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Abstract 

 

Hybrid plasmonic nanostructures have attracted significant interest for their ability to 

combine the unique properties of their constituent materials. The use of hybrid 

materials enhances the overall performance of these nanostructures and expands their 

range of potential applications. However, there is a lack of comprehensive studies that 

integrate detailed structural analysis with practical application scenarios. In this thesis, 

I successfully fabricated hybrid plasmonic nanostructures and conducted an in-depth 

morphological analysis using grazing-incidence X-ray scattering (GIXS) techniques. 

The GIXS analysis provides critical insights into the optimal properties of these 

nanostructures, facilitating their application in specific contexts. Our research 

approach combines both fabrication and characterization methodologies, aiming to 

inspire potential advancements in the field of plasmonics. 

 

 

 

 

 

Zusammenfassung 

 

Hybride plasmonische Nanostrukturen haben aufgrund ihrer Fähigkeit, die 

einzigartigen Eigenschaften ihrer Bestandteile zu kombinieren, großes Interesse 

geweckt. Der Einsatz hybrider Materialien verbessert die Gesamtleistung dieser 

Nanostrukturen und erweitert ihre potenziellen Anwendungsbereiche. Es mangelt 

jedoch an umfassenden Studien, die eine detaillierte Strukturanalyse mit praktischen 

Anwendungsszenarien integrieren. In dieser Arbeit habe ich erfolgreich hybride 

plasmonische Nanostrukturen hergestellt und eine eingehende morphologische 

Analyse mittels streifender Röntgenbeugung durchgeführt. Die Analyse mit 

Röntgenstreuung unter streifendem Einfall liefert entscheidende Einblicke in die 

optimalen Eigenschaften dieser Nanostrukturen und erleichtert deren Anwendung in 

spezifischen Kontexten. Unser Forschungsansatz kombiniert sowohl Herstellungs- als 

auch Charakterisierungsmethoden und soll potenzielle Fortschritte im Bereich der 

Plasmonik inspirieren. 
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1 Introduction 

Light-matter interactions involve collective electronic oscillations, known as 

plasmons, responsible for special optical capabilities [1, 2]. The development of 

classical electromagnetic theory provided a scientific framework to explain these 

phenomena. The study of plasmons and their effects has greatly expanded the 

knowledge of optical physics, leading to the development of the plasmonics field. 

Notably, even before contemporary science formally defined the mechanism, people 

had already begun using metal nanomaterials, despite lacking systematic preparation 

methods and characterization techniques. Historical examples of the use of metal 

nanomaterials include the Lycurgus Cup from ancient Rome and the stained glass 

windows of medieval churches [3]. These artifacts contain silver and gold 

nanoparticles (Au NPs) of varying sizes, which produce color-changing effects based 

on the direction of light illumination. A landmark contribution to the modern 

understanding of these phenomena is made by Gustav Mie, who applied Maxwell's 

equations to describe how subwavelength gold spheres strongly absorb green light 

when illuminated by a plane wave [4]. His work detailed the scattering, extinction, 

and absorption of light by spherical metal particles, explaining the localized surface 

plasmon resonance (LSPR). 

In the past decade, significant breakthroughs in advanced characterization and 

synthesis techniques have paved the way for the development of metal nanoparticles 

with precisely controlled properties [5, 6]. Among the key plasmonic materials 

including gold (Au), silver (Ag), platinum (Pt), copper (Cu), and aluminum (Al) are 

favored for their exceptional optical and chemical properties [7]. Current research is 

pushing the boundaries of plasmonics by exploring hybrid nanostructures that 

combine plasmonic metals with additional metals or semiconductor materials [8]. 

These innovative combinations aim to reduce energy losses and enhance light-matter 

interactions. The hybrid nanostructures exhibit plasmonic behaviors across a wide 

range of spectral regions, including the infrared and terahertz, thus expanding the 

potential applications of plasmonic materials [8]. 

Recently, several fabrication methods have emerged for developing plasmonic 
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nanostructures, with the most used being lithography techniques, template fabrication, 

and colloidal nanoparticle self-assembly methods [4, 9]. Advanced nanofabrication 

techniques within lithography play a crucial role, which including a variety of 

approaches, including electron-beam lithography (EBL), focused-ion beam 

lithography (FIB), dip-pen nanolithography (DPN), laser interference lithography 

(LIL), nanosphere lithography (NSL), and nanoimprint lithography (NIL) [10, 11]. 

While lithography techniques achieve high-resolution nanostructures with high 

throughput, they are often time-consuming and expensive. Template fabrication 

methods are crucial in guiding the formation and spatial arrangement of 

nanostructures, preserving the original shape or symmetry of the template [9]. These 

methods can be broadly categorized into templated synthesis and templated assembly. 

Templated synthesis involves conducting reactions either within porous membranes or 

on substrates masked by an auxiliary nanostructure. Templated methods leverage the 

extensive library of biomolecular structures, available through chemical and 

biological synthesis, to provide a plethora of templates for constructing plasmonic 

nanostructures [12]. However, the introduction of various template materials can 

complicate the process, adding steps and increasing the complexity of the experiments. 

Colloidal nanoparticle self-assembly methods, which allow the direct assembly of 

metal nanoparticles onto various substrates, have garnered significant attention. 

Various techniques have been proposed, including convective self-assembly, the 

Langmuir–Blodgett (LB) method, the Marangoni effect, template-assisted methods, 

and field-assisted methods [9, 13]. Due to the simplicity of their fabrication process, 

this thesis uses the self-assembly method to create Au nanoarrays for constructing 

hybrid nanostructures. These assemblies are crucial for generating efficient plasmonic 

hotspots, which arise from the plasmonic coupling between adjacent nanoparticles. In 

addition, these fabrication methods can be combined to fully explore and achieve 

precise control over the nanostructure fabrication process. For example, self-

assembled nanospheres can serve as masks in lithographic processes, enhancing the 

uniformity and periodicity of the structures. Similarly, template fabrication can be 

integrated with lithography techniques to achieve multi-scale patterning, combining 

the high resolution of lithography with the large-area capabilities of templating. 

Plasmonic structures possess the ability to confine and guide light at the nanoscale, 

resulting in extraordinarily strong electromagnetic (EM) field enhancement [14]. 

Surface plasmons arise from the interaction of oscillating free carriers in matter with 

incident electromagnetic fields. Throughout the lifetime of surface plasmons, various 

effects emerge, including hot-carrier generation and transfer, local plasmonic 

thermalization, collective plasmon resonances, and the coupling of plasmonic modes 

with neighboring resonances or external fields [15, 16]. These phenomena offer 

numerous opportunities for a wide range of applications such as sensors [17], 
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photodetectors [18], waveguides [19], bioimaging [20], and energy harvesting [21], as 

shown in Figure 1.1.  

 

Figure 1.1. Primary applications of plasmonic nanostructures governed by the 

corresponding plasmonic effects [11]. Copyright 2023 Elsevier Ltd. 

In the present thesis, the applications of hybrid plasmonic nanostructures in surface-

enhanced Raman scattering (SERS) and photodetectors is investigated. The intense 

EM fields generated at the hot spots can dramatically enhance the signals in SERS 

measurement. In SERS, the localized EM field enhancement leads to a significant 

increase in the Raman scattering cross-section, allowing for the identification of 

molecular fingerprints at extremely low concentrations [22, 23]. This makes SERS a 

powerful tool for chemical and biological sensing, capable of detecting pollutants, 

pathogens, and even biomarkers in clinical diagnostics [24]. In addition, plasmonic 

nanostructures have significantly propelled photodetectors forward by enhancing light 

absorption, facilitating charge transfer, improving efficiency, and enabling innovative 
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design strategies [25, 26]. In photodetectors systems, plasmonic nanostructures boost 

light absorption by concentrating and trapping light at sub-wavelength scales, leading 

to higher efficiencies. This is particularly beneficial in thin-film photodetectors, where 

enhanced light absorption can significantly improve the performance. Additionally, 

plasmonic nanostructures can facilitate hot electron injection, where high-energy 

electrons generated by plasmon decay contribute to current generation, further 

increasing the efficiency of photodetectors [27, 28]. 

 

Figure 1.2. Overview of the projects presented in this Ph.D. thesis. The hybrid 

plasmonic nanostructures are all fabricated based on self-assembled Au nanoarray 

and characterization with the GIXS technique. Reproduced with permission from 

[23, 28]. Copyright 2023 and 2024 American Chemical Society.  

Grazing-incidence X-ray scattering (GIXS) provides a non-destructive method for 

statistically and reliably probing the internal structure of hybrid plasmonic 

nanostructures [29, 30]. Grazing-incidence small-angle X-ray scattering (GISAXS) 

specifically examine the arrangement configurations, inter-dot distances, and Au 

nanoarray aggregates. Additionally, grazing-incidence wide-angle X-ray scattering 

(GIWAXS) analyzes the crystallinity of Au nanoarrays. The real features of well-

ordered Au nanoarrays can also be simulated using the GISAXS technique. This 

synergistic use of advanced experimental and simulation methods promises to 

significantly enhance the understanding and control of plasmonic hybrid 

nanostructures. In this thesis, Au/Ag and Au/PbS hybrid plasmonic nanostructures are 
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fabricated based on self-assembled Au NP arrays. The morphology of these hybrid 

architectures is systematically investigated using GIXS techniques, with further 

exploration of their applications in photodetectors and SERS platforms. The primary 

goal of this thesis is to integrate fabrication and characterization methods for potential 

applications in the plasmonic field. Figure 1.2 provides an overview of the projects 

presented in this thesis. 

In Chapter 2, the theoretical background of plasmonics is presented. This includes 

fundamentals of Au NPs, such as their basic properties, synthesis, self-assembly, and 

behavior in colloidal quantum dots, as well as the formation of bimetallic 

nanostructures. The chapter also elaborates on the basic principles of X-ray scattering 

and the theory of hybrid nanostructure characterization, with a focus on GISAXS and 

GIWAXS. Chapter 3 introduces the main characterization and analytical methods used 

in this thesis, covering both structural and spectroscopic characterizations. It also 

details the methods for photodetector device characterization and 2D GISAXS data 

simulation. Chapter 4 covers sample preparation, including all the materials and 

fabrication processes presented in this thesis. 

In Chapter 5, various sizes of Au NPs are synthesized and their optical properties are 

characterized using dynamic light scattering (DLS) and UV/visible spectroscopy. By 

comparing scanning electron microscopy (SEM) images of two self-assembly 

methods, electrostatic adsorption and phase interface transfer, the electrostatic 

adsorption method provides better nanoparticle arrangement. Therefore, this method 

is chosen for the further fabrication of hybrid plasmonic nanostructures. 

Chapter 6 focuses on creating bimetallic nanostructures on solid supports through 

high-power impulse magnetron sputter (HiPIMS) deposition of silver (Ag) onto self-

assembled Au nanoarray templates. Moderate substrate heating during the sputtering 

process induces dewetting conditions. The growth dynamics of these hybrid structures 

are closely examined using in situ GISAXS and GIWAXS. 

In Chapter 7, a hybrid nanocomposite design is introduced in which a lead sulfide 

(PbS) layer is deposited on a monolayer of Au NPs. GISAXS is used to examine the 

internal structure of the Au-PbS hybrid films and conduct a detailed analysis of their 

morphology. Interdigital photodetectors are developed using this hybrid approach to 

investigate how the plasmonic nanostructures influence device performance. 

The final chapter, summarizes the overall conclusions of this thesis and provides a 

brief outlook for future research directions. 
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2 Background  

This chapter lays the groundwork for the topics addressed in this thesis by 

outlining background and theoretical concepts. And these fundamentals are 

based on the literatures [31-71]. Section 2.1 introduces plasmonics, offering 

an overview of its principles. Section 2.2 elaborates the fundamental 

properties, synthesis, and self-assembly of Au NPs. Section 2.3 introduces 

the Au NPs in colloidal quantum dots and Section 2.4 elaborates the Au NPs 

based bimetallic nanostructures. Section 2.5 introduces the basic principles 

of X-ray scattering, including advanced techniques used in this thesis, 

GISAXS and GIWAXS. 

2.1 Plasmonics 

Over the past decades, significant advancements in understanding the fundamental 

physical phenomena and improving fabrication techniques have motivated the 

research and development of plasmonic nanostructures. Recent progress in fabrication 

and characterization methodologies have enabled a thorough exploration of plasmon 

modes and their complex interactions with nanostructures. This in-depth 

understanding of the fundamental and optical properties of plasmonic nanostructures 

is crucial for their development to meet diverse applications demands. 

Drude model 

A plasmon represents the collective oscillations of free electrons within noble metals, 

acting as the quantum manifestation of plasma oscillations. This concept connects 

closely with the advancements made by Paul Drude in 1900 through his Drude model, 

which offers insights into the electron transport mechanisms in metals. The model 

likens electron dynamics to the motions of particles in an ideal gas, incorporating 

several critical assumptions for its application. This model assumes that electrons 

behave as free and independent particles, allowing them to move under the influence 

of external electric fields according to Newton's laws of motion [3, 31]. 
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During their journey, electrons experience elastic collisions with atomic nuclei, lattice 

imperfections, or impurities, leading to scattered directions of movement until they 

freely move again. A notable aspect of Drude's model is the introduction of a mean 

collision time, 𝜏, termed the relaxation time. This time interval, which is independent 

of the electrons speed and location, signifies the average duration between collisions 

and corresponds to a collision probability of 1/𝜏. Furthermore, Drude's theory extends 

to describe how a metal's dielectric constant may vary with the frequency of an 

incident electromagnetic wave, incorporating this interaction into the model 

framework [32]. 

The model elaborates on the equation of motion for free electrons when subjected to 

an external, time-varying electric field, expressed as: 

𝐸(𝑡) = 𝐸0𝑒
−𝑖𝜔𝑡                                                      (2.1) 

where 𝐸0 is the field amplitude, 𝜔 is the angular frequency of the field, and 𝑡 is time. 

This is also stated as: 

𝑚
𝑑2𝑥(𝑡)

𝑑𝑡2
+ 𝑚𝛾

𝑑𝑥(𝑡)

𝑑𝑡
= −𝑒𝐸(𝑡)                                        (2.2) 

Through this classical perspective, Drude's model not only elucidates the fundamental 

behaviors of electrons in metals but also connects to a broader understanding of 

plasmonic oscillations, highlighting the interconnected nature of classical physics and 

quantum phenomena in the study of electron dynamics and plasmonic behavior. 

Solving the equation leads us to the functional relationship of the Drude dispersion 

model, which is given by: 

𝜖Drude(𝜔) = 1 −
𝜔𝑝

2

𝜔2 + 𝑖𝛾𝜔
                                           (2.3) 

Here, 

𝜔𝑝 = √
𝑛𝑒2

𝑚𝑒𝜖0
                                                         (2.4) 

represents the plasma frequency, which is the natural oscillation frequency of free 

electrons in their unexcited state. The term 𝑛 denotes the density of free electrons, 𝑒 is 

the elementary charge, 𝑚𝑒  refers to the effective mass of an electron, and 𝜖0 is the 

vacuum permittivity. The frequency 𝜔 corresponds to the frequency of the incident 

light wave, and 𝛾 is the radiation damping frequency caused by electron scattering: 

𝛾 =
𝑣𝑓

𝑙
=

1

𝜏
                                                         (2.5) 
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where 𝑣𝑓 is the Fermi velocity, 𝑙 is the mean free path of the electrons, and 𝜏 is the 

relaxation time. 

This model highlights the influence of electron density and scattering mechanisms on 

the optical properties of metals, specifically how they affect the metal response to 

electromagnetic radiation. The plasma frequency  signifies a critical point beyond 

which the metal becomes transparent to electromagnetic waves, while the damping 

factor accounts for energy loss due to electron collisions. The Drude model thus 

provides a foundational understanding of the optical properties of metals, including 

their reflective and conductive behaviors. 

 

Figure 2.1. Volume, surface and localized surface plasmon resonances. (a) The 

plasma frequency of a metal describes the frequency below which the conduction 

electrons oscillate in the incident field. (b) On a 2D surface, electron oscillations lead 

to propagating charge waves known as SPPs. These oscillations are coupled to an 

electromagnetic field which propagates along the interface and with amplitude that 

exponentially decreases away from the interface. (c) LSPRs exists when the metal 

nanoparticle is smaller than the incident wavelength, making the electron oscillations 

in phase. The collective oscillations lead to a large absorption and scattering cross-

section, as well as an amplified local EM field. For small particles less than 15 nm, 

absorption dominates and the absorption cross-section is large. For big nanoparticles 

greater than 15 nm, the scattering cross-section dominates. The EM field is taken as 

polarized in the plane of incidence in the figures [32]. Copyright 2015 The Royal 

Society of Chemistry. 
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The concept of plasmons based on the Drude model, manifests in three distinct types 

across various metal forms are shown in Figure 2.1. In the context of bulk metals 

(Figure 2.1a), these materials are significantly larger than the wavelength of light in 

all dimensions, allowing for volumetric electron oscillations. However, when these 

metals are reduced to thin films (Figure 2.1b), the oscillatory behavior becomes 

restricted to their surfaces. This leads to the emergence of surface plasmon polaritons 

(SPPs), commonly referred to as surface plasmons. These surface plasmons are 

optically excited and can interact with light, enabling the coupling of light into either 

standing or propagating surface plasmon modes. This coupling is facilitated through 

the presence of a grating or an imperfection on the metal surface. 

Further miniaturization of metal to the scale of nanoparticles (Figure 2.1c), where 

dimensions are on the order of the light wavelength, gives rise to localized surface 

plasmons (LSPs). In this situation, the nanoparticles free electrons engage in 

collective oscillations, significantly influenced by the particle size and shape. LSPs 

are particularly noteworthy for their ability to concentrate light into sub-wavelength 

volumes, enhancing local electromagnetic fields.  

Mie Theory 

In contrast to the bulk metal materials, the metal NPs exhibited unique colors 

observed with the naked eye. In examining the vivid color revealed by plasmonic NPs, 

it becomes necessary to reevaluate traditional theories of color formation. This 

reassessment addresses the seemingly paradoxical shift from the appearance of bulk 

materials to the vibrant colors observed at the nanoscale. This change in perceived 

color arises from the nanoscale dimensions of the particles, where their optical 

characteristics are predominantly influenced by plasmonic effects. These effects are 

highly sensitive to the size, shape, and surrounding environment of the nanoparticles, 

leading to the distinct colors observed. 

Gustav Mie provided an analytical solution to Maxwell equations, offering a 

comprehensive description of how spherical particles scatter and absorb light [33]. 

This solution, known as Mie scattering, complements the earlier understood Rayleigh 

scattering and specifically addresses the interaction between a plane wave and a 

homogeneous conducting sphere. The resulting expressions for the total scattering 

𝜎𝑠𝑐𝑎, extinction 𝜎𝑒𝑥𝑡, and absorption 𝜎𝑎𝑏𝑠 cross-sections are given by: 

𝜎𝑠𝑐𝑎 =
2𝜋

|𝑘|2
∑ 

∞

𝐿=1

(2𝐿 + 1)(|𝑎𝐿|
2 + |𝑏𝐿|

2)                              (2.6) 

𝜎𝑒𝑥𝑡 =
2𝜋

|𝑘|2
∑ 

∞

𝐿=1

(2𝐿 + 1)Re(𝑎𝐿 + 𝑏𝐿)                                 (2.7) 
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𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 − 𝜎𝑠𝑐𝑎                                                     (2.8) 

Here, 𝑎𝐿 and 𝑏𝐿 are coefficients that depend on the size parameter and the complex 

refractive index of the particles, with 𝐿  denoting the order of the multipole 

contribution. The term 𝑘 is the wave number of the incident light. 

To further investigate the specifics of LSPR phenomena, focusing solely on the dipole 

approximation provides a frequently cited formula for the resonance behavior of 

nanoparticle plasmons: 

𝜎𝑒𝑥𝑡 =
18𝜋𝜖𝑚

3/2
𝑉

𝜆

𝜖2(𝜆)

[𝜖1(𝜆) + 2𝜖𝑚]2 + 𝜖2(𝜆)2
                                (2.9) 

In this expression, 𝑉 represents the volume of the particle, indicating how the particle 

size directly influences the extent of light extinction due to resonance. An analogous 

approach for calculating the scattering cross-section results in: 

𝜎𝑠𝑐𝑎 =
32𝜋4𝜖𝑚

2 𝑉2

𝜆4

(𝜖1 − 𝜖𝑚)2 + 𝜖2
2

(𝜖1 + 2𝜖𝑚)2 + 𝜖2
2                                      (2.10) 

The terms 𝜖1(𝜆)  and 𝜖2(𝜆)  refer to the real and imaginary parts of the particle 

dielectric function at wavelength 𝜆, respectively, while 𝜖𝑚 is the dielectric constant of 

the surrounding medium. These formulations highlight the sensitivity of LSPR to 

changes in the dielectric properties of both the nanoparticle and its environment [34]. 

As is shown in Figure 2.2a, the illustration of the LSPR excitation and extinction 

spectra for plasmonic nanospheres (NSs). There is a shift in the resonant wavelength 

λ* in response to an alteration in the refractive index of the medium containing the 

sizes of the plasmonic substance. 

Gans Theory 

Mie theory, initially developed to describe the scattering and absorption of light by 

spherical particles, finds its application somewhat limited to this specific geometry. 

Richard Gans extended Mie's work to encompass particles of different shapes, 

particularly for non-spherical particles like metallic nanorods, which can be 

approximated as ellipsoids for the purpose of understanding their optical properties 

[35]. This adaptation, known as Gans theory, enables the analysis of the optical 

behaviors of metal nanorods through the dipole approximation, treating these rod-like 

particles as prolate spheroids. 

The absorption cross-section, denoted by 𝜎𝑎𝑏𝑠 , for metal nanorods, which can be 

treated as ellipsoids within the dipole approximation of Gans theory, is given by the 
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following formula: 

𝜎𝑎𝑏𝑠 =
𝜔3

3𝑐
𝜖𝑚

3/2
𝑉 ∑  

𝑗

(
1

𝑃𝑗
2)

𝜖2

{𝜖1 + [(1 − 𝑃𝑗)/𝑃𝑗]𝜖𝑚}
2
+ 𝜖2

2
             (2.11) 

This equation incorporates a summation over the three dimensions of the particle, 

considering the depolarization factors 𝑃𝑗, which include 𝑃𝐴, 𝑃𝐵, and 𝑃𝐶, corresponding 

to each axis of the ellipsoid. The condition 𝐴 > 𝐵 = 𝐶 characterizes the particle as a 

prolate spheroid. The depolarization factors play a crucial role in determining how the 

shape of the particle influences its optical properties, reflecting the anisotropy 

inherent in non-spherical particles. Figure 2.2b illustration the LSPR excitation and 

extinction spectra for plasmonic nanorods (NRs), shows the electron oscillations 

along the long and short axes. 

 

Figure 2.2. LSPR excitation and extinction spectra for plasmonic (a) nanospheres 

and (b) nanorods. LSPR detect shifts in the resonance wavelength λ*, shown in the 

extinction spectra of (a), in response to alterations in the refractive index of the 

medium containing the plasmonic nanosphere. The nanorods of (b) show longitudinal 

and transverse plasmon bands corresponding to the electron oscillations along the 

long and short axes, respectively [34]. Copyright 2018 Walter de Gruyter GmbH. 
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2.2 Gold nanoparticles (Au NPs) 

Plasmonic Au NPs have emerged as a significant research focus due to their extensive 

surface area, small size, and tunable reactivity. In this thesis, plasmonic nanostructures 

based on Au NPs are fabricated. This Section will provide the fundamental properties, 

synthesis methods, self-assembly techniques, and applications of Au NPs. 

2.2.1 Basic properties of Au NPs 

SPR in plasmonic Au NPs is a critical optical phenomenon arising from the collective 

oscillation of free electrons in response to incident electromagnetic radiation. This 

phenomenon strongly depends on the size and shape of the nanoparticles, among other 

factors [36]. The optical properties of Au NPs are intricately linked to their size. 

