directly without TTB modification for control experiment to verify the key role of TTB 

biotinylation in this series. This experiment was to verify the nonspecific binding of 

TTB and STA molecules. While some other protein molecules may still bind to Au film 
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with or without TTB modification, therefore, Bovine Serum Albumin modified AuNPs 

(BSA-AuNPs, 98 nM, EM.BSA10, BBI, Cardiff, UK) conjugate solution was selected 

to verify the nonspecific binding of other protein molecules. STA (Jackson 

ImmunoResearch, PA, USA), which was dissolved in TBS buffer solutions, was also 

prepared as a control experiment to verify the significant effect of interparticle coupling 

induced near-field enhancement to increase the photocurrent generation by the 

introduced AuNPs.  

 

Figure 3.1 Schematic of Au film preparations and two different biomolecule-modified 

samples. One is modified by STA-AuNPs directly without TTB biotinylation and 

another one is modified by both TTB and subsequent STA-AuNPs.  

 

3.2.2 Preparation of gold nanoislands decorated titanium dioxide 

photoelectrode and biomodifications 

The AuNIs/TiO2 photoelectrode was prepared as shown in Figure 3.2. TiO2 (Rutile, 

single crystal [001] Crystal Base, 0.05 wt % niobium doped, 10 × 10 × 0.5 mm
3
), which 

was purchased from Furuuchi Chemical, was selected as the photoelectrode in this 

study. The TiO2 substrate was first rinsed with acetone, methanol, and deionized water 

in an ultrasonic bath for 5 minutes each and dried with compressed nitrogen. The gold 

nanoislands-loaded TiO2 (AuNIs/TiO2) photoelectrode was fabricated by depositing a 3 

nm Au film by helicon sputtering (MPS-4000, ULVAC Co., Ltd.) on the surface of the 

TiO2 substrate with subsequent annealing at 800 °C for 1 h under a N2 atmosphere. The 

noncontinuous gold film will transform into AuNIs on the surface of TiO2.  
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Figure 3.2 Schematic of AuNIs decorated TiO2 substrate.  

 

Figure 3.3 shows the modification process of AuNIs/TiO2. The AuNIs/TiO2 sample 

was first immersed into a TTB solution in a sealed vessel for 2 h at room temperature. 

After TTB biomodifications, the TTB immobilized AuNIs/TiO2 sample was rinsed with 

2-propanol and deionized water in an ultrasonic bath for 5 minutes separately and dried 

by compressed N2. I employed same method to process the STA/STA-AuNPs 

modifications but using 24 h to ensure that biotin-STA combine completely. After 

STA/STA-AuNPs modifications, the samples were cleaned by immersing into 

deionized water followed by shaking by hand for 30 seconds. The samples were 

cleaned thrice to ensure minimum physical absorption of the STA/STA-AuNPs. The 

extinction spectra were measured using a spectrometer (PMA-11, Hamamatsu 

Photonics) equipped with an optical microscope (BX-51, Olympus) via an optical fiber 

before and after modifications. The morphologies of the samples before and after 

modifications were observed by field-emission scanning electron microscopy (FE-SEM, 

JSM-6700FT, JEOL) with a maximum resolution of 1 nm at an electron acceleration 

voltage of 15 kV.  

 

Figure 3.3 Schematic of biomodifications of AuNIs/TiO2 photoelectrodes.  
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3.2.3 Photoelectrochemical measurements 

The photoelectrochemical measurement was processed the same as shown in chapter 

2 for AuNIs/TiO2 before and after biomolecular modifications. However, special PEC 

cell needs to be designed for TTB modified AuNIs/TiO2 photoelectrode to realize in 

situ real-time measurement of STA-AuNPs as shown in Figure 3.4. Different amounts 

of pristine 98 nM STA-AuNP solution (0.15 μL, 0.15 μL, 0.3 μL, 0.6 μL, 1.2 μL, 2.4 

μL, 4.8 μL, 4.8 μL, 4.8 μL, and 4.8 μL) were step-by-step injected into the reaction 

chamber that was equipped with a TTB-modified AuNIs/TiO2 electrode and 150 μL of 

a KClO4 solution to achieve real-time and in situ measurement of the biotin-STA 

association and binding kinetics. For in situ measurement, a platinum wire was 

employed as a quasi-reference electrode due to the special reaction chamber design 

(extremely small).  

