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Chapter 1. Introduction 

 

1.1. Surface Plasmon (SP) 

Surface plasmons (SPs) are collective oscillations of electron clouds at a metal surface induced by incident 

light.1-2 Surface plasmon resonance (SPR) is the phenomenon of resonant oscillation of conduction electrons at 

the interface between negative and positive permittivity materials. There are two types of SPR. The first is the 

surface plasmon polariton (SPP) (Figure 1.1a), which occurs when waves propagate along metal–dielectric 

interfaces. The other type is the localized surface plasmon resonance (LSPR), which is localized on subwavelength 

metallic nanostructures (Figure 1.1b).3 Noble metal nanoparticles, such as silver (Ag), gold (Au), and copper (Cu), 

exhibited brilliant color when electromagnetic fields of light from ultra-violet to the visible region (UV-vis) 

coupled with plasmons on a metal surface, owing to resonantly enhanced absorption and scattering as shown in 

Figure 1.2. 

 

 

Figure 1. 1 Schematic of the two types of SPRs: (a) a surface plasmon polartiton and (b) a localized surface 

plasmon. (Katherine A et al, Annu. Rev. Phys. Chem. 2007, 58, 267)3 

(b) 

(a) 
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Figure 1. 2 (a) Approximate wavelength ranges where Ag, Au, and Cu have been well-characterized and are 

established to support SERS. (Sharma et al, Materials today, 2012, 15, 16)4, (b) Schematic illustration of gold 

nanoparticles showing relationship between shape, architecture, and composition on the optical properties of metal 

nanoparticles; Au nanorods, nanoshells, and nanocages, respectively. (Dreaden et al, Chem. Soc. Rev., 2012, 41, 

2740)5 

 

 

 

 

 

 

(b) 

(a) 
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1.1.1. Localized Surface Plasmon Resonance (LSPR) 

Noble metal nanoparticles with LSPR phenomena have demonstrated excellent optical properties, which have 

made them potential candidates for applications in electronics, catalysis, optics, sensors, and solar energy 

conversion. LSPR is the interaction between incident light and surface electrons in a conduction band resulting in 

the confinement of light on the nanoparticle surface as shown in Figure 1.1b. This phenomenon occurs when light 

interacts with conductive nanoparticles of dimensions much smaller than the wavelength of light. This interaction 

produces collective localized plasmon oscillations with a resonance frequency that strongly depends on the 

composition, size, shape, and dielectric environment of nanoparticles.6-9 For example, the optical properties of 

gold nanoparticles can be shifted to the near-infrared region by increasing the aspect ratio (Figure 1.3a) and 

changing the composition between the silica core and gold shell (Figure 1.3b).  

A simple theoretical approach available for modeling the optical properties of nanoparticles is based on the 

application of “Mie theory” to estimate the extinction of a metallic sphere in the long-wavelength, electrostatic 

dipole limit, as depicted by the following equation: 

 

E(λ) =
24𝜋𝑁𝐴𝑎3𝜀𝑚

3
2⁄

𝜆 ln (10)
[

𝜀𝑖

(𝜀𝑟 + 𝜒𝜀𝑚)2 + 𝜀𝑖
2] 

 

E(λ) is the extinction (sum of absorption and scattering); NA is the areal density of nanoparticles; a is the radius 

of the metallic nanosphere; εm is the dielectric constant of the medium surrounding the metallic nanosphere 

(assume to be a positive, real number and wavelength independent); λ is the wavelength of the absorbing radiation; 

εi and εr are the imaginary and real parts, respectively, of the metallic nanoparticles’ dielectric function; and χ is 

the term that describes the aspect ratio of the nanoparticle (2 for a sphere). It is clear that the LSPR spectrum of 

an isolated metallic nanosphere embedded in an external dielectric medium will depend on the nanoparticle radius 

a, nanoparticle material (εi and εr), and nanoenvironment’s dielectric constant (εm). Furthermore, when the 

nanoparticles are not spherical, as is always the case in real samples, the extinction spectrum will depend on the 

nanoparticle’s in-plane diameter, out-of-plane height, and shape (χ). The values for χ increase from 2 (for a sphere) 

up to, and beyond, 17 for a nanoparticle with a 5:1 aspect ratio. In addition, many of the samples considered in 

this work contain an ensemble of nanoparticles that are supported on a substrate. Thus, the LSPR will also depend 

on interparticle spacing and substrate dielectric constant.10 
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Figure 1. 3 Size, shape, and composition tunability of the plasmon resonance of noble metal nanostructures. (a) 

Tuning the LSPR wavelengths from gold nanosphere to nanorods by synthetically controlling aspect ratio. 

