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Chapter 1.  

General introduction 
 

1.1 Light energy utilization 
 

Efficient harvest of light energy is one of the environment-friendly ways to meet the 

increasing energy demands of human being in a low-carbon society. Conversion of light 

energy to chemical energy can be realized via photoelectrochemical processes, making the 

energy transport and storage convenient. Recent attempts to improve the efficiency of 

photoelectrochemical processes have focused on the optimization of light-matter 

interaction. However, the light-matter interaction, e.g. the absorption spectrum and 

quantum efficiency, for a given photosensitive material, are limited by the intrinsic 

electronic structure of the material. 

Localized surface plasmon from metal nanostructures provides an unprecedented way 

to control light−matter interaction.1–5 Typical features of localized surface plasmon include 

the enhanced absorption and scattering cross-sections, enhanced optical near-field intensity, 

large field gradient, specific patterns of near-field distribution, nanoscale localized photons, 

excitation of energetic carriers, and heat generation. Especially, plasmonic metal 

nanoparticles make it possible to control the nanoscale energies (light, energetic carriers, 

or heat) from far-field light (incident angle, polarization, power) and other macroscopic 

means.  

 

1.2 Localized surface plasmon resonance (LSPR)  
 

1.2.1 Surface plasmon and LSPR 

 

Surface plasmon is a wave of change density that propagates along the surface of a 

conductor.6,7 For a metal under illumination, the collective oscillation of free electrons (i.e. 

free electron plasma) interacts with the incident oscillating electrical field of light at a 

certain frequency, forming a hybrid quantum quasiparticle, surface plasmon-polariton 
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(mixed photon-plasmon mode).7 Due to the retardation effects, the ‘pure’ charge density 

waves (plasmons) cannot exist by themselves without being forced by a transverse 

electromagnetic wave (photons). For simplicity, the mixed mode, the surface plasmon-

polariton is usually called surface plasmon. This convention is used in the rest of this thesis. 

Due to the coupling between the light and the oscillation of free electrons, the surface 

plasmons are tightly confined to the metal surface and can be guided along the surface 

plane in a similar manner to that of fiber optics. Figure 1.1a shows a surface plasmon 

propagating at the interface between a metal and a dielectric material. The surface plasmon 

shows both characters of an electromagnetic wave and a charge density wave. Its magnetic 

component is in the transverse direction, parallel to the interface, and its electric component 

is normal to the interface illustrated with the oscillation of surface charge density. The 

electric field is enhanced near the interface and decays exponentially into both sides of the 

interface (Figure 1.1b). The decay length (or penetration depth) of the evanescent wave 

into the metal is determined by the skin depth; while that into the dielectric side could reach 

the order of light wavelength, when the dielectric is air or glass. The decay lengths indicate 

the confinement of surface plasmon in the direction normal to the interface. Thus, the 

electric field of surface plasmon is called near-field. During its propagation along the 

interface, the surface plasmon gradually loses energy due to the dissipation in metal. The 

propagation length is therefore determined by the metal’s dielectric function at the 

oscillation frequency of surface plasmon. The precondition for the coupling between light 

and the metal’s plasma mode is the match of both energy (frequency) and momentum 

(wavevector). As is shown in Figure 1.1c, at the same frequency, ω, the wavevector of 

surface plasmon is larger than that of a free space photon. This mismatch in the momentum 

could be overcome via several techniques, for example, using prism coupling to enhance 

the momentum of incident light; making use of the diffraction (scattering) of light by the 

topological defect or periodic structures (grating) to allow the light to be momentum 

matched; or using nanoparticles to create localized surface plasmon. The last one is what 

used in this thesis.   
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Figure 1.1 (a) Schematic illumination of surface plasmons at the interface between a metal 

and a dielectric material. (b) Intensity of the field component perpendicular to the surface 

as a function of the distance away from the interface. (c) Dispersion curves of (solid) a 

surface plasmon and (dash) a free space photon. E, the electric field; Hy, the magnetic 

component of light is in the y direction; δd and δm, the decay lengths of surface plasmon in 

the dielectric and metal, respectively.  ksp and k0, wave vectors of a surface plasmon and a 

free space photon at the same frequency, ω.6 

 

 

Figure 1.2a schematically illustrates the localized surface plasmon oscillation of 

sub-wavelength metal nanoparticles. The oscillating electromagnetic field of incident light 

drives the free electrons of nanoparticles to oscillate collectively at the same frequency 

with the incident light. The curved surface and the confined volume of the nanoparticle 

exert an effective restoring force on the driven electrons. This restoring force determines 

the natural oscillating frequency of these free electrons. When the frequency of the incident 

light and the frequency of the natural oscillating the electric cloud match, a resonance arises. 

This resonance is called the localized surface plasmon resonance (LSPR). On resonance, 

the light absorption is greatly enhanced. In other words, the absorption cross-section 

becomes larger than the real physical size of the nanoparticle, as is shown in Figure 1.2b. 

The oscillating charges form an oscillating electrical dipole that modifies the electric field 

distribution in the vicinity of metal nanoparticles. On resonance, this near field electric 

field is distorted and amplified significantly. The feature of the near-field is described by 

the plasmon mode, which is determined by the incident light (polarization, wavelength, 

incident direction), the nanoparticle (relative permittivity, shape, size, charge density) and 
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the dielectric property of the surrounding medium. The optical properties of nanoparticles 

are usually characterized with the extinction, scattering and absorption cross-sections. For 

small nanoparticles (diameter ≪ light wavelength), the variation of the phase of the 

external electric field across the nanoparticle can be ignored, so an incident plane wave can 

be regarded as an oscillating with time but constant with space field around the metal 

nanoparticle (‘quasistatic’ approximation). The oscillating charge can be treated as a 

classical electric dipole. For large nanoparticles, the retardation of electric field within the 

metal must be accounted. For spherical or spheroidal particles, analytic solution of optical 

cross-sections can be calculated according to Mie theory or Gans theory.8,9 For more 

sophisticated geometries, numerical simulations, such as finite difference time domain 

(FDTD), discrete dipole approximation (DDA) and finite element method (FEM), are 

needed.10 

 

 

 

Figure 1.2 Schematic illustrations of (a) a localized surface plasmon oscillation for a sphere 

nanoparticle11 and (b) the absorption of a plane electromagnetic wave by a nanoparticle12. 

 

 

There are differences and connections between the surface plasmon and the 

localized surface plasmon. Surface plasmon is confined at the surface. In other words, it is 

non-radiative in the normal direction of the interface but it propagates along the interface. 

In contrast, localized surface plasmon is confined within the metal particles, non-

propagating in all three directions. Surface plasmon has a continuous dispersion relation 

between its frequency and wavevector, as is shown in Figure 1.1c. For a surface plasmon 
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is to be excited, both appropriate frequency and wavevector of incident light are required. 

In contrast, localized surface plasmons have discrete frequencies. The requirement for their 

excitation is just appropriate frequency; wavevector is not required. In other words, instead 

of propagating waves described by a wavevector, localized surface plasmons form standing 

waves defined by the geometry of the particle.13 In spite of such distinct features, surface 

plasmon and localized surface plasmon can convert to each other under appropriate 

conditions (e.g. similar frequencies, presence of surface defects), which is useful in 

photonic circuit.6,14  

 

1.2.2 Optical properties of plasmonic nanoparticles 

LSPR can be characterized via near-field measurement, far-field spectroscopy and 

simulation. The features of LSPR, especially the resonance wavelength and the near-field 

distribution are affected by several factors, such as  the chemical composition, shape, size, 

charge density (potential applied) of nanoparticles, the dielectric property of the 

surrounding medium, and the illumination (polarization, incident angle, power, duration). 

Some typical results are summarized below. These knowledges provide various ways to 

modify the optical properties of nanoparticles.  

The plasmon resonance wavelength is affected by the size and shape of 

nanoparticles. As is shown in Figure 1.3, for a similar size, the LSPR wavelength of 

triangular nanoparticles with sharp corners are relatively longer. As the nanoparticles 

become rounded, the resonance peak blue-shifts. For the same shape of nanoparticles, the 

resonance wavelength increases with the particle size.  
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Figure 1.3 Size and shape dependence of plasmon resonance wavelength. 15 

 

 

The effect of particle size on the LSPR wavelength results from two different 

mechanisms depending on the particle size range.16 For nanoparticles smaller than 10 nm 

(quasi-static regime), the effects of phase retardation and multiple modes can be neglected. 

The relative permittivity of metal nanoparticles changes with the particle size because of 

quantum confinements, which dominates the size effect of the optical property. For larger 

nanoparticles, the effect of quantum confinement on dielectric coefficient becomes 

negligible; while the optical property is affected electrodynamically by the phase 

retardation with the nanoparticle.  

The extinction of nanoparticles is the sum of scattering and absorption.17 Both of 

the scattering and absorption depend on the particle size and the illumination wavelength. 

Figures 1.4 (a-c) shows the calculated spectra according to Mie theory.18 For small size 

nanoparticles, the absorption and extinction bands are coincident. As the particle size 

increases, the contribution from scattering increases; and the absorption, scattering and 

extinction bands shift away from each other. Thus, it is worth noticing that estimating the 

absorption efficiency of a nanostructure according to the experimental measured extinction 

spectrum, is not always reliable. Figure 1.4d shows that for a given illumination 

wavelength, the maximum absorption and scattering cross-sections increase with the 

particle size. For a spherical particle of diameter, d, much smaller than the illumination 
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wavelength, the absorption and scattering cross-sections are proportional to as d3 and d6, 

respectively. As the particle size increases, these simple scaling laws become invalid, due 

to the phase retardation effect.19  

 

 

Figure 1.4 (a, b, c) Spectra of the efficiency of absorption (red dashed), scattering (black 

dotted), and extinction (green solid) for gold nanospheres with diameters of (a) 20 nm, (b) 

40 nm, (c) 80 nm calculated according to Mie theory.18 (d) Scattering (black) and 

absorption (red) cross-sections as functions of particle size with 532 nm illumination and 

a medium index of refraction of 1.25. The inset shows the ratio of scattering and absorption 

cross sections as a function of particle size. The dashed lines show how simplified power 

dependences. d is the diameter of a spherical particle.19  

 

 

Nanorod structure is an ideal model to investigate the physics of LSPR. Under 

linearly polarized illumination, two different plasmon modes can be excited, as is shown 
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in Figure 1.5. The longitudinal (transverse) mode is excited when the polarization direction 

of light is along (parallel to) the long axis of the rod. In the extinction or absorption spectra, 

the band of the longitudinal mode locates at a longer wavelength than that of transverse 

mode, as is shown in Figure 1.6. And the peak of longitudinal mode is more intensive, 

indicating a stronger resonance. 

The absorption spectra of nanorods are dependent on the relative dielectric constant 

of the medium and the aspect ratio of rod, as is shown in Figure 1.6.20 As the dielectric 

constant of the medium increases, both of the two modes red-shits roughly linearly. As the 

aspect ratio increases, the longitudinal peak red-shifts, whereas transverse peak blue-shifts. 

These were calculated for ensembles of randomly oriented, ellipsoidal nanoparticles in 

isotropic dielectric medium according to Gans theory20,21 and similar tendencies were also 

observed for well-ordered nanorods supported on glass substrate22,23.  

 

 

 

Figure 1.5 (left) The longitudinal and (right) the transverse plasmon modes of a nanorod13.  
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Figure 1.6 Calculated absorption spectra of elongated ellipsoids with varying (a) medium 

dielectric constant εm and (b) aspect ratios R according to Gans theory.20 The insets show 

the linear fits of the peak absorbance wavelength as a function of εm and R.   

 

The red shifts of LSPR peaks in response to the increase of the dielectric constant (or 

refractive index) of the surrounding medium is called the permittivity (or refractive index) 

sensitivity.24,25 This sensitivity is affected by the size, shape, and composition of metal 

nanostructures. For a given composition and shape, the more red-shifted a LSPR peak is, 

the higher its sensitivity is. Compared with spherical metal nanoparticles, those structures 

with sharp tips (e.g. nanobipyramids, nanotriangles and nanostars) are more sensitive to 

the change of permittivity of surrounding medium.24 Coupled plasmons show higher 

refractive index sensitivity than individual plasmon modes.  

The distance between nanoparticles affects the LSPR frequency and intensity. As the 

nanoparticles approach each other, they interact via near-field coupling and the LSPR mode 

evolves from the dipole mode of single nanoparticle to the gap mode between nanoparticles. 

As is shown in Figure 1.7a, the LSPR peak red-shifts and is enhanced as the interparticle 

spacing decreases. The near-field enhancement of the gap mode is usually larger than that 

of dipole mode of single nanoparticle, since the space confinement is larger in the gap than 

that at the edge of single particle. The absolute value of the red-shift of the LSPR 

wavelength depends on the size and shape of nanoparticles. However, a universal scaling 

behavior has been found which is independent of the size, shape and material of 

nanoparticles or the surrounding dielectric medium16,26,27: 
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Δλ

𝜆
= 𝐴 × 𝑒(

−𝑠/𝐷

𝜏
)
    (1.1) 

where the λ is the LSPR wavelength of single nanoparticle, Δ𝜆  is the shift of LSPR 

wavelength due to near-field coupling, s is the edge-edge interparticle separation, D is the 

diameter of nanoparticle, 𝜏 is the decay length of the field away from the particle surface, 

and A is the pre-exponential factor. Figure 1.7b shows this universal dependence of LSPR 

wavelength on the interparticle spacing. The shift of LSPR wavelength is scaled by the 

LSPR wavelength of single nanoparticle; and the gap distance is scaled by the size of 

individual nanoparticle. As the gap increases, the fractional shift of LSPR wavelength 

decays exponentially. Equation 1.1 demonstrates that the distance dependence of plasmon 

coupling is a ruler quantitatively estimating the inter-particle distance.  

 

 

Figure 1.7 (a) Simulated scattering spectra of pairs of elliptical Au nanoparticles with 

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

function of the gap between two particles. Squares and circles are simulation results, and 

triangles are experiment data. The vertical axis is the peak shift with respect to the LSPR 

wavelength of an individual nanoparticle. The horizontal axis is the edge-edge spacing with 

respect to the size of the nanoparticle.16 
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1.2.3 Higher order of plasmon modes and spatial mapping of near-field distribution 

 

When the length of nanorod is comparable or greater than the illumination wavelength 

λ, higher-order oscillation modes are excited. Figure 1.8a shows the charge oscillation 

corresponding to the first-order, second-order, and third-order longitudinal plasmon modes. 

The mode index number, m, counts the times the charge density changes sign along the rod. 

When the incident beam is perpendicular to the long axis of rod, only odd-orders of 

longitudinal modes are allowed; while the even-order modes are optically forbidden 

because the symmetrically distributed electrical polarizations are canceled out in 

integration along the long axis. Figure 1.8b shows the spatial distribution of electric near-

field corresponding to the first three odd-order modes, where the lobes indicate the sites of 

local maxima of electric field intensity and charge density. The first-, third-, and fifth-order 

resonances have two, four, and six lobes, respectively. Figure 1.8c shows that for a given 

mode, the resonance wavelength increase linearly with the rod length. Note that the slope 

is different for different modes.  