 

Figure 3.4 The in situ real-time PEC measurement. A platinum wire was employed as a 

quasi-reference electrode.  

 

3.3 Results and discussions  

3.3.1 Nonspecific adsorptions 

The nonspecific adsorptions will introduce a large error during the real measurement. 

Therefore, the nonspecific adsorptions were firstly analyzed by immersing the Au film 

into solution containing other proteins. BSA, which is often used as a protein 

concentration standard in laboratory experiments, was selected for nonspecific 

adsorption. The Au film samples with and without TTB modifications were immersed 
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into BSA-AuNPs solution for 24 h. The SEM images of nonspecific adsorptions of 

BSA-AuNPs to Au films with and without TTB modifications were shown in Figure 

3.5 (a) and (b), respectively. There is no obvious adsorption of BSA-AuNPs both the 

Au films with and without TTB modifications. This means the nonspecific adsorptions 

of other protein molecules in my system are negligible.  

 

Figure 3.5 SEM images of Au films with only BSA-AuNPs modification (a) and both 

TTB and BSA-AuNPs modifications (b).  

 

The SEM images of adsorptions of STA-AuNPs on the surface of Au films with and 

without TTB modifications were shown in Figure 3.6. The density of nonspecific 

adsorption without TTB modification is 0.5/μm
2
 after calculation as shown in Figure 

3.6 (a). The specific adsorption with TTB modification is 150/μm
2
 as shown in Figure 

3.6 (b), demonstrating the indispensable significance of biotinylation to adsorb the STA.  

 

Figure 3.6 SEM images of Au films with only STA-AuNPs modification (a) and both 

TTB and STA-AuNPs modifications (b). Densities are 0.5 and 150/μm
2
, respectively.  
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3.3.2 Structural geometries of gold nanoislands decorated titanium 

dioxide photoelectrode  

Figure 3.7 (a) shows the SEM image of AuNIs on TiO2 surface. The corresponding 

particle size distributions are shown in Figure 3.7 (b), which is derived from the 

analysis of Figure 3.7 (a) by ImageJ.  The AuNIs have about 18 nm mean diameter with 

a standard deviation of 8 nm.  

 

Figure 3.7 The SEM images of AuNIs/TiO2 and diameters distribution of AuNIs.  

 

3.3.3 Optical properties of gold nanoislands decorated titanium dioxide 

photoelectrode and streptavidin-modified gold nanoparticles 

The extinction spectrum of STA-AuNPs conjugate solution is measured and shown 

in Figure 3.8. The LSPR peak locates around 530 nm.  

 

Figure 3.8 The extinction spectrum of STA-AuNPs conjugate solution.  

The extinction spectrum of AuNIs/TiO2 is shown in Figure 3.9. The LSPR peak 

locates around 600 nm. The sizes of AuNIs and AuNPs are very similar but the AuNIs 
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shows a longer wavelength of LSPR. This is due to the large refractive index of TiO2 

substrate. Detailed numerical results by FDTD simulations will be shown next.  

 

Figure 3.9 The extinction spectrum of AuNIs/TiO2.  

 

3.3.4 Verification of the plasmon-induced photocurrent generation 

To verify that the photocurrent in visible region is induced by surface plasmons, 

IPCE action spectrum has been measured by Eq. 2.2. The extinction (black) and IPCE 

(red) action spectra of the AuNIs/TiO2 photoelectrode have good accordance as shown 

in Figure 3.10, except a small mismatch in the wavelength region from 450 to 550 nm 

resulted from the intrinsic light absorption of gold based on the interband electronic 

excitation from d bands to sp conduction bands. This demonstrates the photocurrent 

generation deriving from the LSPR. The IPCE action spectrum of bare TiO2 is not 

shown here because the photocurrent at visible region is extremely low.  

