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Abstract 

Nanoscale lithography on silicon is of interest for applications ranging from 

computer chip design to tissue interfacing. Block copolymer-based self-assembly, 

also called directed self-assembly (DSA) within the semiconductor industry, can 

produce a variety of complex nanopatterns on silicon, but these polymeric films 

typically require transformation into functional materials.  

The fabrication of plasmonic stamps is demonstrated, which is an optically 

transparent flexible PDMS stamps with patterned gold hemispheroids that were 

produced via block copolymer self-assembly on silicon surfaces. Gold salt 

metallization and subsequent plasma treatment of solvent annealed block 

copolymers led to the gold nanopatterns on flat silicon surfaces. With sequential 

steps of precursor spin-coating, curing, and peeling off of the PDMS layer, a 

plasmonic stamp with embedded ordered gold hemispheroid arrays can be obtained. 

By varying the molecular weight of the block copolymer templates, controllable size 

and spacings of Au nanopatterns in the plasmonic stamp can be captured.   

By using these plasmonic stamps, direct functionalization of silicon surfaces 

can be achieved via hydrosilylation of selected 1-alkenes or 1-alkynes on a sub-100 

nm scale, leading to nanopattern transfer from self-assembled block copolymer 

templates to the 1-alkyl or 1-alkenyl molecular patterns on flat silicon surfaces. The 

molecular patterns were captured by AFM, and can be further visualized by surface 
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modification involving thiol-ene chemistry to obtain thiol-terminated patterns, 

followed by attachment of gold nanoparticles or gold electroless deposition in the 

thiol-terminated regions.  

In terms of energy exchange between metals and semiconductors, there are a 

number of ways to complete the energy transfer in radiative or non-radiative 

manners. Based on the mechanistic discussions and results on simulation and Au-Si 

distance studies, we propose that the intense electric near-field that results from the 

localized surface plasmons resonance of the gold nanoparticles in the plasmonic 

stamps upon illumination with green light, leads to generation of electron-hole pairs 

in the silicon that drive spatially-localized hydrosilylation. Free charge carrier 

impact ionization, induced by the electric field of the local plasmons of the gold 

nanohemispheroids is proposed to explain the role of doping. This approach 

demonstrates how localized surface plasmons can be used to enable 

functionalization of technologically relevant surfaces with nanoscale control, 

implying the potential applications for direct imaging intense electric fields in the 

plasmonic nanostructures.   
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Preface 

Chapter 1 provides a brief overview of the two emerging topics related to the 

plasmonic stamp lithography: surface nanolithography and surface plasmon 

resonance (SPR) of the plasmonic metal nanoparticles. Chapter 2 introduces the 

fabrication of plasmonic stamps containing patterned gold nanopatterns derived 

from block copolymer self-assembly, as well as the characterization and challenges 

for the plasmonic stamp. Chapters 3 and 4 describe the plasmonic stamping on flat 

silicon surfaces, with different foci. The chemistry and scope for the plasmonic 

stamping with several selected organic molecules are investigated in Chapter 3, in 

addition to the stamp recycling, and methods for molecule pattern visualization on 

a stamped surface. Chapter 4 focuses on the investigations of the possible 

mechanisms taking place in the stamping system, including plasmonic scattering, 

hot carrier injection, plasmonic heating, as well as the plasmon induced resonant 

energy transfer (PIRET) pathway. Chapter 5 summarizes the work in this thesis, and 

proposes several research directions to explore with respect to the applications for 

and mechanisms of the plasmonic stamp assisted lithography.  

Chapters 2 and 3 are based on the publication “Nanoscale Plasmonic Stamp 

Lithography on Silicon” in ACS Nano 2015, volume 9, issue 2, pages 2184-2193, 

with authors Fenglin Liu, Erik J. Luber, Lawrence A. Huck, Brian C. Olsen, and 

Jillian M. Buriak. Lawrence A. Huck and Jillian M. Buriak proposed ideas, and I 
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performed experiments and wrote the first draft, and the final manuscript was 

written with contributions of all authors. All authors have given approval to the final 

version of the manuscript. 

Chapter 4 is based on a submitted paper to Chemistry of Materials, with co-

authors Jillian M. Buriak, Tate C. Hauger, Erik J. Luber, and Brian C. Olsen. I 

performed the experiments and wrote the first draft, and the final manuscript was 

written with contributions from all authors.       
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1  
General Introduction 

 

1.1 Overview 

This thesis introduces a new strategy for patterning silicon surfaces with flexible, 

recyclable plasmonic stamps carrying gold nanopatterns that were prepared via 

block copolymer self-assembly. I will mainly focus on the preparation of plasmonic 

stamps, plasmonic stamping on hydride terminated silicon surfaces with selected 

molecules, and mechanistic studies of plasmon-induced hydrosilylation via 

plasmonic stamps, aiming to provide a clean, versatile method for transferrable 

nanopatterning, and expand the mechanism in the white-light promoted 

hydrosilylation on flat silicon surfaces.  

As a general introduction to the related topics, this chapter will give a brief overview 

of the two main fields that are covered in the thesis, nanopatterning and 

nanoplasmonics. Specifically, this chapter will discuss first existing techniques for 

surface nanopatterning, focusing on “top-down” and “bottom-up” nanolithography, 

as well as the introduction of pattern transfer techniques. Then, I will give an 
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introduction regarding surface plasmons and the applications of nanostructured 

plasmonics using examples from the literature. Finally, I will discuss what role the 

nanoplasmonics can play in various plasmonic nanostructures, and how they affect 

the performance/yield via surface plasmons. 

 

Figure 1.1. Applications of nanopatterning on surfaces. a) Ordered silicon hole arrays for optical 

devices. b) Precise site control of Au nanopatterns in nanofluidic 

Patterned PDMS cylinders via directed block copolymer self-assembly. Scale bars: 50 nm. d) 

Phonic devices with complex nanopatterns of semiconductors. Reprinted with permission from 

ref. 2, Copyright © 2014, American Scientific Publishers, and ref.3. Copyright © 2015 RSC 

publishing, and from ref. 4 Copyright © 2014. Nature Publishing Group.    
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1.2 Current Nanolithography Techniques on Surfaces  

  The word of lithography means “stone drawing” in Greek, and was invented in 

the year of 1798 and used originally for cheap artwork publications.1 After two 

hundred years of development, this technique has become one of the most 

expressive and efficient ways for large-scale fabrication of repeatable products. 

Figure 1.1 showed several examples of nanopatterning applications on 

semiconductor industry.2-5 As for nanolithography, “top-down” and “bottom-up” are 

two main routes that are used to categorize the nanolithography techniques,6-10 and 

a comparison of these two categories is shown in Figure 1.2.11 In the field of 

nanofabrication, “top-down” route is recognized as a destructive way (i.e. remove 

material to make smaller structures) to build architectures in nanoscale, while via a 

“bottom-up” route, molecules or atoms are the main building blocks with which 

nanostructures in a constructive way are formed. In terms of driving forces, the “top-

down” techniques rely on the etching of laser beams, electron beams or other 

physical forces that are external to the system. On the other hand, the driving forces 

for “bottom-up” routes usually involve intermolecular interactions (such as 

Columbic interaction, hydrophobic interactions, hydrogen bonding, etc. ) to build 

up nanoscale assemblies.9, 12 Existing nanofabrication techniques have been divided 

into these two categories, and are briefly introduced below with examples provided 

of nanofabrication on surfaces.        
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Figure 1.2. Scheme of a) bottom-up approach versus b) top-down approach in nanofabrication. 

Reprinted from ref. 10. Copyright © 2006 Nature Publishing Group  

1.2.1 “Top-down” Lithography 

In top-down lithography, there is typically a sacrificial mask with nanopatterned 

features on top of the target material, and the subsequent, sequential etching steps 

can result in the two-dimensional nanopatterns on the material surface. Thus far, 

various etching methods have been used for nanofabrication on surfaces via top-

down lithography. Categorized by their etching sources, four typical top-down 

lithography techniques will be discussed below, including photolithography, 13-18 

electron beam lithography, 19-23 nanoimprint lithography, 24-32 and scanning probe 

lithography.33-38   
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Figure 1.3. Schematic illustration for the formation of patterned silicon substrates with positive 

and negative photoresists via photolithography. Reprinted with permission from ref. 18. 

Copyright © 2014 Oxford University Press.  

Photolithography 

The illustration source for photolithography is optical light or ultra-violet light, and 

therefore also referred to as UV lithography14, 39, 40 and optical lithography. 16, 41, 42 

Photolithography has been applied in semiconductor industries for the fabrication 

of nanopatterned circuits since 1960s. In a typical photolithographic approach 
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shown in Figure 1.3, optical or UV light is shone through a patterned mask onto a 

photoresist film, resulting in the desired patterns on the photoresist-coated substrates. 

The following steps can be varied by either etching the exposed substrate to form 

the underlying patterns, or deposition of another material to form patterns after resist 

removal. In this strategy, the light source is one of the critical factors for micro- and 

nanofabrication. The wavelength of the incident light can determine the final feature 

size.11 For example, in conventional photolithography, 400 nm incident light can 

give a 1 micron spatial resolution on the substrate using photography, but the 

resolution is not consistent across the substrate due to light diffraction and 

scattering.10 The photoresist is another crucial factor in photolithography. As shown 

in Figure 1.3, typical photoresists consist of light-sensitive organic molecules or 

polymers that can act as “positive” or “negative” photoresists depending on their 

final state after photo-illumination.43, 44 

In order to break the resolution limit from the conventional photolithography, many 

efforts have been made in the past three decades to push the spatial-resolution limit 

to the nanoscale for the semiconductor industry such as chip manufactures.45 A 

spatial resolution of sub-50 nm can be achieved under the illumination of argon 

fluoride and fluorine laser with wavelengths of 193 nm and 157 nm.45, 46 The 

addition of high-refractive-index liquid (such as highly purified water) between the 

mask and the substrate, referred to as immersion lithography, can further reduce the 
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resolution by a factor of 1.4 (equal to the refractive index of the liquid).47 Moreover, 

extreme ultra-violet (EUV) lithography, considered as the next generation 

lithography, utilizes light sources with the wavelength range of 1~50 nm to push the 

theoretical resolution limit to sub-10 nm.48  

      

 

Figure 1.4. Schematic illustration for the water-based electron-beam lithography for photonic 

crystals. Reprinted with permission from ref. 50. Copyright © 2014 Nature Publishing Group.  

Electron-Beam Lithography 
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Similar to the photolithography, electron-beam lithography (or e-beam lithography) 

utilizes an energetic electron-beam source for nanopatterning in the nanoscale, as 

shown in Figure 1.4. Compared with UV light, the electron beam has much higher 

energy and shorter wavelengths that are capable of patterning in the nanoscale, and 

spatial resolution of up to several nanometers can therefore be achieved with this 

technique.21, 49 In this method, hydrogen silsesquioxane (HSQ) has been widely used 

as a negative resist, leading to various nanopatterns that can be written via e-beam 

lithography.49 Other interesting resists such as silk was also applied with e-beam 

lithography and can be used as either positive or negative resist, as shown in Figure 

1.4.50  

Electron-beam lithography has overcome the resolution limit caused by light 

diffraction without masks for pattern writing on substrates, and has been applied for 

the fabrication of complex nanopatterns (e.g. writing nanopatterns on photomasks 

for photolithography).51 However, compared to photolithography with a parallel 

process through pre-patterned masks, electron-beam lithography is a serial process 

with manual assistance. Therefore, this technique is a relatively low throughput 

technology and not suitable for large-scale manufactures.        