(Murphy et al, Chem. Commun., 2008, 544)11 (b) Silica core-gold nanoshells show plasmon resonance frequency 

tunable from the visible to the NIR by changing the shell thickness relative to the core size. (Loo et al, 2004, 

Technol. Cancer Res. Treat., 3, 33)12-13 
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1.1.2. Surface Plasmon Polariton (SPP) 

SPPs have received great attention owing to their potential applications in highly sensitive biosensors based on 

the optical properties of plasmonic materials. SPPs are usually performed on the continuous metal thin films with 

Au or Ag as the plasmonic materials, and can propagate along the metal/dielectric surface up to hundreds of 

micrometers.14 Plasmonic films exhibit a sharp and intense SPR band in their total internal reflectance spectra 

when excited in the Kretchmann configuration of SPP (Figure 1.4).15 This position of the SPR band corresponds 

to a specific refractive index (RI) at the thin metal film/dielectric interface, where the adsorbate induced RI 

changes during real-time monitoring of the binding events at the SPR sensor surfaces. 

When SPR occurs, incident light is adsorbed at the thin metal films. To achieve a measurable SPR, incident 

light should correspond to the real part of complex βspp, which is the propagation constant of the excited SPP. The 

effective βspp at a thin metal film is slightly different from that in the bulk metal, 

 

𝛽𝑠𝑝𝑝 =
𝜔

𝑐
√

𝜀𝑚𝑛𝑠
2

𝜀𝑚 + 𝑛𝑠
2 + 𝛥𝛽 = 𝛽𝑠𝑝𝑝0 + 𝛥𝛽 

 

where Δβ is the finite thickness of the metal film and the presence of the prism, εm is the permittivity of the 

metal layer, and ns is the refractive index of the sensing material.16 Therefore, the propagation of the excited SPP 

depends sensitively on the variation in the environmental refractive index.  

 

 

Figure 1. 4 Tracking surface absorption by SPR (a) prism-coupled SPR (Kretchmann’s configuration) and (b) 

resonance shift in the reflected light spectrum. (Hoa et al, 2007, Biosens. Bioelectron., 23, 151)15 

 

 

 

(a) (b)
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1.2. Surface-Enhanced Raman Spectroscopy (SERS) 

1.2.1. A Brief Introduction of SERS 

The Raman effect is the inelastic scattering of a photon from a molecular system. This behavior occurs when 

the incident photons interact with molecules in such a way that energy is either gained or lost, which is called 

Stokes-Raman scattering at a lower frequency and anti-Stokes-Raman scattering at a higher frequency, 

respectively (Figures 1.5a and 1.5b)17-19. The difference in energy between the original and new states leads to a 

shift in the emitted photon’s frequency away from the excitation wavelength. The pattern of this shifted frequency 

is defined by the vibrational state of the molecule and results in a Raman spectrum, which is the vibrational 

fingerprint of the target molecule generated by the collection of scattered photons (Raman band).20 This 

phenomenon has been widely used in many fields, such as chemical sensing,21 vibrational studies,22 and forensic 

science23. However, Raman spectroscopy makes it difficult to separate weak inelastically scattered light from 

intense Rayleigh-scattered light, resulting in the inherent weakness of Raman signals (Figure 1.5c). 

 

 

Figure 1. 5 (a) The schematic Raman scattering process showing inelastic scattering and elastic scattering of light 

due to excitation of molecules by incident light. (Alonso-Gonzalez et al, Nature Communications, 3. 684)24, (b) 

Jablonski energy diagram showing Rayleigh, Stokes Raman, and anti-Stokes Raman scattering. Rayleigh 

scattering does not change the wavelength of the photon, whereas Stokes and anti-Stokes scattering lead to longer 

and shorter wavelengths, respectively. A is the vibrational ground state, B is first excited vibrational state, C and 

D are virtual energy states. (Wagner et al, Annu. Rev. Microbiol. 2009. 63,411)19, (c) SERS spectrum of 

Rhodamine 6G 10-7 M in silver hydroxylamine colloid (red line) and normal Raman spectrum of Rhodamine 6G 

10-3 M in water (blue line) multiplied by a factor of 100. (Guerrini et al, Chem. Soc. Rev., 2012, 41, 7085)20 
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In 1974, Fleischmann25 discovered unexpectedly large Raman scattering from pyridine adsorbed on a rough 

Ag-electrode. The rough metallic surface contributed to enhancing the Raman intensity. Van Duyne26 and 

Creighton27 independently demonstrated that noble metal nanostructures can provide significantly enhanced 

Raman signals. This discovery greatly facilitated the improvement of Raman spectroscopy in the form of SERS. 