Smaller Au NPs, typically in the range of a few nanometers, exhibit distinctive 

quantum size effects, leading to pronounced changes in their optical absorption and 

scattering properties [37]. The color perception of colloidal gold solutions is one of 

the most intuitive ways to describe the physicochemical properties of plasmonic 

nanoparticles. To accurately understand this phenomenon, the concept of color in 

reflection or transmission must be reconsidered in terms of nanoscale effects. When 

the size of an object is significantly smaller than the wavelength of incident light, light 

is not only specularly reflected from the surface but also scattered in various 

directions [38, 39]. Additionally, light is partially absorbed when passing through the 

medium. The combined attenuation of incident light by scattering and absorption is 

defined as extinction. Thus, microscopic reflection corresponds to nanoscale 

scattering, while transmitted light relates to the extinction effect. For instance, a 20 

nm Au NP primarily absorbs light due to its size-related absorption efficiency, while a 

larger 40 nm Au NP demonstrates a combination of absorption and scattering 

phenomena. As the size of AuNPs increases further, such as to 80 nm, both absorption 

and scattering contributions become more pronounced and balanced. 

The incident light is a combination of various wavelengths, which induces the LSPR 

effect through the coherent oscillatory displacement of electrons within the metal 

nanoparticles. This effect causes the nanoparticles to scatter and absorb specific 

wavelengths based on their size and material properties. The color perceived by the 

observer depends on the relative position of the light source and the observer [39, 40]. 

From the side, the observer sees only the scattered light, resulting in a color caused 

solely by scattering. In contrast, an observer aligned with the light source sees the 

transmitted light, influenced by both absorption and scattering effects. Thus, the color 
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of the colloidal nanoparticle solution in this scenario is determined by extinction. The 

TEM images and UV/Vis absorption of Au NPs with different sizes are shown in 

Figure 2.3a, the inserted picture represents the colors of the Au NPs.  

In addition to the sizes of Au NPs, the shape of the Au NPs plays a crucial role in their 

SPR characteristics. According to Gan's theory, altering the shape from spherical to 

elongated or rod-like forms results in the splitting of the SPR band. This phenomenon 

generates distinct absorption peaks: a strong, longitudinal band in the near-infrared 

(NIR) region and a weaker, transverse band in the visible spectrum. The longitudinal 

band corresponds to electron oscillations along the longest axis of the nanoparticle, 

while the transverse band relates to oscillations perpendicular to this axis. This shape-

dependent SPR behavior is crucial for applications requiring tunable optical properties, 

such as sensing and imaging technologies. Figure 2.3b depicts the TEM images and 

UV/Vis absorption of different shapes of Au NPs nanospheres, nanocubes, 

nanobranches, nanorods, nanobipyramids. 

 

 

Figure 2.3. (a) TEM images and UV/Vis absorption of Au NPs with particle size 

increases from 8.4 to 180.5 nm, representative. (b) TEM images and UV/Vis 

absorption of Au NPs with different shapes and sizes: nanospheres, nanocubes, 

nanobranches, nanorods, nanobipyramids [40]. Copyright 2008 American Chemical 

Society. 
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The electronic structure of Au NPs significantly influences their photothermal 

properties, particularly relevant in photothermal therapy [41]. AuNPs with sizes 

around 2 nm exhibit a notable extinction coefficient, indicating high efficiency in 

converting incident light into heat. This attribute is exploited in biomedical 

applications where localized heating can selectively destroy cancer cells or trigger 

drug release from nanocarriers. The magnetic properties of AuNPs vary with size and 

surface chemistry [42]. Bulk gold is diamagnetic, but at the nanoscale, especially 

when surface ligands (such as thiolates) are present, Au NPs can exhibit 

ferromagnetic-like behavior [8]. This transition to ferromagnetic properties is 

attributed to surface effects and changes in electron confinement within the 

nanoparticle. Such magnetic characteristics are significant in applications ranging 

from magnetic separation to data storage and biomedical imaging. 

Overall, the size and shape of Au NPs intricately dictate their optical, electronic, and 

magnetic properties. These properties are fundamental to understanding and 

exploiting the unique behaviors of Au NPs in various applications. 

2.2.2 Synthesis of Au NPs 

Nucleation of the NPs 

During the synthesis of Au NPs in a liquid medium, the occurrence of nucleation 

refers to the scenario where initial nuclei arise uniformly throughout a supersaturated 

solution. The nucleation is understood as a thermodynamic process, an idea that traces 

back to the classical nucleation theory proposed by Gibbs in the 1870s [43]. 

According to this theory, the change in Gibbs free energy for homogeneous nucleation, 

Δ𝐺, is given by a balance between volumetric and surface contributions to the energy: 

Δ𝐺 =
4

3
𝜋𝑟3Δ𝐺𝑣 + 4𝜋𝑟2𝛾                                              (2.12) 

where 𝑟 is the radius of the nucleus, Δ𝐺𝑣 is the change in free energy per unit volume, 

and 𝛾 is the surface free energy per unit area. 

The change in free energy per unit volume, Δ𝐺𝑣 , is influenced by the degree of 

supersaturation 𝑆 and is described by: 

∆𝐺𝜈 =
−𝑘𝐵𝑇 ln(𝑆)

𝜈
                                               (2.13) 

with 𝑘𝐵  being Boltzmann's constant, 𝑇  is the absolute temperature, and 𝑆  is the 

supersaturation ratio. 
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Because the surface free energy is always positive and the crystal free energy is 

always negative, there is a point where the free energy reaches a maximum as a 

nucleus forms. The energy barrier for nucleation, Δ𝐺∗, representing the maximum in 

Gibbs free energy during the nucleation process, is described by: 

Δ𝐺∗ =
4

3
𝜋𝛾𝑟∗2                                                    (2.14) 

the critical radius 𝑟∗ for a nucleus, beyond which growth will lead to a decrease in 

free energy and thus spontaneous nucleation, is given by the relation: 

𝑟∗ =
−2𝛾

𝛥𝐺𝑣
=

2𝛾𝜈

𝑘𝐵𝑇𝑙𝑛 (𝑆)
                                               (2.15) 

where 𝜈 is the molar volume of the crystal. This critical radius corresponds to the 

minimum size at which a particle can survive in solution without being redissolved. If 

the nucleus is smaller than this critical size, creating a new surface demands energy 

and a higher chemical potential. Conversely, once the nucleus exceeds the critical size, 

any further increase in its radius reduces the free energy change until it reaches a 

stable state.  

Seed-mediated growth 

When particles exceed a certain critical radius, they will continue to form and grow, 

whereas particles below this radius will redissolve [44]. However, this alone does not 

account for the variations in particle sizes during growth. A phenomenon known as 

Ostwald ripening, which involves size focusing, can be considered by examining 

diffusion-controlled growth. Commonly, a tetrachloroauric acid (HAuCl4) solution 

serves as the starting point, acting as a soluble precursor that must be reduced from its 

gold (III) state to elemental gold to form the nanoparticle structure. 

As is shown in Figure 2.4, the synthesis process is divided into three discrete stages, 

structured to differentiate between homogeneous and heterogeneous nucleation events. 

Figure 2.4a shows the heterogeneous nucleation, the attachment of single atoms to 

preexisting particles or Wulff-seeds, is contrasted with homogeneous nucleation, 

where multiple atoms coalesce independently of any seeds. Since heterogeneous 

nucleation surmounts a lesser energy barrier-rendering it preferable when seeds are 

accessible, it is the favored process, ideally yielding a consistent distribution of 

monodisperse particles. 

During synthesis, it is imperative to inhibit nanoparticle aggregation, driven by a 

thermodynamic inclination towards a minimal surface area to volume ratio. To 
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counteract this, stabilizing agents are used as is shown in Figures 2.4b and c. 

Surfactants such as polyvinylpyrrolidone (PVP) or cetyltrimethylammonium 

bromide/chlorid (CTAB/C) are utilized to form an electrostatic barrier around each 

particle, thereby precluding coalescence. The choice of the surfactant, in combination 

with the potency of the reducing agent, critically influences the attributes of the 

resultant Au NPs. 

 

 

Figure 2.4. An illustration overview of the synthesis process for Au NSs. (a) Initial 

Wulff-seeds are produced by quickly reducing the gold precursor, HAuCl4, with 

NaBH4, resulting in the formation of gold atoms within a solution stabilized by CTAB. 

These seeds are then grown incrementally, (b) firstly to seeds of 8 nm in size, and (c) 

subsequently to Au NSs of the target size of demands, by gently reducing additional 

gold precursor introduced into the system with ascorbic acid. Note that surfactant 

molecules are not depicted for the sake of simplicity [39]. Copyright 2021 American 

Chemical Society. 



18                                                                                                                                Chapter 2. Background 
 

The energy threshold for heterogeneous nucleation is substantially lower than that for 

homogeneous nucleation, particularly when additional surface energy aspects are 

considered [45]. This variance is largely due to the seed presence, which alters the 

system energy landscape. In heterogeneous nucleation, monomers coalesce on a pre-

synthesized seed, creating a stable platform for further metallic growth and forming 

solid-state heterointerfaces. The calculation of surface energy encompasses the 

energies of the interfaces between the seed and the surrounding medium (𝛾1), the 

secondary material (𝛾2 ), and the interface between the seed and the expanding 

material (𝛾12). 

The equilibrium contact angle (𝜃) between the nucleus and the seed is described by 

Young's equation, which equates the interfacial tensions. This relation assists in 

determining the energy barrier for heterogeneous nucleation (Δ𝐺hetero), which is a 

function of 𝜃 and the energy barrier for homogeneous nucleation (Δ𝐺homo): 

𝛾12 = 𝛾1 + 𝛾2 cos(𝜃)                                                (2.16) 

Δ𝐺hetero = Δ𝐺homo𝑓(𝜃)                                               (2.17) 

here, 𝑓(𝜃), the wetting function, lies between 0 and 1, indicating that the energy 

barrier for heterogeneous nucleation is invariably lower than for homogeneous 

nucleation when stable nucleation sites are available. This property confirms the 

inherent advantage of heterogeneous nucleation, allowing for its occurrence under less 

stringent synthesis conditions, such as lower temperatures and decreased monomer 

concentrations, thereby enhancing the precision and control within nanoparticle 

synthesis. 

2.2.3 Self-assembly of Au NPs  

Self-assembly with electrostatic adsorption method 

The bottom-up approach enables mass production of nanoparticles and allows for the 

assembly of tunable and flexible encoding platforms. Common methods for bottom-

up fabrication of colloidal nanoparticle monolayers on substrates include capillary 

forces, DNA binding, and electrostatic interactions [46]. The self-assembly of Au NPs 

on a substrate is primarily determined by the electrostatic interactions between the 

particles and the interactions between the particles and the substrate. 

The distance between two particles can be described by the Helmholtz and Gouy-

Chapman model [47]. This model relates the distance between two neighboring 

colloidal nanoparticles in a free state to the electric double-layer thickness and is 

given by the following formula: 
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𝜅 = √
4𝜋𝑒2

𝜖𝑘𝐵𝑇
∑𝑛𝑖𝑍𝑖

2

𝑖

                                         (2.18) 

here, 𝑒  is the electron charge, 𝜖  is the absolute dielectric constant, 𝑘𝐵  is the 

Boltzmann constant, 𝑇 is the temperature, 𝑛𝑖 is the ionic concentration, and 𝑍𝑖 is the 

ionic valence. The effective diameter of the particle is the sum of the double-layer 

thickness and the diameter of the rigid core, expressed as: 

𝐷 = 𝑑 +
2

𝜅
                                                        (2.19) 

However, this relationship only considers particles in a free state. The spacing 

between neighboring nanoparticles on a charged surface is described by equation 2.20, 

which accounts for the electrostatic balance between the net charge of the 

nanoparticles and the substrate surface: 

𝑑 = √
4𝛽(𝑛𝑖 , 𝑟)

√3∫  
𝜙𝑒

𝜙𝑠
 sinh (

𝑧𝑒𝜙
𝑘𝐵𝑇

) 𝑑𝜙
                                    (2.20) 

here, 𝑟 is the particle radius, 𝜙𝑠 is the surface potential of the substrate, The spacing 

between nanoparticles is proportional to the core diameter of the nanoparticles. This 

equation also indicates that 𝑑 is inversely proportional to 𝜙𝑠.  

 

Figure 2.5. Schematic diagram of the inter-particle spacing (a) in the colloidal system 

and (b) on the charged substrate [47]. Copyright 2022 Springer Nature. 

Therefore, the inter-particle spacing can be increased by weakening the substrate 

surface potential. The synthesized Au NPs can be surface-coated with ligands during 

the synthesis process. In this thesis, CTAB is used as the surface-coating material. 
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Chapter 5 will elaborate on the self-assembly process of Au NPs. The inter-particle 

spacing of Au NPs in both colloidal system and on the charged substrate surface is 

depicted in Figure 2.5. 

Self-assembly with phase interfacial method 

The assembly of Au NPs into two- or three-dimensional structures has attracted 

considerable attention on account of their unique electronic and optical properties. 

The main concept of phase interfacial self-assembly is that Au NPs are trapped at the 

interface between two immiscible phases, where they form an organized layer due to 

interfacial phenomena such as electrostatic interactions, capillary action, and van der 

Waals forces [48]. The adsorption of nanoparticles at the interface can be affected by 

factors such as the nanoparticle size and the contact angle of the particles at the oil-

water interface. Recently, various methods have been developed to enhance the 

interfacial capture and self-assembly of nanoparticles at the oil-water interface 

[48, 49]. It has been found that simple heating or the addition of water- and oil-

miscible solvents such as acetone or ethanol can assemble hydrophilic nanoparticles at 

the interface. The self-assembly of nanoparticles at the oil-water interface can also be 

enhanced and controlled by adjusting other parameters such as particle surface 

properties, the use of surfactants, pH, ionic strength of the aqueous phase, and 

concentrations of nanoparticles and polymer ligands. 

 

Figure 2.6. Schematic representation of the NP film formation. (a) NP film formation 

at a water/hexane interface and its transfer onto substrates after hexane evaporation. 

(b) As in scheme (a) except the presence of an optimum amount of 1-dodecanethiols in 

a hexane phase for nanoparticulate film. (c) As in scheme (a) except the presence of 

the extra amount of 1-dodecanethiols in a hexane phase. Copyright 2018 The Royal 

Society of Chemistry. 
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Figure 2.6 shows a schematic diagram of the self-assembly of Au NPs through the 

water/hexane phase interface. When a layer of hexane is added to the synthesized Au 

NP solution, two separate phases are formed due to the immiscibility of water (a polar 

solvent) and hexane (a nonpolar alkane). The addition of ethanol causes a tilt in the 

surface charge of the Au NPs in suspension due to the competitive adsorption of 

ethanol molecules. Consequently, the Au NPs are immediately pulled into the 

interface between water and hexane to form a high-density gold monolayer without 

aggregation or multilayer formation. 

2.3 Au NPs in colloidal quantum dot (CQD) photodetector 

Free electrons on the surface of a plasmonic antenna will collectively oscillate when 

incident light of a specific wavelength interacts with Au NPs. This interaction leads to 

a significant enhancement of the electric field surrounding the plasmonic 

nanostructure and the generation of hot electrons induced by plasmons. These hot 

electrons subsequently flow through the metal nanostructure and can release energy 

due to flexible aggregation in the metal film. When a Schottky barrier is formed 

between a semiconductor and the plasmonic nanostructure, and the hot electrons 

possess sufficient energy to surpass this barrier, they can be injected into the 

semiconductor conduction band [50, 51]. This process can generate a current for 

photodetection below the semiconductor band edge, thereby extending the detection 

range of the semiconductor to wavelengths it would otherwise be unable to absorb. 

In Au NPs hot carrier devices, metal conduction electrons are excited 

electromagnetically to form plasmons, as illustrated in Figure 2.7. After excitation, 

scattering from other electrons and the nanoparticle surface causes individual plasmon 

electrons to lose their collective phase, resulting in the generation of "hot" carriers. 

These plasmonic hot carriers are often harnessed using the Schottky barrier between 

the semiconductor and the metal, which helps overcome their short lifetime, as shown 

in Figure 2.7b.  

The semiconductor receives the hot carriers with energies exceeding the Schottky 

barrier, and the internal fields of the junction prevent the recombination of 

photoexcited electrons and holes after their transfer. If there is an energy band offset 

between the semiconductor and the metal, the hot carriers are maintained at higher 

energies. This energy band offset acts as an efficient filter, allowing the Schottky 

barrier to separate and store the energy of the hot carriers for later use. Moreover, 

plasmon oscillating electrons can be used to extract plasmonic hot carriers by 

scattering directly into the interface states before other intrinsic losses occur, as shown 

in Figure 2.7c.  
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Figure 2.7. Hot-carrier capture from a plasmonic nanoparticle. (a) A plasmon is the 

collective oscillation of conduction electrons during electromagnetic excitation. (b) 

When the oscillating electrons scatter and lose their collective phase, a hot-carrier 

distribution is created with energy up to the plasmon frequency above the Fermi level 

(EF). The hot carriers can transfer over a metal–semiconductor Schottky barrier, 

capturing and storing the energy of the plasmon in the semiconductor.  (c) A plasmon 

can be de-excited by directly scattering the oscillating electrons into a semiconductor. 

This timescale is shorter than the time it takes for the plasmon energy to be lost to 

heat in the metal, and could therefore lead to higher extraction efficiencies [52]. 

Copyright 2017 Springer Nature. 

This type of plasmon damping is usually referred to as chemical interface damping 

and it dominates with small metal nanoparticles usually < 10 nm. This mechanism 

enhances the efficiency of hot carrier generation and enhance photodetection and 

energy conversion. 

In recent years, colloidal quantum dots (CQDs) have garnered significant research 

interest due to their exceptional performance and promising application prospects 

[53, 54]. Their pronounced quantum confinement effects result in strong light-matter 

interactions and unique optical properties, most notably wide tunable band gaps and 

high absorption coefficients. Consequently, CQDs hold great potential as absorbers 

for low-cost detectors with adjustable spectral responses. 
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Additionally, the localized surface plasmon resonance (LSPR) characteristics of metal 

nanostructures can be tuned to efficiently convert incident light and strongly confine 

and enhance the electric field around the metal nanostructures. These properties of 

plasmonic antennas suggest their potential to directly enhance the sensitivity of 

sensors, as well as the detection capability and efficiency of photodetectors. 

Therefore, incorporating Au NPs into CQD photodetectors is a promising strategy for 

improving device performance. This approach leverages the unique optical and 

electronic properties of both CQDs and Au NPs to create advanced photodetectors 

with superior sensitivity and efficiency [28, 55]. 

The hot electrons generated from surface plasmon decay in the active antenna can 

traverse the Schottky barrier and inject into the conduction band, thereby directly 

contributing to the photocurrent for photodetection in optical telecommunication 

regimes [56]. Photocurrent generation occurs when the photon energy is only slightly 

higher than the Schottky barrier height. It has been proposed and demonstrated that 

the spectral response of an active antenna-based device can be considered analogous 

to that of a Schottky diode incorporating a specific plasmon resonance [57]. 

For a Schottky diode, the photoresponse depends on the quantum transmission 

probability 𝜂𝑖  of the carriers, which can be approximated by the modified Fowler 

equation: 

𝜂𝑖 ≈ CF

(ℎ𝑣 − 𝑞𝜙𝑏)
2

ℎ𝑣
                                             (2.21) 

where 𝐶𝐹 is the Fowler emission coefficient, ℎ𝜈 is the photon energy, and 𝑞𝜙𝑏is the 

Schottky barrier height. This equation allows for a preliminary approximation of the 

number of carriers with sufficient energy to overcome the barrier height and 

contribute to the photocurrent for a Schottky diode, even in the absence of a specific 

plasmon resonance. 

When the Schottky junction is formed by plasmonic nanostructures, the 

photoresponsivity (𝑅 ) of the active antenna-based device will exhibit a Fowler 

response (𝜂𝑖) modified by the plasmonic absorption (𝐴): 

𝑅 = 𝜂𝑖𝐴                                                       (2.22) 

Moreover, the spectral photocurrent and absorbance spectrum of the active optical 

antennas can be readily controlled by adjusting the dimensions and shapes of the NPs. 

This tunability allows for the optimization of device performance across different 

operational regimes. 



24                                                                                     Chapter 2. Background 

 

 

 

2.4 Au NPs based bimetallic nanostructures 

Bimetallic composite nanostructures, composed of two distinct metallic elements, 

have garnered significant scientific and technological interest due to their unique 

electronic, optical, catalytic, and photocatalytic properties, which are not observed in 

single metallic system [58-60]. The synergistic effects between the two metals in 

BMNs are anticipated to impart both novel characteristics and a combination of the 

properties inherent to each metal. Figure 2.8 shows the plasmonic bimetallic 

nanostructures and the components, configurations, properties, and applications. 

 

Figure 2.8. Plasmonic bimetallic nanostructures and the components, configurations, 

properties, and applications [8]. Copyright 2019 American Chemical Society. 
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The structural configuration of Au NPs based BMNs, dictated by the distribution 

pattern with an additional element, can appear as core-shell structures, random alloys, 

intermetallic compounds, or cluster-in-cluster formations [8]. The physicochemical 

properties of the resulting nanomaterials are substantially influenced by the size and 

shape of both single and bimetallic nanoparticles, which are determined by the 

specific synthesis conditions and fabrication methods used. Several chemical, physical, 

and hybrid fabrication strategies have been proposed and successfully implemented 

for the preparation of Au NPs based bimetallic nanostructures [61, 62]. These 

methods enable precise control over the composition, morphology, and distribution of 

the constituent metals, which is crucial for tailoring their properties for specific 

applications. 

Chemical heterogeneous synthesis techniques, such as seed-mediated growth, co-

precipitation, chemical reduction, and sol-gel methods, have been extensively utilized 

to fabricate Au NPs based bimetallic nanostructures [8]. These methods enable the 

fine-tuning of particle size, composition, and morphology by adjusting key reaction 

parameters such as temperature, pH, and precursor concentration. In addition, 

microemulsion and polyol synthesis offer a high degree of control over bimetallic 

nanoparticles shape and spatial distribution. Furthermore, hydrothermal and 

solvothermal synthesis methods use high-pressure and high-temperature conditions to 

synthesize bimetallic nanostructures, which are particularly useful for creating highly 

crystalline and thermodynamically stable nanoparticles [8, 63]. Electrochemical 

synthesis methods offer the ability to finely tune the composition and size of BMNs 

through the control of electrochemical parameters. This approach is advantageous for 

producing uniform coatings and films with precise thicknesses. 

In addition to chemical methods, various physical deposition techniques offer 

alternative routes for fabricating bimetallic nanostructures [23, 64, 65]. These 

methods, including sputtering, thermal evaporation, atomic layer deposition, and laser 

ablation, involve the physical transfer of atoms from a target material to a substrate, 

enabling the formation of thin films or layered structures with precise control over 

thickness and composition. Physical deposition methods offer the ability to create 

high-quality, uniform, and precisely controlled bimetallic nanostructures. 

Hybrid fabrication strategies combine chemical and physical approaches to leverage 

the advantages of both. For instance, electrochemical deposition can be used in 

conjunction with chemical reduction techniques to create nanostructures with 

enhanced uniformity and improved catalytic properties. Similarly, template-assisted 

methods, which involve the use of pre-formed templates or scaffolds, can be 

combined with chemical deposition techniques to produce complex nanostructures 

with controlled geometries. In the present thesis, Au/Ag BMNs are fabricated via a 

hybrid technique by sputter Ag film on a self-assembled Au NPs template, more 

details will be elaborated in Chapter 6. 
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2.5 X-ray scattering 

Within the context of this thesis, X-ray scattering method are used to investigate the 

internal morphology and crystalline architectures of films, providing statistically 

significant insights. The basic principles of scattering techniques are elucidated in 

Section 2.5.1. Subsequently, detailed discussions on Grazing-Incidence Small-Angle 

X-ray Scattering (GISAXS) and Grazing-Incidence Wide-Angle X-ray Scattering 

(GIWAXS) are elaborated in Sections 2.5.2 and 2.5.3, respectively. 

2.5.1 Basic principles 

The electric field vector, represented as 𝐸⃗ (𝑟 ), is expressed as a function contingent 

upon the position vector 𝑟 , with r = (x, y, z) delineated as follows [66]: 

𝐸⃗ (𝑟 ) = 𝐸⃗ 0 exp(𝑖𝑘⃗ 𝑖 ⋅ 𝑟 )                                              (2.23) 

In this context, 𝐸⃗ 0 denotes the amplitude of the electric field, which is indicated by the 

polarization characteristics of the wave. The term 𝑘⃗ 𝑖  represents the wave vector, a 

fundamental concept that characterizes the direction of wave propagation and its 

spatial frequency.  