 

Scanning Probe Lithography 
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Judging by its name, scanning probe lithography refers to lithographic techniques 

using sharp scanning probes for nanopatterning on surfaces. 27, 29, 52 It provides a 

versatile approach for patterning molecules or atom clusters with a spatial resolution 

down to 10 nm. Scanning probe lithography usually takes only one-step processing 

to achieve desired patterns on surfaces and operates under atmosphere or vacuum 

conditions, and can therefore reduce the cost for last-scale fabrication. As for the 

drawbacks of this method, the slower scanning rate (<10 Hz) of the probe can result 

in a low throughput, as there is a balance between the spatial resolution and scanning 

rate.10, 38 Research and development on the scanning probe lithography are mainly 

classified into two categories: (1) the properties of the probe and the underlying 

substrate, and (2) interaction between the probe and the surface. The role of the 

probe is important as it directly impacts the spatial resolution limit. Probes from 

atomic force microscopy,53, 54 scanning tunneling microscopy,55-58 and scanning 

optical microscopy37 have been applied for the scanning probe lithography and the 

variations are summarized in Figure 1.5. Interactions between the probes and 

substrates will vary and can involve thermal, chemical, and electrical interactions, 

depending on their composition and physiochemical properties. For example, with 

the scanning tunneling probes, Fe atoms can be physically pushed to produce the 

desired patterns on Cu(111) substrates.59, 60 With AFM tips, molecular patterns can 

be written either directly on a substrate via dip-pen lithography,61-63 or can be 

removed selectively via the nanoshaving by the tip.64, 65 If connected with a carbon 
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nanotube at the tip, the spatial resolution can be pushed to several nanometers by 

the oxidation scanning probe lithography.66, 67     

 

Figure 1.5. Scheme outlining of four variations of scanning probe lithography: a) Dip-pen 

nanolithography; b) nanografting; c) constructive nanolithography; and d) scanning near-field 

lithography. Reprinted with permission from ref. 52. Copyright © 2012. RSC Publishing. 
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Nanoimprint Lithography  

Nanoimprint lithography has been proven to be a top-down strategy with low cost 

and high throughput for surface micro-/nano-fabrication. 22 This method starts with 

the fabrication of a pre-patterned, rigid mold (e.g. silicon), and the mold is then 

pressed against a flexible polymer film and heated above the glass transition 

temperature of the polymer. Finally the cooling process and the mold removal result 

in the pattern transfer from the mold to the film via mechanical deformation. As 

discussed above, one of the limitations for the conventional lithography techniques 

(such as photolithography, electron-beam lithography, etc.) is the difficulty for mass 

production due to expensive light sources. Nanoimprinting does not require incident 

light, and the patterned mold can be applied repeatedly once prepared, and can be 

conducted under ambient conditions. Another advantage for the nanoimprint 

lithography is that it avoids distortion due to beam diffraction or scattering that can 

occur in photo- or electron-beam lithography. Therefore the transferred nanopattern 

was better in terms of spatial resolution and pattern qualities. For example, a 

research group from HP Laboratories and MIT developed sub-10 nm nanoimprinting 

lithography via wafer bowing, as shown in Figure 1.6a. Figure 1.6b shows 

nanopatterns with a spatial resolution of sub-10 nm (half-pitch) on a 150 mm-

diameter substrate through this method.68   
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Figure 1.6. a) Schematic illustration and b) an SEM image of large-scale nanoimprinting work 

flow by wafer bowing. Reprinted with permission from ref. 68. Copyright © 2008 American 

Chemical Society 

1.2.2 “Bottom-up” Lithography 

Bottom-up lithography refers to a constructive fabrication strategy that can form 

well-ordered nanopatterns in a spontaneous, self-organized fashion.69-72 The aim of 

the bottom-up lithography is to achieve large-scale nanofabrication through the self-

assembly of molecules or nanoparticles with lower material cost. There are various 

ways to categorize self-assembly, for example, templated- and untemplated- self-

assembly, depending on whether external forces exist in the system.10 In the 

following, I will simply discuss the techniques of self-assembly by their building 

blocks, i.e. molecular/polymer self-assembly and nanoparticle self-assembly.         
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Molecular Self-Assembly 

Molecular self-assembly73-76 refers to spontaneous assembly driven by the 

intermolecular interactions. As molecules are the building blocks for the molecular 

self-assembly, high spatial resolution can be expected on surface. Due to the 

complex of the molecular systems, the driving force of molecular self-assembly 

usually involves the cooperative effects of multiple non-covalent interactions such 

as Coulombic attraction/repulsion,77, 78 van der Waals forces,79 hydrophobic 

interactions,80, 81 hydrogen bonding,82, 83 etc. The complexity of the driving forces 

could be the limitation of this method as well, as it is difficult to separate and 

qualitatively evaluate the driving forces, and therefore it is difficult to precisely 

control the resulting nanostructures.84  

So far, the most understood system for surface nanofabrication is based on the self-

assembled monolayers (SAMs).85-87 Figure 1.7 shows an example of a SAM of 

alkanethiolates on Au(111). To form SAMs on surface, molecules attach themselves 

to the surface via strong chemical bond formation, and then assemble together to 

form close-packed monolayers through weak but attractive intermolecular 

interactions as mentioned above. Therefore, designing functionalized molecules is a 

crucial step for the process. There have been various designs published, including 

molecules with functional terminal groups such as silanes, amines, thiols, etc.,88-90 

polymers91, 92 or modified DNA molecules such as deoxyribozymes. 93, 94  
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Figure 1.7. Scheme of an ideal self-assembled monolayer of thiolates on Au(111) surface. 

Reprinted with permission from ref. 86 Copyright © 2005 American Chemical Society.   

Supermolecular/polymer Self-Assembly 

Similar to molecular self-assembly, supramolecular or polymer self-assembly is 

another versatile method and is usually conducted under mild conditions in solution 

and on surfaces.95-97 The building blocks can range from poolypeptides, DNA 

molecules to monomeric species including dendrimers and hybrid compounds.98-101 

In terms of self-assembly on surfaces, the assistance from top-down techniques (e.g. 

electron-beam lithography) is usually need to form long-range ordered patterned 

structures on surface at the nanoscale, for example, the directed self-assembly 

(DSA).102-105 Combined with top-down and bottom-up strategies, DSA allows 

molecules or polymers to self-assemble on chemically patterned surfaces (referred 

to as epitaxial self-assembly) or on graphoepitaxy-processed surfaces (an artificial 

epitaxy method using physical control to guide crystallographic orientation).106 
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Block copolymers can self-organize to form several patterns,103, 107-109 including 

hexagonal dots, lamellae, or parallel lines (See Chapter 2 for more detailed 

introduction on block copolymer self-assembly). In an example shown in Figure 

1.8a, thermal annealing of a block copolymer thin film on a flat surface leads to the 

formation of short-range ordered fingerprint nanolines, while parallel nanolines in 

long-range order were observed if assembling on the confined area of the 

graphoepitaxy processed surface. Figure 1.8d showed another example in which 

self-assembled block copolymers were directed by the patterned nanopillars 

deposited through electron beam lithography, various two dimensional 

nanostructures can be achieved via directed block-copolymer self-assembly.110    
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Figure 1.8. a) Block copolymer self-assembly on flat and on confined surfaces. b) Directed 

block copolymer self-assembly on the silicon nanopillar patterned substrate. Reprinted with 

permission from ref. 109. Copyright © 2007 Nature Publishing Group, and from ref. 110. 

Copyright © 2012 American Association for the Advancement of Science. 

Nanoparticle Self-Assembly 

Ordered assemblies of uniform nanoparticles occur in nature and reveal unique 

mechanical and optical properties.104 Similarly and inspired by nature, capping 

agent-passivated nanoparticles with monodisperse size and shape allow for rational 
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assembly into ordered superstructures in two and three dimensions such as close-

packed hexagonal films, superlattices, colloid crystals, etc. In contrast to the 

molecular self-assembly, the monodisperse nanoparticles act as building blocks to 

self-organize into long-range ordered 2D films or superlattices, which is driven by 

interactions between nanocrystals and capillary force via solvent evaporation. For 

example, one of the most remarkable achievements in nanocrystal superlattices in 

last two decades is construction of multi-component superlattices, especially the 

binary nanocrystal superlattices (BNSLs).111, 112 Assembling two different types of 

nanocrystals into a BNSL not only combines their properties of the each individual 

component, but also provides new collective properties generating from nanocrystal 

interactions. This provides a low-cost protocol to construct metamaterials with 

precisely controlled composition and properties. The Murray group developed FePt-

Fe3O4 binary superlattices, as showed in Figure 1.9.113 In their approach, hexane was 

used to disperse binary nanocrystals instead of high-boiling-point solvents to allow 

rapid self-assembly. Colloid hexane dispersion was spread on diethylene glycol 

subphase (DEG) in a Teflon well, and then covered with glass slide to allow hexane 

evaporation. BNSL can then be obtained on the DEG subphase surface. The inert 

and low evaporation rate of DEG is important for the formation of centimeter-scale 

BNSLs. Different orientation and stoichiometry of BNSL were also obtained by 

simply changing the size and/or the concentration ratios between two building 

blocks. 
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Figure 1.9. Binary superlattices of FePt-Fe3O4 via the self-assembly of monodispersed FePt 

and Fe3O4 nanoparticles. Reprinted with permission from ref. 113 Copyright ©2010 Nature 

Publishing Group 

1.3 Introduction to Plasmonics 

1.3.1 Surface Plasmons 

Surface plasmon resonance (SPR) refers to the collective oscillation of electron 

density at the interface of metals and dielectrics, and can be trapped as localized 

surface plasmons at the surface of metal nanoparticles or propagate along the 

metal/dielectric interface as surface polaritons.114-119 Since SPR refers to the dipole-

dipole coupling of photons from incident light and electrons from metal 
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nanoparticles, SPR peaks can be observed from UV-vis-IR spectra. Tuning the SPR 

peaks of noble metal nanoparticles for application purpose is of interest, as the peak 

positions ranges from visible to NIR, and can be controlled by sizes, shapes, 

geometries, and composition of the metal nanostructures, as showed in Figure 1.10 

a-c.120  

 

Figure 1.10. Overview of properties of surface plasmon resonance. SPR peaks vary with 

different types of metals a), shapes b) and sizes c), and distribute heterogeneously with the 

geometry of the metal nanostructures in d) and e). Reprinted with permission from ref. 120. 

Copyright 2011 Nature Publishing Group   

When the size of the metal is compatible or smaller than the wavelength of the 

resonant light, surface plasmons are trapped at the metal/dielectric interface and 

result in high intensity electric-fields (or hot spots).121-125 Since the surface plasmons 

are trapped by the metal nanoparticles, this phenomenon is named localized surface 
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plasmon resonance (LSPR). The high intensity of LSPR is usually expected at gold 

nanoparticle sizes of 5~200 nm, and can be observed at sharp edges, corners and 

interstices as shown in the FDTD simulation in Figure 1.10d-g. In addition, LSPR 

is also sensitive to the dielectric constant of surrounding materials, and the peak 

intensity and position can be changed with different capping materials, as indicated 

in Mie theory and experimental data. 120        

1.3.2 Plasmonics for Enhanced Solar Energy Conversion 

Plasmonic metals, especially the noble metallic nanostructures, have been 

incorporated in many systems for enhanced energy conversion, due to their 

wavelength-dependent optical properties and the enhanced electric near-fields (or 

hot-spots), One of the reasons why the noble metals (e.g. gold, silver, copper, etc.) 

are attractive in the plasmonic application is that their LSPR peaks mainly overlap 

with the wavelength range of visible light, and therefore bring about the 

enhancement for solar to chemical energy conversion upon resonance.120, 126 Herein, 

I will briefly introduce plasmonic applications in three fields: photovoltaics101-104, 

photocatalysis102-117 (including water splitting, and CO2 reduction) and 

photothermal therapy127-134.   

SPR in Photovoltaics 

Solar energy is becoming increasingly attractive as a renewable source of energy 

that could augment conventional combustion of fossil fuels. Fabrication of low-cost, 
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high-efficiency solar cells is also the goal of the third generation photovoltaics.117, 

126, 135-137 In order to enhance the performance of solar cells, the efficient light 

absorption must be balanced with charge extraction by the photoactive layer. 

Increasing the film thickness of the active layer in photovoltaic devices could 

harvest more light absorption; however, the charge recombination would be severe 

due to the low diffusion length of excitons, and lead to increased series resistance. 

 

Figure 1.11. Schematic illustration of photovoltaic architectures incorporated with plasmonic 

nanostructures. Reprinted with permission from ref. 126 Copyright 2010 Nature Publishing 

Group 

Enhanced photovoltaic performance can be achieved by incorporating the plasmonic 

patterns containing gold or silver nanoparticles into the interfacial or photovoltaic 

layers. In their review of plasmonic photovoltaic configurations and mechanisms, 

Atwater et.al. suggested that the enhancement was mainly due to increased light 

absorption arising from light scattering, enhanced energy transfer efficiency by 

LSPR of metal nanoparticles, and/or the existence of surface plasmon polaritons at 

the interface between the metal films and photoactive layers, as shown in Figure 
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1.11.126 However, it is difficult to distinguish the mechanisms solely in one system 

as these mechanisms usually coexist in most systems, especially light scattering and 

SPR absorption. In addition, the introduction of plasmonic nanoparticles can also 

change the series resistance of the devices and the work functions of the layers n 

contact with the plasmonic nanoparticles, complicating any attempts to explain the 

increased efficiency in plasmonic photovoltaics. In one example shown in Figure 

1.12, Au@Ag core-shell structures were incorporated into the interfacial layer of 

two organic solar cell systems, PTB7:PC70BM and PCDTBT:PC70BM, resulting in 

enhanced performance compared with the controls without plasmonic structures.138 

The authors attributed the enhancement to the strong scattering efficiency of 

Au@Ag core-shell structures that led to light trapping in the active layer, resulting 

in a 2.2-fold increase in external quantum efficiency with optimized particle density, 

as shown in Figure 1.12c.         
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Figure 1.12. a) Scheme of plasmonic nanostructures in photovoltaics. Au@Ag core-shell 

nanoparticles or Au nanoparticles were incorporated in the PEDOT:PSS layer of the 

polymer:PC70BM system. b) J-V curve for two photoactive polymers: PTB7 and PCDTBT. c) 

Enhancement with the density of Au@Ag core-shell particles. Reprinted with permission from 

ref. 138. Copyright 2014 American Chemical Society.     