 

Figure 3.10 Extinction spectrum (black) and IPCE action spectrum (red) of the 

AuNIs/TiO2 photoelectrode without modification.  
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3.3.5 Optical and photoelectrochemical measurements before and after 

biomolecular modifications 

3.3.5.1 Streptavidin modification 

Figure 3.11 shows the extinction spectra change before (green) and after (red) TTB 

and subsequent STA modifications (black), respectively. The LSPR peak showed a 

redshift, and the extinction intensity enhanced after TTB and STA modifications, 

demonstrating the successful bindings between AuNIs and TTB, and TTB and STA.  

 

Figure 3.11 The extinction spectra evolutions of the AuNIs/TiO2 photoelectrode before 

modification (green), after TTB modification (red) and STA modification (black), 

respectively.  

Figure 3.12 shows the I-t curves (a) with irradiation of monochromatic light at 600 

nm (LSPR region) and the corresponding IPCE action spectra (b) before (green) and 

after (red) TTB with subsequent STA modifications (black), respectively. The 

photocurrent weakened after TTB and subsequent STA modifications, which suggests 

that the TTB and STA molecules may prevent the water molecules from acting as 

electron donors. In comparison with TTB modification alone, the STA seems not so 

large effect to the photocurrent generation. So the TTB modified AuNIs/TiO2 

photoelectrode seems not so sensitive to measure the STA.  
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Figure 3.12 (a) The photocurrent response change under irradiation of monochromatic 

light at 600 nm before modification (green), after TTB modification (red) and STA 

modification (black), respectively. (b) The corresponding IPCE action spectral 

evolution of the AuNIs/TiO2 photoelectrode.  

3.3.5.2 Streptavidin-modified gold nanoparticles modification 

Here I introduce STA-AuNPs to replace STA due to the strong interparticle coupling 

induced optical near-field enhancement. Figure 3.13 shows the extinction spectra 

evolutions before (green) and after (red) TTB and subsequent STA-AuNPs 

modifications (black), respectively. The LSPR peak also showed a redshift, and the 

extinction intensity enhanced after TTB and STA-AuNPs modifications, demonstrating 

the successful bindings between AuNIs and TTB, and TTB and STA-AuNPs. One 

notable point is that the redshift and intensity enhancement of LSPR peak after STA-

AuNPs modification are larger than STA alone.  

 

Figure 3.13 The extinction spectra evolution of the AuNIs/TiO2 photoelectrode before 

modification (green), after TTB modification (red) and STA-AuNPs modification 

(black).  
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Figure 3.14 shows the I-t curves with irradiation of monochromatic light at 600 nm 

(LSPR region) of TiO2 (blue), AuNIs/TiO2 (green) and after TTB (red) and STA-

AuNPs (black) modifications. The photocurrent of AuNIs/TiO2 is more than 100 times 

larger than that of only TiO2 without AuNIs, demonstrating the significance of 

plasmonically near-field induced hot electron transfer and photocurrent generation. The 

photocurrent was decreased after the TTB modification. However, the photocurrent was 

increased after both TTB and STA-AuNPs modifications. The result indicated that the 

photoactivity of the electrode was enhanced after modification of STA-AuNPs due to 

the interparticle interactions between AuNIs and AuNPs. This made the TTB modified 

AuNIs/TiO2 photoeletrode possible to be utilized to detect different concentrations of 

STA-AuNPs.  

 

Figure 3.14 (a) The photocurrent response under irradiation with 600 nm 

monochromatic light of TiO2 (blue), AuNIs/TiO2 photoelectrode (green), after TTB 

modification (red) and subsequent STA-AuNPs modification (black). (b) The 

corresponding IPCE action spectral evolutions of the AuNIs/TiO2 photoelectrode 

before and after various biomodifications. 