Characterization of the near-field distribution requires a nanoscale spatial resolution. 

Various methods have been applied, such as electron energy loss spectroscopy (EELS)28, 

photoemission electron microscopy (PEEM)29, cathodoluminescence spectroscopy 

(CLS)30, and near-field optical microscopy (SNOM)31. These methods typically rely on 

complex setups and may have side effects. For example, the tip of SNOM may additionally 

alter the intrinsic response of the nanostructure under study. Alternatively, plasmon-

induced chemical reactions not only have high spatial resolution but also provide the 

information on hot-carrier dynamics. In this case, chemical reactions selectively occur at 

the hot spots of the plasmonic structures. The near-field can mapped via scanning electron- 

microscopy (SEM) or atomic force microscopy (AFM). The dynamics of chemical 

reactions can be monitored via in-situ Raman spectroscopy. Figures 1.8 (d, e) shows the 

spatial mapping of near-field via plasmon-induced site-selective deposition of Ag 

nanoparticles32 and polymerization of photoresist33.  
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Figure 1.8 Schematic illustration of (a) the charge oscillation34 and (b) the near-field 

distribution of longitudinal plasmon modes. (c) Linear relationship between the rod length 

and the resonance wavelength.35 Mapping of near-field via (d) reduction of Ag 

nanoparticles32 and (e) photo-polymerization of photoresist 33. 

 

 

1.3 Hot carrier generation and injection 
 

1.3.1 Decay of plasmon resonance 

Figure 1.9 shows the photoexcitation and the following relaxation processes.5 

Localized surface plasmon is excited by the absorption of incident photons. On resonance, 

the light absorption is enhanced significantly. It is characterized by an enhanced effective 

absorption cross-section, which is larger than the real physical dimensions of the 

nanoparticle. This is demonstrated with the redirect of the light flow (Poynting vector) 

towards and into the nanoparticle in the figure. After being photo-excited, the metal 

nanoparticle sets off a cascade of complex processes. First, the plasmon resonance decays 
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via the Landau damping. During the Landau damping, a plasmon quantum is transferred 

into a pair of hot electron and hole within the first 1 ~ 100 fs. Within metal, the plasmon-

induced electric field could induce an electronic transition from occupied to unoccupied 

states. A possible population of the electronic states within the metal is illustrated in Figure 

1.9b. In the first 1–100 fs following Landau damping, the distribution of hot carriers are 

athermal and highly non-thermal. The electron–hole pair could decay either through re-

emitting a photon or through carrier multiplication caused by electron–electron interactions. 

In the following 100 fs to 1 ps, the hot carriers relax via electron–electron scattering 

processes, redistributing their energy among all of the electrons within the metal. This leads 

to a Fermi-Dirac-like distribution of electrons with an elevated effective electron 

temperature. Lower effective electron temperature corresponds to a reduced velocity, 

enables the electron-phonon scattering. Thus, the heat is transferred from electron to the 

lattice and finally transferred to the surrounding medium. 

 

 

 

Figure 1.9 (Upper) Schematics of plasmon excitation and the subsequent relaxation 

processes, and (lower) the corresponding characteristic timescales.5  

 

One can see that, the light energy can be used in different ways. On one hand, the 

energetic electrons and holes created by photoexcited electronic transition can be used to 
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induce redox reactions. One the other hand, the heat released from the metal nanoparticles 

is benefit in some situations, such as the photothermal cancer therapy and photothermal 

imaging. In the latter cases, metal nanoparticles could act as an ideal nanosource of heat, 

which enables the control of temperature within nanoscale space by far-field optical. 

From the chemical reaction point of view, on one hand, the thermalization is a 

competing pathway reducing the number of hot carriers used in the redox reactions; on the 

other hand, the plasmon-induced thermal effects may also improve the chemical reaction 

rate via accelerating the diffusion of reactant or changing in the equilibrium potential of 

the redox pair36. Thus, during the investigation of the mechanism of plasmon-induced 

chemical reactions, it is critical to decouple the impacts from hot-carrier injection and 

thermal effect. Control of the relative contribution of the two plasmon decay pathways is 

important for utilization of plasmon in photoelectrochemistry.  

 

1.3.2 Hot carrier generation and injection 

Plasmon-induced hot carrier transfer from metal nanoparticles is a potential new 

paradigm for photoelectrochemistry. The hot carrier injection efficiency is the key. Several 

typical examples on the hot electron injection are summarized in this sub-section. 

 

 

Figure 1.10 Timescale of hot-electron injection and charge regeneration at the interface 

between metal nanoparticles and TiO2 substrate.37,38 

 

The time scale of hot-electron generation and injection at the metal-semicoductor 

interface can be investigated via the ultrafast visible-pump/infrared-probe femtosecond 

transient absorption spectroscopy.37,38,39,40 It has been found that the hot-electron 

generation and injection at the interface between Au nanoparticles and TiO2 substrate was 
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completed within 50 fs (Figure 1.10). The thermalization of hot electrons with a non-Fermi 

distribution in Au nanoparticles occur through electron-electron (<100 fs), electron-phonon 

(1~10 ps) and phonon–phonon (~100 ps) interactions. Thus, the electron injection occurs 

before or during the thermalization. Charge separation before carrier recombination is a 

key factor for increasing the reaction efficiency.  

In order to reduce the loss of hot electrons via the ultrafast electron-electron scattering 

within the metal nanoparticle, a novel plasmon-induced direct interfacial charge-transition 

(PICTT) was proposed.41 As is shown in Figure 1.11, it enables the decay of a plasmon by 

directly exciting an electron from Au nanoparticle to the cadmium selenide nanorods. This 

program is distinct from the normal decay process of localized surface plasmon, as is 

shown in Figure 1.9, where the decay process starts via a Landau damping within the metal 

nanoparticles. The PICTT program combine the hot generation and injection into one 

single step. This is realized due to the strong coupling between the CdSe nanorod and the 

Au nanotip.  

 

 

Figure 1.11 Plasmon-induce direct interfacial charge-transition.41 

 

Similarly, the direct charge-transfer between metal nanoparticles and molecules is 

also proposed.37, 42 The direct charge-transfer could improve the selectivity of chemical 

reactions, as is shown in Figure 1.12. In the indirect charge-transfer mechanism, plasmon 

relaxation results in an electron distribution that is characterized by a high concentration 

of low-energy charge carriers. Those at or above the energy level of the lowest unoccupied 

adsorbate orbitals can transfer into those orbitals, thereby forming an excited adsorbate and 

potentially inducing chemical transformation. In the direct mechanism, decay of a resonant 
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plasmon causes direct excitation of an electron to an unoccupied adsorbate state, without 

the formation of an excited electron distribution in the metal.  

 

 

Figure 1.12 (a) Indirect and (b) direct charge-transfer mechanism.37, 42 

 

The multiple exciton generation (MEG) is the ability of quantum dots (QDs) to 

generate more than one electron–hole pairs by absorbing a single photon.43–45 When a QD 

is situated close to a plasmonic metal nanoparticle, the photoexcitation process could be 

tuned due to the interaction between the excitons of the QD and the LSPR of the metal 

nanoparticle.46 Combining the MEG of semiconductor QDs and the LSPR of metal 

nanoparticles has shown an improved photovoltaic performance.47 In a system consists of 

PbS QDs and plasmon-active Au nanoparticles embedded in a titanium dioxide thin film 

(Figure 1.13), the effective electron injection is demonstrated by the wavelength-dependent 

onset potential and the output power density. 
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Figure 1.13 Schematic illustration of the energy diagram of multiple exciton generation 

(MEG) in PbS quantum dots excited by LSPR and size-dependent PbS quantum dots.47 

 

1.4 Electrochemical potentials of hot carriers 
 

Besides the hot carrier generation and injection processes, the electrochemical 

potentials of the hot carriers are also important for photoelectrochemical reactions, since 

tthey determines whether the reactions occur or not. 

A typical configuration for measurement of the electrochemical potential of hot 

electrons or holes consists of a metal-semiconductor Schottky contact and a molecular 

probe with a well-known redox potential. The photoexcited electron-hole pairs are 

separated at the Schottky contact by the build-in field.48 The band-bending49 and build-in 

field can be tuned with a three-electrode system and a potentiostat. For example in Figure 

1.14, when the Fermi level is tuned to +0.5 V, the excited electron from Au nanoparticles 

can be injected into the conduction band of TiO2, and the excited hole could be used to 

oxidize pyrrole. In contrast, when the potentials too low, for example, −0.9 V, the 

recombination of hot electrons and holes become significant, which suppresses the 

oxidation of pyrrole. Thus, via scanning the potential, the onset potential of oxidation of 

pyrrole can be detected. Given the flat-band potential of TiO2, the energy of incident 

photon, the electrochemical potential of the hot holes could be estimated. The calculated 

oxidation potential of holes corresponds well to the redox potential of pyrrole.  
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Figure 1.14 Mechanism of LSPR-induced oxidation polymerization of polypyrrole. (a) At 

+0.5 V, the excited hot electrons transfer into the conduction band of TiO2 and the hot hole 

oxidizes the pyrrole. (b) At −0.9 V, the electron-hole pair could not be separated and the 

pyrrole could not capture the holes.50  

 

The similar configuration is also used to investigate the plasmon-assisted water 

oxidation.51,52 The stoichiometric evolution of oxygen via water oxidation was realized 

with a Au nanorod-loaded TiO2 photoelectrode even under near-infrared illumination. The 

utilization of low energy photon is ascribed to the LSPR. As is shown in Figure 1.15, the 

interband electronic transition of Au requires a high excitation energy, since the density of 

states of d band reduces near the Fermi level. Under long-wavelength illumination, such as 

from 700 nm to 1300 nm, the interband transition is rather. However, the LSPR-induced 

spatially and temporally confined photons can assist the multi-electron transfer process. 

Except for the extension of optical response wavelength, the localized plasmon excitation 

also reduces the activation energy.51 This work shows the importance of the 

electrochemical potential of hot holes in chemical reactions. 
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Figure 1.15 (a) Schematic illustration (b) energy diagram of plasmon-assisted water 

oxidation. UFB is the flat band potential of TiO2. U
O indicates the potentials corresponding 

to the four-electron and two-electron water oxidation.52 

 

1.5 Modification of photoexcitation selection rule 

Usually, the electronic transitions between electronic states follow the standard 

selection rules under long wavelength approximation. That is, the electric field is assumed 

to be uniform within the size of molecule. However, due to the spatial confinement, the 

LSPR-induced near-field has a significantly high field gradient. This makes the long 

wavelength approximation and the standard selection rule invalid. The unconventional 

electronic transition has been experimentally observed in the SERS of single-walled carbon 

nanotube lying in the gap of Au nanodimer (Figure1.16). The theoretical calculation via 

the extended discrete dipole approximation (EDDA) method proves that the resonant 

transition of the 𝐸41
𝑆  and 𝐸14

𝑆  (Δn = ±2) dark excitons become bright in the 1-nm-wide gap 

of Au nanodimer. These dipole-forbidden transitions explain the observed new E2-mode 

peak in the SERS spectrum under perpendicular illumination.53 Achieving an optical 

response beyond the conventional selection rule is expected to alter the energy distribution 

of hot electrons and holes in materials. 
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Figure 1.16 (a) illustration of a single-walled carbon nanotube placed in the nanogap of Au 

dimer under polarized illumination. (b) Cross-section view of the near-field distribution 

calculated with discrete dipole approximation (EDDA) method.  (c) The allowed transitions 

(Δn = ±1) and the forbidden transitions (Δn = ±2).53 

 

1.6 Objective and outline of this thesis 

 

This thesis aims to explore the plasmon modification on the photoexcitation process. 

Chapter 1 gives the general introduction on the localized surface plasmon, hot-carrier 

generation, and plasmon-induced photoexcitation. Chapter 2 shows the multiple 

plasmon modes of Au nanorods observed via the in-situ SERS measurement. Chapters 

3 and 4 discuss the plasmon thermal effects on the stability of metal nanoparticles and 

target materials. Chapter 5 gives the main discussion of this thesis. The plasmon-

modified electronic transition is observed in the SERS of graphene. Chapter 6 gives the 

general conclusion. 

 



21 
 

References 
1. Wu, D.-Y., Li, J.-F., Ren, B. & Tian, Z.-Q. Electrochemical surface-enhanced Raman 

spectroscopy of nanostructures. Chem. Soc. Rev. 37, 1025–1041 (2008). 

2. Ma, X.-C., Dai, Y., Yu, L. & Huang, B.-B. Energy transfer in plasmonic photocatalytic 

composites. Light Sci. &Amp; Appl. 5, e16017 (2016). 

3. Atwater, H. A. & Polman, A. Plasmonics for improved photovoltaic devices. Nat. Mater. 

9, 205–213 (2010). 

4. Nabika, H., Takase, M., Nagasawa, F. & Murakoshi, K. Toward plasmon-induced 

photoexcitation of molecules. J. Phys. Chem. Lett. 1, 2470–2487 (2010). 

5. Brongersma, M. L., Halas, N. J. & Nordlander, P. Plasmon-induced hot carrier science 

and technology. Nat. Nanotechnol. 10, 25–34 (2015). 

6. Barnes, W. L., Dereux, A., Ebbesen, T. W. & Barnes, B. Surface plasmon subwavelength 

optics. Nature 424, 824–830 (2003). 

7. Le Ru, E. & Etchegoin, P. Principles of Surface-Enhanced Raman Spectroscopy: and 

related plasmonic effects. (Elsevier, 2008). 

8. Kreibig, U. & Vollmer, M. Optical properties of metal clusters. (1995). 

9. Bohren, C. F. & Huffman, D. R. Absorption and scattering of light by small particles. 

(John Wiley & Sons, 2008). 

10. Zhao, J. et al. Methods for Describing the Electromagnetic Properties of Silver and Gold 

Nanoparticles. Acc. Chem. Res. 41, 1710–1720 (2008). 

11. Hammond, J. L., Bhalla, N., Rafiee, S. D. & Estrela, P. Localized surface plasmon 

resonance as a biosensing platform for developing countries. Biosensors 4, 172–188 

(2014). 

12. Warren, S. C. & Thimsen, E. Plasmonic solar water splitting. Energy Environ. Sci. 5, 

5133–5146 (2012). 

13. Pelton, M. & Bryant, G. W. Introduction to metal-nanoparticle plasmonics. 5, (John 

Wiley & Sons, 2013). 

14. Zayats, A. V., Smolyaninov, I. I. & Maradudin, A. A. Nano-optics of surface plasmon 

polaritons. Phys. Rep. 408, 131–314 (2005). 

15. Mock, J. J., Barbic, M., Smith, D. R., Schultz, D. A. & Schultz, S. Shape effects in 

plasmon resonance of individual colloidal silver nanoparticles. J. Chem. Phys. 116, 6755–

6759 (2002). 

16. Su, K.-H. et al. Interparticle coupling effects on plasmon resonances of nanogold particles. 

Nano Lett. 3, 1087–1090 (2003). 

17. Hulst, H. C. & van de Hulst, H. C. Light scattering by small particles. (Courier 

Corporation, 1957). 