SPR in Photocatalysis 

SPR of metal nanoparticles can also be applied to improve the efficiency of 

photocatalytic processes.102-117 Different from SPR enhancement in photovoltaics, 

the role of SPR in photocatalysis is to store the energy in the form of chemical bonds. 

Both plasmon-assisted water splitting, and CO2 reduction have been demonstrated.   
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In the application of SPR-assisted water splitting, plasmonic metal nanoparticles are 

usually deposited on the surface of photoactive materials such as TiO2 to improve 

conversion efficiency under the illumination of visible light.139 For example, the 

Cronin group reported that the gold-capped TiO2 can result in up to 66-fold 

enhancement compared to the controlled TiO2 electrode with gold, showing 

plasmonic enhanced water splitting for the first time.140 The authors suggested that 

the increased efficiency was due to the LSPR-induced localized electromagnetic 

near-field at the interface of gold and TiO2. Surface plasmon polaritons can also lead 

to enhanced photocatalytic conversion when the Au/TiO2 nanoparticles are replaced 

by Au/TiO2 films. In addition, Ag nanoparticles incorporated with n-type TiO2 

obtained 10-fold enhancement in photocatalytic efficiency. 140 Figure 1.13 shows 

another example of plasmonic photocatalysis, in which Au/SiO2 core-shell 

nanostructures were incorporated on top of α-Fe2O3, resulting in increased exciton 

generation. The authors attributed the enhancement to the LSPR of Au/SiO2 core-

shell nanoparticles.           
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Figure 1.13. Plasmonic Ag@SiO2 core-shell nanostructures for enhanced electron-hole pair 

generation. Reprinted with permission from ref.140. Copyright © 2010 American Chemical 

Society.   

 Since SPR-assisted water splitting has only been demonstrated for less than a 

decade, mechanisms are not fully understood. Direct charge transfer and localized 

electromagnetic field enhancement between metals and semiconductors are two 

separate mechanisms that have been suggested regarding the role played by SPR in 

photocatalysis. While direct charge transfer at the metal/semiconductor interface 

was initially accepted as the primary mechanisms of enhancement.141 The 

enhancement of the localized electromagnetic field was also later found to 
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contribute to the higher conversion efficiency, even in the presence of an insulating 

layer.120 Further studies are required in order to fully understand these mechanisms.    

The reduction of CO2 to methane is another hot field for solar-to-fuel energy 

conversion, and has the added benefit over water splitting that it can be used to 

reduce atmospheric CO2 levels.142-144 In terms of plasmonic-enhanced CO2 

reduction, many researchers have proved that the incorporation of plasmonic 

materials into photocatalysts can lead to higher efficiency of methane conversion. 

For example, under the illumination of visible light, Au/TiO2 can be able to reach 

up to 24-fold enhancement for methane production without any byproducts.142 The 

author proposed the LSPR-induced electric fields can excite electron-hole pairs in 

TiO2 that drive the catalytic reduction of CO2. Other products such as (ethane and 

methanol) can be obtained by changing the wavelength of incident light, depending 

on the relative position of their reduction potential to the conduction band edge of 

the TiO2. In addition, other metals such as Pt, Cu and their bimetallic alloys have 

been applied for CO2 reduction.145-148      
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Figure 1.14. Plasmonic local heating leads to the generation of water steam at Au nanoparticle 

surface. Reprinted with permission from ref. 154. Copyright © 2013 American Chemical 

Society.   

SPR in Photothermal Therapy 

Plasmonic metal nanoparticles have also been applied in photothermal therapy.127-

129, 131-134, 149-153 When resonant, the plasmonic nanoparticle can heat local 

surroundings up to 100 °C before dissipation (Figure 1.14),154 and SPR-assisted 

photothermal therapy utilizes this principle to generate localized heating in vivo by 

the metal nanoparticles. Compared with the previous applications, herein a more 

intense light source (such as pulsed lasers151-153 is usually required to reach the 

temperature required to kill cancer cells, as well as limit the damage to the 

surrounding cells or tissues.132, 133 Huang et.al. used self-assembled gold 

nanovesicles to inject to the mice body with tumor issues, and the plasmonic heating 

under illumination could ablate the tumor cells while keep the heathy cell intact, as 

shown in Figure 1.15 155 Because of the local temperature variation by LSPR, SPR-
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assisted photothermal therapy has also been used in selective inactivation of proteins 

or enzymes, DNA perturbation and other targeted thermal treatment in vivo. 

 

Figure 1.15. Plasmonic photothermal therapy for enhanced assembled gold nanovesicles for 

clearance of tumor issues. Reprinted with permission from ref. 155. Copyright © 2013 Wiley-

VCH.  

1.4 Scope of the Thesis  

In the following chapters of the thesis, I will discuss the topic of the surface plasmon 

assisted nanolithography from three aspects: (1) Plasmonic stamp fabrication; (2) 

Chemistry associated with the plasmonic stamp nanolithography; (3) Mechanisms 

of the plasmonic stamp nanolithography.  
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Starting in Chapter 2, I will first introduce the fabrication of the plasmonic stamp, 

an optically transparent flexible PDMS stamp carrying gold nanopatterns that is 

produced via block copolymer self-assembly. Ordered gold hemispheroid arrays can 

be obtained after gold salt metallization and subsequent plasma treatment of solvent 

annealed block copolymers. By varying the molecular weight of the block 

copolymer templates, controllable size and spacings of Au nanopatterns in the 

plasmonic stamp can be achieved and can be captured by atomic force microscopy.  

Chapter 3 will describe how the plasmonic stamps are used to directly functionalize 

silicon surfaces on a sub-100 nm scale via the hydrosilylation of 1-alkenes or 1-

alkynes, leading to the nanopattern transfer from self-assembled block copolymer 

templates to the 1-alkyl or 1-alkenyl molecular patterns on flat silicon surfaces. With 

further surface modification via thiol-ene chemistry, these molecular nanopatterns 

can be visualized via selective attachment of gold nanoparticles or gold electroless 

deposition in the thiol-terminated areas.  

In Chapter 4, a number of mechanisms will be discussed that can possibly exist in 

our system. Based on the experimental data and mechanistic discussion, it is 

proposed that the high intensity electric fields that result from the localized surface 

plasmons of the gold nanoparticles in the plasmonic stamps upon illumination with 

low intensity green light, leads to generation of electron-hole pairs in the silicon that 

drive spatially localized hydrosilylation.  



 

30 
 

Chapter 5 will give a summary of the thesis and future applications and directions 

of the plasmonic nanostructures.  
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2  
Plasmonic Stamp Lithography I: Fabrication 

 

2.1 Introduction 

This chapter will be focused on the fabrication of plasmonic stamps. In this thesis, 

flexible and optical transparent PDMS stamps with embedded ordered gold 

nanopatterns that are derived from block copolymer self-assembly are discribed.156 

In this chapter, the nanopatterns of gold nanoparticles were obtained from the block 

copolymer template on flat silicon surfaces, and then embedded within from the 

PDMS stamp. Through this soft nanolithography process, the resulting nanopatterns 

from the self-assembled block copolymers were transferred to the stamp. In the 

introductory part of this chapter, I will provide an overview of the basics of block 

copolymer assembly, as well as their lithographic applications that use block 

copolymer self-assembly. As plasmonic stamps are obtained from the self-assembly 

of block copolymers, a review of block copolymer self-assembly on flat surfaces 

will be discussed, with highlights describing the published work in our group.109, 156-

167           
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2.1.1 The Basics of Block Copolymers 

Table 2.1 Schemes and examples of typical block copolymers 

 

In general, block copolymers consist of two or more chemical chains (referred to as 

blocks, examples shown in Table 2.1) that are connected by covalent bonds.108, 168-

170 Since the blocks in the block copolymer are usually designed to be immiscible, 

the microphase separation of block copolymers can lead to the spontaneous 

formation of various micro-/nanostructures in bulk solution and on the surface, with 

morphologies that include spheres, cylinders, lamellae, etc., as shown in Figure 

2.1171 Taking the diblock copolymer polystyrene-block-polyvinylpyridine (PS-b-

P2VP) as an example, there are three factors that determine the final morphology of 

the block copolymer at equilibrium, including the (1) volume fraction of PS and 

P2VP; (2) the degree of polymerization, N; and (3) their Flory-Huggins parameter, 
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171, 172 The 

volume fractions can determine the types of nanostructures that result, as shown in 

to determine the degree of the microphase separation that is closely related to the 

center-to-center spacings in the formed nanopatterns.108, 173-176 As various structures 

can be obtained from BCP self-assembly with nanoscale feature sizes, and their 

morphologies can be controlled by tuning the molecular weight, composition and 

assembling conditions (temperature, solvent, in bulk or on surface), block 

copolymer self-assembly has become a promising field for applications, including 

block copolymer lithography via the self-assembly of block copolymers.12, 166, 170, 

177-184   

 

Figure 2.1. Morphologies of block copolymer self-assembly with the increase of volume 

fraction of block A. Reprinted with permission from ref. 78. Copyright © 2012 Royal Society 

of Chemistry 
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2.1.2 Block Copolymer Lithography  

Nanopatterned surfaces are of central importance to a variety of areas and 

applications,185 such as computer chip architectures,29 tissue interfacing,186 

biosensors,187 light management and plasmonics188 among others. As discussed in 

Chapter 1, the various approaches to nanopatterning are broken into two major 

classes: top-down methods such as photolithography,16, 189 e-beam lithography49, 190 

and scanning force microscopy variants,10, 191 and bottom-up synthetic techniques, 

including self-assembly.181, 192, 193 Since lithography is the single most expensive 

step in computer chip manufacturing, the use of self-assembled block copolymers 

(BCPs) templates on surfaces is being seriously considered by the semiconductor 

industry to pattern, sub-20 nm features on a semiconductor surface; the Industry 

Technology Roadmap for Semiconductors (ITRS) terms this development ‘directed 

self-assembly’, or DSA.194 Thanks to the enormous amount of work devoted to 

BCP-based lithography over the past two decades,195-197 there is a plethora of 

patterns and morphologies that can be obtained, ranging from self-assembled BCP-

derived nanostructures such as hexagonally packed dots,198 lamellae199, 200 and 

cylinders,201 to the highly complex and long-range ordered bends, 178 triangles165 

and junctions.110 Examples of the previous work from Buriak group will be 

discussed in the following to reveal the applications of BCP self-assembly.  
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Figure 2.2. SEM images of various types of metal nanowires that are obtained from self-

assembly of PS-b-P2VP (32 k-12.5 k) on flat silicon surface. Reprinted with permission from 

ref. 165. Copyright © 2008 American Chemical Society.  

BCP-based films are compatible with existing silicon-based lithography, due to the 

central role played by organic photoresists that are handled in much the same 

manner.202, 203 As is the case with photoresists, the nanostructured BCP films must 

typically still be translated or converted into a functional material, or used directly 

as a removable etch stop.204 For instance, metal nanopatterns can be converted by 

loading polystyrene-block-polyvinylpyridine films with metal ions, and then treated 

with plasma to remove the BCP, and simultaneously reduce the metal ions to metal 

nanostructures.109, 165, 166 For example, in the earlier work of our group, different 
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compositions of ordered metal nanowires have been obtained by loading the 

corresponding metal ions in the annealed BCP films, including gold, platinum, 

palladium, iron, cobalt, cobalt, nickel, etc., as indicated in Figure 2.2. 165 

 

Figure 2.3. Order SiOx nanopatterns of parallel lines a) and hexagonal dots b) from self-

assembly of PS-b-PDMS, with the variation of double and triple density of the patterns. 

Reprinted with permission from ref. 159. Copyright © 2012 and ref. 157 Copyright © 2016 

American Chemical Society.    

Complex nanopatterned silica structures can be obtained directly via plasma 

treatment of annealed polystyrene-block-polydimethylsiloxane (PS-b-PDMS) BCP 

films.157, 158, 205 No further metallization step is required to view the assembled 

nanopatterns in hexagonal dots or parallel lines as the PDMS can be reduced directly 
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into SiOx after O2 plasma. Interestingly, the spatial resolution can be brought down 

to sub-20 nm when density doubled and tripled nanopatterns are fabricated from the 

self-assembly of PS-b-PDMS, by solvent annealing a thicker PCP thin film (Figure 

2.3a) and/or applying the sequential self-assembly process (Figure 2.3b).165  

  

Figure 2.4 Schematic illustration of directed BCP self-assembly, and the SEM images of the 

obtained Pt nanolines via graphoepitaxy. Reprinted with permission from ref. 165. Copyright © 

2008 American Chemical Society. 

In general, block copolymers can self-assemble to form ordered nanolines upon 

solvent or thermal annealing in a large scale, but they are usually randomly aligned 

over the surface of the flat substrate, as shown in Figure 2.2. With the approach of 

directed self-assembly that is mentioned in Chapter 1, block copolymers can self-

assemble into desired patterns with long-range order.103, 178, 206 As indicated in 

Figure 2.4, combined with electron-beam lithography to form different shapes of 

regions on the silicon surface, the BCP self-assembly can be directed via 

graphoepitaxy on the surface to form the long-range ordered nanolines in 
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rectangular, triangular, and spherical channels.165 With the combination of the top-

down lithography with the bottom-up BCP self-assembly, the directed self-assembly 

can avoid the respective limitations (e.g. the slow and expensive fabrication process 

for the e-beam lithography, and the lack of long-range order via BCP self-assembly), 

and applied potentially for large-scale manufacture.     

