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ABSTRACT 

 

The Localized Surface Plasmon Resonance (LSPR) is a unique property of nano-

scale materials. It is a resonant response of the electrons of the material to 

irradiated light at optical frequencies. One of the interesting effects of the 

resonance is the significant enhancement of the electromagnetic field surrounding 

the plasmonic nanoparticle. This enhancement can be utilized for a number of 

applications, one of them is to enhance the light absorption in small catalyst 

nanoparticles and thus potentially increase the catalytic reaction rate via 

photocatalytic (hot electron) mechanisms. It is worth noting that catalysts are 

indispensable to build an eco-friendly society due to their applications in e.g. 

waste/pollution treatment and emerging sustainable energy technologies. With this 

spirit, I developed a nanofabrication concept to enable proof-of-concept 

experiments of light absorption enhancement in Pt catalyst nanoparticles by the 

LSPR of an adjacent Ag nanoparticle. Interestingly, the LSPR of the Ag 

nanoparticles occurs in the visible light spectral range, potentially enabling solar 

energy harvesting to enhance catalytic reaction using the developed 

nanostructures. In order to demonstrate the enhancement, I developed three 

different fabrication methods by modifying the so-called hole-mask colloidal 

lithography (HCL) nanofabrication platform. Specifically, I investigated three 

methods for the deployment of the sacrificial layer by testing three different 

materials, namely, PMMA, chromium, and carbon. The hetero-nanostructures 

fabricated with the PMMA sacrificial layer exhibited absorption enhancement in the 
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Pt nanoparticles of at least a factor of 8 . The expected structure was not 

successfully attained by the two latter sacrificial layer materials, however. The 

origins of the failure i.e. the undercut process and the atomic layer deposition are 

documented and addressed in this report. 

Keywords: nanofabrication, LSPR, catalyst, absorption enhancement, hole-

mask colloidal lithography, sacrificial layer 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background 

 

The Localized Surface Plasmon Resonance (LSPR) has been a hot topic of 

research due to its potential applications [1]–[3]. The LSPR is a resonance of the 

electrons of a nanoscale material, which is mainly associated with noble metals 

interacting with light. The resonance leads to many interesting effects that are 

attractive for applications. For example, a spectral shift of the resonance peak 

induced by a change of the refractive index of the environment facilitated by the 

enhancement of the field surrounding the material. The shift and the field 

enhancement are the basis of nanoplasmonic-based chemical and biological 

sensors [2], [4], [5]. The other well-known application utilizing the enhanced field is 

Surface Enhanced Raman Spectroscopy (SERS) [3], [5]. The potential applications 

of the LSPR are not limited to the ones mentioned above. Another exciting 

applications are related to plasmon-assisted catalysis [6]–[8], which is the driving 

force of the present project.  

 

There are at least two approaches to improve catalyst performance by utilizing 

plasmons: direct hot electron transfer and the absorption enhancement [9]. The 

former method has been demonstrated with the noble metals e.g. Au and Ag [7], 

[8], [10]. The noble metals exhibit LSPR in the visible light spectral range and by 

the fact that the solar spectrum has maxima at the visible range, in principle, we 

can use this unlimited source of energy to mediate catalytic reactions. The catalytic 

properties of the traditional plasmonic metals Ag and Au are, however, quite 

limited. It is the transition metals like Pt, Pd, Ru, Ni, Co, Fe and Rh, which are the 

most widely used catalysts in industries and environmental cleanup technologies 

today due to their excellent performance and selectivity. In spite of this excellence, 
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when it comes to plasmon-mediated photocatalysis, the metals above have a 

disadvantage as they exhibit (very weak) LSPR in the UV range when they are in 

nanoscale size. Furthermore, the plasmonic quality of the transition metals is 

relatively low due to their low field enhancements and low resonance factors 

caused by their large imaginary permittivity in the visible spectral range due to inter- 

and intraband transitions.  

 

Since the noble metals like Au and Ag exhibit excellent LSPR quality but rather 

poor catalytic activity (exceptions exist!) and the transition metals like Pt or Pd on 

the other hand are excellent catalysts but have poor plasmonic properties, there is 

an idea to combine both of these materials together to obtain the maximum 

performance in a plasmon-mediated catalysis context. Specifically, it is predicted 

that optimized plasmon-mediated photocatalytic activity is achievable by exploiting 

a so-called “absorption engineering” approach [11]–[14]. In this approach, the 

noble metal plasmonic nanoparticle has a role of the visible light “collector” due to 

its optimal LSPR performance in the solar spectral range and closely adjacent 

small transition metal nanoparticles act as the catalytically active sites. The catalyst 

material is placed in the plasmon-enhanced field of the noble metal to increase the 

light absorption in the catalyst via near field coupling to the plasmonic 

nanoparticles. In this way it is predicted to become possible to enhance the rate of 

electron-hole pair formation in the catalyst by at least one order of magnitude 

compared to direct light absorption by the small transition metal catalyst 

nanoparticles [13]. The use of the plasmon-enhanced local fields to improve 

catalytic reaction has been demonstrated, for example in Ag/TiO2 [15] and 

Au/zeolite [16] heterostructures. 

 

This project is motivated especially by the work of Antosiewicz et al. on the 

absorption engineering in  plasmonic and catalyst hetero-nanostructures [11]–[14]. 

Theoretical calculations by Antosiewicz et al. with the FDTD (finite-difference time-

domain) method have shown that hybrid nanostructures comprised of a noble 

metal nanoantenna (Ag) and closely adjacent catalytic material (Pt nanoparticles) 

results in significant absorption enhancement as high as 1-2 order of magnitude in 
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the catalyst [13]. Besides the theoretical model, they successfully fabricated the 

plasmonic-catalytic hetero-metallic nanostructure with hole-mask colloidal 

lithography (HCL) [17] and confirmed that the absorption is enhanced by at least 1 

order of magnitude. However, the samples used in that study have a shortcoming 

in that the catalyst particles were located not only in LSPR enhanced-field zone, 

i.e. also in the area between plasmonic antennas (which only have a ca. 10% 

surface coverage). Consequently, the measured absorption comes from both the 

catalyst which is in the influence zone of the LSPR and those which are not under 

influence of the LSPR. Therefore, it is not clear how the LSPR of the nanoantenna 

affects the catalyst absorption. Motivated by this shortcoming, we conducted this 

project to develop a method to fabricate nanostructures surfaces where the catalyst 

nanoparticles exclusively are localized in the LSPR enhanced-field zone - as 

illustrated in this report’s cover page - in order to get more accurate insight in the 

absorption enhancement.  

 

In this project, I focus on the nanofabrication method development of hetero-

metallic nanostructures comprised of Ag nanoantennas covered by a thin dielectric 

spacer layer and Pt nanoparticles that are distributed only inside the influence zone 

of the LSPR (of Ag). Silver is chosen for the plasmonic antennas because of its 

low plasmonic loss [18]. The dielectric spacer - which is either oxide or nitride thin 

film - is a crucial part of the nanostructure as it encases the Ag, which otherwise is 

prone to oxidation. Moreover, the spacer has the function to draw and concentrate 

the enhanced-field away from the substrate. The fabrication method that I used 

and optimized is the hole-mask colloidal lithography (HCL) method - a sub-variant 

of colloidal lithography (CL) [17]. The spacer layer deposition is the central 

challenge in the fabrication since the deposition has to be performed while the Ag 

nanoantenna is still located inside a nano-sized well defined by the mask used for 

the nanofabrication. The aim is to achieve a dielectric layer of good uniformity and 

conformality which, as it turns out, is not straightforward to achieve since the 

deposition precursors experience more impediment to penetrate to the narrow well. 

Furthermore, since the spacer deposition is executed in the presence of the mask 

and the sacrificial layer, one has to consider the compatibility of the mask and 
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sacrificial layer materials with the spacer deposition process (e.g. substrate 

temperature up to 300 °C). 

 

The short-term aim of the project is to fabricate the aforementioned hetero-

nanostructures, which will provide a better way to investigate the correlation of the 

LSPR and the absorption enhancement in an adjacent transition metal 

nanocatalyst. For long-term goal, we also expect that the development of the 

fabrication method will be useful for other nano-plasmonic applications e.g. nano-

plasmonic sensing and spectroscopy. 

 

1.2 Purpose 

 

The purpose of this project is to optimize nanofabrication of plasmonic-catalytic 

metallic hetero-nanostructures and to gain deeper understanding of how the LSPR 

influences the absorption enhancement of an adjacent transition metal catalyst 

material. 

 

1.3 Objectives 

 

This study has several objectives such as: 

1. Fabrication and characterization of Ag and Pt nanostructures with the HCL 

method. Three kinds of samples were fabricated on the silicon/borosilicate 

glass substrate: (i) dielectric-encased Ag nanodisks, (ii) Pt nanoparticles on the 

dielectric thin film (iii) the complete structure of Ag/dielectric spacer/Pt. To 

achieve this, three methods differing in the sacrificial layer materials, namely, 

chromium, carbon, and PMMA, were used.  

 

2. Measurement of the light absorption of the nanostructure under ultraviolet and 

visible light irradiation. Later, the measurement results of the aforementioned 
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samples (i), (ii), (iii) will be compared to see how the LSPR influences the 

absorption of the nanostructure. 
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CHAPTER 2: PLASMONICS AND ABSORPTION 

ENGINEERING 

 

2.1 Plasmons 

 

In metals, the valence electrons are relatively “free” compared to their counterparts 

semiconductors or insulators. Understanding the valence electron response to 

external perturbation is very important to evaluate the physical properties like e.g. 

heat transport, electrical transport, and optical properties. Later in this chapter, the 

valence electrons will be called electrons only for simplification reason. 