Since then, the field of SERS has improved dramatically and the metal nanostructure amplifications have 

improved sensitivity and selectivity to a significant extent, enabling single molecule detection.28-29 

 

1.2.2. Mechanism of SERS 

To understand the mechanisms of SERS, many efforts have been made to explain the enhancement factor (EF) 

of the normal Raman scattering cross-section (EFSERS = 106).30-31 The SERS enhancement can be understood as 

two individual contributions: an electromagnetic enhancement (EM) and a chemical enhancement (CM). The EM 

enhancement is the dominant contributor to dramatic enhancement of the signal in SERS systems. The 

enhancement results from the amplification of light by the excitation of localized surface plasmon resonances 

(LSPRs).32-33 The electromagnetic enhancement for SERS can be as high as 1011, which is calculated by 

experimental and theoretical methods.34-35 The other mechanism is CM, in which the excitation wavelength is 

resonant with the metal–molecule charge transfer electronic states.36-37 However, the calculated CM enhancement 

is only 103 for simulated Raman spectra of pyridine–silver complexes.32 Thus, the CM mechanism in SERS is 

difficult to determine from the absolute value of the enhancement factor as the measured spectra exhibit the 

combined effect of both EM and CM enhancements. 

 

1.2.3. Electromagnetic Enhancement (EM) 

The primary idea behind the electromagnetic mechanism is that electromagnetic fields induced on a metallic 

surface greatly enhance Raman scattering. As mentioned in 1.1.1, metal nanoparticles are smaller than the 

wavelength of incident light and therefore generate an LSPR because the dimensions of the nanoparticles are too 

small for a propagating wave to form. An isolated metal sphere, with a quasi-static description of the incident 

electromagnetic field, has been used to derive the proportionality. 

 

𝐸2 ∝ 𝐸0
2 |

𝜀𝑚 − 𝜀0

𝜀𝑚 − 2𝜀0
| 2 

 

E is the electric field intensity at the surface on the sphere, E0 is the incident field intensity, εm is the wave-

dependent dielectric function of the metal composing the sphere, and ε0 is the dielectric constant of the surrounding 

environment around the metal sphere. This relation reveals that when εm = -2ε0, which can be achieved for Au and 

Ag at certain wavelengths in the near infrared and visible regions, the intensity of the electric field at the surface 
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of the metal nanosphere becomes very strong. Satisfying the LSPR condition induces this enhancement of the 

electric field. In addition, electromagnetic enhancement is not only dependent on incident light but also on the 

shape of the metal nanostructures. If nanostructures have an anisotropic shape (e.g., star, rod, or cube), they induce 

longitudinal or lightning rod effects and amplify the scattering intensity. 

The electromagnetic enhancement is easily calculated for particles much smaller than the wavelength of light, 

as the problem reduces to an electrostatic one. The field induced inside a small particle by a uniform external 

electric field is uniform, parallel to the applied field, and of strength where ε1(ω) is the frequency dependent 

dielectric function of the metal, ε2 is the dielectric constant of the surroundings, Ein and Eout refer to the fields 

inside and outside the particle, respectively. A is a depolarization factor that depends upon the particle geometry. 

For the particular case of sphere, A=1/3. For the electromagnetic mechanism, the enhancement factor (EF) at each 

molecule is approximately given by this expression: 

 

𝐸𝑖𝑛 =  [1 + {(
𝜀1(𝜔)

𝜀2
) 𝐴} −1] 𝐸𝑜𝑢𝑡 

 

Usually, the electromagnetic enhancement factor has an order of magnitude of <104. The hot spot positions 

have been theoretically predicted and experimentally confirmed that sharp tips and nanogaps between metallic 

nanostructures are essential to excite the LSP (Figure 1.6). The Raman intensities of target molecules located in 

these hot spots are several orders of magnitude stronger than those located at other positions and contribute to 

most of the spatially averaged SERS enhancement factor.38 

 

 

Figure 1. 6 Electric field distributions at (a) a single Au nanoparticle and (b) nanoparticle dimer. The diameter of 

Au nanoparticle is 100 nm. These calculations are based on finite element method. (Chung et al, Sensors, 2011, 

11, 10907)38 

 

(a) (b)



22 

 

1.2.4. Chemical Enhancement (CM) 

Similar to the electromagnetic enhancement mechanism, the chemical enhancement (or charge transfer) 

mechanism contributes substantially to enhance the SERS signal. The CM mechanism relies on the modification 

of the Raman polarizability of those molecules chemically adsorbed onto the metal nanostructure, resulting in the 

formation of new analyte-metal surface complexes. 