 

Figure 2.5. Scheme of the patterned nanohole formation using the self-assembled BCP film of 

PS-b-P4VP (109 k-27 k) as an etch stop. Reprinted with permission from ref. 158. Copyright © 

2011 American Chemical Society. 
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BCP films can also act as a nanostructured etch stop to yield three-dimensional 

nanostructures in the underlying silicon,207 GaAs208 and other substrates.209 For 

example, Figure 2.5 showed the self-assembled PS-b-P4VP film on a silicon 

substrate can act as a patterned mask for the selective etching by HF solution, and 

patterned nanoholes can be obtained with hydride terminated surfaces in the interior 

of the nanoholes and native oxide capped in the unetched area. 167 Titania nanobowls 

and gold nanoparticles can be selectively deposited in the nanoholes with further 

modifications of the etched surface. The nanopatterning of molecules on a surface 

using BCPs to direct reactivity is much more challenging and has been the subject 

of far less attention. BCPs have been applied to enable molecular transfer printing 

by Nealey and co-workers,210 and have been used to direct the reactivity of 

diazonium salts on carbon surfaces,211 but the area remains relatively unexplored.  
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Figure 2.6. Schematic illustrations of a) catalytic stamp fabrication and b) the stamping process 

on hydride terminated silicon surface. Reprinted with permission from ref. 163 Copyright © 

2009 and from ref. 164 Copyright © 2010. American Chemical Society. 

As discussed earlier, ordered metal nanopatterns can be transferred from a flat 

silicon substrate to a flexible PDMS stamp. The PDMS stamping technique was first 

developed by Dr. Hidenori Mizuno in the Buriak group for the catalytic stamp 

lithography on hydride terminated silicon surface.162-164 As showed in Figure 2.6, 

catalytic stamps embedded with platinum and palladium nanopatterns can be 

fabricated by a two-step process, including the formation of Pt or Pd nanopatterns 
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from BCP self-assembly on silicon surface, and then PDMS precursors are spin-

coated and peeled off after curing.162-164 Localized catalytic reactions, including 

hydrosilylation and hydrogenation, can be conducted on hydride-terminated silicon, 

to generate hexagonal dot and fingerprint nanopatterns of organic monolayers on 

silicon surface. Inspired by this work, plasmonic stamps were fabricated by 

replacing the Pd and Pt metals with gold. In the remainder of the chapter, I will 

discuss the details of the fabrication of plasmonic stamps that contain gold 

nanopatterns for the LSPR (i.e. localized surface plasmon resonance)-assisted 

photochemical reactions on silicon surface.   

 

2.2 Results and Discussion 

2.2.1 Synthesis of Gold Nanopatterns 

 

Figure 2.7. Scheme of a typical procedure for the fabrication of Au nanopatterns on silicon 

surfaces via block copolymer self-assembly.   

Plasmonics stamps were prepared starting with the self-assembly of a thin film of 

PS-b-P2VP or PS-b-P4VP BCP on the surface of native oxide-capped single-

crystalline silicon. Following solvent annealing and metallization with KAuCl4, the 
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AuCl4
--loaded BCP was treated with an oxygen plasma to form a hexagonal array 

of gold hemispheroids on the silicon surface, followed by H2/Ar plasma to further 

remove any organic residues. Figure 2.7 outlines the fabrication procedure for 

nanopatterns of gold hemispheroids.  

 

Figure 2.8. SEM images of gold nanopatterns on silicon surfaces. Scale bar: 400 nm. BCPs: 

a): PS-b-P2VP (125 k-b-58.5 k) b): PS-b-P2VP (91 k-b-105 k) c): PS-b-P2VP (190 k-b-190 k) 

By changing the molecular weight of the BCP, the center-to-center spacings can be 

modulated as will be shown, vide infra. Figure 2.8 showed SEM micrographs of Au 

nanopatterns on flat silicon surfaces with different molecular weight BCPs. Center-

to-center spacings can be tuned from 70 nm (125k-58.5k) to 160 nm (190k-190k) 

by simply varying the molecular weight of the applied BCPs.  
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Figure 2.9. AFM height micrographs of gold nanopatterns on silicon surfaces with controlled 

spacings. BCPs: a): PS-b-P2VP (125 k-b-58.5 k) b): PS-b-P2VP (91 k-b-105 k) c): PS-b-P2VP 

(190 k-b-190 k). 

AFM height micrographs in Figure 2.9 showed consistent center-to-center spacings 

in comparison to the SEM images in Figure 2.8. Note that the seemingly larger sizes 

of gold hemispheroids in AFM images compared with SEM images in Figure 2.8 

are owing to the convolution effects of the AFM tips in the x-y scanning direction,212 

as the size of the AFM tips (~10 nm) has the same order of magnitude as that of the 

gold hemispheroids. The consistency of nanopatterns can be proved by the center-

to-center spacings of the hexagonal dots.   

 

 

Figure 2.10. Self-assembled BCP film with oxygen plasma treatment time: 5 s (a), 10 s (b), 30 

s (c), and 1 min (d). Scale bar: 200 nm. BCP: PS-b-P4VP (20 k-19k) 
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Plasma treatment of BCP films is crucial to facilitate the plasmonic stamp 

fabrication. Exposure to an oxygen plasma (10~30 s) is sufficient to observe the 

morphologies self-assembled BCPs after the metallization step. However, in order 

to obtain plasmonic gold hemispheroids, an extended oxygen plasma (10 min) is 

required to fully reduce the Au(III) ions to Au metal. Figure 2.10 indicates the 

transformation of gold nanopatterns from AuCl4
--loaded BCP micelles with 

increased treatment time (10 min) of an oxygen plasma at 0.8 Torr. As mentioned 

earlier, another plasma step of H2/Ar is also applied to remove the organic 

residuals,213, 214 as well as the possible oxides on the formed metal hemispheroids.162, 

163     

2.2.2 Fabrication of Plasmonic Stamps  

 

Figure 2.11. Scheme of a typical procedure for the fabrication of a plasmonic stamp. 

After the fabrication of gold nanopatterns on flat silicon surfaces, the wafers were 

exposed to the vapor of trichloro(1H,1H,2H,2H-perfluorooctyl)silane for 60 min to 

result in a fluoro-functionalized, hydrophobic surfaces to facilitate the next step. The 

wafer was then coated with PDMS precursors and allowed to cure. Two different 

PDMS layers, h-PDMS (hard PDMS) and PDMS 184 (soft PDMS), were applied to 
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ensure the complete pattern transfer from silicon surface to the stamp. (See 

experimental method for details). When the plasmonic stamp was peeled off the 

silicon, the gold hemispheres remained embedded within the plasmonic stamp, with 

the flat faces of the gold hemispheres exposed on one side of the plasmonic stamp, 

as showed in Figure 2.11.  

 

Figure 2.12. Photographs of the important steps necessary for preparing the plasmonic stamps.  

In order to obtain ordered patterns, a solvent annealing step is necessary. Figure 2.12 

shows the photos of each detailed step for the fabrication of the plasmonic stamp: 

(a) A BCP-coated Si wafer was placed in the homebuilt, aluminum solvent annealing 

chamber. (b) 1.0 mL of neat THF was added into the chamber. (c) The chamber was 

sealed to enable solvent annealing. (d) The chamber was purged with air after 

annealing. (e) The annealed wafer was immersed in a vial containing 10 mL of 10 

mM KAuCl4 (aq) for 10 min. (f) The sample was rinsed thoroughly with water and 
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placed into the plasma cleaner for the two-step plasma treatment. (g) The gold 

nanoparticle-coated samples were exposed to trichloro(1H,1H,2H,2H-

perfluorooctyl)silane vapor (not shown), followed by placement into the Teflon 

mold, and sequentially layered with h-PDMS and 184 PDMS, in this order, on the 

surfaces of the samples. (h) After curing overnight in the vacuum oven, the 

plasmonic stamp was carefully peeled off from the wafer surface. 

2.2.3 Characterization of the Plasmonic Stamp 

 

Figure 2.13. Optical photograph and UV-vis spectrum of a plasmonic stamp. 

A flexible, optically transparent plasmonic stamp can be obtained after carefully 

peeling off from the silicon surface. In the example showed in Figure 2.13, the 

plasmonic stamp on a reflective silicon wafer was cut into a 1.0 x 1.0 cm2, ~4 mm 

thick stamp, which shows an absorbance in the UV-visible spectrum that peaks at 

530 nm, which is attributed to the LSPR of the gold nanohemispheroids.    
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Figure 2.14. AFM height micrographs of plasmonic stamps with controlled spacings. Scale bar 

400 nm: a): PS-b-P2VP (125 k-b-58.5 k) b): PS-b-P2VP (91 k-b-105 k) c): PS-b-P2VP (190 k-

b-190 k). 

The gold nanopatterns in can be imaged by AFM in tapping mode. Figure 2.14 

shows the AFM height micrographs of plasmonic stamps with different spacings 

that is consistent with their respective Au pattern templates, as observed in Figures 

2.8 and 2.9.  

 

Figure 2.15. Survey scan a) and high resolution b) XPS spectra of a plasmonic stamp.    

XPS spectra of the plasmonic stamp were further shown to confirm the composition, 

and are shown in Figure 2.15. Signals of O(1s), Si(2p) and C(1s) in the survey scan 
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of the XPS spectrum can be attributed to the PDMS substrate in the plasmonic stamp, 

although O(1s) and C(1s) may also come from air or residual solvents.162, 163 A high 

resolution XPS spectrum of Au(4f) showed features at 83.8 eV and 87.6 eV that are 

consistent with published XPS data for Au(0),215 which further substantiates the 

existence of gold nanopatterns that were fully reduced by plasma treatment from the 

AuCl4
- ions.     

 

Figure 2.16. Comparison of AFM height micrographs and corresponding height profile of Au 

nanopatterns on silicon surface a) and a plasmonic stamp b). BCP: PS-b-P2VP (125 k-b-58.5 k)  

The metallization of the self-assembled BCP and subsequent oxygen plasma 

treatment result in nanopatterns of hemispherical gold particles on flat surfaces. 

Figure 2.16 showed AFM height micrographs of gold hemispheroids on silicon 

surface and in a plasmonic stamp. The z-profile of Au nanoparticles in the plasmonic 

stamp (data extracted from the AFM height images in tapping mode) is much flatter 
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than on the silicon surface, indicating the existence of Au hemispheroids with flat 

surfaces and sharp edges on the surface of the plasmonic stamp.  

 

Figure 2.17. Tilted SEM image of patterned gold hemispheroids on Si/SiOx substrate. Cross-

section SEM image in the inset showed the flatness of the underneath surface of a single gold 

hemispheroid. Scale bars: 100 nm, and 20 nm for inset. BCP: PS-b-P2VP (125 k-b-58.5 k) 

The tilted and cross-section SEM images of the Au hemispheroids in Figure 2.17 

further demonstrate the shape of hemispheroids, and will also be discussed later in 

Chapter 4 combined with their FDTD simulations. The hemispherical nature of the 

gold nanoparticle is important for the following plasmonic stamping, as the edges 

of the gold nanospheroids can generate higher electromagnetic field by LSPR to 

induce localized hydrosilylation on the hydride terminated silicon surface, which 

will be discussed in detail in the next two Chapters. 
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2.3 Conclusions 

I demonstrate the fabrication of the plasmonic stamp, an optically transparent 

flexible PDMS stamp with embedded gold nanopatterns that produced via block 

copolymer self-assembly. Ordered gold hemispheroid arrays can be obtained after 

gold salt metallization and subsequent plasma treatment of solvent annealed block 

copolymers. By varying the molecular weight of the block copolymer templates, 

controllable size and spacings of Au nanopatterns in the plasmonic stamp can be 

achieved. The shape of the gold nanoparticles is also determined to be hemispherical 

by AFM height profile, as well as the the tilted and cross-section SEM images. This 

low-cost and versatile method can be applied for the various pattern transfers and 

can be combined with conventional top-down lithographic techniques.       