 

The electrons in metals can be regarded as ideal gas within the so-called Drude 

model [19]. The model explains how the electrons behave in the presence of an 

electromagnetic wave. The dynamics of one electron is then, 

𝑚𝑒

𝜕2𝒓(𝑡)

𝜕𝑡2
+ 𝑚𝑒Γ

𝒓(𝑡)

𝜕𝑡
= −𝑒𝑬(𝑡) eq. 1 

With the 𝑚𝑒  and 𝑒  as the effective mass and the charge of the electron, 

respectively. The displacement of the electron is denoted as 𝒓, under external field 

influence 𝑬. The first term is simply Newton’s second law while the second term 

arises due to the fact that the electron is damped by its surrounding environment. 

The Γ coefficient tells us the strength of the damping.  

 

By solving the eq. 1, the displacement of the electron in the frequency domain can 

be expressed as: 
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𝒓(𝜔) =
𝑒

𝑚𝑒(𝜔2 + 𝑖Γ𝜔)
 𝑬(𝜔) eq. 2 

In the bulk, a number of electrons are displaced to form a collective (macroscopic) 

polarization: 

 𝑷 = −𝑛𝑒𝒓 =
−𝑛𝑒2

𝑚𝑒(𝜔2+𝑖Γ𝜔)
 𝑬 

 

eq. 3 

Where 𝑛 is the electron density in the bulk. 

From different perspective, the polarization that is built up in a material can also 

be defined as:  

𝑷 = 𝜀(𝜀0 − 1) 𝑬 

 

eq. 4 

By comparing eq. 3 and eq. 4, the permittivity of the material is then, 

𝜀(𝜔) = 1 −
𝑛𝑒2

𝜀0𝑚𝑒(𝜔2 + 𝑖Γ𝜔)
= 1 −

𝜔𝑝
2

(𝜔2 + 𝑖Γ𝜔)
 

 

eq. 5 

The permittivity (𝜀) reflects the susceptibility of the material to build polarization 

under the influence of an external field. When the frequency of the external field 

equals the so-called plasma frequency (𝜔𝑝 ), the electron “gas” is collectively 

excited in a so-called plasmon. Above this frequency, the electromagnetic wave is 

transmitted because the electrons cannot follow it. On the other hand, the 

electromagnetic wave of lower frequency is reflected. For example, the plasma 

frequency of Ag occurs at around 9.5 eV (or equivalent to wavelength of 130 nm). 

Therefore, silver looks shiny because it reflects all visible frequencies. It is worth 

noting that although we focus the discussion on the plasmonic phenomenon in 

metals, plasmonic materials are not limited to metals, other novel plasmonic 

materials like nitride and silicon-based doped semiconductors have also been 
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reported. However, the performance is inferior to the “traditional” plasmonic metals 

[18]. 

 

2.2 Plasmons in Nanoscale Metals 

 

 

Figure 1 Localized surface plasmon resonance. The free electrons of a nano-sized metal 

oscillate coherently, driven by the electric field of an irradiated electromagnetic wave 

(adapted from [20]). 

 

The plasma oscillation in a nanoscale material (the dimension is much smaller than 

the light wavelength), behaves differently from the plasmon in the bulk or the 

surface of a metal. Along the metal’s surface the plasmon propagates to form a so-

called surface plasmon polariton (SPP). For simplicity SPP can be called as 

surface plasmon. However, when the dimension of the metal is much smaller than 

the wavelength, the surface plasmon does not propagate any longer, but forms a 

localized surface plasmon resonance (LSPR) (Figure 1). 

 

LSPR is a very interesting nanoscale property of a metal because the field around 

the surface of the nanoparticle is enhanced significantly, as a consequence of the 

charge polarization. This enhancement can be exploited for a number of 

applications e.g. absorption engineering of catalysts as in focus in this project. 

 

The earliest work that describes the interaction of very small particles (𝑑 ≪ 𝜆) with 

light was published by Gustav Mie. By solving Maxwell’s equations, he could show 

the absorption and scattering behavior of a small-sized sphere. The absorption and 
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the scattering cross-sections can be expressed as (after dipole approximation, the 

paper by Mayer and Hafner [2] is a good reference to see the simple derivation): 

𝜎𝑒𝑥𝑡 =
18𝜋𝜀𝑚

3/2
𝑉

𝜆

𝜀2(𝜆)

[𝜀1(𝜆) + 2𝜀𝑚]2 + 𝜀2(𝜆)2
 eq. 6 

𝜎𝑠𝑐𝑎 =
32𝜋4𝜀𝑚

2 𝑉2

𝜆4

(𝜀1 − 𝜀𝑚)2 + (𝜀2)2

[𝜀1(𝜆) + 2𝜀𝑚]2 + 𝜀2(𝜆)2
 eq. 7 

𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 − 𝜎𝑠𝑐𝑎 eq. 8 

From the equations above, the absorption of the small nanoparticle is highly 

dependent on the dimension (𝑉) and the surrounding medium (𝜀𝑚). The real part 

and the imaginary part of the metal dielectric function are denoted by the symbol 

𝜀1 and 𝜀2, respectively. For a nanoscale object, the absorption cross-section can 

be larger than its geometrical cross-section [21]. 

 

The absorption and scattering by the nanoparticle are actually the consequences 

of the plasmon oscillation decay. The dissipated energy bifurcates into two 

processes: re-emitting a photon (radiative process) or creation of electron-hole pair 

(non-radiative process). The former is associated with scattering while the latter 

with absorption. The dimensions of the nanoparticle determine which process is 

more dominant than the other. For instance, Ag nanoparticles for the size larger 

than 50  nm they predominantly scatter while particles smaller than 30  nm 

predominantly absorb light [6]. 

 

2.3 Using Plasmons to Enhance Catalytic Reactions  

 

There are at least two main ways of utilizing plasmons to enhance catalytic 

reactions. First, direct transfer of hot electrons which are induced by plasmon 

decay, to the reactants. Secondly, using the enhanced field induced by the 

plasmon. 
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In the first method, the plasmon excitation induces the creation of hot electrons at 

the surface of the metal. One can harvest this plasmon enhancement efficiently 

from nanoparticles in which absorption is the dominant plasmon decay process. 

There are several reports that demonstrated plasmonic nanoparticle such as Ag 

and Au can dissociate adsorbed molecules in the presence of light [7], [8]. For 

example, Christopher et al. demonstrated that Ag nanocubes ~60 nm performed 

enhanced catalytic reaction at the plasmon resonance [7]. The nanocube 

successfully assisted epoxidation of ethylene, oxidation of carbon monoxide and 

oxidation of ammonia. The proposed mechanism was that the hot electron drives 

the adsorbed 𝑂2 molecules in to transient negatively charged state (𝑂2
−). Later, the 

𝑂2  dissociates because the energy of this transient state is higher than the 

dissociation activation energy (𝐸𝑎). Finally, the dissociated oxygen oxidized the 

reactants. 

 

As the plasmon resonance of Ag and Au occurs at visible light photon energies, 

the first method is very advantageous in the sense of solar energy harvesting. 

However, this method has an issue with selectivity because in principle the hot 

electron can drive dissociation of any molecules that are present, provided their 

energy matches the unoccupied molecular orbitals of an adsorbate. 

 

The second method of enhancement involves the scattering (radiative) process. 

The electric field at the surface of the nanoparticle is enhanced significantly 

compared with the intensity of the incident light. The field at the surface can be 

enhanced by 3 orders or even 6 orders of magnitude in certain nanoparticle 

arrangements [6]. Maximum enhancement occurs right on the surface and decays 

exponentially away from the surface. The zone of the enhancement is of the order 

of tens of nanometers. It is worth noting that the zone depends on the shape of the 

material [20]. 
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The main idea of this method is to put small (few nm) nanoparticles of a catalyst 

material in the zone of enhanced plasmonic field from a larger plasmonic structure 

(tens of nm) to increase the absorption of light in the catalyst via the field 

concentration. In the following process, the enhanced field thus excites the 

electrons of the catalyst that are useful for catalytic process more efficiently as 

direct photo-excitation of the catalyst itself. In this way, the nanoparticle acts as 

field concentrator for the catalyst particle. One example of the realization of this 

method is reported by Kumar et al. [15]. They fabricated Ag/SiO2/TiO2 

nanostructures where the Ag acts as plasmonic field concentrator, the TiO2 as the 

catalyst material and the SiO2 as the spacer in between those two. The SiO2 spacer 

of 2 nm is thin enough to allow the TiO2 to sit within the plasmonic enhanced field. 

To demonstrate the role of the plasmonic-enhanced field, they compared the 

degradation rate of methylene blue (MB) catalyzed by TiO2 only to the degradation 

rate by plasmon-assisted TiO2. They observed a significant rate enhancement by 

the TiO2 in the presence of the Ag nanoparticle. 
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CHAPTER 3: THE NANOFABRICATION AND THE 

CHARACTERIZATION TECHNIQUES 

 

3.1 Spin Coating 

 

 

Figure 2 The spin coating process for thin film deposition (adapted from 

http://www.ossila.com/pages/spin-coating). 