 

3.3.6 In situ real-time measurement of streptavidin-modified gold 

nanoparticles  

As shown in Figure 3.15 (a), a stepwise increase in the photocurrent response was 

observed under irradiation of 600 nm light after each continuous injection of STA-

AuNPs. One notable point is that there is sudden drop of the photocurrent response 
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during the injection timing (only few seconds). This is due to the special design of 

extremely small reaction chamber and a portion of the light is inevitably blocked by the 

needle of the microsyringe. The sudden drops in all the injection time were delated to 

be depicted by a clearer representation and accurate analysis. The photocurrent finally 

reaches saturation at around 8 nM of STA-AuNPs, indicating that almost all the binding 

sites of TTB were nearly occupied by STA-AuNPs. The normalized photocurrent 

enhancement as a function of different concentrations of STA-AuNP is shown in Figure 

3.15 (b). The normalized photocurrent enhancement at each concentration was 

calculated byΔi/Δimax, where Δi and Δimax are the photocurrent increase at the 

concentration and the maximum value of the photocurrent increase, respectively. 

 

Figure 3.15 (a) Representative in situ real-time photocurrent response to different 

concentrations of STA-AuNP under irradiation with only 600 nm monochromatic light. 

(b) Normalized photocurrent enhancement as a function of different concentrations of 

STA-AuNP. The error bars indicate the standard deviation of five replicate 

measurements.  

 

3.3.7 Proposed mechanism 

The corresponding SEM images after modification with different concentrations of 

STA-AuNPs and the proposed schematic diagrams and are shown in Figure 3.16. In 

comparison with only AuNIs as shown in Figure 3.16 (a), one-to-one bindings between 

TTB-AuNIs and STA-AuNPs were predominately observed at a STA-AuNPs 

concentration of 0.98 nM as shown in Figure 3.16 (b). Moreover, multi-STA-AuNPs 
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binding to one AuNI seems to be limited and rarely observed. However, at a STA-

AuNPs concentration of 2.9 nM, multi-STA-AuNPs binding to one AuNI increased as 

shown in Figure 3.16 (c). The proposed mechanism can be summarized due to the 

results and described below. For the original AuNIs/TiO2 photoelectrode, the LSPR-

induced charge separation will be activated under visible light irradiation due to the 

plasmon-induced hot electron transfer. In this case, the water molecules act as electron 

donors, and the electrons from the AuNIs inject to the conduction band of TiO2. After 

TTB modification, the AuNI surface was covered by layers of TTB molecules and the 

TTB molecules may prevent the water molecules from acting as electron donors for 

photocurrent generation. Therefore, the photocurrent decreases. The binding between 

TTB-AuNIs and STA-AuNPs primarily occurs in a one-to-one fashion at lower 

concentration region of STA-AuNPs modification and the photocurrent generation is 

enhanced by the introduced strong interparticle interactions between AuNPs and AuNIs. 

For the higher concentration region, multi-STA-AuNPs connect to one AuNI. When the 

bindings between TTB-AuNIs and STA-AuNPs reach a maximum, the photocurrent 

becomes saturated.  

 

Figure 3.16. SEM images of AuNIs/TiO2 photoelectrode without modification (a) and 

after TTB modification and subsequent 0.98 nM (b) and 2.9 nM (c) STA-AuNPs 

modifications. The scale bars represent 100 nm. The schematic diagrams show the 

proposed mechanism of binding modes that corresponds to the SEM image. The SEM 

images were processed by GIMP software (https://www.gimp.org/) to get greater 
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clarity and resolution because the original SEM images were blurred due to the organic 

molecules.  

 

To verify the binding modes between AuNIs and AuNPs at various concentrations, 

the pristine STA-AuNPs solution with 98 nM concentration was utilized to modify the 

TTB-AuNIs/TiO2. The SEM images of only AuNIs without and with 98 nM STA-

AuNPs modifications are shown in Figure 3.17 (a) and Figure 3.17 (b), respectively. 

Figure 3.18 (b) shows lots of examples of multi-STA-AuNPs binding to one AuNI. 

Figure 3.17 (c) and Figure 3.17 (d) show the diameter distribution change. The apparent 

diameter increased a lot after STA-AuNPs modification due to the multi-STA-AuNPs 

bindings.  