2.4 Experimental Section 

Materials 

All reagents and materials were used as received unless otherwise specified. Si 

wafers (111 plane-oriented, prime grade, p-type, B-doped, ρ = 1-10 Ω-cm, thickness 

= 600-650 μm) were purchased from WRS Materials Inc. Millipore water 

(resistivity: 18.2 MΩ) was used for the preparation of all aqueous solutions and for 

rinsing samples. Block copolymers (BCPs), all of the composition polystyrene-

block-poly-2-vinylpyridine (PS-b-P2VP) with three different molecular weights 

(125 k-b-58.5 k, 91.5 k-b-105 k, and 190 k-b-190 k), were purchased from Polymer 
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Source Inc.  The starting materials for preparing h-PDMS [Trimethylsiloxy 

terminated vinylmethylsiloxane-dimethysiloxane (VDT-731), 25-35% 

(Methylhydrosiloxane) 65-70% (dimethylsiloxane) (HMS-301), and Pt 

divinyltetramethyldisiloxane (SIP6831.2)] were purchased from Gelest Corp., and 

184 PDMS from Dow Corning. 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetra-

siloxane, 30% NH4OH (aq.), and 30% H2O2 (aq.) were obtained from Sigma-

Aldrich. 

Silicon Wafer Preparation 

Si(111) wafers were cut into 1 × 1 cm2 pieces, sonicated in methanol for 15 min, 

and dried with a stream of nitrogen gas. The silicon wafers were then cleaned via a 

standard RCA procedure: The wafers were first immersed in a solution of 30% 

NH4OH (aq.), water, and 30% H2O2 (aq.), with volume ratio of 1:6:1 at 80 °C for 

15 min, rinsed with water, and then immersed in a solution of 37.5% HCl (aq.), 

water, and 30% H2O2 (aq.), with volume ratio of 1:5:1 at 80 °C for another 15 min. 

Lastly, the wafers were rinsed with water and dried with a stream of nitrogen gas. 

Preparation of Au Nanopatterns on Si/SiOx Surface 

The BCP solution of PS-b-P2VP (125 k-b-58.5 k, 1.0 wt% in toluene) was spin cast 

at 4000 rpm for 40 s on a clean, native oxide-capped Si(111) wafer, and annealed in 

a homebuilt annealing chamber, as described earlier,159 which contained 1.0 mL of 

THF for 60 min; The BCP layer on the Si(111) surface was then converted to the 
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corresponding gold nanopattern using a process previously described,166 with slight 

modifications: Briefly, the sample was immersed in 10 mL of a 10 mM KAuCl4 

(aq.) solution for 10 min, rinsed with water, and then dried with a stream of nitrogen 

gas. The sample was then loaded into a bench top plasma cleaner (Harrick PDC 

32G, 18 W), and exposed to an oxygen plasma at 0.8 Torr for 10 min to obtain the 

corresponding Au nanopatterns on the Si/SiOx surface. To ensure complete removal 

of polymer residues, the sample was then exposed to another 2 min of H2/Ar plasma 

at 1.5 Torr. Other BCPs were not solvent annealed with THF as they showed no 

improvement in hexagonal order as compared to ‘as spin-coated’. All other 

procedures were identical to those described here for PS-b-P2VP (125 k-b-58.5 k).  

Preparation of Plasmonic Stamp 

The preparation of plasmonic stamps was based upon a process previously published 

by our group the preparation of catalytic Pd/Pt stamps,162-164 with slight 

modifications. Briefly, the Au-nanopatterned Si/SiOx sample was placed in a 

desiccator with reduced pressure (1 Torr), together with an uncapped vial containing 

15 μL of trichloro(1H,1H,2H,2H-perfluorooctyl)silane for 60 min. The sample was 

then rinsed with ethanol, and dried with a stream of nitrogen gas. To prepare the 

plasmonic stamp, h-PDMS (VDT-731, HMS 301, 2,4,6,8-tetramethyl-2,4,6,8-

tetravinylcyclotetra-siloxane, and SIP6831.2) and 184 PDMS (degassed by 

centrifuging the PDMS prepolymer in a sealed tube at 3000 rpm for 30 min) were 
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coated, in sequence, on the wafer surface in a Teflon mold, as per the photographs 

in the Figure 2.12. Two curing steps (30 min for h-PDMS; and overnight for 184 

PDMS) were performed at 65 °C in a vacuum oven after each PDMS coating step. 

After the curing steps, the plasmonic stamp was peeled off carefully from Si/SiOx 

substrate, soaked in hexane using a Soxhlet extractor for at least 6 h, rinsed with 

ethanol/water, and stored under vacuum prior to use. 
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3 
Plasmonic Stamp Lithography II: Chemistry and 

Scope 

3.1 Introduction 

Following the plasmonic stamp fabrication in Chapter 2, this chapter will introduce 

their application via LSPR-assisted surface hydrosilylation to direct the patterning 

of organic molecules on silicon surfaces, referred to as plasmonic stamp 

lithography.156 The hydrosilylation reaction takes place at the hydride-terminated 

silicon surface in the presence of neat 1-alkenes or 1-alkynes that are sandwiched 

between a plasmonic stamp and a hydride-terminated silicon wafer. After the 

localized hydrosilylation under illumination, 1-alkyl or 1-alkenyl molecules are 

attached to the silicon surface in the form of ordered patterns of molecules that 

reflect the gold nanopatterns in the plasmonic stamp, as well as the original patterns 

from the self-assembled BCP template. In the introduction of this chapter, current 

research and mechanisms will be briefly introduced, with the focus on the light 

induced-hydrosilylation on the hydride-terminated silicon surfaces.     
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3.2 Hydrosilylation on Hydride-terminated Silicon Surfaces 

   The chemical reaction that is the focus of this work, hydrosilylation, involves 

the insertion of an unsaturated bond into a silicon-hydride group on the surface, 

which results in attachment of the organic molecules to the silicon, via the formation 

of Si-C bonds.216-223 Figure 3.1 outlines the surface hydrosilylation reaction of 

different types of unsaturated organic molecules on hydride-terminated Si(111) 

surfaces, including alkenes, alkynes, and an aldehyde. Understanding the 

mechanism of the seemingly simple hydrosilylation reaction is important, as there 

have been several proposed reaction mechanisms, depending on the reaction 

conditions such as temperature, light sources, types of silicon surfaces, etc.220, 224, 225 

3.2.1 Surface Hydrosilylation without Incident Light    

   Hydrosilylation on surfaces was first communicated 23 years ago by Chidsey 

and Linford to form a series of alkyl monolayers on Si(100)-H and Si(111)-H 

surfaces via the formation of silicon-carbon covalent bonds.216 They proposed that 

surface hydrosilylation was a radical based reaction driven by the dangling bonds 

induced by radical initiators on the silicon surface.216 The surface hydrosilylation 

can also be achieved at a reaction temperature above 150 °C via homolytic cleavage 

of the Si-H bonds on flat silicon surfaces.226, 227 Since then, this interesting finding 

on silicon chemistry has been the subject of great attention because of its utility for 

covalent interfacing of a broad range of organic molecules to different types of 
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silicon surfaces, including the surfaces of flat silicon,228-230 nanocrystalline/porous 

silicon,231-233 and silicon nanoparticles.225, 234-237    

 

Figure 3.1. Scheme of hydrosilylation of different types of molecules on Si(111)-H surface.  

3.2.2 UV Light Induced Surface Hydrosilylation 

Other than the mentioned hydrosilylation initialized by catalysts and heating, 

photohydrosilylation has demonstrated to be another way to covalently attach 

organic molecules on silicon surfaces. Under the illumination of UV or visible light, 

photohydrosilylation can take place without the addition of radical catalyst or 

temperature increase, and therefore is recognized as an efficient and clean strategy 

for silicon surface hydrosilylation. In 1997, UV-induced hydrosilylation of 1-

pentene on a flat Si(111)-H surface was reported for the first time.238 The mechanism 

was considered to be radical-based chemistry, having a similar reaction pathway as 

the previously mentioned hydrosilylation reactions that are initiated thermally. 
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Specifically, the UV light could cleave the Si-H bonds to form radicals or dangling 

bonds on the hydride-terminated silicon surfaces, followed by the formation of Si-

C bonds and attachment of 1-alkyl molecules on the surface.238-241 A mechanistic 

scheme of radical-based hydrosilylation on silicon surface is outlined in Figure 3.2. 

 

Figure 3.2 Scheme of radical-based hydrosilylation on Si(111)-H surface.  

  Another mechanism of electron photoemission was proposed by Hamers group 

later to interpret the UV promoted hydrosilylation.219 As shown in Figure 3.3, the 

authors used three identical alkene linkers with different terminal groups (i.e. 1-

dodecene, TFAAD (N-(dec-9-enyl)-trifluoroacetamide), and tBoc (10-N-Boc-

aminodec-1-ene)) for UV-induced (254 nm) hydrosilylation and found that the 

TFAAD molecule has a much higher grafting efficiency than the other two identical 

molecules, which cannot be explained by radical based mechanism since the 

reaction efficiency should be similar for these selected molecules. By systematically 

investigating the kinetics and relative energy levels of 1-alkenes and silicon from 

UV induced hydrosilylation, they proposed that UV light can eject a valence 

electron that is absorbed by electron-accepting groups of TFAAD, and that the 

leftover hole on the silicon surface can be attacked by the 1-alkenes, resulting in the 
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grafting of 1-alkyl molecules, as shown in Figure 3.3b. This proposed mechanism 

was further investigated in our group by adding a series of aromatic acceptors with 

various LUMO levels.242 Results showed the acceptors with lower LUMO levels 

can lead to higher hydrosilylation rates, and the chlorination on silicon surface with 

aromatic electron acceptors containing weak C-Cl bonds suggests the radical-based 

mechanism can also take place on the surface at the same time.            

 

Figure 3.3. Scheme of electron photoemission mechanism for UV-induced hydrosilylation on 

flat, hydride-terminated silicon surfaces. Reprinted with permission from ref. 237 Copyright © 

2010 American Chemical Society 
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3.2.3 Visible Light Induced Surface Hydrosilylation 

   The reaction pathways proposed for white light-induced hydrosilylation 

reactions on silicon surface typically involve electron-hole pairs, since visible light 

is incapable of homolytic Si-H bond cleavage or electron photoemission.218, 219, 225 

Previous work in our group demonstrated that under the illumination of visible light, 

hydrosilylation of 1-alkenes and 1-alkynes can be conducted within several minutes 

on porous silicon.218, 243-246 High concentration of excitons were generated in the 

silicon nanocrystallites, and unsaturated organic molecules then attack the holes of 

the excitons in a nucleophilic fashion to form 1-alkyl or 1-alkenyl functionalized 

silicon surface, as illustrated in Figure 3.4. This exciton-based mechanism was 

further demonstrated by adding exciton-quenching agents that block hydrosilylation 

on porous silicon surface.218 In addition, the presence of electron acceptors led to 

higher hydrosilylation rates due to the increased hole lifetime that therefore favors 

the Si-C bond formation on the porous silicon surface (Figure 3.4). 244, 247   
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Figure 3.4. Scheme of exciton based mechanism for the white light promoted hydrosilylation 

on porous silicon surface in the presence of R-X as an electron acceptor. Reprinted with 

permission from ref. 244. Copyright © 2012. American Chemical Society  

White light-promoted hydrosilylation of 1-alkenes and 1-alkynes can also take place 

on flat hydride-terminated silicon surfaces such as Si(111)-H and Si(100)-H, in spite 

of longer reaction time (10 to 15 h) needed to reach a coverage that is comparable 

to that with other approaches such as UV-induced or thermal hydrosilylation on flat 

silicon surface.248-250 Zuilhof and co-workers believe that the reaction was driven by 

the white light-induced electron-hole pairs that lead to the grafting of 1-alkyl and 1-

alkenyl molecules in a similar pathway as the exciton based mechanism.248, 249  

 Sugimura and coworkers presented results showing that gold nanoparticles capped 

with alkene-terminated thiols showed higher levels of incorporation on flat hydride-

terminated silicon surface when illuminated with light that overlapped with the 

absorption maximum of the gold nanoparticles. The authors referred to the gold 
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nanoparticles as ‘photon collectors’, transferring the energy of the incident 

illumination to the surface, as suggested in Figure 3.5.251  

 

Figure 3.5. Mechanistic scheme of the gold nanoparticle mediated hydrosilylation on flat 

Si(111)-H surface. Reprinted with permission from ref 251. Copyright © 2013. American 

Chemical Society 

   In the gold nanoparticle-mediated hydrosilylation, the mechanism was not clear, 

and the proposed ‘photon collector’ role of the gold nanoparticles could come from 

either scattering of gold nanoparticles, and/or the surface plasmon absorption.120, 126 

Inspired by this work, I decided to investigate gold particle-mediated hydrosilylation 

by incorporating gold nanopatterns in a plasmonic stamp, with the goal of 

determining the mechanism, which will be described in detail in the rest of the 

chapter.  
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3.3 Results and Discussion 

 

Figure 3.6. Scheme of a typical procedure for plasmonic stamping on Si(111)-H surfaces.  