 

One of the most efficient ways to deposit polymer thin films is by spin coating. The 

principle of this coating technique can be summaries as follows. (1) The solution 

of polymer is dropped on to the substrate. (2) The spinner is accelerated to certain 

angular speed and consequently, the centrifugal force spreads the solution from 

the center towards the edge of the substrate. (3-4) The airflow, which is part of the 

spinner system, assists evaporation of the solvent, leaving a thin film of polymer 

on the substrate. 
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The obtained thickness of the thin film depends on both the polymer solution itself 

(e.g. concentration, drying rate, surface tension) and the spinner system (e.g. 

speed, time, acceleration, exhaust, humidity). In general, the more speed and time, 

the thinner the thin film. The thickness (𝑡) relation with the angular speed (𝜔) can 

be expressed as, 

𝑡 ∝
1

√𝜔
 

In this project, spin coating technique is employed to deposit PMMA (Poly(methyl 

methacrylate) of thickness 40 nm. We used the most diluted PMMA available in 

the cleanroom, that is PMMA A2 provided by MicroChem. The thinnest thin film we 

can achieve was ca. 50 nm by 7000 − 8000 rpm angular speed (8000 rpm is the 

maximum speed available in the MC2 cleanroom spinner system). The thinner film 

is later achieved by using 𝑂2 plasma to reduce the thickness. 

 

3.2 Electron Beam Physical Vapor Deposition (E-Beam PVD) 

 

 

Figure 3 Conformality comparison of thin films grown by PVD, CVD and ALD (adapted 

from [22]). 

 

The basic principle of PVD is evaporation of a source material and transporting the 

vapor to the sample surface followed by vapor condensation on the surface. PVD 
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can be employed to deposit both metals and oxides. The advantages of PVD are 

the high deposition rate (up to 1µm/s), high purity of the thin films due to high 

vacuum environment, and scalability to large wafers. The PVD has shadowing and 

low conformity effects in comparison to CVD (Figure 3). 

 

 

Figure 4 The schematic of electron beam-PVD (adapted from [23]). 

 

In this nanofabrication project, an electron beam PVD is employed. The 

evaporation with this type of PVD is achieved by the heating created when a high-

energy electron beam hits the target material/source. The source of the electron is 

a high voltage cathode filament (in order of some kilo volt). The electron beam is 

then guided in circular way to the material source by a magnetic field (Figure 4). In 

order to obtain high purity of deposited material, good vacuum conditions on the 

order of 10−6 Torr has to be fulfilled. Today, as the pumping technology is more 

developed, deposition of high purity materials is not a big issue anymore. 
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3.3 Plasma Enhanced Chemical Vapor Deposition (PECVD)  

 

 

Figure 5 The schematic of the plasma enhanced chemical vapor deposition (PECVD) 

(source: Tool 404 tutorial by Mats Hagberg, Chalmers). 

 

The chemical vapor deposition (CVD) is a type of deposition that employs volatile 

compounds to react with each other to form a desired thin film on the solid 

substrate. The CVD coats any surface that is exposed to the precursors, compared 

with PVD that coats only the surface facing towards the material source (Figure 3). 

The schematic of the CVD process involves an oven to assist the reactions. The 

heating is the key in CVD. For instance, oven temperature of 650 ℃ is required to 

deposit Si from  gaseous SiH4 by pyrolysis process [24].  

 

The deposition of silicon nitride (Si3N4), the material of interest in this project, 

requires oven temperature of 750 ℃ in normal CVD operation, 

3𝑆𝑖𝐶𝑙2𝐻2(𝑔) + 4𝑁𝐻3(𝑔) → 𝑆𝑖3𝑁4(𝑠) + 6𝐻2(𝑔) + 6𝐻𝐶𝑙(𝑔) 

The oven temperature as low as 300 ℃ is possible with SiH4 and NH3 precursors 

but the deposited thin film will contain more hydrogen [24]. 
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There are some variants of the CVD, namely APCVD (atmospheric pressure CVD), 

LPCVD (low pressure), LECVD (laser enhanced), and PEVCD (plasma enhanced). 

The latter variant is of our interest in this project due to its low temperature 

operation (room temperature). 

 

The schematic of the PECVD process by Oxford Plasmalab System 100 is 

illustrated in Figure 5. The precursor gases, namely, Ar and N2, are fed from the 

top of the chamber. The winding coil connected to the RF generator creates an Ar 

and N2 plasma that subsequently reacts with the SiH4 gas that flows on the 

substrate. As the deposited silicon nitride is non-stoichiometric, it is denoted by the 

formula SiNx. The thin film growth rate is 144 Å/𝑚𝑖𝑛 and the refractive index at 

𝜆633𝑛𝑚 is 1.99. 
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3.4 Atomic Layer Deposition (ALD) 

 

Figure 6 Mechanism of the atomic layer deposition (ALD). 

The atomic layer deposition (ALD) is a thin film deposition technique based on 

sequential reactions of gases on a surface to form thin layer of a solid. The ALD 

has a high reputation of high quality and thickness precision of the thin films created 

and it is mostly employed for oxide deposition. The aluminum oxide (Al2O3), the 

material we used as a spacer in this project, is a good model to explain how the 

ALD works[25]. 

 

There are two types of ALD based on the oxidization process: thermal and plasma 

enhanced ALD. The former process is explained as follows (Figure 6). (i) The 

process begins by substrate functionalization with hydroxyl groups (-OH) to assist 

the following chemisorption. (ii) Later, the functionalized surface is exposed to the 

first precursor TMA (trimethylaluminium). The TMA reacts with the hydroxyl leading 

to dimethylaluminium-oxide and CH4 as the product. (iii) The reaction stops when 

the entire surface is completely covered with dimethylaluminium-oxide. The 
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excessive TMA and methane product is then purged out. (iv-a) The second 

precursor water (H2O) oxidizes the dimethylaluminium resulting in methane as 

reaction product. In this process, the reaction is assisted by thermal energy, thus 

it is named as thermal ALD process. (v) The excessive water and methane product 

are purged out and then it is ready for the next cycle of TMA and water exposures. 

 

The plasma enhanced ALD process is similar to the thermal process except that it 

deploys oxygen plasma radicals instead of water to oxidize the dimethylalumnium 

(iv-b). While the thermal process requires high temperature condition, the plasma 

process can take place at lower temperatures. 

 

3.5 Etching 

 

Etching is a process of removing the unwanted part of a material in nanofabrication. 

There are two kinds of etching processes: wet and dry process. The wet etching 

process employs liquid phase chemicals whereas the dry process employs gas 

phase species or plasma as the etchant. The former process removes material by 

chemicals reaction while the latter by both chemical reaction and mechanical 

energy. 

 

The wet etching is a relatively low cost process because it can be done at ambient 

conditions. However, the liquid chemical as the reactants and the products is more 

difficult to handle. On the other hand, the dry etching requires higher cost since it 

has to be done in vacuum condition. 

 

The wet etchant in general consists of three ingredients: the oxidizer, acid or base 

as the oxide dissolvent, and the dilutant. The removing process is initiated by the 
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oxidation of the unwanted material by a strong oxidizer, such as H2O2 or HNO3. 

Subsequently, the oxide is dissolved by acid or base. The dilutant, for example 

water, plays important role to transport the reactants (products) onto (from) the 

surface of the undesired material. 

 

In this nanofabrication project, the etchant is expected to etch material through a 

nanoscale hole. As mentioned before, the transport of the reactants (products) onto 

(from) the etch target is very crucial to achieve successful removal. Thus, it is also 

very important to mention hydraulic resistance (𝑅ℎ) to understand how the diameter 

and the length of the channel determine the success of the process. The hydraulic 

resistance tells how easy a fluid flows through a channel. It depends on the shape, 

the length (𝐿), and the radius (𝑟) of the channel and the viscosity (𝜂) of the fluid. 

For a channel with circular cross section, the hydraulic resistance is [26]: 

𝑅ℎ𝑦𝑑 =
8

𝜋
𝜂𝐿

1

𝑟4
 

eq. 9 

 

From the equation above, one can see that the fluid experiences more resistance 

by the power of four as the channel radius is reduced. 

(A) Chromium Wet Etching 

 

In this project, Chromium is deployed as a sacrificial layer. The wet etchant is used 

for two purposes: to make an undercut and to perform lift off. The Chromium 
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etchant is a mixture of ceric ammonium nitrate, acid, and water. The chromium 

etching reaction is then [27]: 

  3𝐶𝑒(𝑁𝐻4)2(𝑁𝑂3)6(𝑎𝑞) + 𝐶𝑟(𝑠) →  𝐶𝑟(𝑁𝑂3)3(𝑎𝑞) + 3𝐶𝑒(𝑁𝐻4)2(𝑁𝑂3)5(𝑎𝑞) 

The products of the reaction are soluble. The acid acts as the ceric ammonium 

nitrate stabilizer. 

 

The chromium etchant in this fabrication used the etchant provided by SunChem 

AB. The composition of the etchant is 10 − 15% ceric ammonium nitrate, 0 − 10% 

glacial acetic acid, 0 − 10% nitric acid, and 70 − 80% water. 

(B) Oxygen Plasma Dry Etching 

 

 

Figure 7 Schematic depiction of the oxygen plasma etching set up (left). The oxygen 

radicals etch the polymer and form volatile products (right). 

 

Plasma is one of the four states of matter in the universe. The plasma is a state 

with equal number of unbounded positive and negative charges, thus overall it is 
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neutral. One way to create plasma is by applying high electric fields to the gases 

between two electrodes in order to ionize the molecules. In this project, we used 

oxygen plasma to etch PMMA or a carbon thin film to make the nanoholes in the 

metal mask fabricated by Hole-Mask Colloidal Lithography (HCL). 