 

Figure 3.17. SEM images of only AuNIs without modification (a), after TTB and 

subsequent 98 nM STA-AuNPs modifications (b). (c) and (d) shows the corresponding 

diameters distributions of (a) and (b), respectively. The SEM images were processed by 

GIMP software (https://www.gimp.org/) to get greater clarity and resolution.  
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3.3.8 Binding kinetics analysis 

A time-dependent model that represents the binding kinetics between TTB-AuNIs 

and STA-AuNPs was shown below: 

A + B 
  𝑘1 
→ 

  𝑘−1
←   AB        (3.1) 

A + AB 
  𝑘2 
→ 

  𝑘−2
←   A2B         (3.2) 

where A, B, AB and A2B represent the STA-AuNPs, TTB-AuNIs, newly formed 

complex at the first binding step (one STA-AuNP to one TTB-AuNI) and the complex 

second binding step (two STA-AuNPs to one TTB-AuNI), respectively. The 

relationship between the photocurrent enhancement and the newly formed AB and A2B 

was assumed to be: 

Δi = α[AB] + β[A2B]         (3.3) 

where Δi is the photocurrent enhancement, α and β represent the contributions to the 

photocurrent enhancement of newly formed AB and A2B, respectively, and [AB] and 

[A2B] represent the concentrations of AB and A2B, respectively. The coupled 

differential equations arising from Eqs. (3.1) and (3.2) were solved numerically using 

the SimFit software. The initial concentrations of A and B need to be known at each 

injection. The concentration of A can be easily known and calculated from the 

specification of STA-AuNPs. The density of B can be calculated from Figure 3.17 (a) 

to be 1520 particles /μm
2
.  

During in situ photocurrent measurement, the TTB-AuNIs/TiO2 working electrode 

was covered with an O-ring having a circular window with a diameter of 6 mm to 

permit the light irradiation. 

The active number of B is: 1520 × 3.14 × 3000 × 3000 = 4.3 × 10
10

. 
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Therefore, the initial concentration of B is: (4.3 × 10
10

)/(6.02 × 10
23

)/150 μL = 4.76 

× 10
-10

 M. The initial concentrations of the next injection are equal to the final 

concentrations of the previous injection for B, AB, A2B and Δi. However, it is different 

for A due to the successive injection of A. The initial concentration of A of the next 

injection is determined by the addition of previous left A and the newly injected A. 

Here shows the detailed for SimFit: 

When using Simfit to simulate the signal change, y(1), y(2), y(3), y(4), y(5), p1, p2, 

p3, p4, p5 and p6 were defined as B, AB, A2B, Δi, A, k1, k-1, k2, k-2, α and β, 

respectively. y(1), y(2), y(3), y(4) and y(5) should be the functions of time (x). From 

Eqs. 3.1, 3.2 and 3.3, the following coupled differential equations can be obtained: 

dy(1)/dx = - p(1)y(1)y(5) + p(2)y(2);  

dy(2)/dx = p(1)y(1)y(5) - [p(2)+p(3)y(5)]y(2) + p(4)y(3);  

dy(3)/dx = p(3)y(2)y(5) - p(4)y(3);  

dy(4)/dx =p(5)*(p(1)y(1)y(5) - [p(2)+p(3)y(5)]y(2) + p(4)y(3))+p(6)*(p(3)y(2)y(5) - 

p(4)y(3));  

dy(5)/dx = - p(1)y(1)y(5) + p(2)y(2)- p(3)y(5)y(2) + p(4)y(3).  

The related jacobian:  

j(1) = df(1)/dy(1)= - p(1)y(5);  

j(2) = df(2)/dy(2)= - (p(2) + p(3)y(5));  

j(3) = df(3)/dy(3)= - p(4);  

j(4) = df(4)/dy(4)= 0;  

j(5) = df(5)/dy(5)= - p(1)y(1) - p(3)y(2). 

 

During the fitting process, the values of p1, p2, p3, p4, p5 and p6 are set to be in the 

range from low-limit to high-limit of 0 ～ 1 × 10
11

, 0 ～ 1, 0 ～ 1 × 10
11

, 0 ～ 1, 0 ～ 1 

× 10
11

, 0 ～ 1 × 10
11

, respectively.  