The LSPR-assisted hydrosilylation was carried out by applying the gold 

nanopatterned plasmonic stamp on a hydride-terminated silicon (111) surface, 

referred to as Si(111)-H, prepared via a 4 minute etch in 40% NH4F (aq.). Neat 1-

-H surface in a nitrogen-filled 

glove box, and the plasmonic stamp placed on top in direct contact; this PDMS/1-

dodecene/Si(111)-H sandwich was then firmly clamped together, as shown in Figure 

3.7. The surface of the silicon was then illuminated through the plasmonic stamp 

with green light of mild intensity (50 mW/cm2; filter: CW526 (centre band 

wavelength: 526 nm); FWHM (full width-half max: 180 nm) for the desired period 

of time (0 to 60 min); the silicon sample was then released, rinsed with 

dichloromethane, dried under an argon stream, and then analyzed by atomic force 

microscopy (AFM). 
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Figure 3.7. Photograph of the experimental setup for plasmonic stamping.  

Photographs of detailed experimental setup can be observed in Figure 3.7, including 

the ELH light source (top), a focusing lens (middle), the band pass filter (held in the 

cork ring), and the sample (bottom). (b) Photograph of a band pass filter held within 

the cork ring holder. (c) Photograph of the silicon sample, sandwiched between glass 

slips and fixed with two paper clamps on each side. Note that the stamping process 

was conducted in a nitrogen-filled glovebox, and tentire setup was moved out from 

glove box for improved photographic clarity.    
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3.3.1 Plasmonic Stamping of Alkenes on Silicon 

  

Figure 3.8. Schematic outline of hydrosilylation chemistry on flat Si(111)-H surfaces with two 

typical 1-alkenes used for plasmonic stamping. 

Hydrosilylation of 1-alkenes on hydride-terminated silicon surfaces, can result in 1-

alkyl molecules tethered on silicon surface. Figure 3.8 outlines the hydrosilylation 

of two selected alkenes that were investigated in this research. With the plasmonic 

stamp-assisted hydrosilylation, Patterns of 1-alkyl groups can be obtained on 

hydride-terminated silicon surface, and can be characterized using atomic force 

microscopy to directly measure the pattern and height of hydrosilylated molecules 

at the nanoscale, as shown in Figure 3.9.   .    

 

Figure 3.9. AFM height micrograph and corresponding height profile of 1-dodecene stamped 

Si(111)-H surface. Scale bar: 200 nm BCP: PS-b-P2VP (125 k-b-58.5 k) 
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An AFM micrograph of a freshly etched Si(111)-H surface shows the expected 

Si(111) terrace planes (Figure 3.10a). The hexagonal pattern of dodecyl spots on the 

Si(111) starts to emerge after 30 min of illumination (Figure 3.10b), and becomes 

more apparent after 60 min (Figure 3.10c).  

 

Figure 3.10. AFM height micrographs of 1-dodecene stamped Si(111)-H surfaces with a 

variation of illumination time of a) 0 min, b) 30 min, c) 60 min. BCP: PS-b-P2VP (125 k-b-58.5 

k) 

The centre-to-centre spacing of the hexagonal spots can be controlled by varying the 

molecular weight of the BCPs; Figures 311a-c show dodecyl patterns with the 

expected heights for dodecyl chains (~1.0 nm), with centre-to-centre spacings of ~ 

70 nm, 120 nm, and 160 nm, prepared with PS-b-P2VP BCPs of molecular weights 

of 125 k-b-58.5 k, 91 k-b-105 k and 190 k-b-190 k, respectively. The statistics of 

center-to-center spacings of the three types of nanopatterns (i.e. Au nanopatterns on 

silicon surfaces, Au nanopatterns on plasmonic stamps, and hydrosilylated patches 

on stamped Si(111)-H surfaces) are summarized in Table 3.1, indicating the 
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consistent pattern transfers from the initial BCP self-assembly to the final ordered 

molecule patches.     

 

Figure 3.11. AFM height micrographs of 1-dodecene stamped Si(111)-H surfaces with 

controlled spacings. BCPs: a) PS-b-P2VP (125 k-b-58.5 k); b) PS-b-P2VP (91 k-b-105 k); c) 

PS-b-P2VP (190 k-b-190 k) 

 

Table 3.1. Statistics of center-to-center spacings of nanopatterns during stamping process.   
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Figure 3.12. AFM height micrographs and XPS spectra of 1H,1H,2H-perfluoro-1-decene on 

silicon surfaces with a variation of illumination time of a) 0 min, b) 30 min, c) 60 min.. BCP: 

PS-b-P2VP (125 k-b-58.5 k)  

To provide further evidence of the plasmonic stamping on hydride-terminated 

silicon surfaces, a fluorinated alkene, 1H, 1H, 2H-perfluoro-1-decene, was tested 

for LSPR-mediated hydrosilylation, using the same conditions as those described 

earlier for 1-dodecene, which was characterized via X-ray photoelectron 

spectroscopy (XPS) and contact angle (goniometry) measurements. The AFM 

images and corresponding XPS data for nanopatterned Si(111)-H at 0 min, 30 min 

and 60 min of illumination are shown in Figure 3.12; as can be seen from the XPS 

data, the F(1s) signal (687.3 eV) increases in intensity with increased time, and the 

high resolution spectra of the Au(4f) and Si(2p) regions show the absence of features 
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that would correspond to residual gold (84 eV and 88 eV),63 PDMS (~102 eV),64 

and oxidized surface-bound silicon (~103 eV).64  

 

Figure 3.13. Water contact angles of the 1-alkene stamped Si(111)-H surfaces under various 

conditions. 

A series of control experiments support the proposal that the gold nanoparticles are 

essential to enable light-induced hydrosilylation. Illumination of a blank plasmonic 

stamp (missing gold nanoparticles), or applying the gold-nanopatterned plasmonic 

stamp in the dark, revealed no dodecyl patterns on the surface. The corresponding 

contact angle measurements for these surfaces are shown in Figure 3.13. The contact 

angle of the Si(111)-H surface was found to measurably increase only when the 

surface was subjected to the combination of both a plasmonic stamp and 

illumination.. The maximum observed contact angles for patterned Si(111)-H 
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surfaces were ~ 98° and 105° for hydrosilylation with 1-dodecene, and 1H, 1H, 2H-

perfluoro-1-decene, respectively. 

3.2.2 Plasmonic Stamping of Alkynes on Silicon 

 

Figure 3.14. Schematic outline of the hydrosilylation chemistry on flat Si(111)-H surfaces with 

selected 1-alyenes used for plasmonic stamping.  

Figure 3.14 summarized the SPR-assisted hydrosilylation of 1-alkyne on Si(111)-H 

surface. Three 1-alkyne molecules (1-dodecyne, 4-(trifluoromethoxy)phenyl 

acetylene, and 3,4-dichlorophenylacetylene) were applied to the plasmonic stamp-

mediated system, and the patterned functionalized surfaces after stamping can be 

captured by atomic force microscopy (AFM) after 60 min stamping, as shown in 

Figure 3.15. 
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Figure 3.15. AFM height micrographs and XPS spectra of 1-alkyne-stamped Si(111)-H surfaces 

after plasmonic stamping under various conditions. Scale bar: 200 nm.  

As for 4-(trifluoromethoxy)phenyl acetylene, and 3,4-dichlorophenylacetylene, 

XPS measurements were further conducted to confirm hydrosilylation. F(1s) (687.3 

eV), and Cl(2p) (199.2 eV and 200.8 eV for 2p 3/2, and 2p 5/2) signals were 

observed, and only in the presence of both the plasmonic stamp and filtered white 

light (50 mW/cm2; filter center wavelength: 526 nm; FWHM (full wavelength half 

max): 180 nm), indicating successful pattern transfers via localized hydrosilylation. 

In addition, no residual gold and oxidation of the silicon surface were observed 

according to the absence of the Au(4f)252, and Si-O253 in the high-resolution XPS 
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data. In addition, no patterns can be captured in the absence of Au hemispheroids or 

incident light, and the contact angle comparisons in Table 3.2 further prove the failed 

pattern transfer under these conditions. 

 

Table 3.2. Water contact angles of the 1-alkyne stamped Si(111)-H surfaces under various 

conditions 
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3.3.3 Pattern Visualization for the Stamped Molecules on Silicon 

 

Figure 3.16. Outline of pattern visualization via citrate-capped gold nanoparticles  

   In order to verify that these patterns are a result of localized hydrosilylation, 

further chemical functionalization was carried out, with the goal of binding gold 

nanoparticle tags to the spots in the hexagonal patterns for SEM imaging. As showed 

in Figure 3.16, a bis-diene was used as the ink for stamp-mediated hydrosilylation, 

-alkenyl-terminated spots, with 

centre-to-centre spacings of 70 nm that derived from the self-assembled BCP 

template. Thiol- -alkene groups with a dithiol would be 

expected to lead to spots with terminal thiol groups;254 exposure of the 

functionalized silicon to citrate-capped ~10 nm-diameter gold nanoparticles resulted 

in binding of the nanoparticles to the thiol-capped spots, resulting in a templated 

hexagonal nanopattern, as shown in Figure 3.17. 
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Figure 3.17. SEM images of an of the patterned silicon surface a) before and b) after exposure 

to ∼10 nm Au nanoparticles. SEM scale bar: 100 nm. 

Due to the discrete nature of using nanoparticles for visualization, it is difficult to 

interpret the finer structure of the regions patterned via hydrosilylation. In contrast 

to the method whereby thiol-terminated patches were exposed to pre-formed gold 

nanoparticles, in an alternative method shown in Figure 3.18, the sample was 

immersed in a solution to promote the electroless deposition of gold. As can be seen 

in Figure 3.19, both the SEM and AFM micrographs reveal that the gold selectively 

deposits in a ring-like pattern, thus emphasizing that the original pattern formed by 

plasmonic stamping is not a uniform circular patch, but a ring. These gold rings 

formed at the places where hydrosilylation took place on the silicon surface, 

reflecting the shape of the electric field distribution in the Au hemispheroids. In 

addition, it is also possible that the thiol-ene chemistry happened at both ends of the 

dithiol molecules, and therefore reduced the density of thiol-terminated molecules 
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at the centers of the hydrosilylated patches, resulting in the formation of gold rings 

after the gold deposition. The corresponding XPS spectra for the thiol-terminated 

and gold-functionalized surfaces are shown in Figures 3.20a and b, respectively. 

 

 

Figure 3.18. Schematic outline of pattern visualization via gold electroless deposition 
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Figure 3.19. SEM and AFM images of the patterned silicon surface after electroless gold 

deposition. Scale bars: 200 nm for a,b), and 20 nm for c).   

 

Figure 3.20. XPS spectra of S(2p) after thiol-ene chemistry and Au (4f) after final Au deposition 
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3.2.4 Recycling of Plasmonic Stamps  

Reusability would be important for a ‘real world’ application to minimize the 

necessity to fabricate new stamps. As shown in Figure 3.21, the plasmonic stamp 

could be reused three times after cleaning with dichloromethane and hexane after 

each use. No pattern transfer to the silicon surface was observed if the plasmonic 

stamp was used without the cleaning steps, probably due to adventitious physisorbed 

impurities that increase the spacing between the gold hemispheroids and the silicon 

surface. 

 

Figure 3.21. a): Scheme of recycling process of plasmonic stamps. Prior to the next stamping, 

the stamp was soaked in dichloromethane for three times and then washed in hexane for at least 

6 hours. b-d): AFM height micrographs of 1-dodecene stamped nanopatterns on Si(111)-H 

surfaces with recycled plasmonic stamps. Scale bar: 400 nm. BCP: PS-b-P2VP (125 k-b-58.5 k)  
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3.4 Conclusions 

Localized surface plasmons in hemispheroidal gold nanostructures, embedded 

within an optically transparent plasmonic stamp, can be used to drive hydrosilylation 

of alkenes and alkynes on silicon surfaces, upon illumination with white light with 

wavelengths that corresponded to the absorption profile of the gold nanoparticles. 

The gold nanopatterns were created via block copolymer self-assembly, but could 

presumably be produced through other lithographic nanopatterning approaches. The 

resulting patterns on the silicon surface mirror those of the parent gold nanopattern 

within the plasmonic stamp, and demonstrate the localized nature of the reaction. 

Other surface reactions that are driven by locally generated charges may also be 

promoted by the plasmonic stamp, and the influence of edges, points, and other 

features that result in increased electric field effects could provide a rich source of 

reactivity.  

The most likely mechanism for the observed hydrosilylation is based upon the high 

intensity local electric field of the gold nanoparticle LSPRs leading to the generation 

of electron-hole pairs in the silicon, resulting in nucleophilic attack by the alkene, 

and formation of the Si-C bond. Details and discussion of possible mechanisms will 

be presented in Chapter 4. 
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3.5 Experimental Section 

Materials 

All reagents and materials were used as received unless otherwise specified. Si 

wafers [111, prime grade, p-type, B-doped, ρ = 1-10 Ω-cm, thickness = 600-650 

μm] were purchased from WRS Materials Inc. Millipore water (resistivity: 18.2 

MΩ) was used for the preparation of all aqueous solutions and for rinsing samples. 