18. Jain, P. K., Lee, K. S., El-Sayed, I. H. & El-Sayed, M. A. Calculated Absorption and 

Scattering Properties of Gold Nanoparticles of Different Size, Shape, and Composition: 

Applications in Biological Imaging and Biomedicine. J. Phys. Chem. B 110, 7238–7248 

(2006). 



22 
 

19. Tcherniak, A., Ha, J. W., Dominguez-Medina, S., Slaughter, L. S. & Link, S. Probing a 

Century Old Prediction One Plasmonic Particle at a Time. Nano Lett. 10, 1398–1404 

(2010). 

20. Link, S., Mohamed, M. B. & El-Sayed, M. A. Simulation of the optical absorption spectra 

of gold nanorods as a function of their aspect ratio and the effect of the medium dielectric 

constant. J. Phys. Chem. B 103, 3073–3077 (1999). 

21. Link, S. & El-Sayed, M. A. Simulation of the Optical Absorption Spectra of Gold 

Nanorods as a Function of Their Aspect Ratio and the Effect of the Medium Dielectric 

Constant. J. Phys. Chem. B 109, 10531–10532 (2005). 

22. Ueno, K., Mizeikis, V., Juodkazis, S., Sasaki, K. & Misawa, H. Optical properties of 

nanoengineered gold blocks. Opt. Lett. 30, 2158–2160 (2005). 

23. Ueno, K., Juodkazis, S., Mino, M., Mizeikis, V. & Misawa, H. Spectral sensitivity of 

uniform arrays of gold nanorods to dielectric environment. J. Phys. Chem. C 111, 4180–

4184 (2007). 

24. Jiang, N., Zhuo, X. & Wang, J. Active Plasmonics: Principles, Structures, and 

Applications. Chem. Rev. 118, 3054–3099 (2018). 

25. Mayer, K. M. & Hafner, J. H. Localized surface plasmon resonance sensors. Chem. Rev. 

111, 3828–3857 (2011). 

26. Tabor, C., Murali, R., Mahmoud, M. & El-Sayed, M. A. On the Use of Plasmonic 

Nanoparticle Pairs As a Plasmon Ruler: The Dependence of the Near-Field Dipole 

Plasmon Coupling on Nanoparticle Size and Shape. J. Phys. Chem. A 113, 1946–1953 

(2009). 

27. Jain, P. K., Huang, W. & El-Sayed, M. A. On the Universal Scaling Behavior of the 

Distance Decay of Plasmon Coupling in Metal Nanoparticle Pairs: A Plasmon Ruler 

Equation. Nano Lett. 7, 2080–2088 (2007). 

28. Nelayah, J. et al. Mapping surface plasmons on a single metallic nanoparticle. Nat. Phys. 

3, 348 (2007). 

29. Vesseur, E. J. R., de Waele, R., Kuttge, M. & Polman, A. Direct Observation of Plasmonic 

Modes in Au Nanowires Using High-Resolution Cathodoluminescence Spectroscopy. 

Nano Lett. 7, 2843–2846 (2007). 

30. Douillard, L. et al. Short Range Plasmon Resonators Probed by Photoemission Electron 

Microscopy. Nano Lett. 8, 935–940 (2008). 

31. Imura, K., Nagahara, T. & Okamoto, H. Plasmon Mode Imaging of Single Gold 

Nanorods. J. Am. Chem. Soc. 126, 12730–12731 (2004). 

32. Ueno, K. & Misawa, H. Plasmon-enhanced photocurrent generation and water oxidation 

from visible to near-infrared wavelengths. NPG Asia Mater. 5, e61 (2013). 

33. Murazawa, N., Ueno, K., Mizeikis, V., Juodkazis, S. & Misawa, H. Spatially Selective 

Nonlinear Photopolymerization Induced by the Near-Field of Surface Plasmons Localized 

on Rectangular Gold Nanorods. J. Phys. Chem. C 113, 1147–1149 (2009). 

34. Kazuma, E. & Tatsuma, T. Photoelectrochemical analysis of allowed and forbidden 

multipole plasmon modes of polydisperse ag nanorods. J. Phys. Chem. C 117, 2435–2441 



23 
 

(2013). 

35. Volpe, G., Noack, M., Aćimović, S. S., Reinhardt, C. & Quidant, R. Near-Field Mapping 

of Plasmonic Antennas by Multiphoton Absorption in Poly(methyl methacrylate). Nano 

Lett. 12, 4864–4868 (2012). 

36. Yu, Y., Sundaresan, V. & Willets, K. A. Hot Carriers versus Thermal Effects: Resolving 

the Enhancement Mechanisms for Plasmon-Mediated Photoelectrochemical Reactions. J. 

Phys. Chem. C 122, 5040–5048 (2018). 

37. Linic, S., Aslam, U., Boerigter, C. & Morabito, M. Photochemical transformations on 

plasmonic metal nanoparticles. Nat. Mater. 14, 567–576 (2015). 

38. Furube, A., Du, L., Hara, K., Katoh, R. & Tachiya, M. Ultrafast plasmon-induced electron 

transfer from gold nanodots into TiO2 nanoparticles. J. Am. Chem. Soc. 129, 14852–

14853 (2007). 

39. Du, L. et al. Plasmon-Induced Charge Separation and Recombination Dynamics in Gold - 

TiO 2 Nanoparticle Systems : Dependence on TiO 2 Particle Size. J. Phys. Chem. C 6454–

6462 (2009). doi:10.1021/jp810576s CCC 

40. Du, L., Furube, A., Hara, K., Katoh, R. & Tachiya, M. Ultrafast plasmon induced electron 

injection mechanism in gold-TiO2 nanoparticle system. J. Photochem. Photobiol. C 

Photochem. Rev. 15, 21–30 (2013). 

41. Wu, K., Chen, J., McBride, J. R. & Lian, T. Efficient hot-electron transfer by a plasmon-

induced interfacial charge-transfer transition. Science (80-. ). 349, 632 LP-635 (2015). 

42. Boerigter, C., Campana, R., Morabito, M. & Linic, S. Evidence and implications of direct 

charge excitation as the dominant mechanism in plasmon-mediated photocatalysis. Nat. 

Commun. 7, 10545 (2016). 

43. Beard, M. C. Multiple Exciton Generation in Semiconductor Quantum Dots. J. Phys. 

Chem. Lett. 2, 1282–1288 (2011). 

44. Nozik, A. J. Multiple exciton generation in semiconductor quantum dots. Chem. Phys. 

Lett. 457, 3–11 (2008). 

45. Nozik, A. J. et al. Semiconductor Quantum Dots and Quantum Dot Arrays and 

Applications of Multiple Exciton Generation to Third-Generation Photovoltaic Solar 

Cells. Chem. Rev. 110, 6873–6890 (2010). 

46. Dey, S. & Zhao, J. Plasmonic Effect on Exciton and Multiexciton Emission of Single 

Quantum Dots. J. Phys. Chem. Lett. 7, 2921–2929 (2016). 

47. Li, X., McNaughter, P. D., O’Brien, P., Minamimoto, H. & Murakoshi, K. Plasmonically 

enhanced electromotive force of narrow bandgap PbS QD-based photovoltaics. Phys. 

Chem. Chem. Phys. 20, 14818–14827 (2018). 

48. Sze, S. M. & Kwok, K. N. G. Physics of Semiconductor Devices. (2007). 

49. Zhang, Z. & Yates, J. T. Band Bending in Semiconductors: Chemical and Physical 

Consequences at Surfaces and Interfaces. Chem. Rev. 112, 5520–5551 (2012). 

50. Minamimoto, H. et al. Visualization of Active Sites for Plasmon-Induced Electron 

Transfer Reactions Using Photoelectrochemical Polymerization of Pyrrole. J. Phys. Chem. 

C 120, 16051–16058 (2016). 



24 
 

51. Nishijima, Y., Ueno, K., Yokota, Y., Murakoshi, K. & Misawa, H. Plasmon-assisted 

photocurrent generation from visible to near-infrared wavelength using a Au-

nanorods/TiO2 electrode. J. Phys. Chem. Lett. 1, 2031–2036 (2010). 

52. Nishijima, Y. et al. Near-Infrared Plasmon-Assisted Water Oxidation. J. Phys. Chem. Lett. 

3, 1248–1252 (2012). 

53. Takase, M. et al. Selection-rule breakdown in plasmon-induced electronic excitation of an 

isolated single-walled carbon nanotube. Nat Phot. 7, 550–554 (2013). 

 

 

 

  



25 
 

Chapter 2.  

Photoelectrochemical polymerization of polypyrrole on well-

defined plasmonic structures 
 

2.1 Introduction 
 

The combination of the plasmon-active metal nano-structures on the wide band gap 

semiconductor electrode leads to the chemical reactions under the visible light region 

which cannot excite the electron in the semiconductor. In this system, the hot-carrier 

separation is realized due to the Schottky barrier at the metal-semiconductor interface.1 

Recently, molecules with a given redox potential in the vicinity of metal-semiconductor 

junction investigate the mechanism of the plasmon-induced photoelectrochemical reaction 

process.2–4 Here, the molecules play the role as an indicator of the electrochemical potential 

of hot carriers. With the aim of the arbitrary control of the plasmon-induced plasmonic 

structures, it is quite necessary to investigate not only the multi-color response ability but 

also the absolute potential of excited reaction species. For them, the usage of the three-

electrode electrochemical system seems to be useful because it can control the arbitrary 

Fermi level of the electrode.  

One example is plasmon-induced oxidative polymerization of polypyrrole.4 The 

onset potential of polymerization is obtained via the in-situ electrochemical surface 

enhanced Raman scattering (SERS) measurements. The electrochemical potential of 

plasmon-induced hot holes is estimated from the onset potential of polymerization, the flat-

band potential of semiconductor electrode, and the energy of incident photon. At the initial 

stage of the polymer growing process, the pyrrole monomers accept hot holes directly from 

the Au. It is quite important fact that the polymer deposit sites correspond to the spatially 

distribution of the near-field distribution. The reaction continuously proceeds after the hot 

spots on Au surface are completely covered with the polymer layer because of the hole-

conductive character for deposited polypyrrole.5–8 As a result, the evaluation of the enough 

volume of polymer via SEM and AFM measurements could lead to the visualization of the 

reaction active site for the plasmon-induced chemical reactions.  
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In this chapter, I deeply investigated the plasmon induced charge transfer process 

induced on the well-defined Au rod structures on titanium dioxide (TiO2). Nanorods show 

very interesting two kinds of plasmon modes, the longitudinal mode and transverse mode, 

under different polarization illuminations.9 The near field properties of longitudinal mode 

shows a strong dependence on the aspect ratio of the rod. It is known that the dipole mode 

shows the highest near-field enhancement. On the other hand, the multipolar modes show 

relatively weaker near-field enhancement but shows the unique distribution of the near-

field depending on the aspect ratio.10,11 In this chapter, well-defined Au nanorods are 

prepared on TiO2 substrate via electron-beam lithography and investigate the plasmonic 

reactions induced by the plasmon-induced charge transfer process. 

 

2.2 Experimental 
 

2.2.1 Cleaning and recycling of TiO2 substrate 

First, as a normal cleaning recipe, acetone and Milli-Q water were used to remove 

the most organic contamination, in an ultrasonic bath for 10 min, in sequence.  

After deposition of polypyrrole, the TiO2 substrate was cleaned and recycled. The 

deposited polypyrrole was removed with piranha solution (H2SO4 : H2O2 ≈ 4:1 vol.). The 

Au nanoparticles or nanorods were dissolved with aqua regia (HCl : HNO3 ≈ 3:1 vol.). 

Each cleaning was carried out at room temperature for 5 ~ 10 min. 

To refresh the surface, the TiO2 single crystal was etched with 20% HF aqueous 

solution at room temperature for 10 min, rinsed with Milli-Q water and dried with nitrogen 

flow. In order to improve the hydrophilicity, TiO2 was illuminated with ultra-visible light. 

Finally, the cleaned TiO2 substrate was annealed at 600 ℃  in air (Figure 2.1) to make an 

atomically smooth surface. 
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Figure 2.1 Recipe for annealing TiO2 single crystal in air. The three periods are t1 = 2 h 15 

min, t2 = 2 h 30 min and t3 = 1 h 45 min. 

 

2.2.2 Preparation and characterization of random Au nanoparticles on TiO2 substrate. 

10 nm thick gold film was deposited on the (110) surface of TiO2 single crystal 

(rutile, 0.05 w.% niobium doped, 10.0 × 10.0 × 1.0 mm3, Furuuchi Chemical, Japan) via 

electron-beam deposition method, then was annealed in air with the program in Figure 2.2a. 

The temperature was increased from room temperature (r.t.) to 100 ℃ within 30 min and 

maintained for 60 min, then increased to 500 ℃  within 90 min and maintained for 30 min, 

finally decreased gradually to the room temperature.  

The optical and structural property of random Au nanoparticles were characterized 

with extinction spectroscopy and scanning electronic microcopy (SEM). The extinction 

here is defined as: 

Extinction = −log10(P/P0)    (2.1) 

where P and P0 are the power (mW) of transmitted light measured with and without the 

sample before the detector. The white-light source was an iodine lamp (MC-2530 UV/VIS 

light source, Otsuka Electronics Co., Ltd., Japan). The detector was a spectral multi-

channel photodetector (MPD-311C, Otsuka Electronics Co., Ltd., Japan) with a spectral 

resolution of 1 nm. Since the doped TiO2 substrate is opaque, the extinction spectra of Au 

were measured with Au deposited on glass substrates. As is shown in Figure 2.2b, after 

annealing, the extinction changes significantly. The deposited 10 nm thick Au film 

transforms to random nanoparticles which show a broad extinction peak centered around 
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700 nm. SEM image (Figure 2.2c) shows the random Au nanoparticles are round or 

elongated round disks and the major has a size of 50 ~ 500 nm. 

 

 

  

Figure 2.2 (a) Annealing program in air for preparation of random Au nanoparticles. (b) 

Extinction spectra of (solid line) 10 nm thick gold film deposited on glass and (dash line) 

random Au nanoparticles on glass obtained via the annealing program in (a). (c) SEM 

image of random Au nanoparticles on TiO2 substrate. 

 

2.2.3 Preparation of Au nanorods on TiO2 substrate  

Au nanorods were fabricated on TiO2 substrate via electron-beam lithography and 

lift-off method, as is shown in Figure 2.3a. First, a drop of positive photoresist (ZEP: ZEPA 

= 2:1, Zeon Co., Japan) was spin-coated (MS-A150, Mikasa Co., Japan) on TiO2 substrate 

at room temperature. The spinning program was 300 rpm (round per minute) for 3 sec 

followed by 4000 rpm for 60 sec. The coated TiO2 substrate was dried at 150℃  in air for 

3 min. Second, the coated substrate was transferred into the electron beam lithography 

system (ELS-F125, Elionix inc., Japan). Conditions for e-beam drawing were: accelerating 

voltage = 125 kV, beam current = 50 pA, area dose = 250 μC/cm2; dose time for the 

nanorods and the guiders (large area squares) were 2 μsec/dot and 1.26 μsec/dot, 

respectively. Third, the substrate was immersed in the developing solvents (Zeon Co., 

Japan) in turn:  ZED-N50 for 60 sec and ZMD-B for 10 sec, at room temperature. Fourth, 

60 nm Au was sputtered onto the patterned substrate with a helicon plasma sputtering 

system (MPS-4000C1/HC1, Ulvac, Inc., Japan). Finally, the remained photoresist was left-

off ultrasonically with three beakers of ZDMAC (Zeon Co., Japan) for 45 sec + 30 sec + 
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30 sec, in turn, and cleaned further with acetone and methanol ultrasonically for 20 sec + 

20 sec. 