The possible causes for the chemical enhancement are specific interactions, for example the formation of an 

adsorbate-surface complex and electronic coupling between a molecule and metal. This complex increases the 

Raman cross-section of the adsorbed molecule compared with that of a free molecule. Other possible electronic 

SERS mechanisms include resonance Raman scattering, which occurs due to a new (charge transfer) electronic 

transition in the metal–molecule system. Figure 1.7 shows a typical energy diagram for a metal–molecule system, 

in which the energies of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) are approximately symmetric relative to the Fermi level of the metal, together with possible 

resonant Raman processes involving molecular states (path (a)) and molecular and metallic states (paths (b), (c)).39 

 

 

Figure 1. 7 Energy level diagram illustrating the band energy of the metal and the HOMO-LUMO transition of 

the adsorbate: (a) the electronic states of the adsorbate are shifted and broadened by their interaction with the 

surface or (b) and (c) new electronic states which arise from chemisorption serve as resonance intermediate states 

in Raman scattering. (Kneipp et al, J. Phys.: Condens. Matter, 2002, 14, R597)39 
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1.2.5. Selection Rules 

Fundamentally, the selection rules for SERS are the same as those for conventional Raman spectroscopy. In 

short, a molecular vibrational mode is Raman-active only if it changes the polarizability α of the molecule 

(∂α/ ∂Q)  ≠ 0.40 Q is the normal coordinate of vibration. Selection rules are relaxed leading to the appearance of 

commonly forbidden Raman modes in the surface spectra. Furthermore, because the local field at the surface is 

highest in the direction perpendicular to the surface, vibrational modes involving changes in the adsorbate 

polarizability normal to the surface are first enhanced.41 In addition, the fact that the amplitude of the 

electromagnetic field decreases rapidly with distance from the surface allows one to determine the adsorbate 

orientation with respect to the average surface normal as well as the proximity of adsorbate functional groups to 

the surface. 

 

1.3. Hybrid Plasmonic Nanostructures 

The goal of this work is the design of hybrid plasmonic nanostructures for chemical sensors by using 2D and 

3D plasmonic systems consisting of metal nanoparticles on metal films. Recently, nanoparticle-on-film plasmonic 

systems, where couplings between localized surface plasmons of nanoparticles and propagating surface plasmons 

of the metal film provide unique hybridizing plasmon modes, have shown improved plasmonic effects compared 

to nanoparticle plasmonic systems. In this approach, the plasmonic effect is influenced by the gap distance 

between the metal nanoparticle and metal film. Many researchers have attempted to control the fine plasmonic 

gap dimensions with controllable spacer layers such as chain molecules42, polymer electrolyte layers43, graphene44-

45, and aluminum oxide46. When the gap distance decreases, an intense electric field is generated at the particle–

film gap region. This behavior can provide doughnut shape of dark-filed images because nanoparticle scatters as 

a polarizable dipole induce the image charge into the metal film (Figure 1.8A). In addition, particle–film systems 

exhibit the maximal SERS intensity with gap distances of several nanometers (0.5–2 nm), which was shown 

through simulations and experiments (Figure 1.8C and 1.8D).47-49 Finally, the plasmon gap mode in the particle–

film systems can be modulated by the wavelength of incident light, allowing an optimization of the excitation of 

SPR based on molecules adsorbed on the metal surfaces (Figure 1.9).50-51 Therefore, we designed optimized SERS 

substrates and modified the particle-on-film systems to maximize SERS enhancements. 
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Figure 1. 8 (A) Dark filed images of elastic scattering from NPs (DF white light illumination) separated from 

gold support film by increasing PE spacer distances (scale bar = 1 μm). (B) Calculated spatial distribution of the 

E-field (DF illumination, 633 nm) at various gap distances where Max E is the numerical value representing the 

highest field in each image. (C and D) Measured spacer dependence of SERRS from malachite green 

isothiocyanate (MGITC) molecules in the NP-film gaps. (Hill et al, Nano Lett. 2010, 10, 4150)47 

 

C D
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Figure 1. 9 A. Calculated extinction spectra for the gold dimer-film coupling system (a). FDTD simulation images 

showing the near-field distribution of the electric field under the excitation wavelengths of 587 (b), 532 (c), 722 

(d), and 633 nm (e), respectively. B. (a) Scheme for SERS detection with thiophenol (TP) molecules adsorbed in 

the gap between gold nanoparticles and the gold film and benzenedithiol (BDT) molecules adsorbed in the gap 

between nanoparticles. The green and red spectra were obtained with 532 and 633 nm excitation, respectively. (b) 