Block copolymers (BCPs), all of the composition polystyrene-block-poly-2-

vinylpyridine (PS-b-P2VP) with three different molecular weights (125 k-b-58.5 k, 

91.5 k-b-105 k, and 190 k-b-190 k), were purchased from Polymer Source Inc.  The 

starting materials for preparing h-PDMS (trimethylsiloxy terminated 

vinylmethylsiloxane-dimethysiloxane (VDT-731), 25-35% (methylhydrosiloxane) 

65-70% (dimethylsiloxane) (HMS-301), and Pt divinyltetramethyldisiloxane 

(SIP6831.2) were purchased from Gelest Corp., and 184 PDMS from Dow Corning. 

2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetra-siloxane, 30% NH4OH (aq.), 30% 

H2O2 (aq.), KAuCl4·xH2O (99.999%), 1,4-butanedithiol (>97%), 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane (98%), 1,7-octadiene(>99.0%), 1-

dodecene (>99.0%) and 1H,1H,2H-perfluoro-1-decene (99.0%) were obtained from 

Sigma-Aldrich. 1-Dodecene, 1,7-octadiene, and 1H,1H,2H-perfluoro-1-decene 

were passed through a column of dried alumina to remove peroxides, and 
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deoxygenated with a stream of nitrogen gas. Optical filters (CW526 or CW440, CW 

referring to center wavelength) were purchased from Edmund Optics Inc. 

Plasmonic Stamping on Hydride-terminated Si(111) Surface 

Hydride-terminated Si(111) simples were obtained by immersing the RCA-

processed Si(111) wafers in degased 40% NH4F(aq.) for 5 min, then immersed in 

deoxygenized water for 10 s, and dried with a stream of argon. In a nitrogen-filled 

glovebox, a hydride-terminated Si(111) wafer was placed on a clean glass slip, and 

microliter syringe on the 

hydride-terminated Si(111) surface. The plasmonic stamp was applied on the 

surface and another glass slip cover was placed on top of the stamp. To apply 

reproducible pressure, two paper clamps were applied on both sides to fix the 

sandwich structure, as shown in the photograph in the Figure 3.7c. White light from 

a 300 W ELH bulb was focused through a PCX lens, filtered by band-pass filters 

(CW526 or CW440), and shone on the sandwiched sample for 60 min with the 

intensity of 50 mW/cm2 for the CW526 filter and 40 mW/cm2 for CW440 filter. 

After the stamping steps, the wafer was rinsed thoroughly with dichloromethane and 

dried with a stream of argon gas prior to further analysis.  

 

 



 

80 
 

Thiol-ene Chemistry and Gold Nanoparticle Binding 

Citrate-capped gold nanoparticles were fabricated via a seed-mediated growth 

method following a procedure described elsewhere.255 The procedure of 

visualization of a alkyl-patterned Si(111)-H substrate with gold nanoparticles 

closely follows the method previously described,164 and was slightly modified here. 

Briefly, a hydride-terminated Si(111) wafer was firstly stamped with 1,7-octadiene 

to form a pattern with terminal alkene groups. The sample was then immersed in 

concentrated KOH (4 mol/L) for 30 s, and soaked overnight in oxygen-saturated 

water, to remove all remaining Si-Hx groups. The alkene-terminated patterned 

regions then underwent a thiol-ene reaction by immersing the sample in 0.1 mL of 

neat 1,4-butanedithiol, with illumination of ultraviolet visible light (254 nm, UV pen 

lamp, Model 11SC-1) for 30 min, followed by rinsing with dichloromethane. Lastly, 

the thiol-patterned sample was immersed in a colloidal solution containing 10 nm 

citrate-capped Au nanoparticle for 3 h, and then rinsed with toluene and dried with 

a stream of nitrogen gas. For the Au electroless deposition, the thiol-patterned 

sample was immersed in a beaker containing 10 mL of 0.1 mM HAuCl4 (aq) for 30 

min, followed by the addition of 100 μL of 0.1 mM ascorbic acid. The processed 

surface was finally rinsed with DI water and dried with a stream of nitrogen gas. 
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4  
Plasmonic Stamp Lithography III: Mechanisms  

 

4.1 Introduction 

Plasmonic stamp fabrication and applications for lithography on silicon surfaces 

have been demonstrated and described in Chapters 2 and 3. An SPR-assisted 

mechanism was proposed to drive the localized hydrosilylation under the 

illumination of filtered visible light. In order to further understand the mechanism, 

this chapter describes a series of experimental and computational experiments 

including investigations regarding doping effects, Au-Si distance studies, among 

other experiments, as well as FDTD (finite-difference time-domain) simulations. 

Based on the discussion of the results and possible mechanisms, it was found that 

the SPR-assisted hydrosilylation can be explained via electric near-field induced 

electron-hole pair generations. First, the various mechanisms regarding energy 

transfer between metals and semiconductors will be briefly reviewed.   
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Figure 4.1. Various mechanisms for energy transfer between metals and semiconductors.  

4.2 Conventional Energy Transfer Mechanisms  

As discussed previously in Chapter 1, plasmonic metal nanostructures provide a 

promising pathway to improve the efficiency of solar energy conversion, and have 

been applied to a variety of systems for the solar-to-chemical conversion.120, 125, 256-

258 Therefore, investigations on energy transfer between a metal and a 

semiconductor are becoming increasingly useful in order to understand the 

mechanisms in the targeted system. Resonant under illumination, the “hot” surface 

plasmon can transfer its energy to the surrounding matrix (e.g. semiconductors) via 

radiative and non-radiative decay.120, 125 Depending on geometric considerations 

(size, shape, position/distribution, etc.), and relative energy levels between metals 

and dielectrics, there are several reported energy transfer pathways between a metal 

and a semiconductor, such as plasmonic light scattering,259-262 hot carriers,125, 263-265 
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plasmonic heating,266-268 and the recently demonstrated plasmon-induced resonant 

energy transfer,256, 269-272 as shown in Figure 4.1. Note that each mechanism may co-

exist with energy conversion, and the dominant pathway can change during the 

reaction/energy conversion.120, 269 In the following part of the introduction, these 

mechanisms will be discussed in detail.    

  

    

Figure 4.2. Schematic geometries of light scattering for applications in photovoltaics and 

photocatalysis. Reprinted with permission from ref. 269. Copyright © 2016 American Chemical 

Society.    
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4.2.1 Light Scattering 

In well-defined systems consisting of metal-semiconductor nanostructures, 

plasmonic light scattering has been an effective strategy for light trapping 

enhancement in a semiconductor that leads to improved efficiencies in 

photovoltaics259, 261, 273-275 and photocatalysis.270, 274, 276 Due to the presence of 

plasmonic nanostructures, multiple reflections of the incident light can be expected 

to trap incident light in a semiconductor and increase the optical thickness while 

keeping the physical thickness of the film.126, 259, 273, 274 Therefore, geometric designs 

for light scattering have become one the most important strategies. As described in 

Figure 4.2, several geometries of plasmonic nanostructures have been applied to 

improve light trapping. Figures 4.2a-c describe geometries of metal nanoparticles 

embedded in a semiconductor, in which Ag nanoparticles are incorporated into the 

photoactive layer in organic solar cells, in order to maximize the light trapping as 

well as reduce the charge recombination losses.277 Another geometry for plasmonic 

scattering is presented in Figures 4.2d, in which the plasmonic nanostructures are 

designed to be above or underneath the photoactive layer and act as a forward 

scattering layer or as a back reflector in the case of Figures 4.2d-f.274 In addition to 

nanoparticles, plasmonic scattering can also be applied to metal films, in which 

surface plasmon polaritons (SPP) are generated and trapped within metal and 

semiconductor thin films.270 Note that in order to design an effective plasmonic 
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nanostructure for light scattering using LPSR, the size of plasmonic metal 

nanoparticles should be larger (>50 nm) to ensure the multiple reflections inside the 

semiconductor.278 Shapes of the plasmonic nanostructures with multiple resonant 

directions (quadrupole or higher order modes), as well as large-scale nanopatterns 

can also facilitate broad-band light scattering.120, 126, 279  

 

Figure 4.3. Energy diagram for water splitting via the hot carrier injection mechanism. CB: 

conduction band. VB: valence band. SP: surface plasmon. Reprinted with permission from ref. 

120. Copyright © 2011. Nature Publishing Group. 
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4.2.2 Hot Carrier Injection 

When the plasmonic metal is designed to be in direct contact with the semiconductor 

(as opposed to an insulator layer in between, which will be discussed below), a 

Schottky barrier at the metal/semiconductor interface is formed.280, 281 When 

resonant under illumination, the plasmon can generate hot charge carriers (electrons 

or holes) that are sufficiently energetic to overcome the Schottky barrier and be 

injected into semiconductors at the interface. 125, 263, 269, 281, 282 The separated carriers 

can then be utilized for photocatalytic applications such as water splitting.258, 283-287 

In order for the hot carrier mechanism to be effective, direct contact of a metal and 

a semiconductor is necessary, as the mean free path for the hot carrier is usually only 

a few nanometers and the bulk carriers will recombine before migrating to the 

interface, in spite of a small portion of electrons can tunnel through the Schottky 

barrier with low efficiency.125, 282 The energy alignment is also crucial for the hot 

carrier transfer. In an example of water splitting using direction of the plasmonic 

nanostructures as shown in Figure 4.3, the energy levels for noble metal falls about 

1.0~ 3.5 eV above Fermi level, which is above the energy window for water splitting 

(-1.0~0 eV) with the energy level alignment.120 Therefore, the hot electron carriers 

should only be valid for the transfer from the metal to the semiconductor for 

hydrogen generation.    
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Figure 4.4. Photo excitation and relaxation process of SPR induced hot carriers. Reprinted with 

permission from ref. 257. Copyright © 2014 Nature Publishing Group. 

4.2.3 Plasmonic Heating 

   In Chapter 1 various applications of surface plasmon resonance were reviewed, 

and discussed the application in photothermal therapy due to the local heating effects 

that were induced by SPR of plasmonic metal nanoparticles.131-134 Figure 4.4 

describes the kinetic processes for the excitation and relaxation of hot carriers 

induced by SPR of a plasmonic metal nanoparticle.125 Plasmonic local heating can 

be observed when the hot carriers are trapped inside the metal nanoparticle during 

the decay process, leading to a local temperature increase at the surface of the metal 

nanoparticle and its surrounding environment, as shown in Figures 4.4c-d. 
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Depending on the intensity of incident light and surrounding dielectric materials, the 

temperature increase can be efficient for water steam generation266, 268and the killing 

of cancer cells in vivo.131-134   

4.2.4 Plasmon-induced Resonant Energy Transfer 

Plasmonic metal nanostructures offer a promising route to improve the solar energy 

conversion efficiency of semiconductors. Different from the previously discussed 

mechanisms, the plasmon-induced resonant energy transfer refers to the energy 

transfer from metal to semiconductor by dipole-dipole coupling of excited surface 

plasmons, and subsequently induce the formation of electron-hole pairs in the 

semiconductor.256, 269, 284 The PIRET has two important requirements for the 

geometry of the system: First, overlapping of the energy density of the metals and 

semiconductors; and second, a thin insulating layer between the metal and the 

semiconductor. This phenomenon was firstly proposed by Wu’s group in order to 

interpret the enhanced photocatalyst performance in their gold-SiO2-Cu2O 

structures.271 They found that in the presence of a thin insulating layer of SiO2, the 

photocatalysis efficiency is consistent with their extinction spectra. With these 

interesting results and the charge carrier calculations, they proposed that the dipole-

dipole interaction from surface plasmon resonance lead to the plasmon-induced 

energy transfer from Au to Cu2O and the resulting electron-hole pair generation in 

the semiconductor, as described in Figure 4.5b.  
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Figure 4.5. a) Plasmon-induced resonant energy transfer (PIRET). The plasmon is excited and 

its energy transfers from the metal to the conduction band of the semiconductor. b) 

Photocatalytic activity is enhanced by PIRET from Au to Cu2O. Reprinted with permission from 

ref. 256. Copyright © 2015 Nature Publishing Group, and from ref. 271. Copyright©2012 

American Chemical Society. 

So far there are few reports of plasmon- driven hydrosilylation on silicon surfaces,156, 

251 and thus this intriguing reaction pathway requires further study as it could 

provide a new route towards catalytic surface functionalization using plasmonically 

active materials, as the materials are not consumed or changed during the course of 

the reaction. In this following discussion, the mechanism of action of gold plasmons 

on the chemical reactivity of a proximal silicon surface was re-evaluated and refined 

in light of recent work in the area of plasmonics, which is probably due to the 
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plasmon-induced intense electric near-field from the patterned Au hemispheroids in 

the plasmonic stamp to the hydrosilylated silicon surface. 