As is shown in Figure 2.3b, the width and height of nanorods were fixed at 50 nm 

and 60 nm, respectively. The length varies from 60 nm to 600 nm. The edge-to-edge inter-

particle distance was 500 nm, which is far enough to prevent the near-field coupling 

between adjacent nanorods. 

 

 

Figure 2.3 (a) Scheme of fabrication of Au nanorods on TiO2 single crystal via electron-

beam lithography and lift-off method. (b) The designed three dimensions of Au nanorod.  

 

2.2.4 Photoelectrochemical deposition of polypyrrole and in-situ SERS measurement 

As is shown in Figure2.4, the photoelectrochemical deposition of polypyrrole and 

the in-situ SERS measurement were performed with a three-electrode electrochemical cell 

and a confocal Raman microscope. The light source was a 785 nm continuous-wave laser 

(XTRA II, TOPTICA Photonics AG). A water-immersion objective lens (40×, N.A. = 0.80, 

W.D. = 3.3 mm, Olympus) was immersed in a Teflon cell. To prevent possible 

contamination, the lens was covered with a 25 μm thick transparent fluorinated ethylene 

propylene film (Flon inductry, Japan) and a drop of Milli-Q water was enclosed between 

the lens and the plastic film to avoid gas bubbles. The electrode potential was controlled 
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via a three-electrode system with a potentiostat (HAB-151, Hokuto Denko Co., Japan). A 

piece of platinum plate and a home-made Ag/Ag+ (0.1 M tetrabutylammonium perchlorate 

and 0.01 M AgNO3 dissolved in anhydrous acetonitrile) electrode were the counter and 

reference electrodes, respectively. The working electrode, Au/TiO2, was connected to the 

potentiostat via a piece of stainless steel plate. In-Ga alloy was pasted between the 

semiconducting TiO2 and stainless steel plate, in order to sustain an Ohmic contact. Current 

was monitored with a storage oscilloscope (GL900-4, Graphtec Co., Japan).  

 

 

Figure 2.4 Schematic illustration of the in-situ SERS measurement system. 

 

2.3 Results and discussion 
 

2.3.1 Polymerization of pyrrole in aqueous and acetonitrile solution 

Before using the well-defined structures, I have investigated the electrolyte solution 

effect on the reaction process using both water and acetonitrile. Figure 2.5 shows the 

polymer growth process in aqueous solution with increasing laser illumination time.  One 

can see that in the initial stage (within 11 sec), the deposition sites show polarization 

dependence. That is pyrrole prefer to deposit at the both sides of Au nanoparticles along 

the polarization direction. These sites are the ‘hot spots’ of the interface between Au and 

TiO2. After a long time of deposition, the entire Au nanoparticle was covered by the 

polymer. The subsequent growth of polypyrrole confirms that the hot holes generated at 
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Au nanoparticles could transfer through the polymer layer to the polymer-solution interface. 

The growth of polypyrrole could be monitored via the in-situ SERS spectra. As is shown 

in Figure 2.6a, the Raman bands of polypyrrole increase with time passage. The band at 

about 935 cm−1 corresponds to the C-H vibration of polypyrrole. This band is distinct to 

the Raman bands of pyrrole monomer12 so it could be used as an indicator of polypyrrole. 

The band intensity at about 935 cm−1 increases quickly at the initial stage and gradually 

saturated as shown in Figure 2.6b. This means that, with time passage, the hot spots are 

gradually covered by the polymer which leads to the lower enhancement of SERS intensity.  

 

 

Figure 2.5 SEM images of polypyrrole deposited for (a) 2, (b) 6, (c) 11, and (d) 110sec, 

respectively. The illumination was 0.1mW, 785nm continuous-wave laser. The electrolyte 

solution was 10 mM pyrrole and 0.5 M Na2SO4 in water. The electrode potential was +0.5 

V vs. Ag/AgCl sat. 
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Figure 2.6 (a) In-situ SERS spectra obtained during the photoelectrochemical deposition 

of polypyrrole on Au nanoparticles supported on TiO2 substrate. The experimental 

conditions are 0.1 mW 785 nm continuous-wave laser at +0.5 V vs. Ag/AgCl sat. in 

aqueous solution containing 0.01 M pyrrole and 0.5 M Na2SO4. The spectra were obtained 

successively every 10 sec from bottom to top. (b) Time-varying intensity of the Raman 

band at 935 cm-1 indicated with downward triangle in (a).  

 

 

On the contrary, Figure 2.7 shows the SEM images of deposition process of 

polypyrrole in the acetonitrile solution. Figure 2.8a shows in-situ SERS spectra during the 

growth of polypyrrole in acetonitrile. In contrast to the growth in aqueous solution (Figure 

2.6), the Raman band of polypyrrole decreases with increasing laser illumination time. One 

significant feature is that within the first second, the surface of Au nanoparticle is almost 

covered by the polymer. That means that the polymer growth process is much faster than 

that in the aqueous system. This would be because that the polymerization of the pyrrole 

is the competitive reaction with the water oxidation reaction in the aqueous solution, which 

leads the decrease of the reaction efficiency. From the facts, I can say that the more efficient 

reaction system has successfully found through the present experiments. 
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Figure 2.7 SEM images of polypyrrole deposited for (a) 1, (b) 10, (c) 50, and (d) 100sec, 

respectively. The illumination was 0.1 mW, 785 nm continuous-wave laser. The electrolyte 

solution was 0.01 M pyrrole and 0.1 M NaClO4 in acetonitrile. The electrode potential was 

+0.3 V vs. home-made Ag/Ag+ (0.01 M AgNO3).  
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Figure 2.8 (a) In-situ SERS spectra obtained during the photoelectrochemical deposition 

of polypyrrole on Au nanoparticles supported on TiO2 substrate. The experimental 

conditions are 0.1 mW 785 nm continuous-wave laser at +0.3 V vs. home-made Ag/Ag+ 

(0.01 M AgNO3) in acetonitrile containing 0.01 M pyrrole and 0.1 M NaClO4. The spectra 

were obtained successively every 10 sec from bottom to top. (b) The change in the intensity 

of the Raman band at 935 cm−1 indicated with downward triangle in (a) as the function of 

the laser illuminated time. The corresponding SEM image is shown in Figure 2.7d. 

 

2.3.3 Polymerization on Au nanorods. 

For deep understanding, I have fabricated various Au rod structures with the rod 

lengths ranging from 10 to 1000 nm on TiO2 single crystal. For the discussion about the 

reaction efficiency depending on the rod length, in-situ Raman measurements have been 

performed simultaneously. Raman intensities at 932 cm−1 obtained from each structure 

were plotted as the function of the rod length. Obviously, the specific rod length (90 and 

330 nm) shows the relatively strong Raman intensity compared to other cases. It has been 

recognized that the perpendicular incidence onto the rod structures excites only modes with 

odd index. Therefore, it can be determined that the lengths of 90 and 330 nm correspond 

to n = 1, and 3, respectively. Moreover, considering the deposition of the poly pyrrole on 

the length of 550 nm, this length should be assigned to n = 5. The relative weaker Raman 

intensity and small deposition amounts for the case of n = 5 would be resulted in the fact 

that the multipolar plasmon with higher index value weakly interacts with the incident light, 

leading to the weak resonance. From the previous paper, it can be possible to describe the 
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rod length (L) as the function of the n value and the plasmon resonance wavelength (λp). 

The relationship is described as following: 

𝐿(𝑛)(𝑛𝑚) = 𝜆𝑝𝑛 (𝑛𝑚) + 𝑎 (𝑛𝑚) 

where a is the constant value which depends on the shape of each end. Based on the 

equation and λp = 785 nm, present each value of a for n = 1, 3, and 5 can be estimated to 

be −695, −2025, and −3375, respectively. Eventually, the relation between the order of the 

longitudinal plasmon mode, excitation wavelength and the rod length is estimated 

successfully using the current method. As one of the advantage of higher order plasmon 

mode induced charge transfer process, the localization of hot spots for chemical reactions, 

as is shown in Figures 2.9 (a-c), could be remotely controlled. In addition, such relation 

could provide useful information on the design of plasmonic antennas for broad 

wavelength response. It is known that the nano-rod structures with high aspect ratio could 

realize the multi-color excitation at different sites. So, the current founding would provide 

the possibility for the multi-color light harvesting for the exotic plasmon powered process. 

 

 

Figure 2.9 (a-c) SEM images of polypyrrole deposited on the nanorods with a length of (a) 

90, (b) 330 and (c) 550 nm sec. The scale bars are 100 nm. (d) SERS intensity of vC-H at 

938 cm-1 as a function of rod-length. Deposition conditions: 0.1 mW 785 nm continuous-
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wave laser. The electrolyte solution was 1 mM pyrrole and 0.1 M NaClO4 in acetonitrile. 

The electrode potential was +0.3 V vs. home-made Ag/Ag+ (0.01 M AgNO3). The black 

circles represent the band intensity under illumination for 1 sec. For each nanorod, 10 

spectra were obtained successively, in total, within 10 sec. The red solid dots show the 

average intensity of the 10 spectra. 

 

Based on the above facts, I used the rod structures having the length of 60, 70, 80, 

and 90 nm which are almost same as the n = 1. Raman intensities obtained with different 

lengths of nanorods are significantly different as shown in Figure 2.10. Among them, the 

90 nm long Au nanorod gives the strongest Raman bands of polypyrrole. Figure 2.11 shows 

the intensities of Raman band at 938 cm−1 as a function of illumination time for different 

lengths of nanorods. One can see the different behavior depending on the rod length. For 

60 nm rod, the band intensity increases and saturated after 6 second. It is easy to find that 

this is similar tendency as that in Figure 2.6b. In contrast, for 90 nm rod, the Raman band 

intensity decreases with time, like Figure 2.8b. This means that polypyrrole grows faster 

on 90 nm rod than on 60 nm rod. For other rods, the Raman intensity seems linear 

relationship during the illumination. From this fact, it is clear that the good resonance 

condition can accelerate the reaction compared to the weak resonance process. 
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Figure 2.10 In-situ SERS spectra obtained during the deposition of polypyrrole on Au 

nanorods with a length of (a) 60, (b) 70, (c) 80, and (d) 90 nm. The experimental conditions 

are 0.1 mW 785 nm continuous-wave laser at +0.3 V vs. home-made Ag/Ag+ (0.01 M 

AgNO3) in acetonitrile containing 0.001 M pyrrole and 0.1 M NaClO4. The spectra were 

obtained successively every 1 sec from bottom to top in each panel. 
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Figure 2.11 Time-varying intensity (band height) of the Raman band at 938 cm−1 of 

polypyrrole deposited on Au nanorods of different rod-length. The legends indicate the 

rod-length in nanometers.  

 

2.4 Conclusion 
 

In conclusion, polypyrrole was deposited on random Au nanoparticles and well-

defined nanorods under illumination of 785 nm continuous-wave laser at controlled 

electrochemical potential. The spatially selective deposition of polypyrrole was confirmed 

under linear polarized illumination. The different stages of the polymerization process are 

well monitored from the time-varying Raman intensity at 935 cm−1 which corresponds to 

the C-H vibration mode of polypyrrole. The rod-length dependence of the Raman intensity 

shows local maxima corresponding to the different orders of longitudinal plasmon modes. 

The relation between the order of the longitudinal plasmon mode, excitation wavelength, 

and the rod length is estimated successfully using the current method. In addition, the time-

series change in Raman intensity is found to be dependent on the aspect ratio of nanorods. 

For nanorods with a strong plasmon resonance, the Raman intensity reaches maximum 

even within the first second, then decreases due to the decrease of light absorption and 

near-field enhancement. For nanorods forming a weak resonance, the Raman intensity 
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gradually decreases. Taking into account the multi-color response property of the nano-rod 

structures, these findings would lead not only the possibility to carry out chemical reactions 

on a specific Au nanorod with a variety of photon energies and at the specific locations of 

the nanorod but also the plasmonic powered multi-color excitation process. 
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Chapter 3.  

Deformation of Au nanorod: plasmon thermal effect 
 

3.1 Introduction 

 

LSPR could decay in radiative or non-radiative ways. The latter is especially 

important in photochemistry and photoelectrochemistry,1–3 in which the plasmon energy 

was transferred to electron-hole pairs, the so-called ‘hot carriers’, via intraband or 

interband transitions. As is previously reported4 and discussed in Chapter 2, using the Au 

nanoparticle supported on TiO2 and a specific molecular probe, pyrrole, the active sites could 

be visualized in nanoscale resolution and the efficiency of plasmon-induced chemical reactions 

can be analyzed quantitatively. Another result of the non-radiative decay of plasmon is heat.5 

Plasmon thermal effect affects the stability of metal nanoparticles6–11 and the efficiency of 

(electro)chemical reactions12,13. The thermalization, the process for an excited system to 

reach thermal equilibrium, is affected by the intrinsic properties of the material, as well as 

the light source.5 On one hand, the dielectric constant, shape and size of metal nanoparticles 

determine the absorption and scattering cross-sections.14,15 A larger absorption cross-

section means more light energy is captured by the metal nanoparticle. The specific heat 

capacity and thermal conductivity of the metal and the surrounding medium determine the 

heat-transfer rate from the metal to the medium, i.e. how fast the metal cools down. On the 

other hand, the polarization of light affects the absorption and near-field distribution. Under 

continuous-wave illumination, the light absorption and thermalization overlap in time; 

while an ultrafast pulsed laser will separate these two processes.5,16 Compared with a 

continuous-wave laser that delivers energy in a steady way, a pulsed laser casts a large 

amount of energy with an ultrashort time and triggers additional effects, such as bubble 

formation and reshape of nanoparticles.5,17,18 

Chapter 2 shows the deposition of polypyrrole on Au random islands and nanorods 

under illumination of linearly polarized continuous-wave laser. The deposition prefers to 

occur at Au nanostructures with specific shape and aspect ratio. The deposition sites are 

the two ends of the nanostructures and along the polarization direction of incident laser.  
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The selectivity on nanoparticle’s shape (or aspect ratio) and on spatial sites shows that the 

polymerization was controlled by the hot carrier generation due to LSPR.  

In this chapter, the well-defined Au nanorods and pulsed laser are used. The 

geometric transformation of Au from rod to sphere are observed. This indicates the thermal 

effects of illumination. Plasmon thermal effects are discussed. It is found that the thermal 

effect is dominated by the plasmonic near-field.  

 

3.2 Experimental  
 

3.2.1 Fabrication of Au nanorods 

Experimental details refer to chapter 2. Briefly, arrays of Au nanorods were 

fabricated on single crystalline TiO2 (110) substrate via electron-beam lithography and lift-

off method. The height and width of nanorods were fixed as 60 nm and 50 nm. The rod 

length (L) varies from 50 nm to 200 nm. The edge-to-edge distance between adjacent 

nanorods was 500 nm. Au nanorods with the rod-length were fabricated within a block of 

8 μm × 10 μm. That is, each block contains 182 ~ 252 nanorods, depending on the 

respective particle size. 