 

The oxygen plasma etching process is illustrated in Figure 7. The oxygen is 

supplied through the gas inlet to the high vacuum chamber. The high voltage 

difference between the electrodes separates the formed oxygen ion, O+, and an 

electron. The created high kinetic energy electron then collides with other O2 

molecules. There are two products of this collision, oxygen ionization: 

𝑂2 +  𝑒− →  𝑂+  +  2𝑒− 

and oxygen radicalization: 

𝑂2  + 𝑒− →  2𝑂 +  𝑒− 

The oxygen radical, which is much more abundant than the oxygen ion, is 

responsible for the polymer etching. It chemically etches the polymer by forming 

volatile products such as water, carbon dioxide, and carbon hydroxyl group. 
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3.6 Scanning Electron Microscope (SEM) 

 

 

Figure 8 Schematic of scanning electron microscope (SEM) (adapted and simplified from 

[28]). 

 

Scanning electron microscopy (SEM) is a microscopy based on electrons. The 

resolution of the microscopy is down to tens of nanometers. A schematic depiction 

of a SEM instrument is presented in Figure 8. The electrons emitted by a filament 

(as cathode) are accelerated towards the anode by a voltage difference of several 

kilo volts. In the next stage, the electrons are condensed by two or more electron 

condenser lenses. The closest lens to the specimen is the final (objective) lens. 

The purpose of the objective lens is to move the electron beam such that it hits the 

specimen with the smallest possible cross-section to gain the best focus. 

 

The deflection coil that is usually located in the inner part of the objective lens has 

the function to direct the beam on the specimen surface for scanning. Finally, the 
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scattered electrons are collected by the detectors. The first detector close to the 

objective lens collects the backscattered electron while the other detector collects 

the secondary scattered electrons. 

 

The SEM employed in this project is Supra 60 VP by Zeiss. Working distance of 4 

mm and electron gun voltage of 10-15 kV were used to gain good image of feature 

sizes on the order of ca. 60 nm. 

 

3.4 Ellipsometry 

 

 

Figure 9 The schematic of a thin film thickness measurement by ellipsometry. 

 

Thin thickness of thin films can be determined by ellipsometry (J.A. Woollam 

M2000) since any material has a unique response when reflecting a polarized 
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electromagnetic wave. Ellipsometry exploits this property to extract useful 

information about the material e.g. film thickness or refractive index.  

 

A material reflects an electric field parallel (𝑟�̃�) and perpendicular (𝑟�̃�) to the plane 

of incidence differently. Ellipsometry measures the ratio of those two reflections: 

𝑟�̃�

𝑟�̃�
=

�̃�𝑝
𝑜𝑢𝑡/�̃�𝑝

𝑖𝑛

�̃�𝑠
𝑜𝑢𝑡/�̃�𝑠

𝑖𝑛
=

|𝐸𝑝
𝑜𝑢𝑡|/|𝐸𝑝

𝑖𝑛|

|𝐸𝑠
𝑜𝑢𝑡|/|𝐸𝑠

𝑖𝑛|
𝑒𝑖(𝛿𝑝−𝛿𝑠) = tan(Ψ) 𝑒𝑖Δ 

eq. 10 

 

On the other hand, the reflections of a thin film on a substrate depends on the 

thickness of the materials [29]. Thus, in principle, by measuring the ratio of the field 

intensity (Ψ) and the phase difference (Δ), the thickness of the thin film can be 

extracted. 

 

Ellipsometry in this project was specifically used to measure the thickness of the 

PMMA sacrificial layer used nanofabrication in a thickness range of 30 − 50 𝑛𝑚. 

As the PMMA is very thin and transparent, the Cauchy model (featured in the 

ellipsometry software) is deployed to obtain the thickness value. 
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3.5 Insplorion X1 Flow Reactor 

 

 

Figure 10 The Insplorion X1 flow reactor set up (image source: Insplorion AB). 

 

The Insplorion X1 reactor was used to test silver oxidation of our samples at high 

temperatures. A heater coil is wound around the quartz tube. The heater 

temperature is controlled by DC power supply via a Eurotherm-controlled feedback 

loop. 

 

The input gas was a mixture of 2% O2+H2 and 98% Ar (with total flow 

190 𝑚𝐿/𝑚𝑖𝑛). The setup is equipped with UV-spectroscopy to monitor the LSPR 

extinction in situ. The completely oxidized Ag will lose its extinction peak. 
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3.6 UV-Visible Spectrophotometer 

 

The UV-visible spectrophotometer (Cary 5000) was employed to measure the 

extinction and absorption spectra of the fabricated nanostructure within the range 

of 400 − 1000  nm. For the purpose of the measurement, the samples were 

prepared on borofloat (BFG) substrate. The extinction and absorption 

measurement were collected with different set up. 

 

To measure the extinction, the sample was placed in between light source and the 

detector. Later, the light transmission (𝑇) was measured and the extinction was 

extracted (𝐸): 

𝐸 = 1 − 𝑇  

The absorption spectra was measured in a so-called integrating sphere set up. The 

absorption (𝐴) and extinction intensity relate as: 

𝐸 = 𝐴 + 𝑆  

Where the 𝑆 is the symbol denoted for the scattering intensity. 
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CHAPTER 4: NANOFABRICATION  

 

The deployed method in this project is based on colloidal lithography (CL)[17], 

[30]–[32]. Colloidal lithography is a way to pattern a structure with colloidal 

nanoparticles as the mask, thus the fabrication cost is much lower than the 

conventional lithography where the mask is fabricated with more sophisticated 

processes such as in electron beam lithography, were an electron beam is used.  

 

The earliest variants of colloidal lithography are nanosphere colloidal lithography 

(NSL) and sparse colloidal lithography (SCL). In the NSL, the close-packed 

colloidal nanospheres are deposited on the substrate while in the SCL the colloidal 

nanospheres are deposited sparsely. In combination with the thin film deposition, 

the nanostructures of various shapes e.g. crescents, nanocones, and nanodisks 

can be patterned. There is another variant of CL called hole mask colloidal 

lithography (HCL) developed by Fredriksson, et al. [17]. The HCL introduces a 

sacrificial layer to the fabrication process that circumvents most limitations of the 

NSL and SCL methods, including the need for a reactive ion etch after 

nanostructure deposition.   

 

In this project, we modified the standard HCL to achieve the desired nanostructures 

described in the introduction. We used three different approaches differing in the 

sacrificial layer materials: (i) PMMA, (ii) chromium, and (iii) carbon. As chromium 

and carbon are thermally stable materials at temperatures as high as 300 ℃, the 

spacer deposition with ALD technique is possible using these materials as 

sacrificial layers. This is an advantage because ALD theoretically provides better 

oxide thin film quality and better step coverage than the CVD process. However, 

the use of these sacrificial layers has a drawback as it for example makes wet 
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etching necessary as part of the processing when chromium is used as sacrificial 

layer.  

 

On the other hand, the use of PMMA as the sacrificial layer avoids the deployment 

of wet etching, which is advantageous. However, the deposition of the oxide has 

to be done with another low temperature technique such as PECVD. PECVD 

theoretically deposits lower quality and less controllable thin films compared to 

ALD. 

 

Polystyrene (PS) nanobeads and Poly(diallyldimethylammonium chloride (PDDA) 

are two indispensable parts of colloidal lithography. In the fabrication, we used a 

negatively-charged PS nanobeads solution provided by Life Technology. Due to 

their negative surface charge in aqueous solution, the nanobeads repel each other 

and distribute sparsely on substrate which is positively charged. PS solutions of 

different average diameters were used: 41𝑛𝑚, 51𝑛𝑚, and 58 𝑛𝑚 in order to make 

nanostructures with different sizes (the nanobead size defines the size of the 

obtained nanostructures at the end of the fabrication). The PS was diluted with 

water to a concentration of 0.025 %volume. The PDDA is a positively-charged 

polyelectrolyte solution that has a function form a positively charged monolayer on 

the surface of the substrate, which will electrostatically attract the negatively 

charged PS nanobeads towards the substrate. Here, the PDDA used was provided 

by Sigma Aldrich. It was diluted with water to obtain 0.2%volume concentration. 
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4.1 Method I: PMMA Sacrificial Layer 

 

   

Figure 11 Method I: Fabrication based on PMMA as the sacrificial layer. 

 

The processing steps of the method I are illustrated in Figure 11. Prior to the 

nanofabrication process, the substrate (either Si or borofloat glass (BFG)) was 

cleaned with solvents: acetone, isopropanol, and methanol, two minutes each in 

an ultrasonicator. Later, it was washed in isopropanol, followed by 𝑁2 blow dry.  

The fabrication process is explained as follows. (i) The PMMA layer was deposited 

by spin coating (𝜔 = 7500 𝑟𝑝𝑚, 𝛼 = 2000 𝑟𝑝𝑚/𝑚𝑖𝑛) for 60 seconds to reach a 

thickness of approximately 50 nm.  Subsequently, it was baked on a hot plate at 

170 ℃ for 5 minutes to evaporate residual solvent. Afterwards, it was exposed to 

𝑂2 plasma (pressure 50 𝑚𝑇𝑜𝑟𝑟, RF power 250 𝑊, and oxygen flow 10 𝑠𝑐𝑐𝑚) for 5 

seconds. This ashing served two purposes: to reduce the thickness of the PMMA 

and to reduce its hydrophobicity. The final thickness of the PMMA was 

approximately 40  nm, confirmed by ellipsometry measurement. The positively 
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charged polyelectrolyte (PDDA) layer was then deposited by drop coating on the 

PMMA and incubated for 40 seconds, followed by a 10 second wash with flowing 

water and 𝑁2  blow dry. Subsequently, the PS solution was deposited by drop 

coating and incubated for 2 minutes, followed by 10 second wash with flowing 

water and 𝑁2  blow dry. (ii) The gold thin film mask of 15  nm thickness was 

deposited by e-beam PVD followed by tape stripping to remove the PS, leaving Au 

thin film with holes as a mask (iii-iv). (v) The exposed PMMA was removed by the 

𝑂2 plasma dry etching to make an undercut under the Au mask. The undercut was 

carefully controlled by adjusting the etching time. (vi) Afterwards, the Ag of 20 nm 

thickness was deposited by e-beam PVD. (vii) The silicon nitride was deposited by 

PECVD. (viii) The final deposition was Pt of 5 Å thickness by e-beam PVD. (ix) 

Finally, the sacrificial layer and the mask were lifted off by ultrasonication in 

acetone, leaving the final structure on the surface. 