 

105  

  

The experimental (red) and simulated (black) photocurrents as a function of time at 

different concentrations of STA-AuNPs are shown in Figure 3.18 (a), however, a few 

points at high concentration region are unavailable due to a lack of enhancement and 

not shown here. The experimental and simulated results are in good agreement. The 

corresponding evolutions of the reactant (B, red) and products (AB, blue and A2B, 

black) at different concentrations of A are shown in Figure 3.18 (b), the evolution of A 

is not shown due to the successive injections. As shown in Figure 3.18 (b), for the first 

four concentrations of A (98.6 pM, 197 pM, 393 pM and 782 pM), the formation of AB 

product is predominately, and the A2B product formation is negligibly small. One 

notable point is that AB always increases during each injection. The result demonstrates 

that the binding between TTB-AuNIs and STA-AuNPs was nearly one-to-one binding 

in the lower concentration region. However, for the last two concentrations (1.55 nM 

and 3.06 nM), the A2B product increases to the same order as AB, demonstrating that 

binding between multi-STA-AuNPs and one AuNI is a competitive one-to-one binding 

in the higher concentration region. Moreover, AB increases at first and then decreases 

during each injection. These results are in good agreement with the SEM measurement 

and confirm my hypothesis (Figure 3.16).  

 

Figure 3.18 (a) Experimental and simulated photocurrents as a function of time at 

different concentrations of STA-AuNP. (b) The simulated evolutions of B, AB, and 

A2B as a function of time at different concentrations of STA-AuNP. 
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The association and dissociation rate constants and other related kinetic parameters at 

different concentrations of STA-AuNP are shown in Table 2.1. The association rate 

constant of the first binding step (k1) was two orders larger than that of the second 

binding step (k2). There is one possible reason that the binding of the second STA-

AuNP was retarded by steric hindrance due to initial binding between STA-AuNPs and 

TTB-AuNIs.
[133]

 It is important to note that both of the association rate constants of two 

binding steps, k1 and k2 exhibit a small concentration dependence on STA-AuNPs. This 

phenomenon is also a result of the steric hindrance of the STA-AuNP bound to the 

adjacent TTB-AuNI. The relative thermodynamic binding constants of two binding 

steps can be calculated as follows: Ka, surf1 = k1/k-1 = (7.67 ± 0.73) × 10
8
 M

-1
, Ka, surf2 = 

k2/k-2 = (5.54 ± 0.14) × 10
7
 M

-1
, and these values are smaller than that reported for 

biotin-STA association (1 × 10
11

 M
−1

)
[5] 

but larger than another reported value 3 × 10
6
 

M
−1

.
[10] 

This demonstrates that my new analytical model is meaningful to determinate 

the binding affinities of specific binding molecules.  

 

Table 2.1. Association and dissociation rate constants and related kinetic parameters at 

different concentrations of STA-AuNPs.  

Concentration of 

STA-AuNPs (M) 
9.86 × 10-11 1.97× 10-10 3.93 × 10-10 7.82 × 10-10 1.553 × 10-9 3.057 × 10-9 Average 

k1 (M-1s-1) 6.43 × 106 4.11 × 106 3.60 × 106 2.29 × 106 3.68 × 106 3.00 × 106 (3.85 ± 1.41) × 106 

k-1 (s-1) 3.51 × 10-3 4.70 × 10-3 5.24 × 10-3 3.65 × 10-3 7.03 × 10-3 5.96 × 10-3 (5.02 ± 1.36) × 10-3 

k2 (M-1s-1) 5.42 × 104 5.42 × 104 5.42 × 104 5.91 × 104 5.13 × 104 5.09 × 104 (5.40 ± 0.29) × 104 

k-2 (s-1) 9.75 × 10-4 9.75× 10-4 9.75 × 10-4 9.25 × 10-4 9.99 × 10-4 1.00 × 10-3 (9.75 ± 0.27) × 10-4 

α 5.23 × 108 3.01 × 108 2.85 × 108 2.47 × 108 2.64 × 108 1.66 × 108 (2.98 ± 1.20) × 108 

β 4.09 × 108 4.08 × 108 4.08 × 108 4.50 × 108 3.82 × 108 3.75 × 108 (4.05 ± 0.26) × 108 