The magnitude of the wave vector, |𝑘⃗ 𝑖|, is quantitatively expressed through the wave 

number 𝑘 or alternatively, through the wavelength 𝜆, as follows: 

|𝑘⃗ 𝑖| = 𝑘 =
2𝜋

𝜆
                                               (2.24) 

this equation establishes a direct relationship between the wave vector magnitude and 

the physical parameters of the wave, such as its wavelength [67]. The wave number 𝑘, 

being equivalent to 2𝜋 divided by the wavelength 𝜆, serves as a crucial parameter in 

understanding the wave propagation characteristics and its interaction with the 

medium. 

The scattering vector, denoted as 𝑞 , plays a crucial role in the analysis of scattering 

phenomena, capturing the discrepancy between the incident wave vector, 𝑘⃗ 𝑖, and the 

scattered wave vector, 𝑘⃗ 𝑓. This vectorial differentiation expressed by the equation: 

𝑞 = 𝑘⃗ 𝑓 − 𝑘⃗ 𝑖                                                        (2.25) 

The scattering vector 𝑞  is essential for revealing the structural and dynamic 

characteristics of the sample under study, indicating the modifications in the wave 
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trajectory resultant from the scattering process. 

The scattering length density (SLD) quantifies the capacity of a material to diffract or 

scatter incoming radiation. It plays a crucial role in highlighting the variations in 

scattering attributes both within different areas of a single material and across various 

materials [68]. Determination of the SLD becomes feasible with knowledge of the 

material chemical makeup and its average electron density, 𝜌𝑒. The SLD for the X-ray 

measurement is mathematically defined by the formula: 

SLD =
𝑛𝑒𝜌𝑒𝑁𝐴𝑟𝑒

𝑀𝑤
                                                 (2.26) 

where 𝑛𝑒  symbolizes the total number of electrons per molecule, 𝜌𝑒  represents the 

electron density, 𝑁𝐴 is the Avogadro constant, indicating the number of constituent 

particles per mole of a substance, and 𝑀𝑤 denotes the molar mass of the material. 

This formulation underscores the relationship between the SLD and fundamental 

physical constants, as well as the material-specific properties such as electron density 

and molar mass.  

By linking these parameters, the SLD effectively measures how a material interacts 

with radiation, offering insights into its structural and compositional characteristics 

that influence scattering phenomena. 

Bulk specimens have been extensively investigated using transmission geometry due 

to their substantial scattering volumes [69]. In contrast, thin-film samples present a 

challenge as their significantly smaller scattering volumes lead to weak scattering 

signals. To surmount this issue, reflection geometry using grazing incidence angles is 

utilized. This method enhances the effective scattering volume, thereby facilitating 

access to the internal structures of thin films. Utilizing grazing angles not only 

amplifies the scattering signal but also enables detailed exploration of the film 

intricate internal architectures, providing valuable insights into their structural 

characteristics. 

When the incidence angle is below the critical angle (𝛼𝑖 < 𝛼𝑐 ), total reflection 

yielding primarily surface-related insights. To probe internal structures, it is necessary 

to use an incidence angle that is lower with critical angle. Yoneda's work illustrates 

the highest scattering intensity at the critical angle, attributed to a peak in the Fresnel 

coefficients [70]. This phenomenon, in the Yoneda region, allows for the extraction of 

material-specific data, underscoring the critical angle dependence on the material 

inherent properties.  

For hard X-rays (𝐸 > 5 keV), where the refractive index is below one, the X-ray 

beam undergoes reflection at the juncture between a denser medium and a less dense 

medium. This reflective behavior adheres to Snell’s law, which is mathematically 

formulated as: 
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𝑛0cos (𝛼𝑖) = 𝑛cos (𝛼𝑡)                                            (2.27) 

the incidence angle, denoted by 𝛼𝑖 , is defined as the angle formed between an 

incoming wave and the perpendicular line to the boundary separating two distinct 

media. The refractive index of the medium through which the wave travels is 

represented by 𝑛, while 𝑛0 indicates the refractive index of the atmosphere enveloping 

the initial medium, typically considered the incident medium. The angle of 

transmission or refraction, labeled as 𝛼𝑡 , characterizes the wave direction of travel 

within the second medium, measured in relation to the normal at the interface as well. 

When the angle of incidence equals the critical angle 𝛼𝑖 = 𝛼𝑐 , and the angle of 

transmission is zero 𝛼𝑡 = 0, assuming air is the incident medium where 𝑛0 = 1, the 

equation is accordingly simplified can be written as: 

cos (𝛼𝑐) = 𝑛 = 1 −
𝜆2

2𝜋
𝑟𝑒𝜌𝑒 = 1 −

𝜆2

2𝜋
SLD                       (2.28) 

When applying the small angle approximation according to the Taylor series where 𝛼𝑐 

is close to 0, the equation simplifies to: 

cos (𝛼𝑐) ≈ 1 −
𝛼𝑐

2

2
                                                (2.29) 

An approximation for the critical angle in terms of the SLD is then derived, linking it 

directly with the physical and optical properties of the material: 

𝛼𝑐 ≈ √2𝛿 = 𝜆√
SLD

𝜋
                                                (2.30) 

This set of equations enables the calculation of the critical angle based on the known 

properties of the material and the incident radiation wavelength 𝜆. The approximation 

of 𝛼𝑐 underscores the significance of the material SLD in determining how it interacts 

with radiation, especially useful for characterizing thin films and interfaces through 

scattering techniques. 

2.5.2 Grazing-incidence small-angle X-ray scattering 

Grazing-incidence small-angle X-ray scattering (GISAXS) offers a profound method 

to probe both the surface and subsurface morphologies of thin films, effectively 

mapping structures across a substantial length scale that spans from the nanometer to 

the micrometer range. The technique is particularly advantageous when dealing with 

thin films due to the minimal quantity of material present for analysis. In GISAXS, a 

very shallow angle of incidence, typically 𝛼𝑖 < 1∘ , is used. This small angle 

significantly increases the footprint of the X-ray beam upon the film, thereby 
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enhancing the interaction volume. The footprint length in the direction of the beam, 𝑙, 

is given by the formula: 

𝑙 =
ℎ

tan (𝛼𝑖)
                                                      (2.31) 

where ℎ represents the vertical dimension of the incident beam. For instance, with an 

incidence angle of 𝛼𝑖 = 0.4∘ and an X-ray beam size of 20 × 30 𝜇𝑚2, the area of 

illumination is expanded by more than two orders of magnitude. This amplification is 

critical for achieving a detectable scattering signal from the film, allowing for detailed 

structural analysis at large length scales. 

 

Figure 2.9. Illustration of GISAXS/GIWAXS geometry. Copyright 2014 John Wiley & 

Sons. 

The basic scattering geometry for GISAXS is shown in Figure 2.9. A monochromatic 

X-ray beam characterized by the wave vector 𝑘⃗ 𝑖 impinges upon the sample surface at 

a very shallow angle of incidence, 𝛼𝑖 , relative to the surface plane. Within an 

established Cartesian coordinate system, the z-axis is defined as perpendicular to the 

surface plane, the x-axis runs parallel to the surface in the direction of the beam, and 

the y-axis is orthogonal to both, forming a right-handed coordinate system. 

X-rays scatter in various directions, defined by the wave vector 𝑘⃗ 𝑓, with the scattering 

characterized by angles 𝜓 (azimuthal angle) and 𝛼𝑓 (out-of-plane angle) relative to the 

surface. These interactions with electron density fluctuations across the illuminated 
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area of the surface result in a scattered wave. The scattering vector 𝑞 , is expressed as: 

𝑞 = (𝑞𝑥, 𝑞𝑦, 𝑞𝑧) = 𝑘⃗ 𝑓 − 𝑘⃗ 𝑖 =
2𝜋

𝜆
(

cos (𝛼𝑓)cos (𝜓) − cos (𝛼𝑖)

cos (𝛼𝑓)sin (𝜓)

sin (𝛼𝑓) + sin (𝛼𝑖)

)         (2.32) 

The scattering intensity measured at low angles, typically just a few degrees, is 

registered using a two-dimensional detector, which discloses the sample lateral 

structures that span from several to hundreds of nanometers. This detector is 

strategically positioned along the x-axis and is placed at a considerable sample-to-

detector distance, ranging from 2 to 3 m.  

 

Figure 2.10. Schematic representation of the DWBA involved four terms in the 

scattering by a supported object: (a) directly scattered beam (BA) with (b) first 

reflected and then scattered (c) first scattered and then reflected (d) reflected-

scattered-reflected. Illustration created with BioRender.com 

Under grazing incidence, reflection and refraction occur at both the sample and 

substrate interfaces. Diffuse scattering is generally analyzed using the distorted-wave 

Born approximation (DWBA) framework. Within the DWBA, when considering an 

object on a substrate, four terms that influence scattering are considered. As illustrated 

in Figure 2.10, these include the standard scattering event, reflection followed by 

scattering, scattering followed by reflection, and reflection followed by scattering 

with a subsequent second reflection. The first term is the Born approximation (BA), 
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where the incoming beam is scattered directly by the object. The second term 

describes the incident beam is first reflected by the substrate and then scattered by the 

object. In the third term, the incoming beam is initially scattered by the object and 

subsequently reflected by the substrate. The fourth term represents reflection at the 

interface, followed by scattering at the object, and then another reflection.  

Data analysis for GISAXS can be conducted by using specialized software to model 

the entire scattering pattern, or by focusing on a horizontal line cut at the material 

critical angle [71]. For quantitative analysis in this thesis, the effective interface 

approximation (EIA) is employed for further simplification. According to the EIA, 

scattering objects are assumed to have only a single distinct surface, focusing solely 

on lateral interactions and allowing the decoupling of the radius and height of the 

scattering objects. Since the size of actual scattering objects varies around a mean 

value, several approximations are necessary. For polydisperse domains, an effective 

average form factor is introduced using the decoupling approximation (DA, Figure 

2.11a) or the local monodisperse approximation (LMA, Figure 2.11b). In this thesis, a 

model based on the LMA is used to describe GISAXS data (Figure 2.11c), assuming 

that the structures are standing cylinders with three different sizes co-existing in the 

thin film. Additionally, structures of similar sizes are assumed to form locally nearly 

monodisperse domains. 

 

Figure 2.11. Illustration of common approximation models for scattering factors. (a) 

decoupling approximation (DA), (b) local monodisperse approximation (LMA), and (c) 

the model assumed in this thesis based on the LMA. Illustration created with 

BioRender.com 

The comprehensive scattering function is conceptualized as an incoherent sum of 

distinct scattering events from various types of scattering entities, each of which can 

be analyzed separately. For a monodisperse structures, the diffuse scattering factor, 

which accounts for the spread of scattered intensity, can be estimated approximated by: 

𝑃(𝑞 ) ∝ 𝑁|𝐹(𝑞 )|2|𝑆(𝑞 )|                                           (2.33) 

where 𝑁 is the number of scattering entities within the sample, 𝐹(𝑞 ) is the form factor, 
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and 𝑆(𝑞 )  is the structure factor. In practical experiments, scattering objects often 

exhibit a range of dimensions rather than a uniform size, leading to polydispersity 

within the system. When dealing with such a polydisperse system, where the 

scattering objects share the same shape but differ in size, the relevant equations must 

be adapted to incorporate an effective average form factor. 

2.5.3 Grazing-incidence wide-angle X-ray scattering 

Grazing incidence wide-angle X-ray scattering (GIWAXS) is a powerful technique to 

investigate the crystalline structures of the film [70]. As is shown in Figure 2.9, the 

setup for a GIWAXS experiment shares similarities with that of GISAXS, though it 

typically involves a shorter SDD, ranging from 0.1 to 0.2 m. This adjustment in the 

experimental setup enables the detection of scattered signals at large exit angles. Such 

a configuration is crucial for accessing structural data at the sub-nanometer level, 

offering insights into the atomic arrangement within the material.  

The scattering patterns observed are primarily governed by the periodicity of the 

crystal lattice. Within these crystals, individual atoms, ions, or molecules serve as 

scattering centers and are arranged periodically. Constructive interference occurs 

when the waves scattered from each plane are in phase, leading to amplified intensity. 

This happens when the path length difference between the waves matches an integer 

multiple of the X-ray wavelength. The condition for constructive interference and the 

resulting intense scattering peaks is described mathematically by Bragg's equation, 

which relates the spacing between planes in a crystal lattice, denoted as 𝑑ℎ𝑘𝑙, with the 

wavelength of the incident X-rays 𝜆, the order of the reflection 𝑛, and the angle of 

incidence 𝜃: 

𝑑ℎ𝑘𝑙 =
𝑛𝜆

2sin 𝜃
                                                      (2.34) 

The Laue condition generalizes Bragg's law to three dimensions, offering a criterion 

for constructive interference that occurs when the change in the wave vector Δ𝑘⃗  is 

equivalent to a reciprocal lattice vector 𝑄⃗  represented as: 

Δ𝑘⃗ = 𝑘⃗ 𝑓 − 𝑘⃗ 𝑖 = 𝑞 = 𝑄⃗                                               (2.35) 

and 

𝑄⃗ = ℎ𝑎 1 + 𝑘𝑎 2 + 𝑙𝑎 3                                                (2.36) 

where 𝑎 1 , 𝑎 2 , and 𝑎 3  are the reciprocal lattice vectors, and ℎ , 𝑘 , 𝑙  are the Miller 

indices corresponding to the planes in the crystal lattice. 
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Figure 2.12. Schematic illustration of the Ewald sphere. Diffraction patterns occur 

when the Ewald sphere touches a reciprocal lattice point. 

As is shown in Figure 2.12, the reciprocal lattice is conceptually the Fourier transform 

of the real-space crystal lattice and comprises all possible wave vectors that result in 

diffraction. A scattering signal is detected when the Laue condition is met, signifying 

that the incident wave vector 𝑘⃗ 𝑖 has been diffracted into the final wave vector 𝑘⃗ 𝑓 by 

the crystal lattice. An incoming beam interacts with a scatterer in real space, the 

complete set of all possible incident and scattered wave vectors (𝑘⃗ 𝑖 and 𝑘⃗ 𝑓) forms a 

geometric locus known as the Ewald sphere. When a point in the reciprocal lattice 

coincides with the surface of this sphere, diffraction peaks become observable. 

Through GIWAXS, these Bragg peaks enable the determination of key 

crystallographic parameters such as lattice spacing, crystallite size, and orientation. 

Additionally, the degree of crystallinity within the sample, which correlates with the 

intensity of the scattered signal, can be assessed. 
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3 Characterization and 

analytical methods 

This chapter describes various techniques used to characterize hybrid 

plasmonic nanostructures. Section 3.1 covers structure characterization, 

including both real- and reciprocal-space imaging methods for investigating 

the hybrid structures. Spectroscopic characterization techniques are detailed 

in Section 3.2. Section 3.3 discusses the basic principles of 

ultraviolet/visible light (UV/Vis) spectroscopy, dynamic light scattering 

(DLS), photoluminescence (PL) spectroscopy, and Raman spectroscopy 

measurements. Photodetector characterization methods are elaborated in 

Section 3.4. Finally, Section 3.5 focuses on the simulation of 2D grazing 

incidence small-angle X-ray scattering (GISAXS) patterns. 

3.1 Structural characterizations 

3.1.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a powerful technique capable of providing 

both topographic and material-sensitive information about conductive thin films at a 

sub-nanometer scale. However, the resolution of SEM is ultimately constrained by the 

wavelength of the beam used to examine the sample surface. According to the 

principle of particle-wave duality introduced by De Broglie, electrons exhibit a 

shorter wavelength compared to photons at a given energy level. Consequently, SEM 

offers a significantly enhanced resolution compared to classical optical microscopy, 

often by several orders of magnitude.  

The schematic and operational principles of a typical SEM instrument are depicted in 

Figure 3.1. Generally, SEM operate by emitting an electron beam from an electron 

gun, typically equipped with either a tungsten filament cathode or a lanthanum 

hexaboride cathode. These electrons are accelerated towards an anode, passing 
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through a central aperture within it at a consistent energy level. This approach is 

preferred for generating high-quality SEM images due to its ability to provide a high 

electron flux, precise kinetic energy control, and the option to operate at relatively low 

acceleration voltages, typically 5 keV or less. Electromagnetic lenses and apertures 

play a crucial role in regulating the beam size and focus, while scan coils accurately 

position the beam on the sample surface. Various detectors, including backscattered 

electron (BSE), secondary electron (SE), and X-ray detectors, are utilized to capture 

signals resulting from the interaction between the electron beam and the sample. 

 

Figure 3.1. Schematic illustration of a Scanning Electron Microscope. Illustration 

created with BioRender.com. 

The energy of the electron beam generated typically ranges from 0.2 keV to 40 keV. 

Using two magnetic condenser lenses, the electron beam is focused to a spot 

measuring approximately 0.4 nm to 5 nm in diameter, allowing it to scan the sample 

surface over a rectangular area. Due to their low energy levels, these electrons 

penetrate only a shallow depth into the sample, making SEM particularly effective for 

obtaining surface-sensitive information. Structures protruding from the sample surface 

often appear brighter in SEM images due to the reduced working distance. However, 

it is important to note that brightness levels can also be influenced by factors such as 

the composition of the material being investigated, providing additional insights into 

surface topography. 
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Additionally, the intensity of the backscattered electron signal is closely linked to the 

atomic number of the sample. Consequently, backscattered electron signals, along 

with characteristic X-rays, are commonly used to analyze the distribution of various 

elements within the sample. Therefore, energy-dispersive X-ray (EDX) spectroscopy 

can be conducted to further analyze the elemental composition. 

All SEM measurements conducted in this thesis utilize a FESEM Gemini NVision 40 

instrument from Carl Zeiss, operated with the SmartSEM software. The instrument is 

housed at the Walter-Schottky-Institut/ZNN of TU Munich. For measurement 

parameters, the electron beam energy is 5 keV with a work distance of 4.5 mm. All 

obtained SEM images are analyzed with the ImageJ software. 

3.1.2 Grazing incidence small-angle X-ray scattering 

GISAXS stands as a powerful and specialized X-ray scattering method, allowing for 

the exploration of plasmonic nanostructures across a wide range of length scales, 

spanning from nanometers to micrometers. In the present thesis, GISAXS serves as a 

potent and adaptable instrument for investigating the surface, sub-surface, and 

interface structures within hybrid plasmonic architectures. The GISAXS 

measurements conducted in this study are executed at the MiNaXS beamline P03, 

situated at the PETRA III storage ring of DESY (Hamburg, Germany). 

 

Figure 3.2. Photograph of the mobile HiPIMS chamber integrated in the in situ 

GIS/WAXS setup at the P03/MiNaXS beamline of the PETRA III storage ring at DESY, 

Hamburg. 
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In the context of the in situ GISAXS measurement outlined in Chapter 6, the incident 

X-ray photon energy is set at 11.72 keV, corresponding to a wavelength of 1.05 Å. 

The incident angle (𝛼𝑖) is configured to 0.4°, while the sample-to-detector distance 

(SDD) is 3230 mm. The 2D GISAXS data are captured utilizing a Pilatus 1M detector 

(Dectris Ltd., Switzerland), with each pixel measuring 172 × 172 μm2 and a time 

resolution of 20 Hz. To mitigate the risk of X-ray-induced damage to the sample, a 

beam-damage check is conducted. Additionally, the sample is periodically 

repositioned during the in situ GISAXS measurement to prevent prolonged exposure 

and minimize any adverse effects. Figure 3.2 shows the setup for integrating Ag 

sputter deposition with in situ GISAXS, as elaborated in Chapter 6, conducted at the 

P03/MiNaXS beamline of the PETRA III storage ring at DESY. 

 

Figure 3.3. Example of the applied GISAXS modeling of a horizontal line cut of the 

2D GISAXS data. Reproduced with permission from [23]. Copyright 2024 American 

Chemical Society. 
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For quantitative analysis of GISAXS data, horizontal line cuts are conducted at the 

material-specific Yoneda peak region, leveraging the DPDAK software. These line 

cuts contain valuable information regarding the lateral structure of the examined film. 

To extract characteristic length scales of the structure, these cuts are modeled using 

the DWBA, incorporating the EIA, the LMA, and a 1D paracrystalline lattice.  

Within this analytical framework, the scattering objects are assumed to possess 

spherical shapes with Gaussian size distributions, which are termed form factors. The 

distances between neighboring objects centers, known as the structure factors, are also 

considered. Figure 3.3 depicts an illustrative example of a horizontal line cut extracted 

from 2D GISAXS data of Au/Ag nanostructures, accompanied by the applied 

modeling. Through this model, both the radius and the corresponding center-to-center 

distance can be derived. This analysis will be particularly beneficial for the 

investigation of formation of Au/Ag binary nanostructures, and will be further 

elaborated upon in Chapter 6. 

 

Figure 3.4. Example of the applied off-center vertical line cut of the 2D GISAXS data. 

Reproduced with permission from [28]. Copyright 2023 American Chemical Society. 
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Vertical line cuts, including off-centered cuts, provide insights into the film 

characteristics perpendicular to the substrate. As depicted in Figure 3.4, off-center line 

cuts of Au nanoarray offer an opportunity to analyze how the vertically organization 

of the NPs and their influence in the hybrid Au/PbS system. This aspect will be 

further explored in Chapter 7. 

3.1.3 Grazing incidence wide-angle X-ray scattering 

 

Figure 3.5. Example of cake cut on 2D GIWAXS data and corresponding azimuthal 

integration. Reproduced with permission from [23]. Copyright 2024 American 

Chemical Society. 
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GIWAXS emerges as a potent technique for probing the crystalline structure of thin 

films, allowing extraction of key properties such as lattice constants, crystal sizes, and 

orientations. In this study, in situ GIWAXS measurements are conducted at the 

P03/MiNaXS beamline of the PETRA III storage ring at DESY. Notably, due to 

differences in SDD between GIWAXS and GISAXS setups, simultaneous in situ 

GIWAXS and GISAXS measurements can be carried out during the sputter deposition 

of Ag on Au nanoarrays, as depicted in Figure 3.2. Consequently, the photon energy of 

the X-ray beam and the incident angle (𝛼𝑖) remain consistent with those of the in situ 

GISAXS measurements, as they are conducted concurrently. The SDD of in situ 

GIWAXS measurements are set at 193.5 mm, and the corresponding 2D data is 

captured using a Lambda 9M detector (X-Spectrum GmbH, Germany) with a pixel 

size of 55 × 55 μm2 and a time resolution of 2 Hz. 

For quantitative analysis of GIWAXS data, a cake sector integral is used, as is shown 

in Figure 3.5. The reflecting line data is then subjected to fits with Gaussian functions. 

The lattice constant and crystallite size are determined by analyzing the peak center 

and FWHM obtained from the Gaussian function. The analysis of Au/Ag 

nanostructures GIWAXS patterns, offer an opportunity to analyze evolution of the 

binary structure during sputter deposition. This aspect will be further explored in 

Chapter 6. 

3.2 Spectroscopic characterizations 

3.2.1 UV/Vis spectroscopy  

Ultraviolet-visible (UV/Vis) spectroscopy quantifies the absorption or transmission of 

discrete wavelengths spanning from ultraviolet to the visible region, comparing them 

to a reference or blank sample. The simplified configuration and operational 

principles of a typical double-beam UV/Vis spectrophotometer are depicted in Figure 

3.6. Light is emitted by either a deuterium lamp or a tungsten halogen lamp, 

corresponding to the ultraviolet or visible region, respectively. Notably, the lamp can 

be switched during measurement to accommodate different spectral ranges. 

The emitted light undergoes monochromatizating via a monochromator, comprising 

slits and prisms, to produce a monochromatic beam of the desired wavelength. This 

beam then splits into two equal parts using a beam splitter. One beam interacts with 

the sample being analyzed, while the other interacts with a sample reference. The 

intensities of both beams after interaction are captured by a detector and further 

analyzed by a computer. 