 

4.2 Method II: Chromium Sacrificial Layer 

 

 

Figure 12 Method II: Fabrication based on Cr as the sacrificial layer. 
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Figure 13 SEM images of several fabrication steps presented in Figure 12 (a) PS 

nanobeads, corresponds to step (i); (b) The PS nanobeads buried with Cr and Au, 

corresponds to step (iii); (c) Tape stripping left the Au as the hole mask. Some of the 

smaller PS retained. This image corresponds to step (iv); (d) The 70𝑜 view of the undercut, 

corresponds to step (v). 

 

The second method employed Cr as the sacrificial layer instead of PMMA used in 

the first method. The substrate was cleaned with standard cleaning procedure, as 

explained in the method I. The fabrication steps are described as follows (Figure 

12). (i) The PDDA and the PS was deposited within the same procedure as in the 

previous method. (ii-iii) Afterwards, the chromium thin film of 30 nm thickness, 

followed by a gold thin film of 15 nm, was deposited by e-beam PVD in sequence. 

(iv) The PS was removed by tape stripping, leaving the holes in the Au mask. (v) 

The structure was dipped in water-diluted nickel chromate wet-etch to make the 

desired undercut. (vi) Afterwards, the Ag of 20 nm thick was deposited by the e-

beam PVD to form nanodisk particles. (vii) The 𝐴𝑙2𝑂3 layer was deposited by ALD 

to encapsulate the Ag nanodisk. (viii) The final deposition was Pt of 5 Å thickness 

by e-beam PVD. (ix) Finally, the sacrificial layer and the mask were lifted off by 

undiluted nickel chromate solution, leaving the final structure printed on the 

surface. 
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4.3 Method III: Carbon Sacrificial Layer 

 

 

Figure 14 Method III: Fabrication based on carbon as the sacrificial layer.  

 

The third method employed carbon as the sacrificial layer (Figure 14). The same 

cleaning procedure as for the previous methods was performed before the 

deposition process. The nanofabrication began with deposition of 30 nm carbon 

thin film with e-beam PVD (AVAC HVC600), followed by deposition of PDDA and 

PS solution (i). In this method, we used a metallic thin film i.e. chromium to form 

the hole-mask, it was deposited by e-beam PVD (ii). Later, the PS was removed 

by tape stripping, leaving the holes in the Cr mask (iii-iv). The undercut was made 

by 𝑂2 plasma dry etching (v). Silver of 20 nm thickness was deposited by e-beam 

PVD followed by 2.5 nm 𝐴𝑙2𝑂3 ALD deposition (vi). Platinum of 5 Å thickness was 

deposited by the e-beam PVD afterwards (vii). The lift off process consisted of two 

steps. Firstly, the mask was removed by undiluted nickel chromate. Secondly, the 

exposed carbon layer was removed by 𝑂2 plasma. 
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CHAPTER 5: RESULTS AND DISCUSSION 

 

5.1 Method I (PMMA Sacrificial Layer) 

 

(i) The Structure 

 

 

Figure 15 SEM images of the Ag nanodisks covered with 5 nm SiNx layer: top view (a) and 

70o tilt view (b) (scale bar 200 nm).  Pt of 5 Å was deposited on top of the SiNx-

encapsulated nanodisks. The bright circles are the Ag nanodisks while the surrounding 

halos are the SiNx layer. The Pt is not visible with the limited resolution of the SEM. The 
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halo and undercut are illustrated in (c). The Ag nanodisk diameter distribution of the 

fabricated sample is presented in (d). 

 

SEM images of the fabricated structures are presented in Figure 15(a)-(b). The 

sample was fabricated with PS of 58  nm and SiNx deposition for 20  seconds 

yielding 5 nm thickness. The size distribution of the nanodisks on the substrate 

was calculated with ImageJ software [33] and is presented in Figure 15(d), which 

shows that most of the nanodisks are of diameter between 60 − 65  nm. By 

Gaussian fit, the average diameter is calculated to be 62 nm. It is 4 nm off from the 

polystyrene average size of 58 nm. It is also calculated that the nanodisks occupies 

ca. 10% area of the substrate and the distance between nanodisks is 100 to 200 

nm. The coverage was obtained with PS of 0.025 %v of concentration. 

 

The undercut is a crucial part in this fabrication due to several reasons. Firstly, the 

undercut determines how good the spacer i.e. nitride or oxide covers the easily-

oxidized silver. If the undercut width is too narrow, the spacer will not cover the 

side of the nanodisks.  Secondly, a very wide undercut means that plenty of PMMA 

sacrificial layer beneath the Au mask is etched, which means that there is an 

increased chance of mask collapse. 

 

The undercut width is assumed to be equal to the width of the SiNx halo (illustrated 

in Figure 15(c)). Thus, by measuring halo width, the undercut width can be 

estimated. With this method, the undercut width of different 𝑂2 plasma dry etching 

times can documented (Figure 16). The undercut as narrow as 30  nm was 

achieved by 1 minute and 15 seconds  𝑂2 plasma exposure. The undercut rate 

seems to be constant until two minutes of etching and become slower afterwards. 

The reason of the slower rate is because the plasma is driven by a vertical RF field. 

At a moment when the undercut is wide enough, the plasma need longer time to 

laterally reach the PMMA wall. 
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Figure 16 The undercut width versus the plasma etching time. 
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(ii)  The Absorption Enhancement 

Sample 1 

Extinction Absorption Scattering 

  
 

Sample 2 

Extinction Absorption Scattering 

   

Sample 3 

Extinction Absorption Scattering 

 

  

Figure 17 The extinction, scattering, and absorption spectra of the Ag nanodisks of height 

20 nm and average diameter ~62nm. The spectra of three samples (fabricated in different 

batches) are presented. The dielectric spacer is SiNx of 5nm thickness.  The Pt was as a 
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5 Å thin granular film, which forms small particles due to substrate dewetting. The red line 

represents the spectra of Pt nanoparticles alone, the blue line represents the spectra of 

Ag nanodisks covered by SiNx, the black line represents the spectra of the complete 

structure (Ag covered with SiNx and Pt). The dashed-line is the sum of the individual 

constituents of the structure, i.e.  the Pt spectra (red) and the Ag covered SiNx spectra 

(blue). 

 

To evaluate the effect of the Ag plasmonic resonance on the absorption of light in 

the adjacent small Pt nanoparticles, three kinds of samples were fabricated, 

namely, Pt on SiNx, SiNx-covered Ag, and the complete structure of Ag/SiNx/Pt. 

The absorption spectra of the different structures are shown in Figure 17. One can 

observe that the absorption of the complete structure is not the same as the sum 

of the constituents, i.e. of the Pt nanoparticles alone and of the Ag nanodisks alone. 

Thus, the absorption of the Ag/SiNx/Pt coupled structure is not a linear 

superposition of the constituents’ absorption. 

 

Figure 18 Absorption enhancement in the Pt nanoparticles calculated for the three different 

samples using a theoretically derived splitting factor for absorption in the Pt and in the 

Ag[13]. 
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As the Pt is placed in the Ag’s LSPR influence zone, the absorption enhancement 

can be defined as: 

𝐸 = 𝑆 𝑥 
𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑔 + 𝑆𝑖𝑁 + 𝑃𝑡

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝑡
 

Where 𝑆 is the so-called splitting factor, which is a fraction of the field absorbed by 

the catalyst in the coupled structure. The other fraction of the field (100% − 𝑆) is 

absorbed by the plasmonic nanoparticle. By assuming the splitting factor is 12%, 

the absorption enhancements of the three samples are calculated and are 

presented in Figure 18. The splitting factor was taken from FDTD simulations by 

Antosiewicz et al [13]. However, it should be noted that the splitting factor of our 

nanostructure might be slightly different, since Antosiewicz et al. calculated the 

splitting factor for Pd instead of Pt. With this slight reservation, we find that 

absorption in the Pt nanoparticles is enhanced at least by factor of 8 at wavelength 

ca. 490 nm, which coincides with the LSPR in the silver nanodisk. Another sample 

showed enhancement as high as 15 times. This enhancement is lower than the 

enhancement obtained by Antosiewicz et al. [13]. Apart from the different employed 

catalyst material, the enhancement difference is likely to come from the fact that 

our catalyst only decorates the top surface of the nanodisks whereas their catalyst 

decorated the top and the side (where field enhancement is largest) of the 

nanodisk, thus exhibiting larger enhancement.  
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(iii) Oxidation Test  

 

 

Figure 19 The extinction peak, substrate temperature and gas composition during 5.5 

hours of oxidation test. The reactor temperature was set to 320℃. 