Similar to (a) with TP and BDT adsorbed at different locations. (Wang et al, ACS Nano 2014, 8, 528)50 

 

In Chapter 2, we present high-density gold nanostar assemblies on Ag film for ultrasensitive SERS chemical 

sensors with the ability to detect 2,4-dinitrotoluene at an attomole level. In Chapter 3, we suggest pH-responsive 

plasmonic systems to modulate gap distances between the silver nanoparticles and silver films, leading to great 

changes in particle–film plasmon couplings. In Chapter 4, we present a new design platform based on 3D 

antireflective metal/semiconductor heterojunction nanostructures. In this design, our SERS system enables 

detection on a molecular level of benzenethiol (100 zeptomole), rhodamine 6G (10 attomole), and adenine (10 

attomole) molecules. Finally, in Chapter 5, we introduce a hybrid plasmonic architecture utilizing combined 

plasmonic effects of particle–film gap plasmons and silver film over nanosphere (AgFON) substrates. When gold 

nanoparticles (AuNPs) are assembled on AgFON substrates with controllable particle–film gap distances, the 

AuNP-AgFON system supports multiple plasmonic couplings from interparticle, particle–film, and crevice gaps, 

resulting in a huge SERS effect. 

 

(a)

(b)

(a)A B
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2.3. Result and Discussion 

Figure 2.4a shows a scanning electron microscopy (SEM) image of high density GNS assemblies on a metal 

film, which provide multiple E-field enhancements from interparticle (GNS–GNS) and particle–film (GNS–film) 

couplings, supported by the propagating SPPs on the metal film (Figure 2.4b). Here, the excitation of SPPs on 

metal films by the incident light was enabled by the existence of GNSs. The GNSs acted nanoantenna receivers 

that couple the incident light into SPP modes in the underlying metal films.92, 102 The inset in Figure 2.4a shows a 

transmission electron microscopy (TEM) image of GNSs (core diameter: 57  9 nm; branch length: 11  3 nm; 

bottom diameter of branch: 18  5 nm; and tip diameter of branch: 9  3 nm). Ultraviolet-visible (UV-vis) 

absorption measurements confirmed LSP resonance (LSPR) peak at ~640 nm (Figure 2.5), which is attributed to 

the surface plasmons of the branched tips.103 For the assembly of high-density GNS on the substrates, we utilized 

electrostatic interactions between the negatively-charged sodium citrate added to the GNS solution and the 

positively-charged poly (diallyl dimethylammonium) (PDDA) layer on the substrates (Figures 2.4c).101, 104 This 

assembly process formed uniform high-density GNS assemblies that were separated from the metal films by a ~1 

nm-thick PDDA layer (Figure 2.6). 
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To understand the behavior of interparticle and particle-film plasmon couplings with different interparticle 

separations for GNSs on metal and dielectric substrates, FDTD simulations were carried out to analyze the E-field 

enhancements for the interparticle and particle–film gap regions. Figures 2.10a and b show the FDTD simulation 

results for the E-field distribution of GNS assemblies on Ag and glass substrates with an interparticle tip-to-tip 

separation of 10 nm. Detailed inspection of the local E-fields in the gap regions clearly showed distinct field 

intensities at the interparticle and particle–film gaps (Figure 2.10c and d). Figure 2.10c indicates that the local 

fields at the gap between GNS tip and Ag film were significantly stronger than those between the GNS tips. On 

the other hand, for GNSs on a glass substrate, the local fields between the tips were similar to those between the 

GNS tip and the glass surface (Figure 2.10d). Note that hot spots with strongly-enhanced E-fields were located 

directly between the tip and film for the GNS–Ag gap, which was different from the hot spots located near the 

end of the tip for the GNS–glass gap. Additionally, for GNSs on Ag film, the E-field from interparticle coupling 

was ~30% stronger than that for GNSs on a glass substrate. All of these observations imply that the plasmon 

coupling behaviors are different for GNS-Ag and GNS-glass systems. 

To shed light on plasmon coupling behaviors that depend on interparticle separations, the local (GNS–Ag, 

GNS–GNS) E-field enhancements (|E/E0|) as a function of interparticle separation were analyzed for GNS 

assemblies on Ag and glass substrates (Figure 2.10e,f). For GNS assemblies on Ag films, the field enhancement 

from GNS–GNS coupling decayed exponentially as the interparticle separation (D) increased, which is typically 

observed for near-field interactions in nanoparticle assemblies.109-110 The field enhancement was well fit with 

exponential decay curve y = a  exp(x/l) + y0, resulting in an amplitude of a = 33.1 and a decay length of l = 7.5. 