 

3.2.2 Photoelectrochemical deposition of polypyrrole 

The optical path is shown in Figure 3.1. A beam of 355 nm laser produced from a 

Nd:YAG pulsed laser (Continuum Surelite II) was converted into two beams, ‘signal’ (410 

~ 710 nm) and ‘idler’ (710 ~ 2200 nm), via an optical parametric oscillator (OPO) 

(Continuum Surelite). After adjusting, the idler output a beam of 785 nm pulsed laser (pulse 

width = 3 ~ 5 nanoseconds; frequency = 10 Hz). A long-pass filter (cut on 700 nm) was 

used to filter out the unwanted remainder 645 nm light. The final output wavelength was 

checked with a compact spectrometer (Thorlabs CCS200/M; Range = 200 ~1000 nm). 

Power was measured by a thermal power meter (Gentec Laser Power & Energy Meter). 

The final laser spot size was measured roughly with a laser alignment burn paper. The laser 

spot was larger than the cell window, therefore, only part of the energy of the laser beam 

was utilized. 
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Figure 3.1 (a) Optical path of pulsed laser system. (b) Photo of laser spot (1.0 cm × 0.8 cm) 

that finally reaches the electrochemical cell. (c) The illumination area on TiO2 substrate is 

determined by the size of cell window (diameter = 0.47 cm). 

 

 

The electrolyte solution was 0.1 M NaClO4 acetonitrile solution containing 1 M of 

pyrrole. The electrode potential was fixed at +0.3 V vs. a home-made Ag/Ag+ (0.01 M 

AgNO3 and 0.1 M tetrabutylammonium perchlorate in acetonitrile) electrode. A piece of 

Pt plate was used as the counter electrode.  

The illumination conditions were 785 nm nanosecond pulsed laser with a duration 

of 4 nanoseconds and a repetition rate of 10 Hz. The time-averaged power was measured 

with a thermal power meter. The polarization direction of laser was tuned along the long 

axis of the nanorod. The illumination time was 3 min. 

 

 

3.2.3 Finite-difference time-domain (FDTD) calculations 

The near-field distribution in the vicinity of Au nanorods was calculated via the 

finite difference time-domain (FDTD) analysis using commercially available software 

(EEM-FDM, IMS Lab Inc.). Au nano-rod structures are supported on a 25 nm thick TiO2 

substrate. The width and height for Au nano-rod structure were 50 and 60 nm, respectively. 

The incident light wavelength was set to 785 nm and the polarization direction of the 

incident light was parallel to the long axis of the nanorod to excite the longitudinal plasmon 

modes.  
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3.3 Results and discussion 
 

3.3.1 Deposition of polypyrrole on random Au nanoparticles 

Figure 3.2 shows the deposition of polypyrrole around random Au nanoparticles 

under the illumination of the polarized pulsed laser (Iex = 18 mJ cm−2). Polarization 

direction is indicated with the double-headed arrows. Apparently, the deposition of 

polypyrrole has been successfully observed. The deposition position sites agree with the 

distribution of the generated electromagnetic field defined by the polarization of the 

incident light.  

One interesting feature is that the morphology of polypyrrole is different from that 

under CW illumination. This may be ascribed to that pyrrole has enough time for diffusion 

during the dark period between the laser pulses, compared with the continuous illumination.  

  

 

Figure 3.2 SEM images of localized deposition of polypyrrole around random Au 

nanoparticles. Deposition conditions: 785 nm pulsed laser, 85~88 mW; 0.5 M pyrrole in 
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acetonitrile solution; 3 min; +0.3 V vs. Ag/Ag+. Figures (b), (c), and (d) are the magnified 

images of the broken red circles in (a). The double-headed arrow indicates the polarization 

direction of laser. 

 

 

 

3.2.3 Position-shift and reshaping of Au nanorods 

  

Figure 3.3 shows the SEM images of Au nanorods on TiO2 substrate before and 

after being illuminated by 27 mJ cm−2 pulsed laser for 3 min. It was found that arrays of 

nanorods with a rod-length shorter than 130 nm were distorted to different extent. And, 

although pyrrole was present in the electrolyte solution and a positive enough potential was 

applied, no deposition of polypyrrole could be found in the vicinity of the nanorods. 

Comparing the position of Au nanorods before and after light illumination, one could judge 

that these nanorods were peeled-off then moved to a new position. During the fabrication, 

no adhesion layer, such as Ti or Cr, had been pre-deposited between the Au layer and the 

TiO2 substrate. Thus, the adhesion between Au and TiO2 is expected to be relatively weak. 

Usually, for a certain interface, the strength of adhesion depends on the contact area 

between deposited metal and the substrate. The smaller the size of the metal nanostructure 

is, the easier it was lost, during the electron-beam lithography. What’s interesting is, the 

peeled-off phenomenon is shown to be dependent on the aspect ratio. That is, the most 

distorted array is not the smallest ones (L= 50 in Figure 3.3) 

. 
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Figure 3.3 SEM images showing the position shift of Au nanorods before and after 270 

±10 mW/cm 2 785 nm pulsed laser illumination for 3 min. The left and right images are 

corresponding to the images obtained before and after laser illumination, respectively. The 

designed rod length are (a) 50, (b) 70, (c) 80, (d) 100, (e) 120 and (f) 200 nm, respectively. 

The double-headed arrow indicates the polarization direction of laser. 

 

To make clear this phenomenon, I made a statistics on the percent of Au nanorods 

whose were peeled off and removed. Several blocks of nanorods with a rod-length of 50 

nm ~ 160 nm were analyzed, as is shown in Figure 3.4. For the smallest nanorods, L50, all 

of them bare the pulsed laser illumination and retains at the initial positions. As the rod 

length increases from 40 to 100 nm, the percent of the peeled-off Au nanorods gradually 

increased. When the rod is longer than 130 nm, no peeled-off was observed. This rod-

length dependence could be correlated with the dipolar plasmon mode which is revealed 

by the Raman intensity as a function of rod length in section 2.3.3 (Figure 2.9d). Similar 

dimensions (100 nm long, 60 nm thick and 50 nm wide) of Au nanorods fabricated on glass 

substrate show a resonance wavelength at around 800 nm.19,20 For further conformation, 

the near-field distribution in the vicinity of Au nanorods supported on the TiO2 substrate 

immersed in water under illumination of 785 nm plane wave was simulated via the finite-
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difference time-domain (FDTD) calculation (Figure 3.5). As the rod length increases from 

40 nm to 160 nm, the near-field intensity increases first, then decreases. The maximum 

intensity appears at 100 nm rod. This is in coincidence with the curve of peeled-off percent 

in Figure 3.4, where the block of 100 nm rods was the most distorted one. This means that 

the strong near-field due to LSPR significantly affects the peeled-off phenomenon. 

According to the FDTD result, the 140 nm and 160 nm rods also show strong near-field 

intensity. However, for large nanorods, the adhesion also increases, which makes them 

difficult to be peeled off. 
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Figure 3.4 The percent of Au nanorods peeled off after illumination of 785 nm 270 ±10 

mW/cm2 pulsed laser as a function of the rod length. 

 

 

The difference between the FDTD simulation and the actual experiment should be 

noted. The theoretical estimated spatially distributions of the near field under the infrared 

light onto the various Au nano-rod are shown in Figure 3.5. First, the pulsed laser used in 

the experiment could deliver higher density of energy into the Au nanorods within the short 

pulse duration, compared with the continuous-wave light. This character was not accounted 

in the simulation. Second, the pyrrole in the electrolyte solution acts as the acceptor of hot 

holes, which helps the decay of LSPR and the cooling of Au nanorods. Besides, the actual 

dimensions of the Au nanorods prepared by electron-beam lithography are slightly 
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different from the designed values. SEM images show that the error of fabrication reaches 

5 ~10 nm.  

 

 

Figure 3.5 The distributions of near-field intensity on Au nanorods supported on the TiO2 

substrate immersed in water. The incident light wavelength is 785 nm. The color bars 

indicate the field intensity. The rod length for each structure is set to (a) 40, (b) 60, (c) 100, 

(d) 120, (e) 140, and (f) 160 nm, respectively. The rod width and the height were set to 50 

and 60 nm, respectively. The broken lines shown in (a) and (b) indicate the boundary of 

the Au nanorods. 

 

 

Another feature after illumination of the pulsed laser is the geometric 

transformation of the Au nanorods. As is shown in Figure 3.6, the rods with different initial 

length-to-width ratios are deformed to sphere. For a quantitative characterization, the 

aspect ratios before and after illumination are plotted as functions of rod length (Figure 

3.7). Since the width is fixed at 50 nm, as the rod length increases from 50 nm to 160 nm, 

the aspect ratio is expected to increase linearly from 1.0 to 3.2. Unfortunately, due to the 

fabrication error, the actual aspect ratio could not strictly falls on a line. The fabrication 

error is obvious especially for the short rods, L50, L60 and L70. After illumination, the 

rods longer than 130 nm retain their shape; while those shorter than 130 nm became round 

and their aspect ratios approach 1.0. For rods L50, L60 and L70, it is better to evaluate the 

reshaping directly from the SEM images. As is shown in Figure 3.6, the change of L70 is 

more obvious than that of L50 and L60. Thus, the significant geometric transformation 



48 
 

actually occurs for rods with a length of 70 ~ 120 nm, in coincidence with the tendency 

shown in Figure 3.4.  

 

Figure 3.6 SEM images showing the reshaping of Au nanorods before and after 

illumination of 270 ±10 mW/cm2 785 nm pulsed laser. The left and right images are 

corresponding to the images obtained before and after laser illumination, respectively. The 

designed rod length for each structure are (a) 50, (b) 60, (c) 70, (d) 80, (e) 100 and (f) 130 

nm, respectively. The double-headed arrow indicates the polarization direction of laser. 
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Figure 3.7 The change of aspect ratio (rod length divided by rod width) of Au nanorods 

after 785 nm 270 ±10 mW/cm 2 OPO pulsed laser illumination as a function of the rod 

length. The error bars show the standard deviation of the measured aspect ratio of rods. 

 

Combining the geometric transformation (Figure 3.6), the position shift (Figure 3.3) 

and the rod-length dependence (Figures 3.4 and 3.7), one can know that Au nanorods with 

different rod lengths were deformed to different extents. A slight deformation corresponds 

to the reshaping of the nanorods; while in a severe deformation, the Au nanorods were 

peeled-off and moved to a new position. The deformation could be ascribed to the thermal 

effect. The whole process could be described like that the Au nanorods were first melted, 

then peeled off and moved to a new position before cooling down. On one hand, if the 

thermal effect is only caused by the pulsed laser, the Au nanorods with large aspect ratios 

would be reshaped more easily. However, Figure 3.6 shows that the nanorods with large 

aspect ratios, for example L130, retain their initial sharp polygonal edges; while those with 

smaller aspect ratios became round. On the other hand, the rod-length dependence of 

peeled-off nanorods in Figure 3.4 appears as a peak centered around 100 nm. This 100 nm 

rod shows significantly enhanced near-field under 785 nm illumination due to LSPR. Thus, 

the change of Au nanorods is proved to be dominated by the plasmonic near-field. The 

nanorods under LSPR are selectively deformed due to the enhanced light absorption. This 
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is further confirmed by the dependence of the change of Au nanorods on the laser power 

density. Table 3.1 lists the change of nanorods under different illumination power densities. 

Under weak illumination, only L70, L80 and L90 were deformed. As the power density 

increases, more rods were changed, but the rod length of the deformed rods centered at 

about 90 nm, which should correspond to the strongest LSPR. 

 

Table 3.1 The rod length of the deformed rods under different illumination power densities.  

Laser power density (mW/cm2) rod length (nm) of deformed rods 

170 ±10 70 ~ 90 

270 ±10 70 ~ 120 

470 ±10 50 ~ 140 

 

 

Under LSPR, the light energy is efficiently absorbed by the free electrons in Au 

nanorods. The generated hot carriers (hot electrons or hot holes) could be used to induce 

chemical reactions, such as the polymerization of pyrrole; or they would decay via 

delivering energy to the lattice. The latter, thermalization process, as a competing pathway, 

may significantly affect the efficiency of hot carrier-induced reactions. And, when pulsed 

laser is used, the heat could accumulate in the vicinity of the Au nanorods within a short 

time. The rapidly accumulated heat may gasify the surrounding solution and prevent 

pyrrole from diffusing to the active sites at Au nanorods. Therefore, in order to improve 

the efficiency of plasmon-induced chemical reactions, thermal effects should be considered. 

The stability of Au nanorods could be improved by increasing the volume (thickness) and 

the contact area with the substrate. The thermal effect could be weaken by increasing the 

distance between particles, using lower pulse repetition rate and lower power density. 

Purification of pyrrole could improve the efficiency for capturing the hot holes.  

 

 

3.4 Conclusion 
 

In conclusion, deformation of Au nanorods under illumination of pulsed laser was 

investigated. A slight deformation appeared as the reshaping of rods to sphere and the 
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severe deformed nanorods were peeled off the substrate. The deformation extent is found 

to be correlated with the near-field intensity in the vicinity of Au nanorods. The plasmonic 

thermal effect dominates the deformation of Au nanorods, rather than pure thermal effect 

of laser pulses. Plasmonic thermal effect as well as the pulsed laser thermal effect may 

affect the hot carrier-induce electrochemical reactions. This investigation provides useful 

information for improving the efficiency of plasmon-induced chemical reactions and 

optimizing the utilization of plasmon-induced heat. 
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Chapter 4.  

Power dependence of SERS of graphene: plasmon thermal 

effect and oxidation of graphene 
 

4.1 Introduction 
 

As is described in Chapter 3, non-radiative decay of LSPR releases large amount of heat, 

which could deform the Au nanoparticles and elevate the local temperature of surrounding 

medium. Temperature increase lead to a red-shift of Raman G band1 and the radial breathing 

mode2 of single-walled carbon nanotube. This demonstrates that the Raman spectroscopy of 

carbon nanotube could act as a nanoscopic thermometer. However, the accumulated heat within 

the nanoscale space would also harm the chemical stability of the target material, even for the 

chemically inert carbon materials. The heat generated by the LSPR of Au nanodimers could 

lead to the local oxidation of single-walled carbon nanotube, especially in oxygen-rich 

environment.3  

In this chapter, the laser power effects on SERS of graphene in air were studied. It is 

found that the proportions between the band intensities and laser power varies significantly. The 

D band, which is induced by LSPR or defects, increases slower than proportionally at low laser 

power, but faster than proportionally at higher laser power. The low-power region is attributed 

to the change of metal structure morphology while the high-power region to the oxidation of 

graphene. Both are result of the LSPR. The findings emphasize that the Raman measurement is 

not always invasive. More attention on the chemical stability of target materials should be paid 

especially in the presence of LSPR. 