 

The oxidation tests were performed on both Ag/SiNx/Pt and Ag/Pt samples to 

evaluate how good the SiNx layer protects the Ag nanodisk from oxidation 

(deterioration) in severely oxidizing (and reducing) conditions. The test was run at 

five different temperatures:  320 ℃, 400 ℃ , 500 ℃  and 600 ℃ . The sample was 

tested within 320 ℃ condition first. If it was not oxidized (indicated by the presence 

of the LSPR peak at 480 nm after the experiment) at the lower temperature, it 
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would undergo the next higher temperature test condition. For each temperature 

conditioning, the test was run for 5.5 hours using a 2% mixture of  O2 and H2 as 

the reactants diluted in Ar carrier gas. 

 

The total flow of the gases was 190 mL/min. The relative concentrations of the 𝐻2, 

defined as 

𝛼𝐻2
=

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓  𝐻2

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 [𝐻2 + 𝑂2]
 

, were varied over time (Figure 19(c)). At the relative concentration (𝛼𝐻2,𝑐𝑟) ca. 0.5, 

the substrate temperature reached a maximum point (Figure 19), an indication of 

maximum exothermic reaction rate of the hydrogen oxidation reaction promoted by 

the Pt catalyst. This is thus also an indication that the Pt functions as catalyst, as 

anticipated [34]. 

 

In the end of this test, we found that the Ag that was protected with 5 nm SiNx was 

not even completely oxidized after the 600 ℃ test. The extinction intensity after the 

600℃ test is approximately a half of the intensity after the 320℃ test (Figure 20 

(left)). The peak position shift is an indication of the refractive index change on the 

surface of silver nanodisk, which might come from the diffusion of oxygen in to the 

SiNx spacer or in to the interface of the SiNx-Ag to form a new compound. On the 

other hand, the sample without SiNx cover is more vulnerable to oxidation. The 

extinction peak is only 20% i.e a half of the intensity of the sample with SiNx, in the 

beginning of the test. The Ag was almost perfectly oxidized after the 600℃ reactor 

test (Figure 20 (right)). Hence, the SiNx spacer increased the oxidation resistance 

of the silver by approximately factor of two. 
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Figure 20 The extinction spectrum after different temperature condition tests of the sample 

with 5 nm SiNx spacer (left) and without SiNx.  

 

(iv)  Improvement of Method I 

 

 

Figure 21 SEM images of the Ag nanodisks (h =20nm, <d>=62nm) encapsulated by a 5 

nm SiNx layer and decorated by a 2 nm platinum thin film, as fabricated with the improved 

method I (scale bar 200 nm). For absorption measurement purpoe, three kinds of 

structures were fabricated: (a) Pt on SiNx, (b) Ag nanodisks covered by SiNx and (c) the 

complete structure of Ag, SiNx and Pt. The 70𝑜 tilt image of the complete structure (c) is 

shown in (d).  Each structure is represented by a cartoon above the respective SEM image. 
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With the method I, the Pt nanoparticles are deposited on the top surface of the Ag 

nanodiscs only. However, for the absorption enhancement measurement purpose, 

it is also desirable that the Pt is deposited on the side of the Ag nanodiscs as well, 

where the enhanced field is maximal. This structure can be attained by removing 

the Au mask by tape stripping after the PECVD process (see step (vii) in Figure 

11) which consequently expose the undercut. Therefore, the subsequent Pt 

deposition will cover all sides of the nanodiscs with an extra margin surrounding 

the discs (Figure 21(c)). The Pt margin was recorded to be ca. 25 nm, it was 

achieved by 75 seconds plasma undercut. Thus, by employing this method, the Pt 

could be positioned in the enhancement zone of the Ag LSPR, which is ca. 20 nm. 

 

The fabrication steps of Pt on SiNx patches (the structure presented in Figure 

21(a)) was rather different from the fabrication steps of Pt on Ag (the structure 

presented in Figure 21(c)). We found that the tape stripping after the PECVD did 

not successfully lift the Au mask. We believed that the PEVCD passivate the wall 

of the PMMA well as the PECVD precursors penetrate the well with less challenge 

when the Ag nanodisc was not present.  Thus, this passivation might increase the 

adhesion of the mask to the PMMA. To overcome this, the Au mask was lifted with 

Au etchant (mixture of KI/I2 provided by Sunchem AB). The wet etch did not erode 

the PMMA mold nor the SiNx (confirmed by SEM image in Figure 22). 

 

N.B. the absorption enhancement measurement of the structure fabricated with the 

improvement of method I (Figure 21) has not been performed yet due to the low 

yield of the fabrication on glass substrate. The main cause of the low yield was the 

low adhesion of the PMMA to the glass. Thus tape stripping, which is intended to 

remove the Au mask only, also removed the PMMA sacrificial layer. 
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Figure 22 SEM image of Pt on SiNx patches. In a small area of the sample, some SiNx 

circles were not covered by the Pt. The presence of the SiNx circles indicated that they 

were not eroded by the Au etchant (scale bar 200 nm). 
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5.2 Method II (Chromium Sacrificial Layer)  

 

Figure 23 The extinction spectrum of the Ag/Al2O3/Pt nanostructures fabricated using 

chromium as sacrificial layer in HCL. The sample was fabricated using PS nanobeads with 

58 nm diameter. The height of the silver nanodisks is 20 nm, the aluminum oxide was 

deposited with 21 ALD cycles (thickness of 2.5  nm), and the Pt is of nominally 5  Å 

thickness yielding small nanoparticles due to dewetting. The peak was recorded at 508 

nm, it is of longer wavelength compared to the sample fabricated with PMMA as sacrificial 

layer. The reason for this is that the patterned Ag nanodisks by this method turn out to be 

larger than the diameter of the PS nanobeads defining the mask. 

 

Reproducible nanofabrication of the complete Ag/Al2O3/Pt nanostructures has not 

been realized in this project. In fact, the complete structure was attained only on 

one occasion, over a number of trials (the extinction spectra of the only complete 

sample is presented in Figure 23). The crucial issues that have to be addressed in 

order to understand the reasons for the regular failure of this method are the 

undercut and the ALD process since both of them have a crucial impact on the 

quality of the oxide layer that is to cover the nanodisks. The latter is critical since 

the lift-off process in this method employs a chromium wet etch which also etches 

silver, at significant rate. Therefore, the oxide has to completely cover and protect 
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the silver nanodisks from the etchant for the nanofabrication to be successful. 

Furthermore, the good quality of oxide is also extremely important to protect the 

silver from oxidation. Here, we discuss some problems that arose from this method. 

 

(i) The Undercut and ALD Problems 

 

In order to achieve a conformal ALD Al2O3 layer that encapsulates the Ag 

nanodisks, the undercut (Figure 12(v)) and the ALD process (Figure 12(vii)) have 

to be optimized. A large undercut turns out to be very important to make sure that 

the ALD can cover the side of the nanodisks. Moreover, a certain minimum 

thickness of oxide has to be deposited by the ALD in order to obtain good protection 

of the nanodisks from the Cr etchant during the lift off. In principle, the wider the 

undercut the better the oxide layer encapsulates the nanodisks. However, one 

should be careful that the undercut is not excessively large because then the Au 

mask will collapse. 

 

Etchant Concentration and Time 

 

To find the optimized undercut width, the etchant concentration and the etching 

time were varied. PS nanobeads of 51 nm and 58 nm diameter were deployed in 

the tests. The rate of the Al2O3 300 ℃ plasma ALD deposition is 1.2 Å/cycle, thus 

we performed deposition of 21 cycles to obtain Al2O3 of 2.5 nm thickness. The 

tested etchant concentration and time variations for the samples fabricated with 

PS 58 nm are presented in Table 1. 
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Table 1 Etchant concentration and time variations of the samples fabricated with PS 58 

nm nanobeads. 

Concentration 

(Nickel chromate : water) 

Time 

1:6 2 minutes 

1:6 2 minutes 30 seconds 

1:6 3 minutes 

1:3 2 minutes 

1:2 1 minutes 

1:2 30 seconds 

 

By comparing the number of the “surviving” Ag nanodisks after the lift-off in the Cr 

wet etchant, we conclude that the best undercut was achieved using 1:3 etchant 

concentration for two minutes. Note, however, that also in this case a significant 

fraction of the Ag nanodisks is etched away, as evident from SEM images 

presented in Figure 26. By measuring the width of the Al2O3 halo, it was concluded 

that the etching leads to an undercut of approximately 25 nm. The size distribution 

of the nanodisks was quantified with ImageJ [33] and then fitted with Gaussian 

distribution formula. The average diameter of the nanodisks is 87 nm, which means 

it is 29 nm larger than the average diameter of the PS nanobeads that are used to 

define the mask. 
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Figure 24 SEM images of a sample fabricated with PS 58 nm: 50k magnification (left, scale 

bar 1 𝜇𝑚) and 365k magnification (center, scale bar 200 𝑛𝑚). The bright circles are the Ag 

nanodics whereas the surrounding halo is the Al2O3 spacer. The expected oxide thickness 

was 2.5 nm. The halos without the bright particles indicate the Ag nanodisks were etched 

away during the lift-off. The nanodisks distribution is presented on the right side. The red 

curve is a Gaussian fit to the histogram. The average diameter of the nanodisks is 87 nm. 

 

On the other hand, other etching recipes presented in Table 1 resulted in an even 

lower yield of intact and encapsulated Ag nanodisks. With a more diluted 

concentration, 1: 6 for 3 minutes, more than a half of the Ag nanodisks did not 

survive. The measured undercut width was around 15  nm. With the same 

concentration but shorter time, 2 minutes 30 seconds, the measured undercut 

width was ca. 7.5 nm and the yield of Ag nanodisks was essentially zero (Figure 

25). Thus, we can conclude that to have good ALD-deposited oxide, an undercut 

of at least 15 nm is required. 