Here, the amplitude (a) tells us the magnitude of the E-field dependence on the interparticle gap distance and the 

decay length (l) tells us the exponential damping length of the E-field intensity. However, the field enhancement 

from GNS–Ag film coupling exhibited an inverse exponential decay curve as a function of interparticle separation 

(a = −310.6, l = 51.9). This inverse exponential decay behavior can be explained by the competition between the 

GNS-GNS and GNS-Ag film couplings. For small interparticle separations, the strong GNS-GNS coupling leads 

to the screening of particle–film plasmon couplings, in particular the hybridization between the LSP and SPP 

modes. The opposite behaviour happens for the large interparticle separations. In contrast, the field enhancements 

from the GNS–Ag film couplings were significantly larger (16 – 42× larger) than those from GNS–GNS couplings, 

indicating the significance of GNS–Ag film couplings in the overall E-field enhancements for systems with GNS 

assemblies on Ag films. For GNS assemblies on glass substrates, the field enhancements from both GNS–GNS 

and GNS–glass couplings exhibited exponential decay with interparticle separation (Figure 2.10f). The 

dependence of the field enhancement on the interparticle separation was stronger for GNS–GNS coupling, which 

was indicated by the larger amplitude (a = 18.7) for GNS–GNS coupling compared with that for GNS–glass 

coupling (a = 2.0). It is also worth noting that the field enhancement from interparticle couplings on the Ag film 

showed 30 – 60% larger values than those on a glass substrate; this was attributed to the enhanced interparticle 
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To investigate this relationship further, we compared FDTD simulation results with the experimental results of 

the SERS intensity as a function of interparticle separation. For this purpose, we prepared different surface 

densities of GNSs on Ag and glass substrates (Figure 2.3) and measured the SERS intensities of benzenethiol 

molecules (Figure 2.11). For the analysis of SERS intensity as a function of interparticle separation, we converted 

the experimental GNS surface density into interparticle separation by approximating the randomly distributed 

GNS assemblies as hexagonal packed GNS assemblies. Additionally, to compare the experimental SERS intensity 

with the simulated EF, we used a GNS density-normalized EF (EFN), which can be approximated as EFN = 

(4E/E0
4

GNS-film + (E/E0
4

GNS-GNS)  (GNS surface density), where E and E0 are the local and incident electric fields, 

respectively.112 A detailed description of EFN is given in the Supplementary Information section. Figure 2.12 

shows the simulated EFN and the experimental SERS intensity as a function of the interparticle separation on Ag 

and glass substrates. 

Figure 2.12a and b show that the normalized EF as a function of interparticle separation was well fit by the 

power law (y = axb), where a and b are fitting parameters. We also determined that the normalized EF of the GNS 

assemblies on Ag films, as a function of interparticle separation, followed a broken power law function or a 

combined power law distribution (Figure 2.12a). At first, the normalized EF increased as the interparticle 

separation increased, following a power law function with an index (b) of 0.31  0.05 for interparticle separation 

below ~60 nm; however, the normalized EF decreased with b = 0.68  0.05 for interparticle separation over ~60 

nm. This behavior can be explained by the interplay between interparticle and particle–film plasmon couplings, 

where the particle–film plasmon couplings become weak when there is strong interference from interparticle 

couplings. Therefore, when the interparticle separation was below ~60 nm, i.e., below ~0.8 times the GNS size 

(80 nm) (i.e., the strong interparticle coupling range), the E-field from particle–film couplings increased 

exponentially as the interparticle separation increased or as the interparticle coupling decreased exponentially 

(Figure 2.10e). When the interparticle separation was over ~60 nm (i.e., the weak interparticle coupling range), 

the increase in the E-field from particle–film couplings began to saturate as the interparticle separation increased. 

Because the particle–film couplings dominate in the weak interparticle coupling range, the normalized EF strongly 

depended on the number of hot spots from particle–film couplings, which in turn depended on the GNS assembly 

surface density. Therefore, the normalized EF decreased with an increase in the interparticle separation or decrease 

in the GNS surface density for an interparticle separation over ~60 nm. 

For GNS assemblies on glass substrates, the EF decreased as the interparticle separation increased, as described 

by the single power law index of b = −0.90  0.02, in agreement with previous reports (Figure 2.12b).111 The 

smaller value of the power law index (b = −0.68) for the GNS assemblies on Ag films, as compared to that on 

glass substrates (b = −0.90), indicated that the SERS enhancement was less sensitive to interparticle separation. 