 

3.3.9 Interparticle coupling and near-field enhancement 

The far-field extinction and near-field enhancement properties of AuNIs/TiO2 system 

before and after TTB and STA-AuNPs modifications were calculated using the FDTD 

simulations. Figure 3.19 shows the schematic of FDTD simulation. The thicknesses of 

TTB and STA are assumed to be 0.5 and 1.5 nm as reported by Jung,
[11]

 respectively. 
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The refractive indexes of TTB and STA are assumed to be 1.45 as reported by Laborde 

et al.
[12]

 and Busse et al.,
[13]

 respectively. The optical constants of Au were obtained 

using the data from Johnson and Christy.
[14]

 A discrete, uniformly spaced mesh with a 

mesh size of 0.2 nm was performed during the FDTD simulations. The plane wave light 

source was injected onto AuNIs/TiO2 structures from the structure side at normal 

incidence. The extinction spectra were obtained by a transmission power monitor below 

the TiO2 surface. One power and profile monitor was performed and located on the 

interface of the AuNIs and TiO2 (xy plane), another one was located at the gap between 

AuNIs and AuNPs (xz plane) to explore the near-field enhancement.  

 

Figure 3.19 The schematic of FDTD simulation.  

 

Figure 3.20 shows the calculated extinction spectra of AuNIs/TiO2 before and after 

TTB, STA and AuNPs modifications. The resonance wavelength has a redshift and the 

extinction value increases after biomodification, which agrees well with the 

experimental data as shown in Figure 3.11 and 3.13.  
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Figure 3.20 The calculated extinction spectra of AuNI/TiO2 (green), after TTB (red), 

STA (black) and AuNPs (blue) modifications.  

 

The plasmon-induced photocurrent generation deriving from water oxidation is 

relative to the near-field enhancement. To confirm the enhanced photocurrent 

generation, the electric field enhancement and distributions of AuNIs/TiO2 at 600 nm 

wavelength of only AuNI, after TTB, STA and AuNP modifications are recorded and 

shown in Figure 3.21. There is no electric field enhancement after TTB and STA 

modifications. However, extremely large electric field enhancement can be observed 

after the binding of AuNPs especially at the gap between AuNI and AuNP. This 

demonstrates the significant effect of interparticle coupling induced near-field 

enhancement for the increased photocurrent generation.  

 

Figure 3.21. The electric field intensity distributions of AuNI, after TTB, STA and 

AuNP biomodifications at 600 nm in xy plane (|Exy|
2
) (a) and xz plane (|Exz|

2
) (b), 

respectively.  
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3.4 Conclusions  

In this chapter, a surface plasmon-induced visible light-activated PEC biosensor 

using a TTB-modified AuNIs/TiO2 photoelectrode for in situ real-time measurement of 

the biotin-STA binding kinetics by near-field coupling has been successfully developed. 

The interparticle interactions between the AuNIs and the introduced AuNPs enhanced 

the near-field and subsequent photocurrent generation. Good concentration dependence 

of the photocurrent response was observed under irradiation with 600 nm 

monochromatic light with high sensitivity, which prevents UV light-induced 

decomposition of organic molecules (i.e., both the receptors and targets). Moreover, 

direct investigation of the binding kinetics of the biotin-STA association can be 

achieved by real-time monitoring of the PEC sensing characteristics. The stepwise 

binding model between STA-AuNPs and TTB-AuNIs is consistent with the 

experimental results. The surface-confined thermodynamic binding constant can be 

calculated. The proposed biosensor based on plasmon-induced photocurrent generation 

is useful for both thermodynamic and kinetic analyses of various biomolecular 

interactions and expected to allow the miniaturization. This method opens a new 

avenue for the specific electrical detection of biomolecular interactions and real-time 

binding kinetic measurements.  
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Chapter 4 