 

Figure 25 200k-magnification SEM images of the samples fabricated with PS 58 and 1:6 

etchant concentration (scale bar 200 nm). The sample etched with etching time of 3 

minutes is shown on the left and of 2.5 minutes on the right. The expected oxide thickness 

is 2.5 nm. 

 

With the similar test, for the samples fabricated with PS 51, we found that the 

optimized etchant concentration and time was 1: 6 for 2 minutes. The obtained 

undercut width by this recipe was approximately 30 nm. The SEM images of the 
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obtained structures are shown in Figure 26, where one can see that almost all Ag 

nanodisks survived and that they had an average diameter of  82 nm average 

diameter, i.e. 31nm larger than the average diameter of the PS nanobeads used 

to define the mask. 

 

Figure 26 SEM images of the sample fabricated with PS 51 nm: 50k magnification (left, 

scale bar 1 𝜇𝑚) and 365k magnification (center, scale bar 200 𝑛𝑚). The bright circles are 

the Ag nanodics whereas the surrounding halo is the Al2O3 spacer. The expected oxide 

thickness was 2.5 nm. The nanodisk size distribution is presented on the right side. The 

red curve is a Gaussian fit to the distribution. The average diameter of the nanodisks is 82 

nm. 

 

The reproducibility rate of samples made with this method was very low. The close-

to-ideal structures as presented in Figure 24 and Figure 26 were successfully 

fabricated at only a small number of occasions among a number of trials using 

exactly the same recipes.  

 

ALD Process Problem 

 

The wide undercut is not the only issue to overcome in order to obtain good 

coverage of the oxide on the Ag nanodisks. There were some cases where the Ag 

did not survive the liftoff although the undercut was large enough. One example of 

such a situation is presented in Figure 27. The undercut of the sample is ca. 25 nm 

and the oxide was deposited by 42 cycles to obtain 5 nm of thickness. However, 
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most of the Ag nanodisks did not survive after the lift-off. Hence, we speculated 

that the imperfect ALD process might contribute to the failure.  

 

As the increase of the ALD cycle number did not affect the number of the surviving 

Ag nanodisk, we believed that the exposure time of the ALD precursors was too 

short, provided that the precursors have to access a structure positioned under a 

hole of ca. 80 nm of diameter. The failure of the plasma ALD to coat high aspect-

ratio nanostructures is quite well known. One of the reasons of the poor 

conformality might be caused by the recombination of the generated radicals and 

ions before they reach the remote sites [35]. The exposure time (𝑇) is crucial as it 

scales as 𝑇 ∝ (
𝐿

𝑑
)

2

, where the 𝐿 and 𝑑 are denoted for the length and the diameter 

of the nano-well, respectively [25]. Moreover, another way to improve the 

conformality in high aspect-ratio structures is by increasing the chamber pressure 

to shorten the mean free path of the radicals or ions, which consequently increases 

the probability to access remote sites [25]. 

 

Figure 27 SEM image of a sample fabricated with PS 58. The bright circles are the Ag 

nanodisks whereas the surrounding halos are the Al2O3 film (scale bar 200 nm). The oxide 

was deposited with 42 cycles to yield 5 nm thickness. 
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In general, the lift-off process took 15 − 30  minutes. In a different test, we 

deposited Al2O3 on a silicon substrate and exposed it to undiluted chromium 

etchant for 30 mins. By using ellipsometry, we found that there was barely any 

reduction of the thickness before and after the etchant exposure. Therefore, it is 

unlikely that the low survival rate of the Ag nanodisks was due to the erosion of the 

Al2O3 by the nickel chromate. 

 

The Thickness of the Cr Sacrificial Layer  

 

 

Figure 28 SEM images of oxide-covered Ag nanodisks (scale bar 200 nm). The samples 

were fabricated using a 30 nm (left) and 25 nm (right) chromium sacrificial  layer, 

respectively. Cartoons of the different thickness of Cr deployed in the fabrication are 

shown above the SEM images. The red double-headed arrows depict the gap between 

the top edge of the nanodisk and the edge of the hole mask. 

 

The thickness of the chromium sacrificial layer plays a crucial role for the ALD 

deposition process. A thick layer will consequently decrease the probability of the 

ALD precursors to access the base of the nanohole. On the other hand, one has 
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to make sure that the sacrificial layer is not too thin because the top edge of the 

nanodisks will be too close to the edge of the Au hole mask and thus block 

precursor penetration into the hole. 

 

I compared the number of the surviving Ag nanodisks fabricated with different 

thicknesses of the chromium sacrificial layer (Figure 28). They were fabricated with 

PS of 51  nm diameter and 21 cycles of plasma ALD. The height of the Ag 

nanodisks was 20 nm. The number of the surviving Ag nanodisks was significantly 

lower in the sample fabricated with the 25 nm chromium sacrificial layer compared 

to the 30 nm one. This indicates that a smaller gap between the edge of the 

nanodisk and the edge of the Au hole blocks the flow of the ALD precursors 

towards the remote side of the nanodisk. We therefore conclude that 30 nm was a 

better thickness to compromise the aforementioned restrictions.  

 

(ii) Limit of The Ag Diameter 

 

Larger Hole 

 

We investigated the nanohole size in the mask layer after tape stripping to 

understand the reason of larger margin between the diameter of the patterned Ag 

nanodisks and the diameter of PS nanobeads used to define the mask. Using PS 

51nm nanobeads, the mask’s hole diameter was measured after tape stripping. 

Both Au and SiNx thin films were deployed as masks in this test. With the Au mask, 

the hole diameter was measured to be ca. 80-100 nm which is larger than PS 

diameter of 51 nm (Figure 29(left)). This happened due to the periphery of the PS 

beads pulling of some Cr sacrificial layer and Au mask during the tape stripping. 

Later, SiNx - a harder material than Au - was used as mask to observe if the hole 

diameter could be smaller (Figure 29(right)). However, we found that the hole 

diameter was very similar to the one obtained when using the Au mask. 
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Figure 29 SEM image of the Au mask (left) and the SiNx mask (right) after tape stripping. 

The samples were fabricated with PS 51 nm, 30 nm Cr sacrificial layer 30 nm and 15 nm 

Au or SiNx  mask (scale bar 200 nm). Note the basically identical hole size in the mask 

after tape stripping for the two materials. 

 

In the beginning, the breaking or bending of the hole’s periphery after undercut was 

hypothesized as the contributor to the large difference between PS diameter and 

the patterned Ag nanodisk. However, by 70° SEM imaging, the alleged bending or 

the breaking of this periphery can be concluded as non-existing (Figure 30). The 

diameter of the hole was found to be approximately the same before and after the 

undercut process. Thus, the larger diameter of the Ag nanodisks is a consequence 

of the fact that the hole mask is enlarged during the tape stripping step due to the 

PS nanobead pulling off some of the mask layer.  
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Figure 30 70o tilt SEM image of the nanohole cross section. The samples were  fabricated 

with PS 51 nm, 30 nm Cr sacrificial layer and 15 nm Au mask. The undercut was made 

with 1:6 diluted etchant for 2 min (scale bar 100 nm). 
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Limitation to Use Smaller PS 

 

 

Figure 31 SEM image of sample fabricated using 41 nm sized PS nanobeads. The 

sacrificial layer was 25 nm Cr and the mask was 10 nm. The black circles correspond to 

holes that were successfully tape stripped whereas the brighter circles are the Au-covered 

PS nanobeads that cannot be stripped off. (scale bar 200 nm). 

 

Another problem with this method is that there is a limitation for the use of smaller 

PS nanobeads in the fabrication, to obtain smaller Ag nanodics. Since the Cr 

sacrificial layer has to be kept at least at 25 nm thickness (thinner sacrificial layer 

will results in narrower gap between the nanodisk’s and hole’s edge, see the 

discussion in page 52), smaller PS nanobeads (present because of the inherently 

broad size distribution of the used beads) will be buried too deeply in the Cr 

sacrificial layer (25 − 30 nm) and the Au mask (10 − 15 nm) to be removed by the 

tape stripping. Consequently, there is a significant number of nanobeads, which 

remains stuck after the tape stripping (Figure 31).  
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For the same sample, we subsequently performed a second tape strip, as well as 

sonication in IPA for 20 minutes (10 minutes of gentle power (40W) followed by 10 

minutes of harsh power (120W)) and 𝑂2 plasma exposure for 10 minutes in an 

attempt to remove the remaining PS nanobeads. However, neither the PS nor the 

Au cap were successfully removed. 
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5.3 Method III (Carbon Sacrificial Layer) 

 

The use of carbon to fabricate the Ag/spacer/Pt nanostructures is motivated by the 

shortcomings of PMMA and Chromium as the sacrificial layers. As discussed 

earlier, PMMA is not a stable material in high temperature, thus a high quality ALD 

- which is usually attained by heating the support to 300 ℃ - is not possible. It is 

also worth noting that the ALD is preferred over PECVD in the envisioned 

application for the spacer layer deposition because, theoretically, it provides better 

material conformity (step coverage) and more accurate thickness control down to 

the nm level. On the other hand, the chromium sacrificial layer has a disadvantage 

as the size of the patterned Ag nanodisks is always significantly larger than the 

size of the PS nanobeads used, limiting the nanostructure size to ca. 80 nm and 

above. 