To compare the simulation results with the experimental results, Figures 2.12c and d show the measured SERS 
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In order to crosscheck the surface morphologies of S4VP@Ag films, we analysed atomic force 

microscopy (AFM) images. Figure 3.4d-f shows that the S4VP@Ag micellar monolayer films have 

surface morphologies of hexagonally packed spheres at three different pH values. Under low pH 

conditions, the P4VP block is highly protonated, stretched, and surface reconstructed, which in turn, 

relatively flattens the film surface, and reduces thickness.133, 137 For this reason, the S4VP@Ag 

monolayer at pH = 2 has lower height (~13.4 nm) and lower surface roughness (~4.01 nm) (see 

Supporting Information, Figure 3.5a-b). However, since S4VP@Ag monolayer experienced a surface 

reconstruction at pH = 10 and small pores were created without fully reconstructed surface, it results in 

increased height (~19 nm) and surface roughness (~5.09 nm).137 It should be noted that surface 

roughness of S4VP@Ag films is increased again under specific pH 8-9 conditions, which can be 

regarded as an intermediate step where the P4VP block is swollen, but not reconstructed. This result 

was confirmed by AFM measurement, and the swollen micelles are expected to induce a larger gap 

between Ag NPs and Ag film, compared to the as-prepared sample (see Supporting Information, Figure 

3.5c & 3.2b). This phenomenon can be explained by considering PVP chain behavior in pH variable 

aqueous media. In general, PVP block has slightly negative charge under high pH conditions (pH > 7), 

the tendency of which gradually increases as pH goes high.138 Thus, the P4VP micelle core with a weak 

negative charge at pH 8-9 seems to be swollen due to the slightly stretched chain of the P4VP block. 

However, further increase in the pH value (pH 10) makes the P4VP chain to be soluble due to the 

increased charge density, which normally happens at high pH conditions, leaving pores in the center of 

the micelle core.138 A cross-sectional line profile analysis was performed to show the surface pores of 

the micelles (see Supporting Information, Figure 3.6) 
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Figure 3. 7 Optical properties of S4VP@Ag on the Ag film substrate: (a) UV-Vis absorption spectra 

depending on various pH values. (b) Shifted-resonance wavelengths of the LSP (localized surface 

plasmon) and PGAP (gap plasmon) modes for the various pH values. Dark-field microscopy images of 

S4VP@Ag on the Ag film substrate in (c) pH = 2, (d) as-prepared (pH = 7), and (e) pH = 10. 
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Figures 4.4a–c show scanning electron microscopy (SEM) images of three different morphologies 

(nanocones, nanonails, nanorods) of ZnO nanostructures. As shown in Figures 4.4a and 4.2a, the 

diameter of NCs at the bottom is ~700 nm, which gradually reduces to ~40 nm at the top ends. Similar 

to the ZnO NCs, the ZnO NNs exhibit a gradual reduction in the diameter from the bottom to the top 

region, except for the hexagonal cap structure (150–400 nm in diameter) at the top region, resulting in 

a nail-like morphology (Figures 4.4b and 4.2b). In contrast to the ZnO NCs and NNs, Figures 4.4c and 

4.2c show the ZnO NRs, where the diameters are uniform (~400 nm) from the bottom to the top region. 

Figures 4.4d–f show X-ray diffraction (XRD) patterns for the ZnO NCs, NNs, and NRs. In all the XRD 

patterns, the (002) diffraction peak is dominant, indicating the preferential growth of the ZnO 

nanostructures in the c-axis direction.186 This c-axis growth orientation is typically observed in the 

wurtzite hexagonal phase of ZnO nanostructures. In addition, all the XRD patterns contain a Si (211) 

peak at 33.3° and an Au (111) peak at 38.0°. While the XRD pattern of the ZnO NRs contains 

characteristic (100), (002), and (101) peaks of ZnO, ZnO NCs and ZnO NNs contain the (002) peak 

dominantly, indicating different morphologies of NRs. 

 

 

Figure 4. 4 Characteristics of ZnO NCs, NNs, and NRs. (a–c) Tilted-SEM images of ZnO NCs, NNs, 

and NRs. Inset images are high-resolution SEM images showing shape of tip. (d–f) XRD patterns of 

ZnO NCs, NNs, and NRs indicating characteristic patterns of ZnO nanostructure. 
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SERS enhancement of the ZnO/Ag/AuNP NCs compared with that of the ZnO/Ag NCs is also 

observable by comparing the Raman mapping images. While the Raman image of the ZnO/Ag NCs 

exhibits bright yellow regions in some parts of the scanned Raman image (Figure 4.10g), the 

ZnO/Ag/AuNP NCs exhibits bright yellow regions in most of the scanned image (Figure 4.10h), 

indicating the existence of SERS hot spots in almost every location of the substrates. To theoretically 

evaluate the light coupling into SPPs via nanoparticle antenna and the resulting enhancement of SERS 

effect after AuNP coating, DDA method was employed for the calculation of E-fields on ZnO/Ag NCs 

and ZnO/Ag/AuNP NCs under 532- and 785 nm excitation lasers (Figure 4.10i-j and 4.13a-b). In both 

of 532 and 785 nm excitation lasers, intense electric fields are present in the particle-film gap. In 

addition, we observed the enhancement of E-fields near the tip part of NC structures when AuNPs are 

located near the tip part of NCs structure (Figure 4.10k-l and 4.13c-d). 