 

 

4.2 Experimental 
 

4.2.1 Synthesis and transfer of graphene.  

As is shown in Figure 4.1, the graphene was synthesized on copper foil (0.025 mm thick) 

via chemical vapor deposition (CVD) method at 1025 °C in a mixed flow of Ar (1000 sccm), 

H2 (20 sccm) and CH4 (0.36 sccm). Then, it was transferred onto indium tin oxide covered glass 
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(ITO glass) using poly(methyl methacrylate). After being transferred, the graphene sheet (~ 1.5 

cm2) was characterized with Raman microspectroscopy (Nanofinder 30, Tokyo Instruments Inc., 

Japan) under excitation of 514 nm laser. Figure 4.2 shows the typical Raman spectra of the 

transferred graphene. The intensity of D band indicates the density of structural defects within 

the laser spot. The intensity ratio between 2D band and G band tells the number of graphene 

layers.4 For single-layer graphene, this ratio should be larger than two under excitation of 514 

nm laser. In the experiment, the transferred graphene on ITO glass (Gr/ITO) was checked over 

a hundred random sites. Only the Gr/ITO samples with large area of monolayer and defect-free 

graphene were used for fabrication of Au/Gr/ITO.  

 

 

Figure 4.1 Scheme of synthesis of graphene (Gr) and its transferring onto indium tin oxide 

covered glass (Gr/ITO) with poly(methyl methacrylate) (PMMA). 

 

 

 

Figure 4.2 Typical Raman spectra of (a) defect-free and (b) defective single-layer graphene 

synthesized via CVD method and transferred onto indium tin oxide glass substrate 

measured in air. The excitation laser was 514 nm, 4.0 mW. The acquisition time was 60 

sec. Grey circles and lines are the experimental data and Lorentzian fits, respectively.  
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4.2.2 Fabrication of Au nanodimers on graphene.  

Au nanodimers consisting of pairs of tail-to-head triangles which were fabricated on 

Gr/ITO via angle-resolved nanosphere lithography. The preparation mainly consists of two 

parts: first, a close-packed Langmuir–Blodgett monolayer of polystyrene beads (PS beads) as 

mask, was fabricated on Gr/ITO; then, Au was deposited onto the mask/Gr/ITO from two 

different directions, as is shown in Figure 4.3. In details, 400 µL as-received aqueous suspension 

of PS beads (0.22 µm mean diameter, polysciences, Inc.) was concentrated in a centrifuge, then 

300 µL of the supernatant liquid was removed and 150 µL ethanol was added. The PS beads 

were re-dispersed in the water-ethanol mixture by sonication. To form a monolayer of PS beads, 

about 20 µL re-dispersed PS beads suspension was dropped onto and spread over the surface of 

Milli-Q water in a petri dish. For steady spreading of PS beads at the air-water interface, the PS 

beads suspension was dropped onto the convex point of a watch glass which was immersed 

slightly below the water surface. As the PS beads spreads, the water surface reflected a golden 

color, which indicated 200 nm thick monolayer. Then, the Gr/ITO, which was immersed in the 

water before dropping PS beads suspension, was lift out of water with a lifter made from a 

stainless steel wire. Since graphene is hydrophobic, the water and PS beads above it would be 

easily repelled off at the moment when the Gr/ITO went out of the water. As a result, the PS 

beads resided on the Gr/ITO were loosely packed and the resultant Au nanostructure became 

lines of connected triangles. There is a tip to solve this problem: paste hydrophobic tapes around 

graphene region on the Gr/ITO substrate. The monolayer of PS beads could be trapped within 

the hydrophobic barriers and remained on the Gr/ITO. The Gr/ITO covered with monolayer of 

PS beads was dried gradually in air, then was used for Au deposition.  

As shown in Figure 4.3b, with close-packed PS beads as the mask, gold was deposited 

onto the Gr/ITO from two different directions, +10° and −10° relative to the normal of the 

substrate. Most of the Au is deposited on the mask and the rest is deposited in the triangular 

interspaces of the PS nanospheres. Deposition from two directions make pairs of triangles. At 

each direction, totally 27 nm thick gold was deposit in three steps (9 nm × 3). For symmetricity 

of the dimers, after each deposition of 9 nm, the direction was altered. Finally, the mask and the 

gold on it were removed by sonication in Milli-Q water. The gold deposit on the graphene was 

left due to a stronger adhesion. 
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Figure 4.3 Schematic illustration of (a) fabrication of a close-packed monolayer of PS 

beads on Gr/ITO and (b) sputtering Au on Gr/ITO from two directions. 

 

4.2.3 Characterization of Au/Gr/ITO 

The as-prepared Au/Gr/ITO was characterized with SEM and extinction spectroscopy 

in air (Figure 4.4). The SEM image shows that the Au nanodimers consist of pairs of triangles 

and all of the long axes of dimers are aligned in the same direction. To show the presence of 

graphene, the view of SEM is chosen at the edge of graphene. Figure 4.4a shows that graphene 

is darker than the ITO in the SEM. The extinction spectra shows the anisotropic property of 

Au/Gr/ITO. When the polarization of incident light is parallel the long axis of dimers, the 

extinction shows a peak around 830 nm. This longitudinal mode of dimers originates from the 

coupling between plasmons of individual triangles, resulting in a significantly enhanced near-

field in the gap.5,6 The 785 nm laser is close to the LSPR peak therefore was used as the 

excitation source for SERS. 
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Figure 4.4 (a) SEM image and (b) polarization-dependent extinction spectra of Au/Gr/ITO. 

The thick and thin curves correspond to the polarization parallel and perpendicular to the 

axis of Au nanodimers, respectively. The dash vertical lines indicate 514 nm and 785 nm, 

two excitation wavelengths. 

 

4.2.4 SERS measurements 

SERS of Au/Gr/ITO was carried out with a Raman microspectroscope (Nanofinder 30, 

Tokyo Instruments Inc., Japan) under excitation of 785 nm continuous wave laser. The laser 

power started from 0.36 mW and gradually increased until 1.86 mW. For each power, the 

integration time was 60 sec. 

 

 

4.3 Results and discussion 
 

Figure 4.5a shows the SERS spectra of Au/Gr/ITO. Besides the G and 2D bands, which 

are universal for graphitic carbon, D band is also observed. Since the as-prepared graphene had 

been confirmed to be defect-free, the D band can be attributed to a) structural defects caused by 

laser illumination and/or b) the LSPR-induced breakdown of Raman selection rule. At the 

lowest power, the intensities of G and D bands are almost comparable, but at the highest power, 

the D band is significantly stronger than the G band. After the measurement at 1.85 mW, the 

power of laser was reset to 0.36 W. The SERS spectra at 0.36 mW measured before and after 

high-power measurement are shown in Figure 4.5b. Obviously, the intensity of G band does not 
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change significantly, but the intensity of D band is almost doubled. Moreover, the G band 

slightly blue-shifts. This blue-shift can be attributed to the emergence of D’ band. Therefore, it 

is believed that graphene is oxidized during the measurement. 

 

 

Figure 4.5 (a) SERS spectra of Au/Gr/ITO under increasing powers from (bottom) 0.36 mW 

to (top) 1.85 mW, in air. (b) SERS spectra of Au/Gr/ITO at 0.36 mW laser (top) before and 

(bottom) after illumination by at higher power of laser. 

 

 

To figure out the magnitude of laser power, with which graphene oxidization starts, the 

heights of D and 2D bands (HD and H2D) are plotted as functions of laser power (P). They are 

shown in Figure 4.6a. The 2D band is selected instead of G band because G band intensity is 

interference by additional signal such as D’ band. The height of 2D band is basically 

proportional to the laser power (𝐻𝐷 ∝ 𝑃). However, the D band height increases slower than 

proportionally when laser power is less than 1 mW (𝐻𝐷 ∝ 𝑃0.72). Above 1.0 mW, there is a 

boost of D intensity with laser power (𝐻𝐷 ∝ 𝑃2.24). After all the measurements, the laser power 

was tuned back to 0.36 mW. By this, the 2D height becomes 1/3 higher compared to the initial 

height, while the D band height is doubled. The ratios between the areas of D and 2D bands 

(AD/A2D) are also plotted in Figure 4.6b. There is a significant decrease of AD/A2D from 2.3 to 

1.6 below 1.0 mW, but it then increases significantly to 3.1 when laser power reaches 1.85 mW. 

After the laser power is reduced back to 0.36 mW, AD/A2D was kept at 3.1. These results suggest 

that Au/Gr/ITO experiences different changes under different laser power. 
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Figure 4.6 (a) D band and 2D band heights (H) at different laser powers. The dash lines represent 

the tendency of data points. The dot lines represent the proportional relations.  b) The ratios 

between the areas of D and 2D bands. Red data points are after measurement at higher laser 

power. 

 

 

Below 1.0 mW, the change of SERS spectra could be ascribed to the restructuring of 

Au. The D band in the SERS of defect-free graphene has been proved to be the result of 

breakdown of Raman selection rule.5 Basically, when photons are confined within a nanometer 

scale space, they gain wavevectors which are comparable to the reciprocal lattice vectors. Thus, 

the excitation from K point Dirac done to K’ point Dirac cone is enabled. This excitation is 

equivalent to a vertical excitation plus a defect scattering. That’s why the D band is observed in 

SERS. The intensity of D band depends on the degree of localization i.e. the morphology of 

metal nanostructure. With laser illumination, the elevated temperature could mobilize the Au 

atoms at the very sharp tips of triangles. Thus, the sharp tips are rounded to reduce the surface 

energy. When the laser power increases, the temperature becomes higher, so that the AD/A2D 

decreases faster. On the other hand, when the temperature is high enough, the oxidation of 

graphene starts in air. Even though the temperature may not be high enough for graphene 

oxidation under normal condition, localized surface plasmon has the potential to induce 

oxidation owing to the formation of active oxygen. The photo-excited graphene is also more 

reactive. That is why D band increases significantly at high laser power. 
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4.4 Conclusion 
 

In conclusion, the SERS of graphene was measured using Au nanodimer as LSPR 

activator. It was found that the D band intensity is not proportional to laser power. At low power, 

the restructuring of Au dimer reduces the plasmon-induced D band intensity. At high power, 

the oxidation of graphene significantly increases D band intensity. This research is very 

important demonstration to distinguish SERS signal of D bands from distinct origins, leading 

to the creation of novel technique to characterize the number of the defect in graphene.    
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Chapter 5.  

“G-band splitting” in SERS of graphene: non-vertical 

electronic excitation by plasmon 
 

5.1 Introduction 
 

The unique electronic dispersion of graphene makes it an ideal test bed for 

investigation of photoexcitation process.1–5 Single-layer graphene is a zero-gap 

semiconductor. Its valence band and conduction band touch each other at the high-

symmetry K and K’ points of the Brillouin. The electrons near the two inequivalent valleys 

behave as massless Dirac Fermions, characterized by a linear Dirac dispersion, E(k) = ħvFk, 

where vF is the Fermi velocity, k the wave6. The two-dimension energy dispersion relation 

is isotropic, forming the Dirac cone.3 Such linear electronic dispersion around the Dirac 

point endues graphene unique optical properties, such as the frequency-independent 

absorption7 and strong Raman scattering4 in the visible to near-infrared range. Within this 

range, the optical response of a pristine graphene is dominated by resonance interband 

transitions. Due to the resonant character, Raman scattering is very strong, even in an 

atomic layer of graphene. This enables Raman spectroscopy a powerful tool to observe any 

tiny change in the electronic transition and electron-phonon interaction.8–10, 6, 11, 12 For 

example, Raman G band is highly dependent on the electronic population of the band 

structure of graphene. When the Fermi level of graphene moves away from the Dirac point, 

either n-type doped or p-type doped, the G band shifts to higher energies (larger 

wavenumbers in Raman spectra) and the G band width decreases. These features of G band 

is due to the change of phonon dispersion under charge doping. In turn, G band behavior 

reflects the photoexcitation process. 

LSPR adds new features to the Raman of graphene.13–15, 16, 17 For instance, a 

significantly enhanced D band is observed in the surface enhanced Raman spectroscopy (SERS) 

of a defect-free graphene, as is described in Chapter 4 and previous reports13, 14, 18. Recently, 

‘G-band splitting’ was observed after depositing several-nanometer Au or Ag on graphene, 

where the G band at ca. 1600 cm-1 became broad and could be decomposed into two or 

three subbands.19–22 Various explanations have been proposed, such as the wrinkles,22 the 
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strain,21 and the removal of the degeneracy between the in-plane transverse optical (iTO) 

and in-plane longitudinal optical (iLO) modes at the Γ point19. However, in these 

experiments, the metal nanoparticles with random structures have broad absorption spectra 

and weak near-fields, which results in an unclear ‘splitting’ and has limited a deep study 

on the interesting light-matter interaction underlying this phenomenon. 

In this chapter, SERS of the Au nanodimers-decorated defect-free monolayer 

graphene was investigated with high spectral resolution of Raman spectroscopy. Three 

Raman bands around 1600 cm-1 were clearly resolved if the laser frequency is in resonance 

with the localized surface plasmon of Au nanodimer; but only a single G band was 

observed otherwise. Therefore, the origin of multiple bands must be a direct result of LSPR. 

Furthermore, the behavior of the bands under controlled electrochemical potentials was 

investigated. According to their distinct behaviors, these bands are assigning to the G band, 

D’ band and D7 band. A model of plasmon-assisted Raman scattering process was 

proposed. With LSPR, the wavevectors of photons can be extended to be comparable with 

the reciprocal lattice vectors. Thus, excitons in graphene can have non-zero momenta, 

which enables non-vertical electronic transitions and various electron-phonon scattering 

pathways. Furthermore, Raman spectra of graphene at high doping levels were investigated. 

The quantum interference effects of intrinsic graphene disappear in SERS, as a result of 

additional non-vertical transition channels. 

 

 

5.2 Experimental 
 

Au/Gr/ITO and Gr/ITO samples were prepared with the same method as that 

introduced in Chapter 4. The Gr/ITO was confirmed to be monolayer and defect-free via 

Raman spectroscopy under excitation of 514 nm laser.  

Electrochemical Raman spectra of Au/Gr/ITO and Gr/ITO samples were carried 

out with a Raman microspectroscope (Nanofinder 30, Tokyo Instruments Inc., Japan) under 

excitation of continuous-wave laser, as is shown in Figure 5.1. A 100 × objective with a 

numerical aperture = 0.80 and a working distance = 4.5 mm (TU Plan ELWD, Nikon co., 

Japan) was used. The groove density of the grating was 1200 grooves/mm. According to 

the full width at half maximum (FWHM) of Rayleigh scattering (Figure 5.1b), the spectral 
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resolution was 1.41 cm-1. The power and illumination times are 15.4 mW, 60 sec for 

Gr/ITO and 1.0 mW, 10 sec for Au/Gr/ITO, respectively. The electrode potential of was 

controlled via a three-electrode system in which the counter and reference electrodes were 

a Pt plate and home-made Ag/AgCl (sat. KCl a.q.) electrode, respectively. For section 5.3.2 

and 5.3.3, the electrolyte solution was a pH = 2 buffer solution consisting of 0.075 M 

NaH2PO4 and 0.1 M H3PO4. In order to observe the behaviors of Raman bands of graphene 

under high doping levels (section 5.3.4), saturated NaClO4 aqueous solution (at room 

temperature) was used as the electrolyte solution.   