 

Since carbon is thermally stable at 300 ℃, it is compatible with the ALD process. 

Furthermore, carbon has a desired similarity with PMMA since it can be dry-etched 

with oxygen plasma, thus the undercut process similar to the method with PMMA 

can be adopted. With these advantages, in principle, it should be possible to 

nanofabricate Ag nanostructures with the targeted size and with a thin conformal 

oxide encapsulation grown by ALD. However, unlike for PMMA, carbon lift-off is 

not well documented. Strong acids or bases have been reported to wet-etch 

carbon, but only at the boiling temperature [36]. 

 

To avoid those wet etchants, I tested two alternative strategies to first remove the 

metal mask from the carbon sacrificial layer (prior to dry etching the carbon by 

oxygen plasma): (i) tape stripping; (ii) wet etching. To facilitate the former strategy, 

a metal with low adhesion to carbon should be chosen. To test which metal(s) that 

would exhibit low adhesion to an evaporated carbon layer, bilayer samples of 

carbon (30 nm) and metal (15 nm) were prepared. Afterwards, tape stripping and 
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ten minutes ultrasonication (5 minutes of gentle and 5 minutes of harsh power) 

were performed to see the possibility to remove the metal from the carbon film. The 

used metals were Ti, Cr, Al, Au, Ge, Pd, Ni, Pt, Ag and Cu. However, none of those 

metals showed low enough adhesion to carbon. The tape stripping and the 

ultrasonication did not remove the carbon layer from the substrate either. 

Therefore, a wet-etching step to remove the metal mask is unavoidable. 

 

The first trial was to use chromium as the mask because the etching is similar to 

the method with chromium sacrificial layer described above. Samples with different 

undercut were made with oxygen plasma of 50 W power, 250 mTorr pressure, and 

10 sccm oxygen flow. I previously had measured the etch rate of carbon thin films 

by the generated oxygen plasma and concluded that it removed carbon thin film 

with the rate of ca. 10 𝑛𝑚/𝑚𝑖𝑛 . I thus tried etching times varying from 4 − 8 

minutes. However, none of the samples had a wide enough undercut. For instance 

for the sample with 6 minutes of plasma etching shown in Figure 32, the average 

undercut diameter was recorded as 70 nm. Thus by assuming that the hole-mask 

diameter is the same as the average diameter of the used PS nanobeads of 58 

nm, we conclude that the undercut margin is 12 nm. In other samples with longer 

etching time i.e. 8 minutes, the undercut margin is approximately the same as 

found for the undercut of 6 minutes etching. N.B. longer time etching times up to 

14 minutes have also been tried but in the end the expected oxide-encased Ag 

structures were not successfully formed. There were two possible causes: the 

undercut margin was not increased or the mask collapsed. 

 

The latter scenario is unlikely because had the mask collapsed, the Cr mask lift-off 

would not have been successful either. If the former was the cause, in the future I 

suggest that the oxygen plasma of low RF power, higher pressure and higher flow 

is utilized to make the undercut. This will generate plasma of shorter mean free 

path and thus increase the lateral carbon etch rate. 
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Figure 32 The nanoholes after the wet-etching of the Cr mask. In certain areas, carbon 

was exposed but on the other areas the Al2O3 was still in place (scale bar 200 nm). 

 

Since the undercut was too small, Al2O3 was also deposited on the wall of the 

carbon hole during ALD. Consequently, the oxide stayed in place after the Cr mask 

lift-off (Figure 32). The sample in Figure 32 was later underwent the second step 

of lift-off: carbon removal by oxygen plasma (Figure 33). 

 

As shown in Figure 33, the carbon remained in place on the areas where it was 

encapsulated by the oxide. This comes about because in the oxygen plasma 

etching (10 minutes) only the exposed carbon is removed, leaving vertical 𝐴𝑙2𝑂3 

“flakes” on the surface. One can also notice that the Ag nanodisks did not “survive” 

since they were etched away by the Cr etchant. 
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Figure 33 The sample after the exposure to oxygen plasma to remove the carbon sacrificial 

layer. The darker area indicates that the carbon was still present on the surface due to 

protection by the unremoved Al2O3. In the brighter areas the carbon film has been 

removed, leaving a ring-like Al2O3 structure that previously had coated the nanohole’s wall 

(see Figure 32). The left image is the 70o tilt view whereas the right image is the top view 

(scale bar 200 nm). 

 

In the last type of samples tried, we tested a Cr-Au bilayer thin film as the hole-

mask with the idea that additional strain in the mask, induced by the bilayer 

architecture, would assists in creating cracks in the oxide layer during the Cr etch, 

thereby making the mask accessible for the etchant (Figure 34). As seen when 

analyzing the test sample made, this approach indeed made it possible to 

completely remove the Al2O3 layer and the metal mask from the carbon sacrificial 

layer, which in turn was totally removed after oxygen plasma exposure.  
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Figure 34 Bilayer metal masks to assist the oxide removal via strain-induced cracks. In 

this case the bilayer layer was composed of chromium and gold. The gold was deposited 

after the chromium deposition. The thickness of the metals were 15 nm each. 
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CHAPTER 6: CONCLUSIONS AND OUTLOOK 

 

By modifying the standard hole-mask colloidal lithography nanofabrication method, 

the targeted nanostructures comprised of an array of sub-100 nm silver nanodisks 

encapsulated by a few nm thin silicon nitride layer and decorated with small 

platinum catalyst nanoparticles have been successfully fabricated. Specifically, 

using method I with PMMA as the sacrificial layer and PECVD to deposit the silicon 

nitride, structures comprised of plasmonic Ag nanodisks with average diameter of 

nanodisk 62 nm and height of 20 nm, covered by 5 nm silicon nitride, have been 

made and proven to protect the silver nanodisks from oxidation at temperature as 

high as 600 ℃.  

 

For these nanostructures the optical absorption enhancement in the platinum 

nanoparticles due to the LSPR of the silver nanodisk was found to be at least a 

factor of 8, by assuming the splitting factor of 12% (from [13]). To this end, the spirit 

of harvesting solar energy mentioned in the beginning of this report is possible to 

attain, given that the maximal enhancement occurred at wavelength of ca. 490 nm, 

at which the solar power is the most abundant. The absorption enhancement 

should have been higher if the platinum nanoparticles had been deposited on all 

over the surface of the nanodisk. The structure of this type has been demonstrated, 

by slight modification of the method. The absorption enhancement measurement 

of such structure would be interesting for the next project. 

 

The other two methods tested, employing a chromium and carbon sacrificial layer, 

respectively, have not successfully fabricated the desired structure with sufficient 

yield. The reproducibility of the method II (chromium as sacrificial layer) was very 

low, as the consequence of the undercut and the ALD process uncertainty. Both of 



 

64 

 

the processes are crucial to obtain perfect coverage of the oxide to the nanodisks. 

The instability of the undercut process might have come from manual operations 

e.g. etchant dilution, etching timing, i.e. “the human factor”. This means that further 

improvements should be possible by further optimizing the whole process. It is also 

worth noting that dry chromium etching is an alternative way to try, because the 

etchant mixture and etching timing can be controlled automatically. N.B. the 

chromium dry etching process is available in the tool#404 (Oxford Plasmalab 

System 100) in the cleanroom. Furthermore, the ALD process can be improved by 

prolongation of precursor exposure and products purge time. Another possible way 

is to raise the process chamber pressure to allow the precursors to reach the most 

remote areas inside the nanoholes of the mask. It is also important to note that 

method II has limitation to pattern accurate nanodisk size (compared to the size of 

PS). 

 

The method III (carbon as sacrificial layer) has a disadvantage as it requires a two-

steps lift-off process: (i) removal of the upper metal mask and (ii) removal of the 

carbon layer. Another issue with this method was the difficulty to make large 

enough undercut, at least with oxygen plasma of 50 W power, 250 mTorr pressure, 

and 10 sccm flow. I therefore suggest a low power, higher pressure, and higher 

flow plasma to increase the lateral etching rate, for future fabrication attempts using 

this method. It is also worth noting that the carbon method has the potential to 

circumvent the size accuracy issue of the chromium method and is therefore worth 

pursuing further. 

 

In summary, despite not fully succeeding within the given time frame of this master 

thesis, there are chances to obtain the desired structures with both the chromium 

and the carbon sacrificial layer methods by exploring my suggestions made above. 

The main motivation for attempting to get at least one of these methods to work is 

their compatibility with ALD processing of the encapsulating layer. Since very 

precise deposition of oxide is in principle possible with ALD, one could in the future 
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try to observe how the thickness of the oxide influence the absorption 

enhancement. Furthermore, ALD supports deposition of high-k oxides such as 

hafnium oxide. It would be interesting to observe the absorption enhancement of 

structure with the high refractive index oxide experimentally since theory predicts 

a direct correlation between spacer layer refractive index and absorption 

enhancement in the catalyst nanoparticles. 

 

Finally, I would like to note that, in spite of the failure of method II and method III 

to fabricate the desired structures with sufficient yield, there were a number of 

interesting fabrication insights that came along the trials. I hope that these findings 

will be useful for further nanofabrication projects. Speaking about future prospects, 

the fabricated structure is not only useful for absorption enhancement of catalyst 

nanoparticles. With the developed methods, it is possible to deposit functional 

materials exclusively in the LSPR field. For example, such a material can be 

tailored to selectively bind molecules exclusively in the LSPR zone. It is also 

possible to use the well-protected plasmonic nanoantenna for sintering or catalytic 

reaction studies on a single particle in harsh environment. 
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