Summary and Future Perspectives 

4.1 Summary  

In this thesis, plasmon-induced photocurrent generation was pursued as an effective 

approach to explore the near-field properties of strongly coupled waveguide-plasmon 

modes. Periodic Au-NGs/TiO2 structures, which can support both waveguide and 

plasmon modes and induce strong coupling of waveguide-LSPR modes with a large 

splitting energy of approximate 250 meV, were fabricated and utilized as 

photoelectrodes to measure the photocurrent generation. Moreover, under tuning and 

detuning conditions by changing the pitch size, it was clearly elucidated that the near-

field coupling reflects the PEC response. Based on the near-field coupling enhanced 

photocurrent generation, a surface plasmon-induced visible light-activated PEC 

biosensor using a TTB-modified AuNIs/TiO2 photoelectrode for in situ real-time 

measurement of the biotin-STA binding kinetics has been successfully developed. The 

interparticle interactions between the AuNIs and the introduced AuNPs enhanced the 

near-field and subsequent photocurrent generation. Good concentration dependence of 

the photocurrent response was observed under irradiation with 600 nm monochromatic 

light with high sensitivity, which prevents UV light-induced decomposition of organic 

molecules (i.e., both the receptors and targets). Moreover, direct investigation of the 

binding kinetics of the biotin-STA association can be achieved by real-time monitoring 

of the PEC sensing characteristics. The stepwise binding model between STA-AuNPs 

and TTB-AuNIs is consistent with the experimental results. The surface-confined 

thermodynamic binding constant can be calculated. The proposed biosensor based on 

plasmon-induced photocurrent generation is useful for both thermodynamic and kinetic 

analyses of various biomolecular interactions and expected to allow the miniaturization.  
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4.2 Future Perspectives  

On the basis of the results obtained in present study, the plasmon-induced 

photocurrent generation is verified to be corresponding to the near-field coupling of Au 

nanostructured TiO2 photoelectrodes. A highly sensitive PEC biosensor by utilizing 

near-field coupling enhanced photocurrent generation due to the interparticle interaction 

of AuNIs and AuNPs on TiO2 photoelectrodes has been successively fabricated. 

Although such kind of PEC biosensors is able to measure the biotin-STA binding 

kinetics in real-time, some improvements are still demanded. Perspective outlook 

should be extended to:  

(1) Higher sensitivity and lower detection limit: The near-field coupling has been 

proved to be able to increase the sensitivity of plasmonic PEC biosensor. Various 

coupled plasmonic systems show strong near-field coupling, therefore, higher 

sensitivity and lower detection limit are expected in the future by introducing plasmonic 

system with strong EM enhancement induced by near-field coupling.   

(2) Label free detection: In this thesis, the TTB modified AuNIs/TiO2 

photoelectrodes are used to bind the analyte of AuNPs-labled streptavidin to introduce 

near-field coupling. However, label-free detection is very important in 

clinical  diagnostic. If the plasmonic PEC biosensor can bind the analyte without any 

label and induce near-field coupling between the analyte and metallic nanoparticles, 

high sensitivity and lower detection limit are also expected and such kind of PEC 

biosensor is promising for practical application.  

(3) Integration and miniaturization: The plasmonic PEC biosensor reported in this 

thesis is only analyzed in laboratory. The light source and PEC analyzer are still 

demanded. Integration and miniaturization of such PEC biosensor to achieve compact 

and small biosensor chip are highly expected.  

(4) Extended application: The PEC biosensor induced by near-field coupling 

enhanced photocurrent has been proved to be able to analyze the binding kinetics of 

biotin-streptavidin. However, biotin-streptavidin interaction has been explored for 

file:///C:/Users/misawalab/AppData/Local/youdao/dict/Application/7.5.0.0/resultui/dict/
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many years. The association and dissociation rate constants have been known well. 

Incomputable biomolecular interactions exist in nature, such kind of PEC biosensor has 

the potential to be utilized to explore the binding affinity and kinetics of some other 

uncertain biomolecular interactions.  

 Biosensors have big markets and lots of institutions have developed new biosensors 

with highly accurate, sensitive, pain-free diagnostics. These biosensor developments 

have resulted in increasing adoption of biosensors into the health, environmental, 

process industry, and biodefense application markets. The author believes that the 

plasmonic PEC biosensors are expected to give important information for this research 

fields.  
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