In a UV/Vis absorption spectroscopy experiment, photons of varying wavelengths λ 
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are directed onto the sample, and the transmitted light is measured. According to the 

Lambert-Beer law, absorbance 𝐴(𝜆) and transmittance 𝑇(𝜆) are determined based on 

the relationship between the intensity of incident light and that of transmitted light 

through the sample. Mathematically, this relationship is expressed as: 

𝐴(𝜆) = 𝑙𝑜𝑔10 
𝐼0(𝜆)

𝐼(𝜆)
= −𝑙𝑜𝑔10 𝑇(𝜆)                                   (3.1) 

where the intensity of the incident light is 𝐼0(𝜆) and the intensity of the transmitted 

light is 𝐼(𝜆). 

 

 

Figure 3.6. Illustration of a typical UV/Vis spectrophotometer simplified 

configuration and working principle. A lamp generates light and is then 

monochromatized by a monochromator. Then the monochromatic beam is split into 

two beams by a beam splitter. One beam passes through the sample, while the other 

one penetrates the sample reference. The intensities of beams transmitted through 

sample and reference are collected by a photodetector and further analyzed [72]. 

Copyright 2014 John Wiley & Sons.  

Because of absorption phenomena, light intensity undergoes an exponential decrease 

as it traverses through the medium. This decay is mathematically expressed as: 

𝐼(𝜆) = 𝐼0(𝜆)𝑒𝑥𝑝 (−𝜇(𝜆)𝑑)                                            (3.2) 

here, 𝜇(𝜆) represents the material-specific linear absorption coefficient, and 𝑑 denotes 

the path length of light through the medium, such as the thickness of a thin film or the 

cuvette. 

Hence, the absorbance can be represented as: 
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𝐴(𝜆) = 𝑙𝑜𝑔10

𝐼0(𝜆)

𝐼(𝜆)
=

1

𝑙𝑛(10)
𝜇(𝜆)𝑑                                    (3.3) 

Consequently, the material-specific absorption coefficient can be determined using the 

formula: 

𝜇(𝜆) =
𝐴(𝜆)

𝑑𝑙𝑛 (10)
                                                      (3.4) 

In the case of reflective samples, like thin films, the absorption of light is influenced 

by substantial intensity losses resulting from total or partial reflection at interfaces 

with differing refractive indices. Thus, it becomes imperative to account for reflection 

processes. The absorbance 𝐴(𝜆) in such scenarios is expressed as: 

𝐴(𝜆) = −𝑙𝑜𝑔10 
𝑇(𝜆)

𝐼(𝜆) − 𝑅(𝜆)
                                         (3.5) 

here, 𝑅(𝜆)  signifies the intensity of reflected light. This equation considers the 

relative decrease in transmitted light 𝑇(𝜆) due to both absorption and reflection, thus 

providing a comprehensive assessment of absorbance for reflective samples. 

For the UV/Vis spectroscopy experiments detailed in Chapter 5, the absorbance of 

partially transparent samples deposited on glass substrates is recorded using a Lambda 

35 spectrophotometer from PerkinElmer, USA. The wavelength range is configured 

from 400 nm to 800 nm, with a scanning speed set to 240 nm/min and a step size of 1 

nm. 

In Chapter 7, UV/Vis spectroscopy measurements focus on the reflectance of non-

transparent samples deposited on Si substrates. These measurements are conducted 

using a Lambda 950s spectrophotometer, also from PerkinElmer, USA, equipped with 

an integrating sphere. The wavelength range is adjusted from 350 nm to 1200 nm, 

with a scanning speed set to 240 nm/min and a step size of 1 nm. 

3.2.2 Dynamic light scattering 

In light scattering experiments, a sample is illuminated with monochromatic coherent 

light, and the intensity of scattered light is analyzed concerning scattering angle 

and/or time. The standard experimental configuration is depicted in Figure 3.7. In 

dynamic light scattering, variations in the intensity of scattered light over time are 

scrutinized, offering insights into particle diffusion. A laser emitting light with a 

wavelength 𝜆  is directed onto the sample, typically a solution contained within a 

quartz cuvette, where it undergoes scattering. The intensity of scattered light 𝐼(𝑡, 𝜃) is 
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then monitored as a function of time 𝑡 and scattering angle 𝜃 using a photodetector. 

To analyze particle diffusion, the normalized intensity autocorrelation function 

𝑔2(𝜏, 𝜃) is computed using a correlator: 

𝑔2(𝜏, 𝜃) =
⟨𝐼(𝑡, 𝜃)𝐼(𝑡 + 𝜏, 𝜃)⟩

⟨𝐼(𝑡, 𝜃)⟩𝑡
2                                            (3.6) 

This function correlates the intensity at time 𝑡 with the intensity after a delay time 𝜏, 

averaging over all times. At small values of 𝜏 , when particles haven't diffused 

significantly, the intensities remain strongly correlated. As 𝜏 increases, the intensities 

become increasingly uncorrelated. Thus, the decay of 𝑔2(𝜏, 𝜃) carries information 

about particle diffusion. 

 

Figure 3.7. Schematic illustration of a light scattering setup. Laser light with 

wavelength λ scatters from the sample. At a scattering angle θ, the scattered light 

intensity I (t, θ) is recorded as a function of time by a photodetector. A correlator 

transforms the signal into the normalized autocorrelation function 𝑔2(𝜏, 𝜃) . 

Illustration created with BioRender.com. 

The normalized field autocorrelation function 𝑔1(𝜏, 𝜃) is related to 𝑔2(𝜏, 𝜃) by the 

Siegert relation: 

𝑔2(𝜏, 𝜃) − 1 = 𝛽|𝑔1(𝜏, 𝜃)|2                                            (3.7) 

here, 𝛽  is a coherence factor dependent on the setup, typically ≤ 1 . The Siegert 

relation holds for ergodic systems with non-interacting particles at sufficiently high 

number density, a condition often met in dilute polymer solutions. 
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In the case of monodisperse particles, the decay of the intensity autocorrelation 

function 𝑔1(𝜏, 𝜃) follows a single exponential function: 

𝑔1(𝜏, 𝜃) = 𝑒−𝛤𝜏 = 𝑒
−

𝜏
𝜏0                                                  (3.8) 

where Γ represents the decay rate or the reciprocal of the decay time 𝜏0. 

The translational diffusion coefficient (𝐷𝑡) of the particles can be expressed as: 

𝐷𝑡 =
Γ

𝑞2
=

1

𝜏0𝑞2
                                                     (3.9) 

here, 𝑞 denotes the magnitude of the scattering vector, defined by: 

𝑞 =
4𝜋𝑛

𝜆
sin (

𝜃

2
)                                                  (3.10) 

where 𝑛 represents the refractive index of the sample solvent, 𝜆 is the wavelength of 

the incident light, and 𝜃 is the scattering angle. For translational diffusion, 𝐷𝑡 remains 

independent of the scattering angle. To verify this, DLS measurements are frequently 

conducted at various scattering angles. A linear relationship between Γ  and 𝑞2 

suggests purely translational diffusion. 

The hydrodynamic radius (𝑅ℎ) of the particles is related to 𝐷𝑡 by the Stokes-Einstein 

equation: 

𝑅ℎ =
𝑘𝐵𝑇

4𝜋𝜂𝐷𝑡
                                                    (3.11) 

where 𝑘𝐵 represents Boltzmann’s constant, 𝑇 denotes the solution temperature, and 𝜂 

stands for the solvent viscosity. 𝑅ℎ signifies the radius of an equivalent sphere having 

the same diffusion coefficient as the particles. 

In Chapter 5, the DLS experiments are conducted to measure the various sizes of 

synthesized Au NPs. These measurements are essential to ensure that the NPs used in 

subsequent experiments are of the desired sizes and in optimal condition for further 

investigations. 

3.2.3 Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy serves for analyzing the light emission from a 

sample post-photon absorption. This technique offers crucial insights into radiative 
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relaxation processes, particularly exciton recombination, which play a significant role 

in the operation of optoelectronic devices. During PL analysis, a specific excitation 

wavelength is meticulously selected, typically one that is efficiently absorbed by the 

material under investigation, often at its absorbance maxima. Subsequently, the 

emitted light is detected. 

 

Figure 3.8. Illustration of typical absorbance and PL spectra. Due to relaxation 

processes, the emission spectrum is red-shifted relative to the absorbance spectrum 

(Stokes-shift). 

In addition to providing insights into exciton recombination, PL spectroscopy can also 

reveal important information about the electronic structure, bandgap, and defect states 

within the material. By examining the spectral characteristics of the emitted light, it 

can gain valuable knowledge about the material photophysical properties. The emitted 

photons arise from various vibrational levels of the electronically excited state, 

transitioning to different vibrational levels of the ground state. As depicted in Figure 

3.8, this phenomenon leads to the observation of a broad emission spectrum, often fits 

well with a Gaussian function. 

Time-resolved photoluminescence (TRPL) analysis serves as an invaluable technique 

for study the intricacies of charge carrier dynamics within functional stacking layers, 

such as those observed in optoelectronic devices. Time-correlated single photon 

counting (TCSPC) is a widely adopted method for conducting TRPL measurements. 

The fundamental operational principle of TCSPC is vividly illustrated in Figure 3.9. 

Here, the sample undergoes illumination by a laser pulse, resulting in the generation 

of a characteristic waveform. The time interval between the excitation of the sample 

by the laser pulse and the subsequent detection of the emitted photon at the detector is 

meticulously measured and plotted along the x-axis. The corresponding number of 

photons detected for each time delay is represented along the y-axis. In scenarios 
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where the number of detected photons per excitation pulse is notably less than 1, 

mirrors the decay curve. Typically, multi-exponential decay functions are used to fit 

the decay curve, enabling the extraction of decay times 𝜏. 

 

 

Figure 3.9. Schematic illustration of working principle of TCSPC (a) A measured 

waveform, (b) a histogram of the number of photons detected at different time scale. 

The amplitude-weighted average lifetime (𝜏𝑣1) is calculated using the equation: 

𝜏𝑣1 = ∑  

𝑖

𝛼𝑖𝜏𝑖                                                      (3.12) 

Intensity-weighted average lifetime (𝜏𝑣2) is calculated using the equation: 

𝜏𝑣2 =
∑  𝑖  𝛼𝑖𝜏𝑖

2

∑  𝑖  𝛼𝑖𝜏𝑖
                                                    (3.13) 

here, 𝜏𝑖  represents the decay lifetime for different components, and 𝛼𝑖  denotes the 

amplitude fraction of each lifetime component. 

In Chapter 7, a Picoquant Fluotime 300 spectrofluorometer is utilized to perform both 

PL and TRPL measurements, using an excitation wavelength of 370 nm. These 

measurements played a crucial role in examining how the presence of Au NPs 

impacted the charge carrier mobility within the hybrid PbS film. 

3.2.4 Raman spectroscopy 

Surface-enhanced Raman spectroscopy (SERS) is an advanced variant of Raman 

spectroscopy that leverages nanostructured metal surfaces to significantly enhance 

Raman signals. This enhancement arises from the excitation of localized surface 

plasmons, leading to a substantial increase in signal intensity. Raman spectroscopy is 

an invaluable analytical tool, utilize light scattering to elucidates diverse properties of 
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a substance, ranging from its chemical composition, phase, and crystallinity to 

molecular interactions. It serves as a non-invasive and non-destructive method, 

offering intricate insights into molecular structures, even within intricate matrices like 

tissues. 

 

Figure 3.10. Illustration of simplified light-path configuration and working principle 

of a typical Raman spectrometer. Laser, generated by a laser generator, passes 

through a series of optical components and microscopy and focuses on the sample 

surface. The scattered beam leaves the sample reversely and then passes through a 

filter, a slit, and a diffraction grating. Finally, the intensity of photons at each 

wavelength is recorded by a CCD camera. Green arrows show the path of the laser 

from the laser generator to the sample surface, while red arrows represent the path of 

the scattered beam from the sample surface to the CCD camera [73]. Copyright 2021 

Springer. 

A standard Raman spectrometer, depicted in Figure 3.10, encompasses several 

integral components and adheres to a specific operational framework. Initially, a laser 

source emits a beam of light, subsequently expanded by a beam expander. This 

expanded beam traverses through a sequence of optical components before reaching a 

microscopy setup, where it converges onto the sample surface. Following interaction 

with the sample, the scattered signal retraces its trajectory, undergoing filtration to 

eliminate unwanted light elements, including Rayleigh scattering and out-of-focus 

rays. A strategically positioned diffraction grating along the light path disperses the 

scattered light based on its wavelength, facilitating the capture of photon intensity
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across the spectrum by a charge-coupled device (CCD) detector. 

In Chapter 6, Raman spectra are obtained using an alpha300R Confocal Raman 

Microscope (WITec GmbH, Germany), with a 633 nm laser and a TruePower module 

50× objective (Zeiss LD Epiplan NEOFLUAR 50 × 0.55; Carl Zeiss AG, Germany). 

The spectrometer is located at Nano-Institute Munich (Ludwig-Maximilians-

Universität München, Munich, Germany), which equipped with a 600 lines/mm 

grating and a Newton 970 EMCCD camera from Andor Technology Ltd., Belfast, UK. 

For SERS measurements, a rhodamine 6G aqueous solution (10−4 M, 10 µL) is 

deposited onto the sample surface. SERS spectra are acquired with an acquisition time 

of 2 s, 30 accumulations, and a laser power of 0.5 mW. 

3.3 Photodetector characterization 

Lateral photodetectors, also known as photoconductors, are primarily evaluated using 

a probe station (SOFN 7-SCF06A/B) system located at Department of Electrical & 

Electronic Engineering, Southern University of Science and Technology (SUSTech, 

Shenzhen, China). For optoelectrical measurements, the fabricated photodetector 

device is placed on the probe station. Electrical signals are applied and measured on 

the photodetector using a Keithley 4200 Source Meter, which offers a broad range of 

bias voltages from 0 to 200 V and can measure extremely small current signals. In 

combination with a light source (Zolix, TLS2-T250-DZL) and a monochromator, this 

setup characterizes the IV relationship and responsivity of the photodetectors. 

Responsivity, a measure of the device ability to convert light into an electrical current, 

is calculated by: 

𝑅 =
𝐼light − 𝐼dark

𝑃input
                                                    (3.14) 

where 𝐼light  represents the current under illumination, 𝐼dark  represents the current in 

darkness, and 𝑃input is the input light power density. 

Additionally, an oscilloscope and a light chopper are used to measure the on/off 

response of the photodetector. To calculate detectivity, another critical performance 

metric, noise analysis is performed using lock-in amplifiers (SR 570 and SR 830). 

Detectivity (𝐷∗) is calculated using the following equation: 

𝐷∗ =
√𝐴

𝑁𝐸𝑃
= 𝑅√

𝐴Δ𝑓

𝐼‾𝑛
                                            (3.14) 
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this calculation is based on the noise equivalent power (NEP) and the mean noise 

current (𝐼𝑛). Here, 𝐴 is the active area (1 cm2), 𝑅 is the responsivity, and Δ𝑓 is the 

electrical bandwidth (1 Hz). 

A detailed performance analysis of the relevant photodetector devices are provided in 

Chapter 7. 

3.4 2D GISAXS data simulation 

As elaborated in this thesis GISAXS is used to characterized hybrid plasmonic 

nanostructures. The grazing-incidence configuration is used to analysis the 

dimensions and shape of nanostructures, both horizontally and vertically, in relation to 

the film surface. The substantial interaction between the X-ray beam and the sample 

in GISAXS results in a high scattering intensity, which is crucial for an extensive 

examination of the film area. The utilization of synchrotron radiation in GISAXS 

allows for real-time measurements. GISAXS simulations are at the forefront of this 

field, expanding the range of systems that can be modeled and accurately 

incorporating all elements influencing the scattering pattern within the DWBA 

framework. These simulations focus on creating 2D GISAXS patterns for specific 

film configurations, which are then aligned with experimental data for comparison 

and adjustment. 

Despite the depth of analysis that simulations offer, there are several challenges that 

hinder the broader application of GISAXS. It is crucial to find an effective method for 

simulating 2D GISAXS patterns, especially for plasmonic nanostructures. In this 

thesis, the software BornAgain (version 1.17.0) is used to simulate the 2D GISAXS 

patterns of Au NSs [74]. This software is recognized for its ability to simulate 

nanoarrays with the flexibility to position particles, even those with complex shapes. 

BornAgain, developed by the Scientific Computing Group at MLZ, Garching, evolves 

from IsGisaxs, which was once the standard tool for GISAXS simulations. BornAgain 

not only inherits the capabilities of IsGisaxs but also improves upon them with a more 

user-friendly interface and additional functionalities. A significant enhancement in 

BornAgain is its ability to simulate samples containing multiple layers, a feature not 

present in IsGisaxs. 

Table 3.1. Instrumental parameters of GISAXS data simulation. 

αi (°) λ (Å) SDD (mm) P (µm) 

0.32 0.965 3554 55 
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The fundamental parameters for the instrumentation are selected to match the 

experimental conditions. These parameters include the incident angle 𝛼𝑖 , the 

wavelength of the X-ray beam 𝜆, the sample to detector distance SDD, the size of the 

detector pixels 𝑃, and the position of the direct beam 𝜎 are list in Table 3.1. 

In the simulations, the Au NSs are represented with spherical particles. The formulas 

for the full sphere form factor 𝐹, volume 𝑉, and horizontal cross-sectional area 𝐴 are 

given below, with (𝑅)indicating the sphere radius: 

𝐹 =
4𝜋

𝑞3
𝑒𝑥𝑝(𝑖𝑞𝑧𝑅) [𝑠𝑖𝑛(𝑞𝑅) − 𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)]                            (3.16) 

𝑉 =
4𝜋

3
𝑅3                                                         (3.17) 

𝐴 = 𝜋𝑅2                                                           (3.18) 

These spheres are organized into a hexagonal pattern, showing a degree of regularity. 

This arrangement is determined by the interference function of the particles, 

indicative of a paracrystalline structure. 

𝑆(𝑞 ) = Re (
1 + 𝑃1(𝑞 )

1 − 𝑃1(𝑞 )
)Re (

1 + 𝑃2(𝑞 )

1 − 𝑃2(𝑞 )
)                                (3.19) 

Here, 𝑃1(𝑞 ) and 𝑃2(𝑞 ) refer to two different patterns of particle arrangement. Each 

follows a Fourier-transformed Cauchy distribution, but they are oriented in varying 

lattice directions. 

Table 3.2. SLD parameters of the used materials for 2D GISAXS simulation. 

Materials SLDr (Å
-2, 10-4) SLDi (Å

-2, 10-6) 

Au 1.1922 14.9134 

Si 19.9001 0.1836 

 

The simulation also considered the SLD of the used materials, including the real SLD 

and imaginary SLD, as listed in Table 3.2. Figure 3.11 shows an example of a 2D 
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GISAXS data simulation of a self-assembled 20 nm Au nanoarray. The layout of the 

simulation, as shown in Figure 3.11a, used a multilayer structure. This included a 

silicon substrate layer and an air layer with a monolayer of the modeled Au NSs, 

shaped as spheres and incorporating 2D paracrystal interface functions. The model 

and the GISAXS simulation results are shown in Figures 3.11b and c. In this specific 

simulation, the size of Au NPs is 20.4 nm with an interparticle distance of 71 nm. 

 

Figure 3.11. (a) Interface of BornAgain simulation. (b) Visualization of 20 nm Au NSs 

modeling set up and (c) simulation results. These pictures are all exports from 

BornAgain software. Reproduced with permission from [28]. Copyright 2023 

American Chemical Society. 
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4 Sample preparation 

This chapter introduces the sample preparation conducted before all 

experiments described in this thesis. Accordingly, Section 4.1 lists the 

materials used in this study. Section 4.2 outlines the preparation of Au 

nanoarray, including synthesis of Au NPs, self-assembly of Au nanoarray in 

both electronic adsorption and water/hexane interface transfer methods. An 

explanation of inter-digital electrode is presented in Section 4.3. The 

preparation of PbS quantum dots film is given in Section 4.4 containing 

both synthesis and spin-coating of PbS quantum dots. Finally, the 

preparation of Au/Ag nanostructure by sputter deposition is depicted in 

Section 4.5. 

4.1 Materials  

Chloroauric acid 

Chloroauric acid (HAuCl4, 99.9 %) was obtained from Sigma-Aldrich (Germany) and 

used as the precursor solution for the synthesis of Au NPs. Initially, the HAuCl4 was 

dissolved in deionized water and subsequently diluted to a concentration of 0.3 M in a 

volumetric flask and stored in a 4 ∘C refrigerator for further use. 

Sodium borohydride 

Sodium borohydride (NaBH4, 99 %) was obtained from Sigma-Aldrich (Germany)and 

used as a reducing agent in the synthesis of Au nanoseeds, which are utilized for the 

subsequent growth of larger Au NPs, as will be explained later. 

L-ascorbic acid (AA) 

L-ascorbic acid (AA, 99 %), procured from Sigma-Aldrich (Germany), functioned as 

the reducing agent in the synthesis of large-sized Au NPs, with further details to be 

discussed subsequently. 

Cetyltrimethylammonium bromide (CTAB) 

Cetyltrimethylammonium bromide (CTAB, 99 %), sourced from Sigma-Aldrich 
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(Germany), was used as a surfactant to stabilize both Au nanoseeds and the 

synthesized Au NPs. 

Cetyltrimethylammonium chloride (CTAC) 

Cetyltrimethylammonium chloride (CTAC, 98 %) was procured from Sigma-Aldrich 

(Germany) and utilized as a surfactant for stabilization purposes during the synthesis 

of large-sized Au NPs. 

3-Aminopropyltriethoxysilane 

3-Aminopropyltriethoxysilane (APTES, 98 %), acquired from Sigma-Aldrich, was 

dissolved in deionized water and then diluted to a concentration of 0.1 M. It was 

utilized for the surface modification of substrates to introduce amino groups, 

facilitating self-assembly. 

Succinic anhydride 

Succinic anhydride (99 %), sourced from Sigma-Aldrich (Germany), was used for the 

surface modification of substrates. 

Lead(III) oxide 

Lead(III) oxide (PbO2, 99.99 %), sourced from Sigma-Aldrich (Germany), was used 

as the precursor to supply Pb in the fabrication of PbS QDs. 

Oleic acid 

Oleic acid (OA, 98.5 %) acquired from Sigma-Aldrich (Germany) was utilized as 

both a solvent and a surface-coating ligand for PbS-OA QDs. 

1-octadecene 

Octadecene (ODE, 90 %) purchased from Sigma-Aldrich (Germany) was used as a 

solvent and stabilizer in the preparation of PbS QDs. 

Bis(trimethylsilyl)sulfide 

Bis(trimethylsilyl)sulfide [(TMS)2S] was obtained from Sigma-Aldrich (Germany) 

and used as a precursor to provide sulfur for the synthesis of PbS QDs. 

Tetra-n-butylammonium iodide 

Tetra-n-butylammonium iodide (TBAI, 10 mg mL-1 in methanol), procured from 

Sigma-Aldrich (Germany), served as surface-coating ligand for PbS-TBAI QDs 

Octane 

Octane (99 %) procured from Sigma-Aldrich (Germany) was used as a solvent for 

both the synthesis and dissolution of PbS-OA QDs 
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Methanol 

Methanol (MeOH, 99.8 %) acquired from Sigma-Aldrich (Germany) was utilized as 

the solvent for preparing the TBAI solution. 

Deionized Water 

For all substrate cleaning procedures necessitating purified water, deionized water 

generated by a PURELAB CHORUS 1 (VEOLIA) was used. 

Ethanol 

Ethanol (99.8 %), obtained from Sigma-Aldrich (Germany), was utilized in the 

formulation of the ZnO precursor solution. 

Acetone 

Acetone (99.8 %), sourced from Carl Roth (Germany), was used in the ultrasonic 

cleansing of both Si and glass substrates. 

Hydrogen Peroxide 

Hydrogen peroxide (H2O2, 30 %), procured from Carl Roth (Germany), was utilized 

as an oxidizing agent for the acid cleaning of both Si and glass substrates. 

Sulfuric Acid 

Sulfuric acid (H2SO4, 96 %), obtained from Carl Roth (Germany), was used for the 

acid cleaning of both Si and glass substrates. 

Rhodamine 6G (R6G) 

Rhodamine 6G (R6G, 99 %), acquired from Sigma-Aldrich (Germany), as the 

detection molecule in SERS measurements and was diluted to a concentration of 10-4. 