 

 

Figure 5.1 (a) Setup for the electrochemical Raman spectroscopy. WE, working electrode; 

RE, reference electrode; CE, counter electrode. (b) Spectrum (circles) and the Lorentzian 

fit (lines) of Rayleigh scattering with grating of 1200 grooves/mm. The FWHM is 3.17 

pixel, corresponding to 1.41 cm−1. 

 

5.3 Results and discussion 
 

5.3.1 ‘G-band splitting’ in SERS of Au/Gr/ITO 

Raman spectra of as-prepared Gr/ITO and Au/Gr/ITO are shown in Figure 5.2a. 

The spectrum of pristine graphene shows a G band at ~ 1585 cm-1 and a 2D band at ~ 2590 

cm-1, both of which have symmetric Lorentzian shapes. In contrast, Au/Gr/ITO shows 

additional bands. The band at ~ 1305 cm-1 under 785 nm excitation, and ~ 1346 cm-1 under 

514 nm excitation are in accordance with the D band from structurally defective graphene. 
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However, our graphene has been confirmed to be defect-free. Moreover, the D band is 

pretty weak under 514 nm illumination (out of resonance with LSPR) but strong under 785 

nm illumination (in resonance with LSPR). Thus, it should be ascribed to the influence 

from LSPR13,14. In Raman spectroscopy of graphene, the D band requires that the electrons 

and holes are in neighboring Dirac cones (i.e. the difference between their wavevectors is 

close to that of K point), which is achieved by the elastic scattering of excited electrons by 

defects23. However, in SERS of graphene, the wavevector separation is achieved by 

plasmon-induced electronic excitation.13,14  

 

 

Figure 5.2 (a) Raman spectra of Gr/ITO under illumination of (bottom) 16 mW, 785 nm 

laser and those of Au/Gr/ITO under illumination of (middle) 1 mW, 514 nm laser and (top) 

1 mW, 785 nm laser. (b) The close-up of the Raman spectrum of Au/Gr/ITO circled in the 

dashed box in penal a. The open circles are raw data. The blue, orange and cyan lines are 

Lorentzian fits. The grey lines are the baseline and envelope. 

 

 

More interestingly, totally 3 subbands are found around 1600 cm−1 on Au/Gr/ITO 

under 785 nm laser excitation. The close-up of this part of spectrum is shown in Figure 

5.2b. The raw data can be fitted by three Lorentzian functions. Similar “G-band splitting” 

was previously reported after deposition of metals on graphene19–22, and other cases, for 

example, the graphene supported by Au nanodimers15, strained graphene24 and bilayer 
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graphene25,26. Previously, the split of G band was ascribed to several different reasons: 1) 

the lifting of the degeneracy of the in-plane transverse optical (iTO) and in-plane 

longitudinal optical (iLO) modes at the Γ point caused by some unclear kind of metal-

graphene interaction21; 2) a uniaxial strain in graphene21,15,24; 3) the localized metallic edge 

states of zigzag-edged graphene28; 4) the optical phonon mixing in double-layer 

graphene25,26. None of these reasons could explain the dependence of G-splitting on 

excitation energy. For the same Au/Gr/ITO sample, the G-splitting was never observed 

under 514 nm excitation. Thus, the appearance of multiple bands should be ascribed to the 

excitation of LSPR of Au nanoparticles.  

Note that, the G-splitting in SERS of graphene supported by Au nanodimers15 

should be distinguished from my result. In the former case, the resultant first two subbands 

both red-shift with respect to the intrinsic G band of graphene, which could be ascribed to 

the strain arose in graphene.15 In contrast, in my case, the first two subbands locate below 

and above the energy of intrinsic G band of Gr/ITO. Figure 5.3 shows the distribution of 

G and 2D bands measured at different positions on the same sample. For Gr/ITO under 

excitation of 514 nm or 785 nm laser, the 2D band position shifts linearly with G band, 

which is affected by the residual strain and local doping of graphene. For Au/Gr/ITO under 

785 nm excitation, the first two of three subbands around 1600 cm-1 are plotted. Both of 

the first two sub-bands shift linearly with 2D band with a similar slope as that of Gr/ITO. 

This means that the strain distribution in graphene layer is not changed during Au 

deposition. It also confirms that the ‘G-splitting’ in my result is not due to mechanical 

strain.  
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Figure 5.3 Relative position of G band and 2D band of Gr/ITO and Au/Gr/ITO under 

excitation of 514 nm or 785 nm laser. For Au/Gr/ITO, since the G band is split, the first 

two subbands are plotted instead.  

 

 

Au nanodimer has anisotropic geometry and shows different plasmon modes under 

different polarization directions. Figure 5.4 shows the polarization dependence of SERS of 

Au/Gr/ITO. ‘G-band splitting’ is present at all of the polarization directions and the 

positions of the three subbands around 1600 cm-1 are not shifted by different plasmon mode 

(Figure 5.4b). This means that the gap (longitudinal) plasmon mode is not the necessary 

preconditions for ‘G-band splitting’. Actually, ‘G-band splitting’ was also observed when 

single nano-triangles were used. The change of polarization direction only alters the 

enhancement of near-field and causes different Raman band intensities (Figure 5.4c). 

Among all the bands, the D band intensity is most sensitive to the polarization. 
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Figure 5.4 (a) Polarization-dependent Raman spectra of Au/Gr/ITO under illumination of 

785 nm laser measured in air. From top to bottom, the laser polarization direction alters 

from 0° to 90° with respect to the long axis of Au nanodimers. The power of laser and the 

acquisition time were 1 mW and 20 sec, respectively. (b) Raman shift of the three subbands 

around 1600 cm-1 as a function of polarization direction. (c) Variation of the band 

intensities with polarization direction.  

 

5.3.2 Electrochemical SERS of Au/Gr/ITO 

To make clear the origin of the multiple bands around 1600 cm−1, electrochemical 

Raman spectroscopy was carried out. The potential-dependent Raman spectra and the 

Lorentzian fitting results are shown in Figures 5.5 and 5.6 respectively. For Gr/ITO, the G 

band has the lowest Raman shift when the graphene is charge-neutral, and shifts to higher 

frequencies when the graphene is electron- (negative potentials) or hole-doped (positive 

potentials). This is consistent with previous results.8,9,11 In contrast, the 3 sub-bands around 

1600 cm−1 of Au/Gr/ITO behave distinctly. The bands around 1615 cm−1 can be assigned 

to D’ band according to its Raman shift. The band around 1595 cm−1 is about the frequency 

of G band; and its position evolves similarly to the G band (upward triangles in Figure 5.6), 

i.e. it red-shifts as doping level decreases. Hence, it should be the G band of graphene. The 

band at about 1580 cm−1 behaves differently from the G band (downward triangles in 

Figure 5.6). According to the phonon dispersion of graphene, this band energy could 

correspond to an iTO phonon mode, which involves an intravalley scattering process and 

was previously nominated D7 band.29 The visualization of these multiple bands in SERS 

and their distinct behaviors are explained below. 
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Figure 5.5 Raman spectra of (a) Gr/ITO and (b) Au/Gr/ITO excited by 785 nm laser under 

controlled electrochemical potentials vs. Ag/AgCl sat. from −0.6 V (bottom) to +0.6 V 

(top) with an interval of 0.2 V. The power and illumination time were (a) 15.4 mW, 60 sec 

and (b) 1.0 mW, 10 sec, respectively. The vertical broken lines are a reference for band 

position. 
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Figure 5.6 Potential-dependent Raman band position of (open circles) Gr/ITO and (solid 

triangles) the Au/Gr/ITO under 785 nm laser excitation. The upward and downward solid 

triangles represent the first two subbands around 1600 cm-1, respectively. 

 

5.3.3 Plasmon-mediated Raman scattering 

In principle, all Raman scattering processes consist of three steps: excitation of 

electrons by photons, inelastic scattering of electrons by phonons and emission of photons 

by the recombination of electrons and holes. In normal Raman spectroscopy, the 

wavevector of the incident far-field photons are negligible compared to those of the 

reciprocal lattice vectors of graphene. Thus, the wavevectors of phonons involved in 

Raman scattering must be zero. That’s why a single G band, corresponding to the phonon 

at the center of the Brillouin zone, is observed. If the graphene is defective, the excited 

electrons can be elastically scattered by the defect to states on the other side of the Dirac 

cone, which is then inelastically scattered by iLO phonons to the original wavevector. 

These phonons of nonzero wavevector observed in defective graphene are D’ band.4,23 D7 

band has a similar intraband Raman process as D’ band, with an iTO phonon involved, 

instead. However, the iTO mode is Raman inactive because this oscillation results in 

symmetric polarizability. Thus, D7 band is usually not observed. Figure 5.7a illustrates the 

resonant Raman scattering processes of G band and plasmon-induced D7 and D’ bands. In 

SERS, the photons are spatially confined within nanoscale due to LSPR. According to the 

uncertainty principle, the distribution of momenta of photons are broadened by the spatial 

confinement. Thus, electron excitation with change of wavevectors is enabled, such as 



70 
 

those in D7 and D’ processes in Figure 5.7a. The excited electrons can be scattered back 

by iLO phonons to the original wavevector and recombine with the holes. That explains 

the observation of D’ band in SERS of defect-free graphene. As for D7 band, the strong 

field gradient destroys the translational symmetry of system, making the iTO detectable by 

Raman spectroscopy. Note that, by adopting the non-zero wavevector excitations, all the 

D’ and D7 processes can be resonance processes, which results in much stronger band 

intensities. That is why the D7 and D’ bands appear so strong in SERS. 

 

 

Figure 5.7 Schematic illustration of Raman scattering processes of (a) G band (orange), D7 

band (blue) and D’ band (cyan). (b) Plasmon-mediated G bands. The solid straight arrows 

represent the far-field excitation and emission. The curved arrows represent the plasmon-

mediated excitation and emission. The dashed straight arrows represent the change of 

electron energies and momenta during inelastic scattering with phonons. 

 

 

The distinct behaviors of G, D7 and D’ bands under electrochemical potentials can 

be understood from the phonon dispersion of graphene (Figure 5.8). The G band 

corresponds to the doubly degenerate iTO and iLO phonons at the Γ point. Theoretical 

calculation shows that Kohn anomaly (softening of phonon due to electron-phonon 

interaction) takes place on the highest optical phonon mode at the Γ point of undoped 

graphene.30 Experiments and calculations have shown that charge carriers remove the 

Kohn anomaly, resulting in an increase of G phonon frequency.6,31–34 However, the 

phonons corresponding to D7 and D’ bands are away from the Γ point. They are not 
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affected by the Kohn anomaly so their energies are not sensitive to electrochemical 

potential change.  

LSPR confines not only the incident photons, but also the scattered photons. Thus, 

the recombinating electrons and holes do not need to have the same wavevector. A variety 

of Raman processes are enabled by it. Figure 5.7b shows plasmon-mediated G band 

processes, in which both excitation and emission are coupled with the localized surface 

plasmon. In this case, not only the phonon at Γ point but also those with non-zero 

wavevectors near the Γ point are detectable by Raman spectroscopy. Contribution of the 

wide range of wavevector of phonons results that the observed “G” band is only weakly 

affected by the Kohn anomaly. In other words, the Kohn anomaly is partially removed even 

if charge density is zero. This explains why the potential-dependent G band position of 

Au/Gr has a ‘flat’ bottom, distinct from that of the pristine graphene (Figure 5.6a). 

 

 

Figure 5.8 Schematic illustration of change of the phonon dispersion of graphene due to 

charge doping. 

 

5.3.4 Raman and SERS of graphene under high doping levels 

In order to observe the behaviors of Raman bands of graphene under high doping 

levels, saturated NaClO4 aqueous solution (at room temperature) was used as the electrolyte 

solution.  Figure 5.9 shows the cyclic voltammetry of Au/Gr/ITO and Gr/ITO in saturated 

NaClO4 aqueous solution. The Gr/ITO is inert in a wide potential window from −1.0 V to 

+1.5 V vs. Ag/AgCl sat., as reported previously35. However, the presence of Au 

nanodimers narrows it. 



72 
 

-1.0 -0.5 0.0 0.5 1.0 1.5

-40

-30

-20

-10

0

10

C
u
rr

e
n
t 
(

A
)

Potential (V vs. Ag/AgCl sat.)

 Au/Gr/ITO

 Gr/ITO

 

Figure 5.9 Cyclic voltammetry of (broken) Au/Gr/ITO and (solid) Gr/ITO in saturated 

NaClO4 aqueous solution. The potential scanning rate was 50 mV/sec. The electrode 

surface was about 1.8 cm2. 
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Figure 5.10 Differential extinction spectra of Au/Gr in saturated NaClO4 aqueous solution. 

The reference spectrum was measured at −1.0 V vs. Ag/AgCl sat.. The potential scan 

sequence was (solid) −1.0 V  0 V +1.2 V  +1.8V, then to (broken) +1.0 V  0 V 

 −1.0 V  −1.2 V  −1.4 V, finally back to (dot) −1.0 V.  

 

 

The stability of Au nanodimers and ITO layer under potential scanning was 

characterized with differential extinction spectra (Figure 5.10). The reference spectrum 
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was measured at −1.0 V vs. Ag/AgCl sat. The potential was first scanned (solid lines) from 

−1.0 V to +1.8V, then back (broken lines) to −1.4 V, finally again to −1.0 V (dot lines). 

Within −1.0 V to +1.8V, the extinction changes reversibly with potential. The change 

mainly locates at 600 nm ~ 800 nm, which is caused by the shift of LSPR peak. When 

potential reaches −1.4 V, distinct change appears, especially at short wavelength < 600 nm, 

which indicates the reduction of ITO layer36. The reduction of ITO layer irreversibly 

changes the optical property of the substrate. According to the cyclic voltammetry and the 

differential extinction spectra, the negative limit of electrode potential should be −1.0 V ~ 

−1.2 V, for the stability of Au nanodimers and ITO layer. The Au and ITO could bare 

positive potentials up to about +1.8 V. However, the graphene would be oxidized under 

illumination of laser, which would be seen from the Raman measurement. 

Figure 5.11 shows the Raman spectra and Lorentzian fitting analysis of Gr/ITO 

under varying potentials. The significant change is the band intensity (band height or 

frequency-integrated area) of G and 2D bands. The Dirac point of graphene is about −0.1 

V, according to the minimum of G band energy. 2D band intensity reaches maximum at 

Dirac point and decreases when the doping level of graphene increases, either in n-doped 

or p-doped regime. This is a result of blocking of Raman scattering pathways due to charge 

doping. Briefly, 2D band Raman scattering is a second-order process, in which two 

phonons with wavevector close to the K point in the Brillouin zone are simultaneously 

excited. According to the quantum interference theory37, there are different possible 

pathways for the 2D band, not only the double-resonance one38, but also non-resonance 

ones. All the different pathways interfere constructively. Thus, as the Fermi level leaves 

away from the Dirac point, the intersection of valence band and conduction band, the 

valence band becomes empty in p-doping regime; or the conduction band becomes filled 

in n-doping regime. Due to Pauli exclusion principle, the allowed electronic transition 

paths become less. The blocking of electronic transition makes the 2D band intensity 

decrease. 