The propagating SPPs are affected by the metal film thickness, which influences the reflectance and 

the tip diameter of the ZnO nanocones. Figure 4.14a indicates that the Raman peak intensity decreases 

as the Ag film thickness increases from 30 to 200 nm. We noted that the reflectivity of the ZnO-NC/Ag 

film increases as the film thickness increases (Figures 4.14b,c), which resulted in a decrease in the 

SERS spectra owing to the reflection loss of the incoming light. The SEM images in Figures 4.14d-f 

indicate that the tip diameter also increases with an increase in the Ag film thickness. The larger tip 

diameter with the increase in the Ag film thickness leads to a decreased local E-field intensity at the tip 

area.197 
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ZnO/Ag/AuNP nanocone arrays with strong E-field enhancements at the sharp tips and particle-film 

gaps can be utilized for the trace-level detection of analytes. Figure 4.15a shows the typical Raman 

spectra of benzenethiol (BT), adenine, and rhodamine 6G (R6G) molecules (10 μM solution) absorbed 

on ZnO/Ag/AuNP nanocone arrays. Here, we used 785 nm laser excitation for the detection of BT and 

adenine molecules because the laser with longer excitation wavelength results in the longer penetration 

depth,199 which can induce an enhanced scattering with analyte molecules attached on 3D SERS 

substrates. For the detection of rhodamine 6G, 532 nm laser excitation was used because the resonance 

Raman scattering can induce large SERS enhancements. Rhodamine 6G is known to have a strong 

absorption peak around 530 nm,200 which can induce resonance Raman scatterings with the 532 nm 

laser excitation. For these analytes and laser excitations, high SERS enhancement factors with about 

1010 – 1011 were achieved (detailed descriptions in Supporting Information S1). Figures 4.15b-d show 

the Raman spectra of these molecules when trace-level amounts of molecules are absorbed on the SERS 

substrates. Here, the individual Raman spectra for each concentration of target molecules were obtained 

by averaging the Raman spectra from ten different locations on the SERS substrates. For the Raman 

spectra of BT molecules in Figure 4.15b, the Raman fingerprint peaks of 998, 1021, and 1071 cm-1 (red 

arrows) was clearly observable down to 100 zeptomole (zM) of BT solution. The trace-level detection 

of benzenethiol molecules (1 aM and 100 zM concentrations) is difficult because the probability of 

finding molecules within the laser spot area decreases with the concentration, which requires a statistical 

analysis for the trace-level detection. In our measurements, among ten different locations on the same 

SERS substrate, the SERS signals were observed for 8 locations for 1 aM benzenethiol and 3 locations 

for 100 zM benzenethiol (Figure 4.16). The statistical detection probability depending on the 

measurement locations can be also observed in Raman mapping images (Figure 4.17). For 1 aM 

benzenethiol, many parts of the scanned image show bright yellow regions, indicating the presence of 

benzenethiol molecules. However, for 100 zM benzenethiol, only several parts of the image show bright 

yellow regions, indicating the lower detection probability. For R6G molecules (Figure 4.15c), the 

Raman peaks at 611, 773, 1182, 1360, 1509, and 1647 cm-1 agree well with the literature data and can 

be identifiable at the concentration down to 10 aM.200 For adenine molecule, which is a DNA base with 

a great importance in clinical diagnosis, the Raman spectra show the characteristic purine-ring breathing 

mode at 736 cm-1 and stretching modes of CN bonds at around 1337 cm-1 at the concentrations down to 

10 aM.201 Figure 4.18 shows the variation of SERS intensities with the wide range of analyte 

concentrations. At high concentration above 10-11 M, the SERS intensity vs. concentration shows a 

linear relationship. However, at low concentrations under 10-11 M, the SERS intensities remain 

relatively constant. The lowest detectable level of BT (100 zM) is 1 order of magnitude better than the 

lowest detection limit of BT molecules (1 aM) reported in prior literatures, demonstrating the 

ultrasensitive detection capability of the SERS sensors based on ZnO/Ag/AuNP nanocones arrays.124 
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