Glass Substrates 

Microscopic slides (7.5 cm × 7.5 cm) were obtained from Carl Roth (Germany) and 

the slides were segmented into pieces of 2.5 cm × 2.5 cm for underwent acid cleaning 

before being utilized as substrates for self-assembly of Au NPs. 

Silicon wafers 

Silicon wafers (Si 100, p-type) were acquired from Silchem Handels GmbH (Freiberg, 

Germany). These wafers were cut into segments measuring 2 cm x 2 cm and subjected 

to acid cleaning prior to their use as substrates for the self-assembly of Au NPs. 

Silver 

Silver (99.99 %) purity, procured from Goldkontor GmbH (Hamburg, Germany), was 

utilized as a sputter target for the deposition of Ag on the Au template in Chapter 6. 
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4.2 Preparation of Au nanoarray 

The synthesis and self-assembly method for the Au NPs is based on the literature [47] 

and fabricated in collaboration with the Institute of Functional Nano & Soft Materials 

(FUNSOM) at Soochow University, Suzhou, China. 

4.2.1 Synthesis of Au NPs  

In the presented thesis, various sizes of Au NPs are synthesized to explore their 

possible applications. Initially, Au NPs with diameters ranging from 3-5 nm are 

synthesized to serve as seeds for the subsequent production of 10 nm and 20 nm Au 

NPs. These, in turn, are utilized as seeds for generating larger Au NPs, with sizes 

varying between 30 and 100 nm. The detailed methodology for the synthesis is 

described as follows. A mixed solution of CTAB (0.1 M, 9.75 mL) and HAuCl4 (0.01 

M, 0.25 mL) is quickly combined with a freshly prepared NaBH4 solution (0.01 M, 

0.6 mL) in an ice bath. The mixture is stirred at 600 rpm for 2 min and then allowed to 

stand at room temperature for 2 h, resulting in Au nanoseeds of 3-5 nm size. These 

nanoseeds are then used to synthesize 10 nm and 20 nm Au NPs. 

 

Figure 4.1. Schematic illustration of the experimental procedure of the seed-mediated 

method for creating multi-sized Au NPs. Illustration created with BioRender.com. 

For 10 nm Au NPs, CTAB (0.1 M, 9.75 mL), HAuCl4 (0.01 M, 4 mL), AA (0.1 M, 15 
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mL), and Au nanoseed solution (0.24 mL) are sequentially added to 190 mL of DI 

water. The reaction is stopped after 10 min, and the mixture is stirred and left to stand 

at room temperature overnight to yield Au NPs. Similarly, to obtain 20 nm Au NPs, 

CTAB (0.1 M, 19.5 mL), HAuCl4 (0.01 M, 8 mL), AA (0.1 M, 30 mL), and Au 

nanoseed solution (0.24 mL) are sequentially added to 380 mL of deionized water. 

The reaction is halted after 10 min, and the mixture is stirred and left to stand at room 

temperature overnight.  

Additionally, both 10 nm and 20 nm Au NPs can serve as seeds for the synthesis of 

larger Au NPs. Following an overnight rest, the solutions underwent two rounds of 

centrifugation to remove excess surfactant and then are redispersed in DI for 

subsequent procedures. Specifically, the centrifugation settings are 1000 rpm of 7 min 

for the 10 nm NPs, and 10000 rpm of 5 min for the 20 nm Au NPs. The schematic 

representation of the synthesis process can be referred to Figure 4.1. 

Table 4.1. Centrifugation speed and duration for Au NPs samples in different sizes 

Seeds (nm) Amount (mL) Expect Diameter (nm) 
Centrifugation speed 

and time (rpm, min) 

3-5 0.2 10 18000, 7 

3-5 0.12 20 14000, 5 

10 2 30 12000, 3 

10 0.5 50 8000, 3 

20 2  60 7000, 3 

20 1.5  70 6000, 2 

20 1 80 5000, 2 

20 0.5 100 5000, 1 

 

The seed growth method can fabricate Au NPs with sizes ranging from 30 to 50 nm 

and 50 to 100 nm, by adjusting the volume of Au nanoseeds (specifically, 10 and 20 

nm Au NSs between 0.5 to 2 mL within the growth solution.  
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As an example, the synthesis of 50 nm Au NSs is detailed for elaborates. Initially, the 

10 nm Au seeds are centrifuged, concentrated to four times their original volume, and 

then redispersed in water. Following this, in an aqueous CTAC solution 0.025 M, 30 

mL under continuous stirring at a speed of 160 rpm, then introduced the seed solution 

0.5 mL, AA 0.1 M, 0.75 mL, and HAuCl4 (0.01M, 1.5 mL). This procedure is 

conducted in a water bath maintained at a constant temperature of 45 ℃. After 3 h, the 

solution is centrifuged to remove the supernatant and then redispersed in a CTAB 

solution (0.02 M, 30 mL). With stirring at 160 rpm and the temperature held constant 

at 45 ℃ in the water bath, HAuCl4 (0.01 M, 0.2 mL) is added to the CTAB dispersion 

of the Au NPs. The solution underwent centrifugation 2 h later, and the obtained Au 

NPs are redispersed in water and stored in the refrigerator.  

Prior to initiating the self-assembly process, the Au NPs are allowed to reach room 

temperature. This is followed by an additional centrifugation step to eliminate any 

surplus CTAB coatings on their surface. Figure 4.1 shows the schematic diagram of 

the synthesis process of large sizes Au NPs. And Table 4.1 centrifugation speed and 

duration for Au NPs samples in different sizes. 

4.2.2 Preparation of substrates 

All the substrates used in this thesis, including Si, glass, and IDE, underwent the same 

surface modification process. In this section, Si is served as an example to illustrate 

the method of surface modification applied to these substrates. To remove 

contaminants or organic residues from the surface of the Si substrate utilized in this 

thesis, they are subjected to cleaning via a hot acid bath before self-assembly. 

Consequently, a solution comprising 50 mL of deionized water, 180 mL of H2SO4, 

and 80 mL of H2O2 is prepared in a beaker, which is then placed in a water bath to 

gently heat the acidic mixture to a temperature of 80 ℃.  

To prevent evaporation, the beaker containing the acid solution is covered with a 

watch glass. Si substrates within a sample holder, are immersed in the acid bath. 

Following a 15 min treatment, the substrates are extracted from the acid solution and 

rinsed sequentially in DI water. Each substrate is then thoroughly rinsed with 

deionized water and dried under a steady stream of N2. For extended storage, all 

substrates are kept in a sealed sample box for future use.  

In case the Si substrates that have been stored for a long period, it is necessary to re-

clean the substrates. This involves securing them onto a holder and subjecting them to 

a cleansing process with acetone for 20 min, followed by ethanol for another 20 min, 

all within a water bath maintained at 30 ℃. After this cleaning procedure, the 

substrates are dried with N2 gas. Subsequently, oxygen plasma cleaning is performed 

using a NANO PLASMA CLEANER (Diener Electronic). The substrates are placed 
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inside a vacuum chamber that is filled with oxygen, and plasma treatment is 

administered for 20 min at 0.45 mbar, 40 Hz, and 250 W. This oxygen plasma 

treatment not only increases the hydrophilicity of the surfaces but also improves their 

affinity for Au NPs solutions, which is advantageous for the self-assembly process. 

4.2.3 Self-assembly of Au NPs  

Electrostatic adsorption method 

All synthesized Au NPs can undergo self-assembly through this method. Initially, a 

6 mL solution of Au NPs is centrifuged as per the instructions in Table 4.1 to 

eliminate excess CTAB, and subsequently redispersed in 1 mL of DI water within a 

clean beaker. Following the cleaning process, a specific volume ratio of APTES to 

ethanol is prepared in a clean beaker, and the Si substrates are immersed in this 

solution for 6 h. Upon removal, the surface of the substrates is thoroughly cleansed of 

any residues using an ample amount of ethanol, followed by two ultrasonic washes in 

deionized water, and then dried with N2. This procedure modifies the surface of the 

substrates with amino functional groups.  

The substrates are then immersed in a 0.1 M ethanol solution of succinic anhydride to 

introduce carboxyl groups onto the surface. The surface-modified Si slides are then 

gently placed into the Au NPs solution, ensuring that the entire surface of the Si wafer 

is immersed in the solution. Figure 4.2 shows the schematic representation of the 

SAM method in which Au NPs assembled on the substrate through electrostatic 

adsorption method.  

 

Figure 4.2. Schematic diagram of SAM method in which Au NPs assembled on the 

substrate through electrostatic force. 

After allowing the setup to rest for 6 h at room temperature, the Si slides are removed 

and dried using a gentle stream of N2. To thoroughly remove any chemical coatings 

from the Au NPs post self-assembly, the substrates are cleaned multiple times with 
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ethanol washing and subjected to annealing at 100 ℃ for 5 min. Then the dried Si 

slides are prepared for further analysis. The schematic representation of the substrates 

modification and self-assembly process can be referred to Figure 4.3.  

 

Figure 4.3. Schematic illustration of the experimental procedure of self-assembly of 

AuNPs on a substrate. Illustration created with BioRender.com. 

Water/hexane phase interface transfer method 

 

 

 

Figure 4.4. Schematic illustration of the experimental procedure of the water/hexane 

interface method. Illustration created with BioRender.com. 
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Similar with the electrostatic adsorption method, before assembly the Au NPs with the 

phase interface transfer method, each size of synthesized Au NPs is centrifuged as to 

remove the supernatant (CTAB). The Au NPs are then redispersed in 2 mL of DI 

water and transferred into a scintillation vial. Subsequently, 2 mL of hexane is added 

with care to form a layer above the aqueous colloid. Into the upper region of this

 colloid layer, 200 μL of ethanol is slowly introduced. Within minutes, a thin film 

displaying an Au shimmer forms at the interface between water and hexane, as visible 

in Figure 4.4. To facilitate the transfer of the Au NP monolayer onto a substrate, the 

hexane layer is carefully removed using a pipette, revealing the gold film. This film 

can then be collected using a precut small Si wafer. The Si wafers with the transferred 

gold film are left to dry for 8 h in preparation for further analysis. 

4.3 Preparation of inter-digital electrode 

Fabricating the inter-digital electrode substrate follows the method described in the 

literature [50] and is conducted in collaboration with the Department of Electrical & 

Electronic Engineering at Southern University of Science and Technology (SUSTech), 

Shenzhen, China. The fabrication process for the IDE is executed on a 4-inch silicon 

wafer equipped with a 300 nm thick thermal oxide layer SiOx as the base. The 

photolithography sequence involved applying a dual-layer resist under specified 

conditions. Initially, a coating of LOR7A (MicroChem, USA) is spin-coated on the 

substrate at 5000 rpm for 20 s, followed by a baking period at 150 ℃ for 10 min. 

Subsequently, a second layer of RZJ-304 (Suzhou Ruihong, China) is applied at 4000 

rpm for 20 s and baked at 100 ℃ for 2 min. The exposure phase utilized a light dose 

of 40 mJ/cm2. Afterwards, the substrate is developed with RZX-3038 (Suzhou 

Ruihong, China) for 1 min, rinsed with deionized water, and baked at 150 ℃ for 10 

min. An inductively-coupled plasma (ICP) oxygen etch treatment is executed for 30 s 

to serve as a descum step. Chromium is deposited at a rate of 0.5 Å/s to form a metal 

layer of 5 nm, followed by gold deposition at 0.5 Å/s to reach a thickness of 100 nm. 

The lift-off process involved soaking the substrate in a hot Dimethyl sulfoxide 

(DMSO) solvent at 80 ℃ for over an hour and then rinsing with DI water, 

culminating in the completion of IDE device. 

4.4 Preparation of PbS quantum dots film 

The method of preparation of PbS QDs film based on the approach described in the 

literature [50] is conducted in collaboration with the Department of Electrical & 

Electronic Engineering at Southern University of Science and Technology (SUSTech), 

Shenzhen, China. 
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4.4.1 Synthesis of PbS quantum dots  

The synthesis of OA-capped PbS QDs is executed using a sophisticated hot injection 

method. A three-neck flask is charged with 5.4 g of PbO, 18 mL of OA, and 40 mL of 

ODE. This blend is progressively heated under a N2 atmosphere to a temperature of 

120 ℃, crucial for the stable formation of a lead precursor solution, indicated as 

Pb(OA)2. The mixture is diligently kept at this temperature for 8 h to ensure the 

reaction reached completion. 

Subsequently, a sulfur precursor is prepared by dissolving 2 mL of (TMS)2S in 20 mL 

of ODE. This solution is promptly injected into the Pb(OA)2 solution, initiating the 

QD formation process. The reaction is permitted to proceed for 2 min, a specifically 

chosen time frame to optimize the growth of the QDs before being quenched with the 

introduction of 20 mL of octane. Immediate cooling in an ice bath ceased the reaction, 

essential for maintaining the targeted QD size and halting further growth. 

The product then underwent multiple purification cycles to eliminate unreacted 

substances and by-products. This entailed a sequence of centrifugation operations 

using methanol and butanol as dispersants, efficiently isolating the QDs. Ultimately, 

the purified QDs are redispersed in octane to achieve a concentration of 50 mL 

rendering a uniform solution poised for additional characterization and utilization. 

The synthesis diagram of PbS QDs as illustrated in Figure 4.5. 

 

 

Figure 4.5. Illustration of the process for preparing PbS QDs by hot-injection method. 

Illustration created with BioRender.com. 

4.4.2 Spin-coating of PbS quantum dots 

The solution described above is subjected to a spin-coating procedure at 3000 rpm for 

10 s, applied to both Si and IDE substrates, to the formation of OA-capped PbS films. 
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Furthermore, for the creation of the hybrid plasmonic film, self-assembled substrates 

adorned with 20 nm and 100 nm Au NPs, as previously detailed, are utilized. To 

synthesize the TBAI modified PbS solid, a TBAI solution (concentration: 10 mg/mL 

in methanol) is delicately dispensed onto the PbS-OA film and remain for 30 s. This 

initiated an automatic ligand exchange process, effectively replacing OA ligands with 

TBAI molecules on the PbS surface. To ensure the removal of any residual OA 

ligands, the film underwent a double rinse with pure methanol. For the fabrication of 

densely packed PbS-TBAI structures, the entire deposition and ligand exchange 

process is meticulously repeated three times. This approach ensures the formation of 

uniform and closely packed PbS-TBAI films, optimizing their properties for the 

intended applications. The spin-coating diagram of PbS QDs as illustrated in Figure 

4.6. 

 

 
 

Figure 4.6. Schematic of spin-coating PbS QDs on the substrate. 

4.5 Preparation of Au/Ag bimetallic nanostructure by 

sputter deposition 

In Chapter 6, the HiPIMS technique is utilized for the deposition of Ag onto Au 

nanoarrays. As is shown in Figure 4.7, a custom HiPIMS deposition setup, developed 

by the Chair for Multicomponent Materials at Christian-Albrechts University in Kiel, 

are used. Central to this process is a vacuum chamber, which is crucial for 

maintaining a sputter-compatible environment. The procedure commences with the 

infusion of an inert gas, typically argon Ar, into the deposition chamber. This is 
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followed by the generation of a plasma, achieved by establishing a significant 

potential difference between a cathode (target material) and an anode, resulting in the 

ionization of the gas content of the chamber. The ionized Ar particles aggressively 

bombard the cathode, dislodging metal atoms from the target. Simultaneously, these 

ions release secondary electrons, which are propelled back into the plasma, where 

they ionize more gas atoms, thereby ensuring the continuity of the plasma. The 

dislodged metal atoms then accumulate on a substrate, forming a coherent metal layer. 

Owing to the charged nature of ions, their speed and trajectory can be finely 

manipulated with magnetic fields. To this end, a magnet array is strategically 

positioned at the cathode to confine electrons close to the negatively charged target 

material, preventing them from indiscriminately hitting the substrate. This electron 

confinement significantly enhances the rate of deposition by ensuring a more efficient 

plasma maintenance.  

  

Figure 4.7.  HiPIMS deposition instrument from Christian-Albrechts University in 

Kiel, and settled at P03 beamline, DESY, Hamburg. 

For the sputter parameters in Chapter 6, include a pulse duration of 20 s at a frequency 

of 150 Hz, with the power set to 40 W. The applied voltage U is measured at 952 ± 4 

V, and the peak current I is 1.41 ± 0.13 A cm-2. The rate of deposition J, as determined 

by the Quartz Crystal Microbalance (QCM), is 0.306 pm 0.006 nm s-1. The deposition 

duration is fixed at 20 s, achieving an effective film thickness of approximately 6.12 

nm.  
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5 Synthesis and self-assembly 

of multi-sizes Au NPs 

This thesis aims to fabricate the hybrid plasmonic nanostructures based on 

self-assembled Au NPs and explore their applications. In this chapter, the 

synthesis and self-assembly of multi-size Au NPs are discussed, examine 

their optical properties and surface morphology, and determine their sizes. 

Kyriaki N. Gavriilidou and Dong Li (FUNSOM, Soochow University) were 

involved in the synthesis of Au NPs and UV/Vis measurements. Peiran 

Zhang carried out the DLS measurements, while Kotone Tomioka 

contributed to the self-assembly of Au NPs. contributed to the DLS 

measurement.   Additionally, the synthesized and assembled Au NPs is 

utilized in Chapters 6 and 7. 

5.1 Optical properties 

To meet the requirements of our applications, various sizes of Au NPs are synthesized: 

10 nm, 20 nm, 30 nm, 50 nm, 60 nm, 70 nm, 80 nm, and 100 nm. The precise 

determination of the diameters and optical properties of these synthesized Au NPs is 

crucial, as their plasmonic characteristics significantly influence their performance in 

applications. Initially, the sizes of Au NPs are characterized with DLS and UV/Vis 

spectroscopy results. 

5.1.1 DLS 

The particle diameters of the synthesized Au NPs are first characterized by DLS 

analysis to check the synthesis process in a good condition. To give an example for 

the diameter calculation by DLS, as is shown in Figure 5.1, the decay rate T obtained 

from DLS measurements of particles with an estimated size of 30 nm is plotted 

against the squared momentum transfer (q2), calculated using Equation 3.9. The 

observed linear relationship between the two variables confirms the correlation 

described in Equation 3.10, indicating that the nanoparticles are monodisperse and 
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diffuse. The slope of the linear fit provides a diffusion coefficient 

D = (1.015 ± 0.020) × 10-11 m2 s. When applied this value to the Stokes-Einstein 

equation (Equation 3.11), yields a hydrodynamic radius for the particle. The 

calculated diameter is d = 32 ± 2 nm. The deviation primarily arises from the linear fit 

function. The results obtained from DLS measurements for all synthesized Au NPs 

with different seeds amounts are summarized in Table 5.1. 

 
Figure 5.1. Linear fit from the obtained experimental data with DLS for 

determination of the diffusion coefficient D for 30 nm particles. 

 

Table 5.1. The amount of Au Seeds used for the Au NPs synthesis and calculated NPs 

sizes with DLS. 

Seeds (nm) Amount (mL) Diameter (nm) 

3-5 0.2 12 ± 1 

3-5 0.12 23 ± 1 

10 2 32 ± 2 

10 0.5 52 ± 3 

20 2  63 ± 3 

20 1.5  73 ± 4 

20 1 82 ± 4 

20 0.5 98 ± 5 
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5.1.2 UV/Vis spectroscopy 

 

Figure 5.2. Illustration of the absorbed, transmitted, and scattered color of Au NPs 

[39] and Synthesized Au NPs in cuvette for UV/Vis measurement. From left to right: 

10 nm, 30 nm, 50 nm, 60 nm, 70 nm, 80 nm, and 100 nm. Copyright 2021 American 

Chemical Society. 

Figure 5.2 presents diluted solutions of synthesized Au NPs of various sizes for the 

UV/Vis measurement. The differences in color are visibly discernible to the naked eye. 

As shown in Figure 5.2, an observer positioned in line with the light source perceives 

the transmitted light, which is affected by both absorption and scattering effects. 

Consequently, the color of the colloidal nanoparticle solution in this context is 

governed by extinction. Thus, the extinction results of the Au NPs are corresponding 

to green light. As particle size increases from left to right, smaller particles exhibit a 

wine color, which transitions to dark red and eventually to dark purple with larger 

particle sizes. To minimize the limitations arising from solvent interactions, water is 

used as the solvent, as its effect is considered negligible for nonpolar components in a 

polar medium.  

The UV/Vis absorption spectra are shown in Figure 5.3. The Au NPs with expected 

diameter of 10 nm exhibites a narrow peak with a λmax at 519 nm corresponding to 

green light, whereas color capture by naked of the observer is wine red. As previously 

discussed in Section 2.2, when the size of Au NPs is significantly smaller than the 
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wavelength of the incident light, it induces the LSPR effect. This phenomenon results 

from the coherent oscillatory displacement of electrons within the metal nanoparticles, 

causing them to scatter and absorb specific wavelengths based on their size and 

material properties [75].  

 
Figure 5.3. UV/Vis absorbance spectra of synthesized Au NPs from 10 nm to 100 nm. 

 

Table 5.2. Converted diameters of the Au NPs from the absorption peaks with UV/Vis 

Spectroscopy. 

Diameter DLS (nm) UV/Vis peak (nm) Converted Diameter (nm) 

12 ± 1 519 ± 1 12 ± 0.5 

23 ± 1 524 ± 1 21 ± 0.5 

32 ± 2 528 ± 1 30 ± 0.5 

52 ± 3 536 ± 2 51 ± 1 

63 ± 3 541 ± 2 62 ± 1 

73 ± 4 547 ± 2 70 ± 1 

82 ± 4 551 ± 2 82 ± 1 

98 ± 5 564 ± 2 97 ± 1 
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As the particle size increased from 10 nm to 100 nm, the absorption spectrum peak 

exhibited a red shift and broadening. To obtain more quantitative results, the size of 

the Au NPs can be estimated from the maximum wavelengths of the absorption 

spectra. According to the Beer-Lambert law, as stated in Section 3.2, these results are 

summarized in Table 5.2. 

5.2 Surface morphology of self-assembled Au NPs 

To further investigate the applications of synthesized Au NPs, it is crucial to 

constructing a high-organized Au nanoarrays. This configuration aims to fully explore 

the potential applications of these NPs in various fields, such as catalysis, sensing, and 

optoelectronics [76, 77]. The self-assembly of Au NPs is an effective method for 

fabricating Au nanoarrays, as it allows for precise control over the spatial arrangement 

of the NPs, which can significantly influence their plasmonic properties. In this study, 

two distinct assembly methods are used to fabricate Au nanoarrays: electrostatic 

absorption and phase interface transfer.  

Electrostatic absorption involves utilizing the electrostatic forces between charged Au 

NPs and the substrate to form a uniform array. This method typically requires the 

functionalization of the substrate or the NPs with charged groups to facilitate strong 

electrostatic interactions. This technique is particularly useful for creating highly 

ordered nanoarrays. Phase interface transfer, on the other hand, exploits the 

differences in solubility and interfacial tension between two immiscible phases to 

assemble Au NPs at the interface which can achieve dense and well-organized 

nanoarrays. Figures 5.4 and 5.5 show SEM images of the self-assembled Au 

nanoarrays on Si substrates using electrostatic absorption and phase interface transfer 

methods, respectively.  

Figure 5.4 reveals a highly ordered array of Au NPs, demonstrating the effectiveness 

of the electrostatic absorption method. The NPs are evenly distributed across the 

substrate, with minimal aggregation, indicating strong electrostatic interactions and 

uniform particle deposition. In contrast, the SEM image in Figure 5.5 shows the Au 

nanoarray fabricated using the phase interface transfer method. The image highlights 

the distinct pattern formation characteristic of this technique, with NPs tightly 

arranged on the substrate. However, the nanoarray does not fully cover the substrate 

and shows less uniformity, especially for the large sizes of Au NPs sample. 

For applications in plasmonic structures, uniform plasmonic resonance can produce 

periodic hot carriers, which enhancing the plasmonic properties of the structure [78]. 

Additionally, a highly organized nanostructure is essential for X-ray scattering 

measurements, which are beneficial for characterizing hybrid plasmonic systems. 
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Figure 5.4. SEM image of multi-sizes of Au NPs after electrostatic self-assembly. 