G band intensity increases suddenly at high doping level, where 2D band becomes 

not detectable. According to the quantum interference theory37, the Raman pathways of G 

band could be on resonance, close to resonance or off resonance. All of these different G 

band pathways interference destructively, in contrast to 2D band. As the doping level 
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increases, the blocking of electronic transition suppresses the destructive interference 

gradually. At a specific doping level, where the destructive interference is eliminated 

totally, G band intensity reaches the maximum. The critical doping level is 

2|𝐸𝐹| = 𝐸𝐿 −
ħ𝜔𝐺

2
 

where the EF is the Fermi energy (eV), EL the laser energy, and ħ𝜔𝐺the energy of G phonon. 

For 785 nm (1.58 eV) laser, G band reaches the maximum as the Fermi energy reaches 

0.74 eV. Using saturated NaClO4 aqueous solution, the Fermi energy of graphene is tuned 

up to 0.74 eV at about +0.9 V vs. Ag/AgCl sat. For 514 nm (2.41 eV) laser, the critical 

Fermi energy for G band maximum is 1.65 eV, which is far beyond the potential range in 

the experiment (Figure 5.12). 

 

 

Figure 5.11 (a) Raman spectra of Gr/ITO under potentials from (bottom) −1.0 V to (top) 

+1.1 V vs. Ag/AgCl sat. with an interval of 0.1 V. The illumination conditions were 785 

nm, 15.76 mW, 120 sec. The grating density was 300gr/mm. The electrolyte solution was 
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NaClO4 saturated aqueous solution. (b) Dependence of band position, width, height and 

area of (squares) G and (disks) 2D bands on electrochemical potentials. Both of G and 2D 

bands were fitted with Lorentzian functions.  

 

 

 

Figure 5.12 (a) Raman spectra of Gr/ITO under potentials from (bottom) −1.0 V to (top) 

+1.0 V vs. Ag/AgCl sat.. The illumination conditions were 514 nm, 4.0 mW, 60 sec. The 

grating density was 1200gr/mm. The electrolyte solution was NaClO4 saturated aqueous 

solution. (b) Dependence of band position, width, height and area of (squares) G and (disks) 

2D bands on electrochemical potentials. Both of G and 2D bands were fitted with 

Lorentzian functions. 
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Plasmon modified the G band process and makes the quantum interference effect 

invalid. As is shown in Figure 5.13, the Dirac point remains at about −0.1 V, according to 

the 2D band maximum. The G band intensity decreases monotonically as the doping level 

increases in the p-doping regime. 2D band process is not affected by the plasmon, thus its 

behavior is the same as that of Gr/ITO in Figures 5.11. 

The additional peaks (at 1270 cm−1, 1311 cm−1, 1476 cm−1 and 1555 cm−1) at 

negative potentials, are from by-reaction under illumination of strong near-field. The 

reaction is reversible and localized within the laser spot, but it leads to potential loss. It 

makes the doping level of the graphene layer could not be tuned as effective as in positive 

range. This could be seen from the G band position and 2D band intensity as functions of 

potential. 

 

 

Figure 5.13 (a) Raman spectra of Au/Gr/ITO under potentials from (bottom) −0.9 V to 

(top) +1.3 V vs. Ag/AgCl sat.. The illumination conditions were 785 nm, 0.78 mW, 30 sec. 
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The grating density was 1200gr/mm. The electrolyte solution was NaClO4 saturated 

aqueous solution. The colorful lines are the Lorentzian fits of band around 1600 cm-1. (b) 

Dependence of band position, width, height and area of D, D7, G, D’ and 2D bands on 

electrochemical potentials. All of the bands were fitted with Lorentzian functions. 

Finally, oxidation of graphene under illumination of laser at high positive potentials 

could be seen from the Raman spectra. As is shown in Figures 5.12 and 5.13, at high 

positive potentials, D band appears for Gr/ITO under illumination of 4 mW 514 nm laser; 

and the D band and G bands significantly broaden for Au/Gr/ITO under illumination of 

0.78 mW 785 nm laser. These irreversible change of Raman features indicates the oxidation 

of graphene. 

 

 

5.4 Conclusion 

 

In conclusion, plasmon-induced Raman bands of defect-free single-layer graphene 

were studied. The influence from LSPR was investigated in detail via the electrochemical 

SERS. The multiple bands around 1600 cm-1 observed in SERS were assigned to the G 

band, D’ band and D7 band. Models of plasmon-mediated Raman scattering processes 

were proposed. It was found that the broadening of wavevector distribution of incident and 

emitted light by spatial confinement, and the destroying of bilateral symmetry of by strong 

field gradient cause the breakdown of selection rule in Raman spectroscopy. The plasmon-

modified G band process remove the quantum interference effect at high doping levels.  

These findings demonstrate the modification of photoexcitation by LSPR. The non-

vertical electronic transitions have potential to change the energy distribution of hot 

electrons and holes. Under the standard selection rules for optical electronic transitions, the 

electrochemical potentials of hot electrons and holes are specified by the excitation photon 

energy. In the presence of LSPR, the non-vertical transitions broaden the energy 

distribution of hot carriers; and the energy range is expected to be tuned by both the Fermi 

energy and the excitation photon energy.  

 

 



78 
 

References 
 

1. Castro Neto, A. H., Guinea, F., Peres, N. M. R., Novoselov, K. S. & Geim, A. K. The 

electronic properties of graphene. Rev. Mod. Phys. 81, 109–162 (2009). 

2. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mater. 6, 183 (2007). 

3. Mak, K. F., Ju, L., Wang, F. & Heinz, T. F. Optical spectroscopy of graphene: From the 

far infrared to the ultraviolet. Solid State Commun. 152, 1341–1349 (2012). 

4. Ferrari, A. C. & Basko, D. M. Raman spectroscopy as a versatile tool for studying the 

properties of graphene. Nat. Nanotechnol. 8, 235–246 (2013). 

5. Malard, L. M., Pimenta, M. A., Dresselhaus, G. & Dresselhaus, M. S. Raman 

spectroscopy in graphene. Phys. Rep. 473, 51–87 (2009). 

6. Pisana, S. et al. Breakdown of the adiabatic Born-Oppenheimer approximation in 

graphene. Nat Mater 6, 198–201 (2007). 

7. Nair, R. R. et al. Fine Structure Constant Defines Visual Transparency of Graphene. 

Science (80-. ). 320, 1308 LP-1308 (2008). 

8. Das, A. et al. Monitoring dopants by Raman scattering in an electrochemically top-gated 

graphene transistor. Nat. Nanotechnol. 3, 210–215 (2008). 

9. Yan, J., Zhang, Y., Kim, P. & Pinczuk, A. Electric field effect tuning of electron-phonon 

coupling in graphene. Phys. Rev. Lett. 98, 166802 (2007). 

10. Sun, B. Y., Zhou, Y. & Wu, M. W. Dynamics of photoexcited carriers in graphene. Phys. 

Rev. B 85, 125413 (2012). 

11. Chen, F., Qing, Q., Xia, J., Li, J. & Tao, N. Electrochemical gate-controlled charge 

transport in graphene in ionic liquid and aqueous solution. J. Am. Chem. Soc. 131, 9908–

9909 (2009). 

12. Zhong, J.-H. et al. Interfacial capacitance of graphene: Correlated differential capacitance 

and in situ electrochemical Raman spectroscopy study. Electrochim. Acta 110, 754–761 

(2013). 

13. Kusch, P. et al. Quantum Nature of Plasmon-Enhanced Raman Scattering. (2015). 

14. Ikeda, K. et al. Plasmonically nanoconfined light probing invisible phonon modes in 

defect-free graphene. J. Am. Chem. Soc. 135, 11489–11492 (2013). 

15. Wasserroth, S. et al. Graphene as a local probe to investigate near-field properties of 

plasmonic nanostructures. Phys. Rev. B 97, 155417 (2018). 

16. Stiles, P. L., Dieringer, J. A., Shah, N. C. & Van Duyne, R. P. Surface-Enhanced Raman 

Spectroscopy. Annu. Rev. Anal. Chem. 1, 601–626 (2008). 

17. Willets, K. A. & Van Duyne, R. P. Localized Surface Plasmon Resonance Spectroscopy 

and Sensing. Annu. Rev. Phys. Chem. 58, 267–297 (2007). 

18. Wang, P. et al. Reversible defect in graphene investigated by Tip-enhanced Raman 

spectroscopy. Plasmonics 7, 555–561 (2012). 



79 
 

19. Lee, J., Novoselov, K. S. & Shin, H. S. Interaction between metal and graphene: 

dependence on the layer number of graphene. ACS Nano 5, 608–612 (2010). 

20. Lee, J., Shim, S., Kim, B. & Shin, H. S. Surface-Enhanced Raman Scattering of Single- 

and Few-Layer Graphene by the Deposition of Gold Nanoparticles. Chem. Eur. J. 17, 

2381–2387 (2011). 

21. Qiu, C., Zhou, H., Cao, B., Sun, L. & Yu, T. Raman spectroscopy of morphology-

controlled deposition of Au on graphene. Carbon N. Y. 59, 487–494 (2013). 

22. Kalbac, M., Vales, V. & Vejpravova, J. The effect of a thin gold layer on graphene: a 

Raman spectroscopy study. RSC Adv. 4, 60929–60935 (2014). 

23. Thomsen, C. & Reich, S. Double resonant Raman scattering in graphite. Phys. Rev. Lett. 

85, 5214 (2000). 

24. Mohiuddin, T. M. G. et al. Uniaxial strain in graphene by Raman spectroscopy: G peak 

splitting, Grüneisen parameters, and sample orientation. Phys. Rev. B 79, 205433 (2009). 

25. Ando, T. & Koshino, M. Field Effects on Optical Phonons in Bilayer Graphene. J. Phys. 

Soc. Japan 78, 34709 (2009). 

26. Yan, J., Villarson, T., Henriksen, E. A., Kim, P. & Pinczuk, A. Optical phonon mixing in 

bilayer graphene with a broken inversion symmetry. Phys. Rev. B 80, 241417 (2009). 

27. Biroju, R. K. & Giri, P. K. Defect Enhanced Efficient Physical Functionalization of 

Graphene with Gold Nanoparticles Probed by Resonance Raman Spectroscopy. J. Phys. 

Chem. C 118, 13833–13843 (2014). 

28. Yang, R., Shi, Z., Zhang, L., Shi, D. & Zhang, G. Observation of Raman g-peak split for 

graphene nanoribbons with hydrogen-terminated zigzag edges. Nano Lett. 11, 4083–4088 

(2011). 

29. Bernard, S., Whiteway, E., Yu, V., Austing, D. G. & Hilke, M. Probing the experimental 

phonon dispersion of graphene using 12 C and 13 C isotopes. Phys. Rev. B 86, 85409 

(2012). 

30. Piscanec, S., Lazzeri, M., Mauri, F., Ferrari, A. C. & Robertson, J. Kohn Anomalies and 

Electron-Phonon Interactions in Graphite. Phys. Rev. Lett. 93, 185503 (2004). 

31. Lazzeri, M., Piscanec, S., Mauri, F., Ferrari, A. C. & Robertson, J. Phonon linewidths and 

electron-phonon coupling in graphite and nanotubes. Phys. Rev. B 73, 155426 (2006). 

32. Lazzeri, M. & Mauri, F. Nonadiabatic Kohn anomaly in a doped graphene monolayer. 

Phys. Rev. Lett. 97, 266407 (2006). 

33. Ando, T. Anomaly of Optical Phonon in Monolayer Graphene. J. Phys. Soc. Japan 75, 

124701 (2006). 

34. Hasdeo, E. H., Nugraha, A. R. T., Dresselhaus, M. S. & Saito, R. Fermi energy 

dependence of first-and second-order Raman spectra in graphene: Kohn anomaly and 

quantum interference effect. Phys. Rev. B 94, 75104 (2016). 

35. Tomiyasu, H. et al. An aqueous electrolyte of the widest potential window and its superior 

capability for capacitors. Sci. Rep. 7, 45048 (2017). 

36. Benck, J. D., Pinaud, B. A., Gorlin, Y. & Jaramillo, T. F. Substrate Selection for 



80 
 

Fundamental Studies of Electrocatalysts and Photoelectrodes: Inert Potential Windows in 

Acidic, Neutral, and Basic Electrolyte. PLoS One 9, e107942 (2014). 

37. Chen, C. F. et al. Controlling inelastic light scattering quantum pathways in graphene. 

Nature 471, 617–620 (2011). 

38. Ferrari, A. C. et al. Raman Spectrum of Graphene and Graphene Layers. Phys. Rev. Lett. 

97, 187401 (2006). 

 

  



81 
 

Chapter 6.  

General Conclusion 
 

In this thesis, I investigated the photo absorption, scattering, and hot carrier 

generation in the presence of LSPR under electrochemical circumstances, defined as the 

plasmonically-powered processes. The systems showing the plasmon-induced exotic 

electronic transitions were designed, constructed, and interrogated to realize the formation 

of hot carriers with very characteristic electrochemical potential for chemical reactions. 

First, I studied the effects of longitudinal plasmon modes of Au nanorods on the 

electrochemical polymerization of pyrrole. The charge transfer efficiency is found to be 

dependent on the shape of metal nano-structures. The findings demonstrate the relation 

between plasmon mode, excitation wavelength and the shape of metal. It shows the 

possibility to carry out chemical reactions on a specific metal structure with a variety of 

photon energies and remotely control the reaction sites with nanometer preciseness. 

Then, in chapter 3, the plasmon thermal effects on the excitation process is 

investigated. It is found that the intense pulse laser leads to the shape transformation of Au 

nanorods and further peeled off the TiO2 substrate under resonance condition. The findings 

show that the stability of plasmonic metal nanostructures is critical in plasmon-induced 

chemical reactions.  

In chapter 4, the Raman spectra of Au-covered graphene under resonance 

illumination were measured with increasing laser power. The D-to-2D band intensity ratio 

in the lower power regime suggests the reshaping of Au nanodimers; while the ratio in the 

higher power regime indicates the irreversible oxidation of graphene. Thus, attention 

should be to the chemical stability of target materials for the plasmonically-powered 

processes. 

In chapter 5, plasmon effects on the Raman spectra of graphene were investigated.  

A single G band around 1600 cm−1 split into three bands when the laser frequency is in 

resonance with the localized surface plasmon. According to their distinct behaviors under 

electrochemical control, the appearance of new bands in a defect-free single-layer graphene 

is ascribed to the plasmon-assisted electronic transition, in which confined photons have 

large enough wavevectors to excite non-zero momentum transitions. Furthermore, Raman 
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spectra of graphene at electrochemical high doping proved the suppression of the quantum 

interference of electronic excitation by LSPR. The finding proves the non-vertical 

electronic transitions have potential to change the electrochemical potentials of hot 

electrons and holes. 

In conclusion, this thesis proves plasmon effects on the photoelectrochemical 

processes. The spectral range of photo-response of material could be extended via 

excitation of different plasmon modes. Most importantly, new photoexcitation pathways 

are enabled by LSPR effect. This not only changes the optical response of the target 

materials but also tunes the electrochemical potentials of hot electrons and holes. Therefore, 

drastic improvements in the efficiency and the diversity of photoelectrochemical reactions 

could be realized by the newly developed method based on the present finding. 
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