5.2 Surface morphology of self-assembled Au NPs                                                     71 

 

Figure 5.5. SEM image of multi-sizes of Au NPs after phase interface assembly. 
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5.3 Comparison of Au NPs sizes 

In addition to their optical properties, the size and shape quality of Au NPs are crucial 

for their plasmonic properties. Therefore, it is essential to accurately determine the 

sizes of Au NPs before their application. While Section 5.1 focused on assessing the 

sizes through the DLS measurement of the Au NPs, this section details the 

determination of particle size using SEM images analyzed with ImageJ software.  

The steps for obtaining the size distribution from SEM images using ImageJ are 

illustrated in Figure 5.6a-d. Firstly, the original SEM image is cropped to display 

evenly illuminated, non-overlapping particles. This step is essential for accurate 

analysis, as overlapping particles can lead to erroneous size estimations. Secondly, the 

nanoparticles are marked to set the threshold in the program, which involves adjusting 

the contrast and brightness to clearly distinguish the particles from the background. 

Finally, A size distribution histogram is created from the diameters of the outlined 

particles. This histogram provides a visual representation of the particle size 

distribution. 

 

Figure 5.6. Steps for obtaining the size distribution histogram. a) Select and crop the 

original SEM images. b) Particle set threshold to distinguish with the substrate. c) 

Marked all the particles and calculated their diameters. d) Size distribution histogram 

of calculated Au NPs. 



5.3 Comparison of Au NPs sizes                                                                                  73 

The diameters of the Au NPs calculated from the SEM images is given in Table 5.3. 

Compared to the diameters obtained from DLS, the diameters from SEM images show 

smaller size viewing due to the CTAB surface coating on the Au NPs leading to a 

large size conducted by DLS measurement. 

Table 5.3. Expected, DLS and SEM diameters of the Au NPs. 

Expected (nm) DLS (nm) SEM (nm) 

10 12 ± 1 11 ± 1 

20 23 ± 1 21 ± 1 

30 32 ± 2 31 ± 1 

50 52 ± 3 50 ± 2 

60 63 ± 3 62 ± 2 

70 73 ± 4 70 ± 3 

80 82 ± 4 79 ± 3 

100 98 ± 5 97 ± 4 

5.4 Summary 

In summary, this Chapter investigates the optical properties of synthesized Au NPs 

and analyzes the self-assembly outcomes of Au NPs using both electrostatic 

absorption and phase interface transfer methods. Initially, DLS is used to determine 

the diameters of synthesized Au NPs, ensuring the synthesis process is effective. 

Subsequent UV/Vis measurements are conducted to examine the plasmonic properties 

of the NPs. The results indicated that all sizes of Au NPs exhibited a distinct LSPR 

peak, confirming their uniformity and lack of aggregation. 

To further explore the applications of synthesized Au NPs, two distinct assembly 

methods are utilized to fabricate Au nanoarrays: electrostatic adsorption and phase 

interface transfer. The electrostatically assembled NPs are evenly distributed across 

the substrate with minimal aggregation, demonstrating strong electrostatic interactions 

and uniform particle deposition. Conversely, the phase interface transfer method 

produced nanoarrays with characteristic pattern formations and tightly arranged NPs 

on the substrate. However, these nanoarrays did not fully cover the substrate and 
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exhibited less uniformity, particularly for larger Au NP samples. 

For the application of self-assembled Au nanoarrays in plasmonic structures, a highly 

ordered arrangement is crucial. Uniform plasmonic resonance can generate periodic 

hot carriers, thereby enhancing the plasmonic properties of the structure. Additionally, 

our fabrication process revealed that the phase interface transfer method is limited to a 

very small area, necessitating a large-scale fabrication technique for further 

applications. Consequently, the electrostatic method is selected as the preferred self-

assembly technique for subsequent projects in this thesis. 

The particle sizes are also determined by SEM images analyzed with ImageJ software. 

The resulting particle size distribution histogram ideally followed a normal 

distribution, characterized by a specific mean value and standard deviation, indicating 

good uniformity of the synthesized Au NPs. With accurate size measurements, a 

suitable Au NP sizes can select for further applications. 
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6 Sputter deposition Ag on Au 

nanoarray 

This chapter is based on the published article: High-power impulse 

magnetron sputter deposition of Ag on self-assembled Au nanoparticle 

arrays at low temperature dewetting conditions [23]. Reproduced with 

permission from (Guan, T.; Liang, S.; Kang, Y.;  Pensa, E.; Li, D.; Liang, W.; 

Liang, Z.; Bulut, Y.; Drewes, J.;  Reck, K. A.; Xiao, T.; Guo, R.; Drewes, J.; 

Strunskus, T.;  Schwartzkopf, M.;  Faupel, F.;  Roth, S. V.; Cortés, E.; Jiang, 

L.; Müller-Buschbaum, P., ACS Appl Mater Interfaces 2024, 16(30), 40286-

40296. DOI: 10.1021/acsami.4c10726). Copyright 2024 American 

Chemical Society. 

 

 

 

Plasmons have facilitated diverse analytical applications due to the boosting signal 

detectability by hot spots. In practical applications, it is crucial to fabricate 

straightforward, large-scale, and reproducible plasmonic substrates. Dewetting 

treatment, via applying a direct thermal annealing of metal films, has been used as a 
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straightforward method in the fabrication of such plasmonic nanostructures. However, 

tailoring the evolution of the dewetting process of metal films poses considerable 

experimental complexities, mainly due to nanoscale structure formation. In this 

Chapter, grazing incidence small- and wide-angle X-ray scattering are used for the in 

situ investigation of the high-power impulse magnetron sputter deposition of Ag on 

self-assembled Au nanoparticle arrays at low temperature dewetting conditions. This 

approach allows us to examine both, the direct formation of binary Au/Ag 

nanostructure and the consequential impact of the dewetting process on the spatial 

arrangement of the bimetallic nanoparticles. It is observed that the dewetting 

temperature at 100 ℃ is sufficient to favor the establishment of a homogenized 

structural configuration of bimetallic nanostructures (BMNs), which is beneficial for 

LSPRs. The fabricated metal nanostructures show potential application for the SERS 

detection of rhodamine 6G molecules. As SERS platform, BMNs formed with 

dewetting conditions turn out to be superior to those without dewetting conditions. 

The method in this work is envisioned as a facile strategy for the fabrication of 

plasmonic nanostructures. 

6.1 Preface  

Strongly enhanced light-matter interactions induced by LSPR originate from 

electromagnetic fields excited in the junctions between metallic nanostructures 

[78, 79]. A strategic structure design can tune the plasmonic properties, since the 

organization of metallic nanostructures offers the capacity to modulate plasmonic 

coupling interactions and thereby adjust their ability to enrich constructive hot spots 

[80, 81]. Due to these unique properties, metallic nanostructures are used for various 

applications such as solar conversion, analytics, data storage, and photocatalysis 

[82-86]. It is widely recognized that LSPR characteristics largely depend on the metal 

type and interparticle distance within the nanogaps formed by the metallic 

nanostructure [87-89]. To improve the plasmonic properties of these metallic 

nanostructures, an appropriate metallic composition and ensuring an optimal 

structural configuration are essential for enriching their applications.  

Among the metals utilized in these applications, Au and Ag received significant 

interest due to their exceptional plasmonic properties [90, 91]. Both, Au and Ag 

exhibit minimal optical losses in the visible and near-infrared spectrums, high 

polarizability, biocompatibility, and versatility [92, 93]. Specifically, Ag is known for 

its superior enhancement properties, while Au is known for its excellent stability 

[94-96]. Another approach to enhancing the plasmonic properties involves integrating 

distinct metals onto a common substrate to construct a bimetallic or polymetallic 

plasmonic architecture [97-99]. Unlike monometallic systems, bimetallic Au/Ag 

configurations combine the advantages of each metal, thereby improving their 
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plasmonic properties [100]. Furthermore, creating periodic nanostructures is crucial 

for achieving consistent plasmonic properties, which enhances reliability and expands 

their capability for a wide array of applications [101, 102]. Thus, it is essential to 

pursue more efficient and scalable fabrication techniques for plasmonic metallic 

nanostructures. 

The thermal annealing process of a metallic film, known as dewetting treatment, is 

widely utilized in various research areas to create plasmonic nanostructures [103, 104]. 

This method is particularly effective for generating metallic nanostructures over large 

areas. It also allows to produce bimetallic structures by annealing different metallic 

films together, leading to the development of multifunctional materials [105, 106]. 

However, controlling the morphology of the nanostructures precisely remains a 

challenge due to the random nature of the nucleation and growth processes involved 

in dewetting, which hinders the achievement of regular patterns [107, 108]. Despite 

these challenges, there has been significant focus on refining dewetting treatments to 

produce advanced plasmonic metal nanostructures. On the other hand, self-assembly 

offers a relatively simple alternative for crafting periodic nanostructures, with the 

additional possibility of forming multi-metallic structures by depositing various metal 

films on the self-assembled nanoarrays [9]. 

To optimize the use and potential applications of metal nanostructures, it is crucial to 

monitor their formation process. An in situ method with high-resolution is necessary 

to track the nanoscale growth process effectively. GIXS is a robust technique for 

analyzing nanoscale structures, offering high temporal resolution and exceptional data 

quality, making it a preferred choice for in situ analysis [70, 109]. GIXS is adept at 

determining the size, distribution, and crystal properties of metallic nanostructures 

during their formation and growth [110, 111]. It is particularly useful for observing the 

deposition of metal films and the subsequent development of nanostructures.  

This chapter focus on creating BMNs on solid supports by using HiPIMS deposition 

of Ag onto Au nanoarray templates. Dewetting conditions are induced through 

moderate substrate heating during the sputtering process. The growth dynamics of 

these structures are examined using in situ GISAXS/GIWAXS. The effects of using 

10 nm and 20 nm diameter Au NP arrays, with and without thermal annealing at 100 ℃ 

are explored. GISAXS/GIWAXS characterization discern the morphology and 

crystallographic features of the BMNs. The findings reveal that the structural 

organization and crystallinity of the Au/Ag composites are significantly improved 

under dewetting conditions. This study also allows us to meticulously track the 

evolution of Au/Ag nanostructures, assessing their size and distribution. For SERS 

applications, a deposition process that achieves a 2.5 nm gap is selected, with HiPIMS 

to deposit Ag for 10 s, achieving an effective thickness of approximately 3.06 nm. The 

SERS analysis shows that the 20 nm Au template under dewetting conditions offers 

the highest sensitivity for detecting R6G molecules, with a 49 % enhancement in 
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SERS intensity at the 1364 cm-1 peak compared to non-dewetted substrates. This 

research presents a viable method for fabricating binary or multi-component metal 

nanostructures with precise control over their dimensions and interparticle distances, 

offering innovative avenues for SERS platforms, color displays, catalysis, and other 

plasmonic-based applications. The approach and analytical techniques introduced here 

hold significant potential for broadening the scope of plasmonic research and 

enhancing the diversity of analytical methods in the field.  

6.2 Morphology and crystallinity of Au nanoarrays  

 

Figure 6.1. (a) SEM images of self-assembled 10 nm and 20 nm Au NPs arrays. (b) 

Particle diameter distributions and (c) interparticle distance of the 10 nm and 20 nm 

NP arrays extracted from SEM images by ImageJ. Reproduced with permission from 

[23]. Copyright 2024 American Chemical Society. 
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To investigate the impact of templates on the nanocomposites, the Au template with 

10 nm and 20 nm Au nanoarrays on Si substrates are fabricated. The initial 

characterization of these Au NP arrays is conducted before delving into the analysis of 

the resultant Au/Ag bimetallic structures formed through HiPIMS. The organization 

of the Au NP arrays is assessed using SEM images (Figures 6.1a and b), which show a 

uniform distribution without noticeable clustering. Measurements derived from these 

images (Figure 6.1c) provide average particle diameters of (11.73 ± 0.84) nm for the 

10 nm templates and (21.15 ± 0.62) nm for the 20 nm templates. This information is 

collected using the ImageJ software, as already discussed in Chapter 5. For clarity, 

refers to these templates by their nominal sizes of 10 nm and 20 nm in subsequent 

discussions. 

The GISAXS data depicted in Figure 6.2a showcases periodic Bragg scattering 

signals in the horizontal direction at the Yoneda peak, corroborating the SEM findings 

and highlighting the exceptional size uniformity and spatial arrangement of the Au NP 

arrays. Additionally, the GIWAXS data in Figure 6.2b elucidates the crystalline 

characteristics of the Au NPs, with clear intensity rings at qz positions around 2.64 Å-1 

and 3.05 Å-1, which match the (111) and (200) crystal planes of gold. Intriguingly, the 

10 nm Au NP arrays display a subtle peak near the (111) plane, hinting at less than 

optimal gold crystallization. In contrast, the 20 nm Au NP arrays demonstrate a 

significant crystalline presence, denoting enhanced crystallization. This evidence 

supports that the Au NP arrays formed through self-assembly are highly organized, 

making them excellent substrates for the creating of periodic BMNs, essential for 

further applications in various nanotechnology fields. 

 

Figure 6.2. 2D (a) GISAXS and (b) GIWAXS data of both 10 nm and 20 nm Au NP 

arrays. Reproduced with permission from [23]. Copyright 2024 American Chemical 

Society. 



80                                                                       Chapter 6 Sputter deposition Ag on Au nanoarray 

6.3 Set-up for in situ sputter deposition 

The in situ GIWAXS/GISAXS analyses are conducted at the MiNaXS/P03 beamline 

of the PETRA III storage ring at DESY, Hamburg. Data acquisition is achieved using 

two detectors: a LAMBDA 9M, capturing 2 images per second with a pixel size of 55 

µm (X-Spectrum, Germany), and a Pilatus 2M, capturing 20 images per second with a 

pixel size of 172 µm (Dectris Ltd., Switzerland). The sputter deposition process, with 

a rate of 0.306 nm/s and a substrate heating of 100 ℃, is executed using the HiPIMS 

system, with real-time monitoring through GIXS. To mitigate potential X-ray 

radiation damage, the sample is methodically moved perpendicular to the horizontal 

direction of the X-ray beam during the measurements. Illustrations detailing the 

configuration of the in situ measurement setup are displayed in Figure 6.3.  

 

 

Figure 6.3. Schematic of in situ HiPIMS deposition combined with in-situ 

GIWAXS/GISAXS measurements. Reproduced with permission from [23]. Copyright 

2024 American Chemical Society. 

6.4 Crystallinity evolution of Au/Ag nanostructures  

In addition to Au, Ag is another highly favored noble metal, celebrated for its 

exceptional plasmonic properties [112]. Therefore, Ag is selected as an additional 

metallic component to develop Au/Ag nanostructures using the HiPIMS deposition 

technique on the Au NP arrays, with a deposition rate of approximately 3.06 Å/s. To 

enhance the uniformity of the bimetallic plasmonic structure, an in situ thermal 

annealing step at a mild temperature of 100 ℃ during the sputter deposition process is 
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integrated. This method of using thermal dewetting conditions has been widely 

adopted in various studies for fabricating plasmonic nanostructures [113-115]. The 

moderate temperature used in our study for thermal annealing during deposition is 

sufficient to influence the structure formation.  

 

Figure 6.4. Mapping of vertical line cuts from 2D GIWAXS data measured during the 

sputter deposition of Ag on 10 nm and 20 nm templates without and with dewetting 

conditions, respectively. Reproduced with permission from [23]. Copyright 2024 

American Chemical Society. 

Figure 6.4 displays the GIWAXS temporal evolution for both 10 nm and 20 nm 

template samples under HiPIMS deposition. In comparison with the GIWAXS 

findings for pure Au NPs, the Au/Ag GIWAXS data exhibit two prominent intensity 

peaks, which are indicative of the (111) and (200) crystallographic planes of the 

Au/Ag structure. With the progression of Ag deposition, there is a noticeable increase 

in the intensity of these peaks, while the stability in their positions suggests the 

alignment of Ag crystal planes with those of Au, preventing any significant shifts in 

the peak positions. 

The selected 2D GIWAXS data, shown in Figure 6.5, clearly demonstrates an increase 

in the intensity of two distinct crystalline rings, corresponding to the (111) and (200) 

planes, with increasing sputtering time. To provide a more intuitive comparison of the 

intensity changes, a cake cut is applied to the 2D GIWAXS data. As is shown in 

Figure 6.6, two prominent Bragg peaks corresponding to the (111) and (200) planes of 

Au/Ag are observed. As commonly reported, the intensity of the (111) peak surpasses 

that of the (200) peak. For the 10 nm template, the faint peak adjacent to the (111) 

diminishes with extended sputtering time, suggesting improved crystallization of the 

bimetallic structure [116]. Notably, under dewetting conditions during HiPIMS 
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deposition, these Bragg peaks exhibit increased intensity compared to those from 

samples without dewetting, indicating that thermal annealing enhances the 

crystallization process of the BMNs.  

 

Figure 6.5. Selected 2D GISAXS data of both 10 and 20 nm Au templates during the 

sputter deposition of Ag with and without dewetting conditions at selected Ag 

sputtering times as indicated. Reproduced with permission from [23]. Copyright 2024 

American Chemical Society. 
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Figure 6.6. Azimuthal integrations of selected 2D GIWAXS data collected during 

sputter deposition of Ag on both 10 nm and 20 nm templates without (w.o.) and with 

(w.) dewetting conditions at different sputtering times. Reproduced with permission 

from [23]. Copyright 2024 American Chemical Society. 

The sample subjected to sputter deposition with an Ag for 10 s is used as an example 

to examine the effects of dewetting treatment on crystallinity changes. Figure 6.7 

presents the 2D GIWAXS data for 10 nm and 20 nm Au NP arrays post sputter 

deposition of Ag for 10 s (approximately 3.06 nm), both with and without dewetting 

treatments. Then the azimuthal integrations of the 2D GIWAXS data are evaluated. 

From Figure 6.7b, the increase in GIWAXS data intensity is noticeable, attributed to 

the thermal annealing process. The data peaks, fitted with a Gaussian function 

(indicated by the black line), demonstrate the high crystallinity of the (111) and (200) 

peaks. These findings clearly elucidate the enhanced crystallinity in the Au/Ag 

nanostructures due to thermal annealing, highlighting its significant impact on the 

stability and plasmonic properties of the materials. This underscores the benefit of 

using dewetting conditions in the synthesis of plasmonic nanostructures. 



84                                                                       Chapter 6 Sputter deposition Ag on Au nanoarray 

 

Figure 6.7. (a) 2D GIWAXS data of both 10 nm and 20 nm Au NP arrays after sputter 

deposition of Ag for 10 s (ca. 3.06 nm) without (w.o.) and with (w.) dewetting 

conditions. (b) Azimuthal integrations of the 2D GIWAXS data shown in (a), the black 

line is the corresponding fits for both (111) and (200) peaks. Reproduced with 

permission from [23]. Copyright 2024 American Chemical Society. 

6.5 Morphology evolution of Au/Ag nanostructures  

In addition to the crystallization characteristics, achieving precise spatial arrangement 

is essential for the development of superior plasmonic nanostructures. This precision 

is critically important for constructing SERS platforms, as detailed measurements of 

the dimensions and the spaces of the metallic structures between particles are crucial 

for establishing the most effective arrangement for interacting with target molecules 

[117, 118]. Therefore, it is necessary to conduct a methodical analysis of the growth 

of binary metallic nanostructures using advanced high-resolution techniques 

combined with computational models to accurately depict the form factor of the 

nanostructure. using GISAXS geometry stands out as a key method in this endeavor. 

A series of in situ GISAXS observations showcased collected at various HiPIMS 

deposition intervals, as demonstrated in Figure 6.8.  
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Figure 6.8. Selected 2D GISAXS data of 10 and 20 nm Au templates during the 

sputter deposition of Ag without (w.o.) and with (w.) dewetting conditions at selected 

Ag sputtering times as indicated. Reproduced with permission from [23]. Copyright 

2024 American Chemical Society. 
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The analytical process for the Au/Ag BMN creation involves transforming the 2D 

GISAXS data into 1D plots through horizontal line cuts. Figure 6.9 presents time-

resolved mappings generated from horizontal line cuts at the Yoneda peak for Au/Ag, 

illustrating the dynamic progression of significant scattering features and identifying 

two primary structural states: periodic and irregular regions. This comprehensive 

analysis not only enhances our understanding of nanostructure formation but also 

guides the optimization of nano-fabrication techniques to improve the efficiency and 

effectiveness of SERS platforms. 

 
Figure 6.9. Mappings of horizontal line cuts from 2D GISAXS data of 10 nm and 20 

nm templates during the HiPIMS deposition of Ag (a) without and (b) with dewetting 

conditions. Reproduced with permission from [23]. Copyright 2024 American 

Chemical Society. 

From the commencement of the sputter deposition process, the mappings reveal 

uniformly spaced peaks across all the samples analyzed. Specifically, two distinct 

peaks are observed for the 10 nm Au NP arrays and four peaks for the 20 nm arrays. 

These peaks originate from the structured array of Au NPs and reflect the average 
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distance between particles within the Au nanostructure. As the deposition continues, a 

new Bragg peak feature, indicated by a dashed line, becomes apparent, primarily 

linked to the formation of Ag clusters. This peak associated with Ag clusters shifts 

towards lower qy values as the deposition advances, indicating an increase in both the 

average distance between particles and the size of the particles. Moreover, the 1st 

order peak related to the Au NPs becomes narrower, suggesting that the Ag deposition 

contributes to the growth of the Au/Ag composite nanoparticles. After around 10 s of 

Ag sputter deposition (equivalent to an effective thickness of approximately 3.06 nm), 

the 2nd order peak of the 10 nm template merges into the 1st order peak. 

A similar pattern is noted with the 20 nm sample, where the 3rd order peak 

progressively merges with the 2nd order peak during the Ag deposition, indicating a 

decrease in structural order within the BMN after about 10 s of Ag deposition. Thus, 

in this study, a 10 s HiPIMS deposition marks a critical transition in the periodicity of 

the Au/Ag BMNs, signaling a shift towards a less ordered structure. This observation 

is crucial for understanding the interplay between deposition time and nanostructure 

order, offering insights into optimizing the structural and functional properties of 

bimetallic nanoparticles for various applications. 

 

Figure 6.10. 2D GISAXS data of 10 nm and 20 nm Au templates with Ag sputter 

deposited for 10 s (effective thickness of ca. 3.06 nm) with dewetting conditions. 

Reproduced with permission from [23]. Copyright 2024 American Chemical Society. 

The 2D GISAXS data depicted in Figure 6.10 for the 10 nm and 20 nm templates, 

after Ag deposition for 10 s under dewetting conditions, supports the observed lack of 

periodic Bragg peaks compared to those seen in the bare Au NP arrays. Interestingly, 
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the GISAXS data for the 20 nm Au template shows more defined periodic intensity 

peaks than the 10 nm template, indicating a more ordered structure post 10 s Ag 

deposition. This increased orderliness in the 20 nm template is likely due to its larger 

size, which makes it less susceptible to alterations from Ag deposition, hence 

preserving its periodic structure. In SERS platform development, maintaining a 

structured nanoarchitecture is crucial as it facilitates consistent periodic signals, 

improving the sensitivity and stability of the platform [119, 120]. Moreover, 

minimizing the spacing between particles is vital for enhancing the performance of 

SERS platform [121, 122]. Thus, selecting an optimal nanostructure is key to 

achieving high-efficiency SERS detection. In this context, the 10 s Ag deposition 

timeframe is favored for its ability to produce the smallest interparticle distances in 

the periodic region, optimizing the HiPIMS deposition for effective SERS 

applications. This careful tuning of deposition time and nanostructure characteristics 

is instrumental in advancing the design and functionality of SERS platforms, 

potentially leading to breakthroughs in fields requiring sensitive molecular detection. 

 

Figure 6.11. Selected horizontal line cuts from 2D GISAXS data (symbols) are shown 

together with fits (lines) of both (a, b) 10 nm and (c, d) 20 nm Au templates during the 

in situ sputter deposition of Ag without (w.o.) and with (w.) dewetting conditions. 
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For a detailed quantitative analysis of the spatial attributes of the Au/Ag BMNs, the 

GISAXS data are scrutinized using a theoretical model grounded in the DWBA as 

discussed in Chapter 2, which aids in precisely estimating the dimensions of particles 

and the gaps between them. Figure 6.11 showcase horizontal line cuts from the 2D 

GISAXS data, captured at 2 s intervals (corresponding to an effective thickness of 

about 0.61 nm). The experimental data (indicated by symbols) with the model fits 

(depicted by black lines) for both the 10 nm and 20 nm templates during Ag 

deposition are analyzed. The pristine Au NP arrays (illustrated in the bottom curves) 

display pronounced scattering peaks, indicative of a regular periodic structure. Shortly 

after the onset of the sputtering (as seen in the 2 s curve), a sharp peak emerges at a 

high qy value (around 1.6 nm-1), marking the scattering characteristic of the emerging 

Ag nanostructure. With ongoing sputter deposition, this Ag-related scattering peak 

gradually shifts to lower qy values, reflecting the Ag clusters growth through 

coalescence (illustrated by a gray arrow). Additionally, the well-spaced peaks from the 

Au NP array blur, evolving from sharp peaks to broader, shoulder-like scattering 

features after 10 s of sputter deposition, indicating a loss of distinct periodicity in the 

binary structure with extended Ag deposition in HiPIMS.  

 

Figure 6.12. Normalized intensities of the form factors used in the GISAXS modelling 

of Ag NPs between (a) 10 nm and (b) 20 nm Au NPs of the template during the sputter 

deposition of Ag with and without dewetting conditions. Reproduced with permission 

from [23]. Copyright 2024 American Chemical Society. 

Notably, under dewetting conditions, the scattering peak intensities from Ag clusters 

on both the 10 nm and 20 nm Au templates are markedly stronger (refer to Figure 

6.12). These intensities in the GISAXS data primarily represent the scatterer count 

and their organization. Here, the heightened intensities denote an improved structural 

order, which is anticipated to favorably impact the SERS performance, enhancing the 

sensitivity and stability of the platform. This detailed structural analysis underscores 

the importance of precise deposition control and structural integrity in optimizing the 
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nanostructures for advanced SERS applications. 

The progression of fit parameters, which include the dimensions and spacings 

between particles in the Au/Ag BMNs, is illustrated in Figures 6.13 and 6.14. These 

results reveal that the interparticle distances for both the 10 nm and 20 nm Au 

templates remain steady during the Ag deposition, implying that the Au nanoparticles 

act as regularly spaced nucleation points for the growth of bimetallic structure. 

Furthermore, an enlargement in the Au/Ag nanostructures size with prolonged 

sputtering time confirms the effective formation of the binary system. Under 

dewetting conditions, the Au/Ag structures are smaller than those formed without 

dewetting, indicating that substrate thermal annealing fosters a more orderly 

nanoparticle arrangement. 

 
Figure 6.13. (a, b) Interparticle distance and (c, d) radius of sputtered Au/Ag NPs on 

both 10 and 20 nm template extracted from GISAXS fit parameters. Reproduced with 

permission from [23]. Copyright 2024 American Chemical Society. 

Figure 6.14 detail the radius and center-to-center distances of isolated Ag 

nanoparticles situated amidst the larger Au/Ag structures. For both the 10 nm and 20 

nm templates, the distance between these Ag nanoparticles expands with increased 

sputter duration. The Ag nanoparticles developed under dewetting conditions show a 

smaller radius and closer spacing compared to those formed without dewetting, a 

phenomenon attributed to the thermally driven surface diffusion of Ag nanoparticles. 

During the sputtering, Ag structures emerge from individual island grains, not from a 
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continuous film [123]. Due to a drive to reduce surface energy, Ag islands under 

dewetting conditions undergo a more uniform formation process, evolving into 

orderly nanoparticles. As a result, these nanoparticles are smaller in size compared to 

their non-dewetted counterparts and exhibit a higher density of nucleation sites, 

suggesting a more controlled and homogeneous growth.  

 
Figure 6.14. (a, c) Radius and (b, d) interparticle distance of Ag NPs located between 

the Au NPs acting as template during the sputter deposition in case of the (a, b) 10 

and (c, d) 20 nm templates as extracted from GISAXS fits. Reproduced with 

permission from [23]. Copyright 2024 American Chemical Society. 

In the realm of SERS platforms, the spaces between plasmonic structures are vital for 

the detection of target molecules. Figure 6.15 showcases the calculated interparticle 

gaps derived from our modeling parameters, where have achieved exceptionally 

narrow gaps, approximately 2.5 nm in width. This level of gap minimization is quite 

significant when compared to previous studies, as sub-3 nm gaps, like those achieved 

in our research, offer a competitive edge for SERS applications. Moreover, Figure 

6.15b provides a top-view schematic of the model used in the GISAXS analysis, 

illustrating both the interparticle distances and the dimensions of a bare 20 nm Au 

nanoparticle array, along with its configuration after 10 s of Ag HiPIMS deposition. 

The ability to achieve such narrow gaps is particularly crucial for enhancing the SERS 
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signal, as these small gaps can significantly increase the electromagnetic fields that 

boost the Raman signal of the target molecules [124, 125]. This enhancement is 

essential for the detection of low-concentration analytes, making our findings highly 

relevant for applications requiring high sensitivity and specificity. The detailed 

modeling and understanding of these nanostructures spatial characteristics pave the 

way for optimized SERS platforms that can be tailored for various analytical and 

diagnostic applications, potentially leading to advancements in plasmonic fields. 

 

Figure 6.15. (a) Gap sizes between Ag NPs of 20 nm template calculated from 

determined parameters. (b) Schematic structures (top view) of bare 20 nm Au NPs 

before (top) and after sputter deposition of Ag for 10 s Ag (bottom) as determined 

from the fit parameters. Reproduced with permission from [23]. Copyright 2024 

American Chemical Society. 

6.6 Surface morphology of Au/Ag nanostructures 

To validate our findings, ex situ SEM analyses are performed on Au templates with 

Ag deposited for durations of 5 s, 10 s, and 20 s. The SEM images display noticeable 

differences attributable to the dewetting conditions applied, indicating that our method 

of low-temperature thermal treatment at 100 °C effectively influences the results (as 

shown in Figures 6.16 and 6.17). Specifically, Figure 6.16 focus on the Au templates 

with 10 s of Ag deposition, and the images align with previous observations, showing 

a more organized structure for the Au/Ag BMNs under dewetting conditions 

compared to those not subjected to the thermal process. Moreover, the presence of a 

higher number density of Ag NPs interspersed among the larger Au/Ag nanoparticles 

is more pronounced under dewetting conditions. Notably, the 20 nm template 

demonstrates enhanced structural regularity compared to the 10 nm template, making 

it a preferable candidate for SERS applications. 

Additionally, the geometry of a 20 nm Au template with a 10 s Ag deposition BMN is 

reverse schematic using the modeling parameters (illustrated in Figure 6.18b). The 
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modeling results align well with the SEM observations, reinforcing the accuracy and 

reliability of our GISAXS-based modeling approach. This congruence between the 

modeling and SEM data not only substantiates our methodological approach but also 

underscores the impact of controlled dewetting on achieving desirable nanostructural 

characteristics, which are crucial for optimizing the performance of SERS platforms. 

Such insights can significantly contribute to the advancement of nano-fabrication 

techniques tailored for sensitive and specific molecular detection. 

 

Figure 6.16. SEM images of both 10 nm and 20 nm Au templates with Ag deposited 

for 5 s, 10 s, and 20 s Ag with and without dewetting conditions. Reproduced with 

permission from [23]. Copyright 2024 American Chemical Society. 
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Figure 6.17. SEM images of both 10 nm and 20 nm Au templates with Ag deposited 

for 5 s, 10 s, and 20 s Ag with and without dewetting conditions. Reproduced with 

permission from [23]. Copyright 2024 American Chemical Society. 

 

Figure 6.18. (a) SEM images and (b) schematics of 20 nm Au template with 10 s Ag 

under 100 ℃ treatment. Reproduced with permission from [23]. Copyright 2024 

American Chemical Society. 
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6.7 SERS performance of Au/Ag nanostructures 

To substantiate the potential use of the BMNs analyzed in this study, I conduct SERS 

measurements on the samples of Au template with HiPIMS deposition of Ag for 10 s. 

Rhodamine 6 G (R6G) is commonly used in SERS applications, with the detection 

method leveraging the technique's notable sensitivity and selectivity, offering rapid 

and non-destructive on-site analysis [126-129]. In this work, R6G is chosen as the 

target molecule for detection via SERS. The SERS spectral signals of R6G are clearly 

observed at a concentration of 10-4 M, as shown in Figure 6.19. Remarkably, the 

SERS signal from the samples subjected to the dewetting process showed an 

enhancement compared to those that are not heated. Specifically, the SERS intensity 

at the 1364 cm-1 peak for the 20 nm Au substrates treated with dewetting is enhanced 

by 49 % compared to the non-dewetted substrates. This result suggests that the 

dewetting conditions promote the formation of a more regular BMN, which in turn 

significantly improves the SERS performance. 

 

Figure 6.19. SERS results of 10-4 M R6G molecule detected by 10 nm and 20 nm Au 

templates sputtered 10 s Ag with and without dewetting conditions. Reproduced with 

permission from [23]. Copyright 2024 American Chemical Society. 

Further, the relative standard deviation (RSD) for the 20 nm Au/10 s Ag substrates in 

relation to their SERS peak intensities at 1364 cm-1 and 1518 cm-1 are assessed. The 

substrates treated with dewetting conditions showed RSD values of 6.34 % and 

5.96 %, respectively, as depicted in Figure 6.20. These values indicate a high degree 

of signal reproducibility compared to the substrates that did not undergo dewetting. 

This enhancement in signal reproducibility under dewetting conditions underscores 

the importance of controlled nanostructural formation for reliable SERS analysis. 
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Figure 6.20. 20 nm Au template/10s Ag sputtering with dewetting treatment: RSD of 

both 1365 cm-1 and 1512 cm-1 signal of SERS as measured at 10 different spots. 

Reproduced with permission from [23]. Copyright 2024 American Chemical Society. 

6.8 Summary 

In summary, this chapter details the creating of periodic binary metal nanostructures 

combining Au and Ag, achieved through HiPIMS Ag deposition onto a self-organized 

Au NP array under conditions promoting dewetting. The in situ X-ray scattering 

methods are applied to explore the formation processes of these BMNs. Analyzing the 

structure of 10 and 20 nm Au templates post HiPIMS Ag deposition, GIWAXS and 

GISAXS techniques are utilized to assess their morphology. The GIWAXS analysis 

highlighted an increase in crystallization within the Au/Ag structures, a result of the 

dewetting process induced by substrate heating. Further examination and modeling of 

GISAXS data provided insights into the nanostructure dimensions and interparticle 

spacing throughout the HiPIMS deposition stages. By modeling the interparticle 

distances, an optimal configuration is identified for SERS applications, involving a 10 

s Ag deposition resulting in an approximate thickness of 3.06 nm. Utilizing these 

binary Au/Ag nanostructures for R6G detection demonstrated that the 20 nm Au NP 

array with a 10 s Ag deposition under dewetting conditions exhibited the most 

effective detectivity. This study not only introduces a novel method for constructing 

ordered binary plasmonic nanostructures but also significantly contributes to our 

understanding, aiding in the strategic design and evaluation of such structures for 

various applications. Consequently, our findings offer a robust framework for the 

advancement of binary plasmonic nanostructures, with potential applications in SERS 

platforms, color display technologies, catalysis, and beyond, indicating a significant 

technique in the field of plasmonic nanoengineering. 
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7 Hybrid Au/PbS nanostructure 

for photodetector 

This chapter is based on the published article: High-power impulse 

magnetron sputter deposition of Ag on self-assembled Au nanoparticle 

arrays at low temperature dewetting conditions [28]. Reproduced with 

permission from (Guan, T.;  Chen, W.;  Tang, H.;  Li, D.;  Wang, X.;  Weindl, 

C. L.;  Wang, Y.;  Liang, Z.;  Liang, S.;  Xiao, T.;  Tu, S.;  Roth, S. V.;  Jiang, 

L.; Müller-Buschbaum, P., ACS Nano 2023, 17, 22, 23010-23019, DOI: 

10.1021/acsnano.3c08526). Copyright 2023 American Chemical Society 

 

Hybrid plasmonic nanostructures have gained enormous attention in a variety of 

optoelectronic devices due to their surface plasmon resonance properties. Self-

assembled hybrid metal/QD architectures offer a means of coupling the properties of 

plasmonics and QDs to photodetectors, thereby modifying their functionality. The 

arrangement and localization of hybrid nanostructures have an impact on exciton 

trapping and light harvesting. This chapter, presents a hybrid structure consisting of 

self-assembled Au NSs embedded in a solid matrix of PbS QDs for mapping the 

interface structures and the motion of charge carriers. Grazing-incidence small-angle 

X-ray scattering is utilized to analyze the localization and spacing of the Au NSs 

https://doi.org/10.1021/acsnano.3c08526
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within the hybrid structure. Furthermore, by correlating the morphology of the Au 

NSs in the hybrid structure with corresponding differences observed in the 

performance of photodetectors, the impact of interface charge carrier dynamics can 

determine in the coupling structure. From the perspective of architecture, this study 

provides insights into the performance improvement of optoelectronic devices. 

7.1 Preface  

The exploration of noble Au NPs has been widely studied in various optoelectronic 

devices [130-132]. The ability to independently tailor the sizes and inter-particle 

distances of the plasmonic arrangement enables a precise control of the optical and 

electrical properties, thereby enhancing the light-matter interaction resulting from 

LSPRs [133-136]. Of particular interest are integrated nanocomposites that combine 

photoactive materials with plasmonic metals to increase the overall properties of the 

hybrid films [137, 138]. The introduction of MNPs in photoactive materials results in 

the accumulation of incident photons around the particle, inducing both, near and far-

field light scattering as well as electron transfer in the materials [139, 140]. Therefore, 

the light absorption and charge carrier efficiency as well as the local conductivity of 

the photoactive materials will improve and further enhance their optical and electrical 

performance [141, 142].  

Recently, various optoelectronic materials including colloidal quantum dots (CQDs), 

organic polymers, and perovskite nanocrystals, have been studied in conjunction with 

plasmonic nanostructures to explore their high-performance capabilities [143-146]. 

The hybrid nanostructures offer numerous advantages such as high processability, 

spectral tunability, and compatibility through tuning the morphology and arrangement 

of the plasmonic NPs [147]. Moreover, the tunability of hybrid nanostructures 

guarantees an enhancement of the photonic and electronic properties of optoelectronic 

materials and improves the performance of the respective devices [148, 149]. 

Therefore, it is highly desirable to create hybrid systems that integrate photoactive 

materials with strong coupling plasmonic nanostructures for utilization in high-

performance optoelectronic devices.  

For the hybrid architectures in optoelectronic devices, the aggregation of NPs is an 

essential issue since it can hugely influence the film morphology and charge carrier 

efficiency [150, 151]. The self-assembly monolayer (SAM) coating of MNPs is a 

commonly used strategy for fabricating a large-area plasmonic organization and for 

preventing the aggregation of the MNPs [152]. With this approach, highly organized 

MNP arrays are expected to be feasible on larger scale. In addition, this approach 

facilitates the localized interaction between emitters and plasmonic cavities in the 

hybrid structures, which is notably helpful in improving the properties of the hybrid 
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systems [153]. 

It is widely acknowledged that the solution processing of CQDs holds various 

advantages for the development of optoelectronic devices [154, 155]. The surfactant 

organic linker molecules of CQDs influence the interdot distance and optical 

properties as well as the charge carrier transport in the CQD solids [156]. Thus, the 

arrangement of CQDs in the thin film is a significant issue for achieving high-

efficiency optoelectronic devices. In addition, light management and electron transfer 

in such photo-sensitive devices extend from a single photoelectron level, necessitating 

a highly ordered photoactive structure [157, 158]. In this regard, the implementation 

of SAM plasmonic nanostructure hybrids with CQDs film can be an impressive way 

to enhance the performance of optoelectronic devices. Particularly, the investigation 

of interdot distances within CQDs solids influenced by the plasmonic nanostructures 

is a vital concern in controlling the film morphology and enabling large-scale 

application [159, 160].  

Therefore, conducting an in-depth study of the hybrid plasmonic CQDs structure is 

essential for high-performance optoelectronic devices. GISAXS is a highly effective 

method to detect buried nanostructures and to probe film interfaces on a nanometer 

dimension [70]. Consequently, the distribution of CQDs and concealed localization of 

plasmonic structures in a hybrid nanostructure can be probed via GISAXS [161]. 

Recently, significant achievements have been made in the development of 

optoelectronic devices based on CQDs embedded with MNPs, owing to the ability of 

plasmonics to enable light-harvesting and enhance charge carrier transport [162-164]. 

However, these works are rarely focused on the construction of hybrid nanostructures 

and lack of an in-depth morphology investigation of the obtained architectures. It is 

critical to clarify the formation and composition of these nanostructures with more 

powerful characterization methods. Hence, a comprehensive investigation of the 

morphology and the impact of embedded MNPs on the hybrid system is urgently 

desired to fully explore their potential benefits. 

To bring insights into complex hybrid structures, in this Chapter, a hybrid 

nanocomposite design is introduced where a PbS layer is deposited on a monolayer of 

Au NPs, created through self-assembly. This structure incorporates Au NPs with 

diameters of 20 nm and 100 nm, closely integrated with PbS CQDs to establish a 

direct interface between PbS and Au. GISAXS is use to examine the internal structure 

of the Au-PbS hybrid films and conduct a detailed analysis of their morphology. This 

study extends to evaluate the optical characteristics and charge carrier efficiency of 

the hybrid films, varying with the size of the Au NPs. By developing interdigital 

photodetectors using this hybrid approach can analyze how the plasmonic 

nanostructures influence device performance. In this contribution, I demonstrate a 

potential strategy to enhance the performance of photodetectors through the utilization 

of plasmonic nanostructures in PbS QDs.  
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7.2 Morphology of Au nanoarray and simulation 

 

Figure 7.1. Schematic geometry of the GISAXS setup utilized in this Chapter. 

Reproduced with permission from [28]. Copyright 2023 American Chemical Society. 

Controlling the morphology of plasmonic-based hybrid nanostructure requires a 

robust strategy for the in-depth understanding of the arrangement of the plasmonic 

structures [165]. Therefore, a combination of experimental and simulation techniques 

is needed to gain insights into the complex hybrid systems. In this regard, GISAXS is 

currently one of the most powerful techniques for studying plasmonic hybrid 

architectures, given that it furnishes statistically relevant information in the 

nano-range as well as enables the exploration of a large area and the inner 

morphology of the films [166, 167].  

Moreover, the use of a synchrotron radiation source allows collecting high-quality 

data by the acquisition of exceptional signal-to-noise ratio measurements. This 

synergistic use of advanced experimental and simulation methods holds the promise 

of advancing our understanding and control of plasmonic-based hybrid nanostructures 

significantly. Figure 7.1 illustrates the schematic geometry of the GISAXS setup 

utilized in this study, enabling the analysis of both laterally (in the qy direction) and 

vertically (in the qz direction) structure of the samples. 

In this study, Au NPs of two distinct sizes is fabricated, 20 nm and 100 nm, on Si 

substrates using a SAM technique. A thorough analysis of the spatial arrangement of 

the Au NSs are conducted. To enhance the plasmonic characteristics and investigate 

the possible uses of the Au NP monolayer, understanding its structural model is 
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crucial. This model encompasses the dimensions, form, and spatial distribution of the 

monolayer. To examine the configuration of the Au NS monolayer, a geometric model 

(illustrated in Figure 7.2) and conduct corresponding simulation using the BornAgain 

software are developed [74].  

 

Figure 7.2. Geometric model for simulations of the GISAXS data. Reproduced with 

permission from [28]. Copyright 2023 American Chemical Society. 

 

 

Figure 7.3. 2D GISAXS data of (a) 20 nm and (c) 100 nm Au NS monolayers and 

corresponding simulation results via BornAgain (b) and (d). Reproduced with 

permission from [28]. Copyright 2023 American Chemical Society. 
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The GISAXS analysis of the Au NP monolayer (as shown in Figures 7.3a and c) 

reveals periodic Bragg scattering patterns for both the 20 nm and 100 nm Au NS 

samples. This observation exhibits not only exceptional size uniformity but also a 

well-ordered spatial arrangement over a large area. Additionally, the 2D GISAXS 

simulation results for our Au NS monolayer (depicted in Figures 7.3b and d) display a 

Bragg scattering pattern that aligns with the experimental data. The results confirm 

the high degree of structural order and uniformity in the Au NP monolayer, which are 

crucial for the plasmonic properties. This level of uniformity and order is essential for 

manipulating surface plasmon resonances, achieving consistent and reproducible 

plasmonic responses, and making it highly effective for potential applications. 

To enhance the credibility of the simulation, line cuts (indicated by the black dashed 

line in Figure 7.1) from both the simulated and experimental GISAXS data are 

applied. The vertical line cuts off-center at qy = 0.05 nm-1 and horizontal line cuts at 

the Yoneda peak are took, which corresponds to the peak of the Fresnel transmission 

function [168]. The 1D results (shown in Figure 7.4) demonstrate a strong correlation 

between the Bragg peak positions in the experimental and simulated data, validating 

the precision of our simulation model.  

However, the discrepancies in intensity are attributed to the simplicity of the GISAXS 

model used for simulating the Au NS monolayers. These differences in intensity are 

relatively minor and can be overlooked, as they mainly reflect the quantity of 

scatterers and their arrangement. The consistency between the simulation and 

experimental results underscores the reliability of the modeling approach which 

facilities to the further analysis of the hybrid nanostructures. 

 

Figure 7.4. GISAXS data (symbols) and BornAgain simulation results (lines) of line 

cuts of 2D GISAXS data from the (a) 20 nm and (b) 100 nm Au NS monolayer samples. 

The line cut position is performed as shown in Figure 7.1. Reproduced with 

permission from [28]. Copyright 2023 American Chemical Society. 
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The real-space representation of our Au NP model (shown in Figure 7.5a) aligns well 

with the SEM images, providing further confirmation of the validity of our simulation. 

Additionally, the BornAgain modeling framework allows us to determine the domain 

sizes and center-to-center spacings of the Au NPs (illustrated in Figure 7.5b).  

The simulation results for the GISAXS analysis indicate that the smaller Au NPs have 

a diameter of (20.4 ± 0.2) nm with an interparticle gap of (71.0 ± 0.5) nm. In contrast, 

the larger NSs have a diameter of (100.0 ± 0.5) nm with a (350.0 ± 1) nm interparticle 

distance. These findings are in line with the statistical analysis derived from the SEM 

image frequency distributions (Figure 7.6). 

 

 

Figure 7.5. (a, b) Visualization of 20 nm and 100 nm Au NSs modeling set up. SEM 

images of (c) 20 nm and (d) 100 nm Au monolayers. Reproduced with permission from 

[28]. Copyright 2023 American Chemical Society. 

Through systematic analysis, the dimensions and interparticle distances of the Au NP 

monolayers are verified. The successful application of the SAM method highlights its 

potential in creating extensive high-order plasmonic nanostructures. Such structures 

are advantageous for optimizing optical and electrical characteristics by adjusting 

their sizes and spatial arrangements [169].  
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Figure 7.6. Statistical frequency distribution and average size of (a) 20 nm and (b) 

100 nm Au NSs as extracted from the SEM images via ImageJ. Reproduced with 

permission from [28]. Copyright 2023 American Chemical Society. 

7.3 Surface morphology of Au/PbS hybrid structures 

Integrating plasmonic nanostructures with photoactive materials creates a versatile 

platform that can be precisely tuned for improved performance. In this study, a hybrid 

system by combining the Au NP monolayer with PbS quantum dots is developed. This 

configuration aims to explore the potential of such a system in optoelectronic device 

applications, leveraging the unique properties of both components to enhance device 

functionality. 

 

Figure 7.7. (a) Schematic diagram of Au NSs/PbS hybrid nanostructure fabrication 

process. (b) Schematic of ligand replacement of PbS QDs from long ligand OA to 

shorter TBAI ligands. Reproduced with permission from [28]. Copyright 2023 

American Chemical Society. 
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Figure 7.7a presents a diagram outlining the creation of the hybrid system. The 

process begins by spin-coating a PbS-OA solution onto the Au NS monolayer to form 

Au/PbS OA films. Next, the QD surface ligands are switched from OA to TBAI by 

treating the PbS-OA film with a TBAI solution. This is followed by a layer-by-layer 

deposition process, repeated three times, to produce the PbS-TBAI solid layers. 

Figure 7.7b depicts the substitution of the QDs long OA ligands with shorter TBAI 

ionic ligands. This modification aims to reduce the distance between the quantum dots, 

enhancing their stability and electronic interaction, which in turn facilitates more 

efficient charge carrier transport [170]. 

 

 
 

Figure 7.8. SEM images of (a) 20 nm Au/PbS-OA film and (b) 100 nm Au /PbS-OA 

hybrid film; (c) 20 nm Au/PbS-TBAI film and (d) 100 nm Au /PbS-TBAI hybrid film. 

Reproduced with permission from [28]. Copyright 2023 American Chemical Society. 

The structural characteristics of the hybrid films are examined using SEM, as depicted 

in Figure 7.8. When comparing these films with the initial Au NP monolayers (shown 

in Figure 7.5), it is evident that the PbS QDs are uniformly coated over the Au NPs, 

forming integrated hybrid components. Importantly, the arrangement of the 20 nm and 

100 nm Au NSs remains unchanged after the PbS OA QDs application (seen in 

Figures 7.8a and b), signifying the stability of Au NP monolayer. Following the TBAI 
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treatment, the PbS-OA films transition to a densely packed structure, as shown in 

Figures 7.8c and d. Specifically, the 20 nm Au/PbS TBAI film (Figure 7.8c) 

demonstrates that the QD layer completely covers the Au NSs, with the PbS-TBAI 

film thickness exceeding 20 nm due to successive coatings. In contrast, the 100 nm 

Au/PbS-TBAI structure illustrates QDs closely packed around the Au NSs, which 

remain visible at the sphere tops. 

7.4 Inner morphology of Au/PbS hybrid structures 

The LSPR characteristics of the Au NPs are influenced by their size, distribution, and 

the dielectric environment, our configurations offer a unique platform to assess how 

these parameters affect the properties of Au/PbS QDs hybrid system. This also allows 

for the investigation of the impact of 20 nm and 100 nm Au NPs on the morphology 

of PbS QDs film. While SEM images provide insights into the Au NPs configuration, 

their resolution limits the detailed analysis of QDs smaller than 5 nm in diameter. 

Furthermore, understanding the internal structure and interfacial interactions within 

the hybrid system is crucial, prompting an in-depth examination using GISAXS. This 

technique is used to scrutinize the behavior of both 20 nm and 100 nm Au NSs within 

the PbS QDs layered architecture, offering a more comprehensive understanding of 

the intricacies of hybrid structure. 

 

Figure 7.9. 2D GISAXS data of the samples based on (a-c) PbS-OA QDs. Reproduced 

with permission from [28]. Copyright 2023 American Chemical Society. 
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Figure 7.9 presents the 2D GISAXS data for both bare PbS films and their 

corresponding Au/PbS hybrid counterparts, offering insights into their structure 

characteristics. The scattering pattern of PbS-OA film demonstrates a clear structural 

signal at a higher qy value (around 1.30 nm-1) near the Yoneda peak (around 0.50 nm-1, 

indicative of the PbS-OA QDs structural factors. This specific signal is also 

observable in the Au/PbS-OA hybrid films (seen in Figures 7.9b and c), indicating 

that the inclusion of Au NPs does not significantly alter the QDs structure. The Au 

NSs is still detectable at a lower qy value (around -0.40 nm-1 after the PbS OA film 

application, consistent with the SEM findings (Figures 7.8a and b) and confirming 

their integrity post-deposition.  

 

 

Figure 7.10. 2D GISAXS data of the samples based on (a-c) PbS-TBAI QDs. 

Reproduced with permission from [28]. Copyright 2023 American Chemical Society. 

After ligand exchange (shown in Figures 7.10a-c), it is noteworthy that the Yoneda 

peak for the PbS-TBAI film shifts to a higher qz value (around 0.57 nm-1, while the 

high qy value structural signals vanish, indicating a transition to a more densely 

packed structure in the PbS-TBAI QDs, as inferred from the increased scattering 

length density. Moreover, the structural data for only the 100 nm Au NSs remains 

discernible at a lower qy value (around -0.40 nm-1, with the 20 nm Au NSs being 

completely masked by the PbS QDs. To further dissect the hybrid nanostructures, 
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horizontal (at the Yoneda peak) and vertical line cuts (around -0.05 nm-1 at the 

structural signal location are used in the GISAXS data analysis (indicated by a black 

dashed line), enhancing the detailed examination of our devised architectures. 

 

 

Figure 7.11. Horizontal line cuts of 2D GISAXS data (black dots) and corresponding 

modelling (redline) of samples based on (a) PbS-OA QDs and (b) PbS-TBAI QDs. 

Schematic (c) and (d) of the arrangement of PbS QDs. Reproduced with permission 

from [28]. Copyright 2023 American Chemical Society. 

Figures 7.11a and b showcase the horizontal line cuts (represented by black dots) 

alongside the fitted modeling outcomes using a spherical model (depicted by the red 

line) for our films. A sphere-based model is applied to analyze the GISAXS line cuts 

quantitatively, deriving a QD radius of approximately (3.4 ± 0.1) nm, as illustrated in 

Figures 7.11c and d. Furthermore, I calculated the interdot spacing for the PbS-OA 

QDs to be (4.7 ± 0.1) nm, which reduces to (3.6 ± 0.1) nm following the TBAI-

mediated ligand swap. The precise measurement of the qy parameters sheds light on 

the lateral structural characteristics of the PbS QDs when subjected to different 

ligands. Importantly, these lateral structural arrangement of the QDs minimally 

affected by the presence of either 20 nm or 100 nm Au NSs. I further delve into the 

vertical structural analysis of the hybrid films, as illustrated in Figure 7.12. The most 

intense sharp peaks correspond to the Yoneda peak of the films. For the PbS-OA QDs 

(indicated by gray dots in Figure 7.12a), a notable shift in the critical angle from 0.12° 

to 0.17° is observed post the TBAI ligand substitution (shown by gray dots in 
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Figure 7.12b). This alteration is likely due to the more compact arrangement of PbS 

QDs with a reduced average interdot distance, creating a denser film and altering the 

SLD of the QD film. Consequently, this results in the higher angular positioning of 

the Yoneda peak. Furthermore, while the Yoneda peak for the Au/PbS-OA films shifts 

to a higher angle, the Au/PbS-TBAI films peaks do not exhibit any significant change. 

These findings imply that Au NSs significantly impact the vertical structure of the 

PbS-OA films, whereas their effect on the densely packed PbS-TBAI structure 

appears to be minimal [171]. 

 

 

Figure 7.12. Vertical line cuts of GISAXS data of samples based on PbS-OA (a) QDs 

and (b) PbS-TBAI QDs. The insets show a zoom-in to the Yoneda peaks. Reproduced 

with permission from [28]. Copyright 2023 American Chemical Society. 

The structural analysis of our hybrid films indicates that the incorporation of Au NPs 

does not significantly alter the lateral structure of the PbS-OA QDs or the overall 

arrangement of the PbS-TBAI film, both laterally and vertically. Nonetheless, the 

plasmonic nanostructures influence the vertical structure of PbS QDs with longer 

ligands. The observed changes in the morphology of PbS-OA film can be attributed to 

the instability of the longer ligands surrounding the PbS QDs, making them 

susceptible to alterations when combined with other nanostructures. In contrast, PbS 

QDs with shorter ligands exhibit a more compact and stable structure, maintaining 

their stability upon integration. These findings highlight the importance of 

understanding the impact of plasmonic nanostructures on the structural properties of 

hybrid PbS films, which is essential for the development of scalable monolayer or 

multilayer hybrid architectures. To enhance the utility of these hybrid PbS films 

further, it is crucial to investigate how Au NSs influence their optical and electrical 

characteristics. Such properties will provide valuable insights into optimizing the 

performance of these materials for their potential applications. 
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7.5 Optical properties 

 

Figure 7.13. (a) Absorbance of bare PbS-TBAI film and Au NPs/PbS-TBAI films and 

the insert image is the absorbance of Au NSs in solution. (b) PL and (c) TRPL 

emission spectra of bare PbS-TBAI film and Au NSs/PbS-TBAI films. Reproduced with 

permission from [28]. Copyright 2023 American Chemical Society. 

To investigate the optical characteristics of our hybrid structures, both the absorbance 

and PL spectra in the Vis-NIR range are analyzed. Figure 7.13a displays the 

normalized absorbance spectra for the films and Au NP solutions. An observation 

from the inset image reveals a red shift in the absorbance peaks of the Au NPs from 

520 nm to 580 nm with an increase in particle size, aligning with previous findings 

[172]. The films maintain a consistent absorption edge around 950 nm and exhibit 

marked absorbance enhancement in the spectral range corresponding to the Au NPs. 

This enhancement in the Au/PbS hybrid films absorbance is likely due to the spectral 

overlap of the components, enhancing the films optical attributes [173].  

The steady-state and time-resolved PL (TRPL) analyses are conducted to delve into 

the photoinduced charge carrier dynamics in the films. The incorporation of 100 nm 
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Au NPs diminishes the PbS emission, as shown in Figure 7.13b, signifying boosted 

charge carrier extraction and reduced recombination. TRPL decay data for pure PbS 

and Au/PbS hybrid films are depicted in Figure 7.13c, with associated decay kinetics 

detailed in Table 7.1. Consistent with the PL data, the 100 nm Au/PbS film 

demonstrates the shortest PL decay time, indicating enhanced charge carrier transport 

due to the Au NPs. The PL and TRPL results suggest that Au NSs, especially the 100 

nm size, significantly improve the charge extraction efficiency of the PbS film. 

Considering the morphology, the PbS film thickness ranges between 20 nm and 100 

nm for all photodetector samples, implying that 100 nm Au NPs exert a greater impact 

on charge carrier efficiency across the entire thickness of PbS film than 20 nm Au 

NPs. Consequently, the 100 nm Au NPs/PbS hybrid film exhibits superior optical 

characteristics and enhanced charge carrier efficiency. 

Table 7.1. TRPL fast and slower decay kinetics parameters. 

Sample PbS-TBAI 
20 nm Au 

/PbS-TBAI 

100 nm Au 

/PbS-TBAI 

τ1 (ns) 0.97 0.27 0.23 

τ2 (ns) 6.99 1.02 1.45 

A1 (%) 99.61 21.36 85.58 

A2 (%) 0.39 78.64 14.41 

τavg (ns) 1.16 0.98 0.85 

7.6 Electrical properties 

As previously discussed, the prepared hybrid structure has the potential to enhance 

optical performance. Consequently, it is essential to further validate the performance 

of this structure. A photodetector, which is a common light-responsive semiconductor 

device, will be used for this purpose. Subsequently, to explore their applications in 

optoelectronic devices, an Au/PbS hybrid film is constructed specifically designed for 

photodetectors.  

The design of this photodetector is depicted in Figure 7.14a. The process involves 

initially positioning both 20 nm and 100 nm Au NPs on the channel of the IDE chip, 

followed by the deposition of PbS QDs using a TBAI ligand exchange treatment on 

the Au Np monolayer. The SEM images in Figure 7.14b and c display the 20 nm Au 

NPs arranged on the IDE substrate and the subsequent coverage with PbS-TBAI QDs, 

respectively.  
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Figure 7.14. (a) Schematic illustration of Au NSs/PbS based photodetector 

configuration.  Golden sphere represents Au NSs, and purple polyhedron represents 

PbS QDs. SEM images of (b) 20 nm Au NP monolayer and (c) 20 nm Au/PbS-TBAI 

hybrid film on IDE substrate. Reproduced with permission from [28]. Copyright 2023 

American Chemical Society. 

 

Figure 7.15. Illuminated (a) currents and (b) on-off signal of PbS-TBAI, 20 nm 

Au/PbS-TBAI, and 100 nm Au/PbS-TBAI devices. On-off signals derived from the 

devices with the illumination wavelength of 960 nm, the intensity of 420.8 mW cm-2
 

and the applied voltage of 5 V. Reproduced with permission from [28]. Copyright 

2023 American Chemical Society. 
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Following this, the photodetector devices is evaluated to assess the electrical 

characteristics of our setup, as illustrated in Figure 7.15. The current-voltage (I-V) 

characteristics, shown in Figure 7.15a, reveal that devices incorporating plasmonics 

exhibit a higher photocurrent compared to the device with only PbS, likely due to 

enhanced charge carrier mobility and light absorption in the PbS film [174]. Notably, 

the device incorporating 100 nm Au NPs displays the most significant photocurrent, 

aligning with the exceptional optical attributes of this hybrid film.  

Then the detection consistency of the devices is assessed using light on-off cycles, 

shown in Figure 7.15b. In alignment with the I-V findings, the photocurrent for the 

device with 100 nm Au NPs outperforms the 20 nm Au/PbS and the bare PbS devices, 

indicative of the superior charge carrier transport facilitated by the 100 nm Au NPs. 

Furthermore, the rise time for the devices with plasmonic elements indicates quicker 

response time to light exposure, suggesting that the plasmonic configuration enhances 

the device sensitivity to light. Moreover, the rise time of the plasmonic-based devices 

shows a faster photo-rise time (Table 7.2), depicting that the plasmonic structure 

makes the device more sensitive to photo-illumination. 

Table 7.2. Photo-response on-off characteristics of the devices. 

Sample PbS-TBAI 
20 nm Au 

/PbS-TBAI 

100 nm Au 

/PbS-TBAI 

Trise 21.85 17.82 12.90 

Tfall  27.27 28.79 27.19 

 

 

Figure 7.16. (a) Responsivity and (b) detectivity of the photodetector devices being 

illuminated under 323.3 µW cm-2 with an applied voltage of 5 V. Reproduced with 

permission from [28]. Copyright 2023 American Chemical Society. 
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To assess the light response performance of the photodetectors, their responsivity and 

detectivity spectra across different wavelengths are analyzed, as shown in Figure 7.16. 

All devices exhibit wavelength-dependent responses that align with the absorption 

characteristics of PbS QDs, typically centered around 950 nm. However, the 100 nm 

Au/PbS device demonstrates notably higher intensity values across the entire 

spectrum tested, indicating superior light-absorption efficiency compared to the other 

devices. 

 

Figure 7.17. (a) Current and (b) responsivity evolutions of the devices with increasing 

of the illumination light intensity from 63.5 µW cm-2 to 6.3 mW cm-2 with the 

illumination wavelength of 960 nm. Reproduced with permission from [28]. Copyright 

2023 American Chemical Society. 

The varying light intensities effects on the performance of the devices are investigated 

by analyzing photocurrent and responsivity under illumination power densities 

ranging from 63.5 µW cm-2 to 6.3 mW cm-2, as depicted in Figure 7.17. As the power 

density of the light increases, the responsivity of the devices tends to decrease, which 

due to the saturation of photogenerated charge carriers [175]. Remarkably, under 

identical device configurations and test conditions, the 100 nm Au/PbS device 

demonstrates the highest photocurrent and responsivity, surpassing the performance of 

both the bare PbS and the 20 nm Au/PbS devices. 

7.7 Mechanism of plasmonic enhancement in hybrid 

system 

The enhancement in the performance of the photodetectors under light exposure is 

largely due to the LSPRs stimulated by the incorporation of plasmonic Au NPs in the 

hybrid structure. Particularly, when the frequency of the incident light aligns with that 

of the Au NPs within the hybrid film, a congregation of "hot electrons" forms 
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oscillating electron clouds on the surface of Au NPs, as shown in Figure 7.18. These 

energized hot electrons, acquiring enough energy from the external bias, overcome the 

Schottky barrier at the Au NPs/PbS interface and move into the conduction band of 

PbS [176]. Consequently, this electron transfer boosts the charge density and 

photoresponsivity in the PbS film, thereby enhancing the devices overall performance. 

 

 

 

Figure 7.18. (a) Schematics of the energy band diagram of the Au/PbS photodetectors 

under light illumination. (b) Structure configuration of the hybrid systems. 

Reproduced with permission from [28]. Copyright 2023 American Chemical Society. 

7.8 Summary 

In conclusion, this work developed a hybrid structure by depositing PbS QDs onto a 

self-assembled monolayer of Au NPs and thoroughly examined both the structural 

formation of the hybrid nanostructures and their use in photodetectors. By utilized the 

BornAgain software to analyze the GISAXS data of the Au NP monolayers, 

determining the sizes and interparticle distances of these plasmonic layers. The 

integration of 20 nm and 100 nm Au NPs with PbS QDs revealed minimal impact on 

the lateral structure of PbS-OA QDs and the lateral and vertical configurations of PbS-

TBAI film. Nonetheless, these nanoparticles influence the vertical alignment of PbS-

OA QDs. Such morphological insights are crucial for advancing the development of 

large-scale, monolayered, or multilayered hybrid films. Optical assessments using PL 

and TRPL show that the plasmonic nanostructures enhance the optical attributes of the 

PbS film, with the 100 nm Au NPs/PbS film exhibiting superior optical properties. 

When integrating this hybrid system into interdigital photodetector devices, an 

enhancement in photocurrent for the plasmonic devices compared to the plain PbS 

device, as evidenced by the I-V curve and light on-off experiments. Moreover, the 

devices incorporating the Au NP monolayer displayed improved responsivity and 
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detectivity. Particularly, the photodetector with 100 nm Au NPs showcased the most 

impressive performance, aligning with the optical characterization results. Our 

research indicates that the enhanced optical and electrical properties of the hybrid film 

are likely due to increased charge carrier efficiency, with the effective inclusion of 

100 nm Au NPs enhancing performance throughout the PbS film. Thus, our study on 

the precise control of spacing in the Au-PbS system offers valuable insights for the 

design of hybrid systems and presents a promising approach for optoelectronic device 

development. 
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8 Conclusion and outlook 

Strongly enhanced light-matter interactions induced by LSPR originate from the 

electromagnetic fields excited at the junctions between metallic nanostructures. One 

effective strategy for optimizing the plasmonic properties of these nanostructures is 

the fabrication of hybrid nanostructures. Hybrid nanostructures offer numerous 

advantages, such as high processability, spectral tunability, and compatibility, by 

tuning the morphology and arrangement of plasmonic NPs. By constructing BMN 

composites with two distinct metals, one can leverage the advantages of both metals. 

Additionally, integrating metallic nanostructures with optoelectronic semiconductor 

materials enhances both electrical and optical performance. Therefore, creating a 

hybrid system with strongly coupled plasmonic nanostructures is highly desirable for 

various applications. However, in hybrid architectures, the aggregation of NPs is a 

critical issue since it can significantly influence film morphology and charge carrier 

efficiency.  

A commonly used strategy to address this issue is the self-assembly monolayer 

method, which facilitates the fabrication of large-area plasmonic arrays and prevents 

the aggregation of MNPs. This approach is expected to realize highly ordered metal 

nano-arrays over large areas. This thesis first investigates two distinct self-assembly 

methods for fabricating Au nanoarrays: electrostatic adsorption and phase interface 

transfer. Compared to the phase interface transfer method, the electrostatic assembly 

method resulted in NPs being evenly distributed across the substrate with minimal 

aggregation, demonstrating a uniform particle arrangement. This highly ordered 

arrangement is crucial for the application of self-assembled Au nanoarrays in 

plasmonic structures. Uniform plasmonic resonance can generate periodic hot carriers, 

thereby enhancing the plasmonic properties of the structure. Therefore, the 

electrostatic adsorption method is selected as the preferred self-assembly technique 

for subsequent projects. 

To fully maximize the functionality and application potential of hybrid nanostructures, 

it is crucial to conduct an in-depth study of their arrangement and inner morphology. 

Therefore, a high-resolution technique is urgently needed to thoroughly analyze the 

hybrid systems. GIXS is an ideal technology for examining nanostructures at the 

nanoscale. Its high temporal resolution and robust penetration detection capabilities 
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make it a widely favored method for in situ experiments. GIXS can be used to 

investigate the dimensions, spatial distribution, and crystalline characteristics of 

hybrid plasmonic structures. Consequently, it is feasible to use GIXS to monitor 

hybrid plasmonic nanostructures based on self-assembled Au nanoarrays, enabling a 

detailed investigation into the crystallization and evolution of these hybrid 

nanostructures. 

The first study proposes a hybrid Au/Ag nanostructure achieved by sputter depositing 

Ag metal onto Au NP substrates under low-temperature dewetting conditions, while 

concurrently monitoring the process with in situ GISAXS/GIWAXS. Specifically, Ag 

NPs are deposited using HIPIMS on 10 nm and 20 nm Au NP templates, both with 

and without thermal annealing at 100°C. To elucidate the structural configuration of 

the hybrid Au/Ag composite, the bimetallic nanostructures are tailored using 

GISAXS/GIWAXS and meticulously examine the morphology and crystalline 

characteristics of the nanostructures. The study demonstrates that the Au/Ag 

composite exhibits an increased structural organization and enhanced crystalline 

properties when subjected to dewetting treatment. Additionally, the development of 

Au/Ag nanostructures are accurately trace by examining their size and distribution 

through our analytical approach. For SERS applications, the deposition to achieve 

appropriately sized gaps are optimized, selecting an optimal deposition stage. The 

SERS results reveal that the 20 nm Au template with dewetting treatment exhibits the 

highest sensitivity in detecting R6G molecules. This study illustrates a promising 

approach for producing hybrid binary or multi-component metallic nanostructures 

while precisely monitoring their dimensions and interparticle spacing. The findings 

represent a potential advancement in creating SERS platforms, color display 

technologies, catalysts, and other applications rooted in plasmonics. 

Further work introduces a hybrid nanocomposite architecture by depositing a PbS 

layer onto a highly ordered array of Au NSs fabricated via a self-assembly method. 

Specifically, 20 nm and 100 nm Au NSs are assembled and coupled them with PbS 

CQDs using OA and TBAI ligands, achieving direct interfacing between PbS and Au. 

To understand the behavior of Au NSs in PbS films, the hybrid films are probed using 

GISAXS and systematically investigated the inner morphology of hybrid Au-PbS 

nanostructures at the nanometer level. Our findings indicate that the size of the Au 

NSs has weak impact on the lateral structure of the PbS-OA film but indeed affect the 

vertical structure. Conversely, the Au NPs do not influence either the lateral or vertical 

arrangement of the PbS-TBAI film. Additionally, the hybrid film exhibits enhanced 

optical properties, with the 100 nm Au/PbS hybrid film showing superior optical 

properties and a significant positive impact on charge carrier efficiency. By 

fabricating interdigital photodetectors, the behavior of plasmonic nanostructures are 

examined in device performance. Characterization results of the devices revealed that 

the incorporation of Au NPs improves the photocurrent and photoresponsivity of the 
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photodetectors, consistent with the enhanced optical properties observed. This study 

demonstrated a potential strategy to enhance photodetector performance through the 

utilization of plasmonic nanostructures in PbS QDs. The exploration of spacer control 

in plasmonic-photoactive materials architecture provides a promising guideline for 

constructing such hybrid systems. This finding will significantly influence the 

development of optoelectronic devices. 

Overall, in this thesis, Au/PbS and Au/Ag hybrid nanostructures are fabricated based 

on self-assembled Au nanoarrays. Using advanced scattering techniques, the hybrid 

nanostructures are thoroughly characterized, by analyzing their morphology and 

correlating these findings with their optical and electrical properties. Then the 

application of these fabricated hybrid nanostructures is investigated in photodetectors 

and SERS. The results demonstrate the potential applications of fabrication and 

analysis methods in the field of plasmonics and contribute to the advancement of 

analysis techniques within this field.  

Since the present thesis focused on spherical Au NPs and examined their properties 

and applications. For future work, I intend to explore Au NPs of various shapes, such 

as nanorods and nanocubes, and to characterize their structural properties using 

scattering techniques. Additionally, I plan to employ alternative self-assembly 

methods, such as the template method, to construct different types of plasmonic arrays. 

Furthermore, presented results opens opportunities to explore other hybrid plasmonic 

systems using various metals and semiconductor materials. For instance, fabricating 

bimetallic nanostructures based on Au nanoarray with metals like Pt, Cu, and Al could 

be investigated for their applications in SERS, catalysis, imaging, and photonics. 

Additionally, incorporating plasmonic metals with other semiconductor materials, 

such as polymers, perovskites, and 2D materials, can expand their applications in 

various optoelectronic devices, including photovoltaics, transistors, and LEDs.  
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