4.3 Results and Discussion 

From the results of plasmonic stamp-assisted hydrosilylation on silicon surfaces, it 

appears that the local hydrosilylation reaction is driven by the plasmon resonance of 

the Au nanoparticles. As such, energy is being transferred from the Au 

nanoparticles/plasmons to the 1-dodecene/Si(111)-H interface. Upon excitation, the 

plasmon can decay radiatively through resonant plasmonic scattering, or non-

radiatively via the generation of an electron-hole pair, typically referred to as hot 

carriers. These hot carriers can be directly injected into the surrounding medium, or 

they can recombine, which results in local heating of the nanoparticle. Lastly, 

electron-hole pairs can be directly generated in silicon as a result of the resonant 

energy transfer of surface plasmon, which is localized to the neighborhood of the 

gold nanoparticle. Given that all four of these mechanisms (resonant photon 

scattering, nanoparticle plasmonic heating, hot carrier injection and plasmon-

induced electron-hole pair generation) could be driving the local hydrosilylation 

reaction, their relative contributions are discussed below based on the obtained 

experimental results to figure out whether the previously introduced mechanisms 

fits the SPR-assisted plasmonic stamping on silicon surfaces.  
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4.3.1 Discussion of Plasmonic Scattering Mechanism 

 

Figure 4.6. a) Calculated cross-section coefficient scattering/absorption ratio of Au 

nanoparticles. b) Calculated spectra of scattering (black), absorption (red) and total extinction 

(green) of a gold nanosphere with 20 nm in diameter. Reprinted with permission from ref. 279. 

Copyright © 2006 American Chemical Society.  

Efficiency enhancement due to the resonant photon scattering or forward light 

scattering of metal nanoparticles has been suggested to be taking place in light 

scattering-enhanced solar cells. 20-22 When metal nanoparticles are located on a solar 

cell surface, the secondary radiation of incident electromagnetic energy into the 

active layers of solar cells, referred to as the forward light scattering, can increase 

the effective optical length by light trapping in the active layers, which could lead 

to an increased rate of electron-hole pair generation at the silicon surfaces.261 As 

mentioned above, particle sizes should be larger than 50 nm to facilitate plasmonic 

scattering, however, the size of the Au nanoparticles in the plasmonic stamp is 
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10~15 nm, which is in the range in which LSPR absorption would be dominant; the 

forward scattering intensity would be less than 0.1% of incident light, according to 

previously reported simulations that are shown in Figure 4.6.130, 261, 279 

4.3.2 Discussion of Plasmonic Heating Mechanism 

The next mechanism to be considered is in-situ plasmonic heating, which could 

result in a local increase of temperature of the gold nanoparticles due to the strong 

light absorption at the plasmon resonance, which is dissipated as heat.132, 154, 268, 288 

For thermal heating to play a role in hydrosilylation, the silicon surface would need 

to reach temperatures in excess of 100 °C, within the timescale of experiments 

performed in this work.226, 227 The temperature increase, ∆𝑇, of a single isolated 

gold nanoparticle can be estimated using the conventional model,288 

∆𝑇 =  
𝜎𝐼

2𝜋𝑘𝐷
 

where 𝜎 is the particle absorption cross section, 𝐼 is the incident light intensity, 

𝑘 is the thermal conductivity of the surrounding medium and 𝐷 is the nanoparticle 

diameter. Assuming a scattering cross section of 500 nm2, a thermal conductivity of 

0.15 W/m K (corresponding to PDMS), a nanoparticle diameter of 15 nm and an 

intensity of 50 mW/cm2, the predicted temperature increase would be 1.8 × 10-5 °C. 
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Figure 4.7. a-b): SEM images of Au nanopatterns with spacings of a) 200 nm and b) 400 nm. 

c,e,g) Experimental and d,f,h) FDTD simulation of plasmonic heating and delocalization. 

Reprinted with permission from ref. 267. Copyright © 2013 American Chemical Society. 

It is worth noting that steam generation has been observed for dilute solutions of 

light absorbing nanoparticle using moderate light intensities of ~105 mW/cm2, but 

this phenomenon has been shown to be a result of enhanced light absorption due to 

efficient volume scattering between nanoparticles in solution.154 A similar light 

trapping effect is unlikely to play a role here since the nanoparticles are isolated on 

a single plane. Moreover, in order for patterned surface hydrosilylation to occur, it 

would be necessary for the temperature increase to be localized directly underneath 

the nanoparticles such that the surrounding silicon does not react. This effect has 

been extensively studied by Baffou et al., who showed that localized heating around 

the nanoparticles could only take place if they were sufficiently far apart relative to 
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the total number of illuminated nanoparticles, due to heat diffusion between 

nanoparticles, as shown in Figure 4.7.267 Specifically, it was shown through both 

simulation and experiment that localized heating could only be achieved if 

𝑝2 3𝐿𝑅⁄  ≫ 1, 

where 𝑝 is the average centre-to-centre spacing, 𝑅 is the nanoparticle radius and 

L is the diameter of the illuminated area. Given that 𝑝2 𝑅⁄  ~ 650 nm, while the 

illuminated diameter is on the order of millimeters, it can be concluded that any 

temperature increase due to nanoparticle heating would be uniformly distributed 

across the substrate surface. 

 

Figure 4.8. Macroscale temperature measurements. a) Scheme of the temperature measurement 

setup. b) Temperature profile observed with the increase of illumination time. (Band pass filter: 

CW526, 50 mW/cm2). The thermocouple was sandwiched between plasmonic stamp and silicon 

surface as per the described experimental procedure.  
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In addition, the temperature increase was also measured on the macroscale.  

Illumination of the plasmonic stamp/1-dodecene/Si(111)-H sandwich with filtered 

white light (50 mW/cm2, CW526) resulted in only a minor temperature change from 

room temperature to a maximum temperature of ~35 °C in about 20-30 minutes, as 

shown in Figure 4.8, as measured with a small thermocouple localized between the 

plasmonic stamp and silicon. This temperature increase is insufficient to initiate 

thermal hydrosilylation on flat surface, not to mention the formation of patterned 

alkyl molecules.   

 

 

Figure 4.9. Scheme of the possible carrier injection mechanism.  

4.3.3 Discussion of Hot Carrier Injection Mechanism 

The third mechanism to consider is hot carrier injection from the gold nanoparticles 

into the surrounding medium. In the event of non-radiative decay of the plasmon 

(which is the dominant plasmon decay mode for nanoparticles much smaller than 

the plasmon wavelength) an energetic electron-hole pair is formed, typically 

referred to as hot carrier generation.125, 265 These hot carriers have been extensively 

studied in catalytic water-splitting as mentioned previously, where it has been shown 
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that the hot carrier are directly injected into the semiconductor surface, facilitating 

the water-splitting reaction. 5, 31-35 In the case of hydrosilylation, if a hole is injected 

into the silicon surface from the gold nanoparticle, the hydrosilylation reaction can 

proceed via nucleophilic attack by an alkene on a positively charged surface silicon 

site, as has been repeatedly postulated.219 However, it is necessary to consider the 

presence of the non-conducting organic layer of 1-dodecene sandwiched between 

the gold nanoparticles and the silicon surface, which would be expected to impede 

charge transfer to the silicon. Although the 1-dodecene is layer is non-conducting, 

recent work has revealed that the plasmonically generated hot holes in gold can have 

energies of ~7.5 eV (w.r.t vacuum),264 and as such it is possible that some of these 

hot holes could be injected into the silicon. These injected holes could then lead to 

hydrosilylation via nucleophilic alkene attack and silicon-carbon bond formation,219 

as shown in Figure 4.9. Although direct charge transfer of hot carriers from the gold 

nanoparticle to the silicon surface appears to be unlikely in this scenario, further 

investigation is necessary to conclusively determine the role of these hot carriers. 
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Figure 4.10. Schematic mechanism of plasmonic stamp-assisted hydrosilylation driven by the 

LSPR induced high local electric field.   

4.3.4 Proposed Mechanism for the Plasmonic Stamping  

In their earlier work on gold nanoparticle-induced hydrosilylation, Sugimura and 

co-workers invoked plasmonic excitation upon illumination, and subsequent 

conversion of this light energy and transfer to the silicon surface, in close proximity 

to the spherical nanoparticle. In our later publication on plasmonic stamping, we 

suggested the role of the enhanced electric field to produce charge carriers, electron-

hole pairs, in the silicon.156 The effect of the highly concentrated electromagnetic 

field produced by the LSPR is considered. It has been shown that the rate of electron-

hole pair generation in a semiconductor is proportional to the local intensity of the 

electric field.289, 290 Given that the electric field enhancement is on the order of ~103 

at the edges of the nanoparticle,120 the relative concentration of electron-hole pairs 
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at the silicon surface (within the neighborhood of the gold nanoparticle) would also 

be expected to ~103 times higher. As such, the kinetic rate of the hydrosilylation 

reaction would proceed much faster in these areas of increased electron-hole pair 

concentration, given that the electron-hole pairs drive the reaction, as outlined in 

Figure 4.10.  

To determine if the plasmon resonance was fundamental to the observed 

hydrosilylation, samples were illuminated with light having no spectral overlap with 

the plasmon resonance of the gold nanoparticles. As determined by UV-vis 

spectroscopy of the stamp that is presented in Chapter 2, the absorbance maximum 

of the LSPR stamp was observed at 530 nm. To this end, the same light source was 

used, but with a band pass filter (CW 440 nm) centered around 440 nm full-width 

at half-max (FWHM) of 90 nm, which allows passage of higher energy light, but 

cuts off just below the absorbance of the plasmon, as indicated in Figure 4.11. This 

experiment resulted in no obvious pattern transfer via hydrosilylation on the 

Si(111)-H surface, as demonstrated by AFM characterizations in Figure 4.11.  
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Figure 4.11. AFM height maps of stamped Si(111)-H surfaces using band-pass filters with 

different wavelength ranges: a, c) CW 526, 50 mW/cm2 and b, d) CW 440, 40 mW/cm2). The 

block copolymer used for the stamp was PS-b-P2VP (125 k-b-58.5 k). Scale bar is 200 nm. 

4.3.5 Simulation  

Examining the AFM micrographs of the patterned Si(111)-H surfaces with alkyl or 

alkenyl groups, the hydrosilylated patches appear to be more akin to rings upon close 

inspection as opposed to uniform regions, particularly those produced with the 

smaller gold hemispheroids, as shown in Figures 4.12a and b. Visualization of 

hydrosilated silicon surface also reveals ring-like nanopatterns by gold electroless 

deposition that was described in Chapter 3. The formation of rings resulting from 
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plasmonic stamp-induced hydrosilylation points to the influence of the edges of the 

hemispheroids of gold, embedded within the stamp. As has been previously 

published for hemispheroids of gold,291-294 FDTD simulations show an enhancement 

of the electric field surrounding the edge of the nanoparticle. The edges of the gold 

nanospheroids induce localized hydrosilylation on the hydride terminated silicon 

surface. 

 

Figure 4.12. (a) AFM micrographs of 1-dodecyl patterned Si(111)-H surface after plasmonic 

stamping; b) Zoomed-in AFM micrograph shows ring-like dodecyl patterns on Si(111)-H 

surfaces. BCP: PS-b-P4VP (20k -19k) Scale bars: 200 nm for a); 20 nm for b). c, d) FDTD 

simulations of a single gold hemispheroids (20 nm in diameter) from top and side views. 
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4.3.6 Ferrocene Quenching 

    To support a hydrosilylation mechanism of plasmon-induced reactive carriers 

in the silicon, trace amounts of a charge transfer quenching agent, ferrocene, was 

added to the 1-dodecene; if such a mechanism were to be in play, the ferrocene 

should effectively quench the reaction via electron injection because the holes 

required to drive the hydrosilylation mechanism would be eliminated in-situ.218, 225, 

244 Addition of 2.0 % ferrocene (w/w) to the 1-dodecene resulted in no visible pattern 

by AFM and an unchanged contact angle showed in Table 4.1, suggesting ex situ 

hole quenching via electron transfer from the ferrocene, providing an addition piece 

of evidence to substantiate the mechanism based upon electron/holes. 

Table 4.1. Contact angle measurements of hydrosilylated silicon surface with and without the 

quenching agent addition. * Average of at least 16 measurements 
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4.3.7 Au-Si Distance Studies 

 

Figure 4.13. a) UV-vis spectra of the stamps clamped between two glass slips before and after 

the addition of Rhodamine B. b) Absorbance of Rhodamine B, calculated from their UV-vis 

spectra. 

In order to roughly determine the scale of the distance between Au and Si during the 

stamping process, a trace amount of Rhodamine B (an organic dye) was mixed with 

alkenes to reach a concentration of 0.02 M. 30 μL of the mixed solution was then 

sandwiched between glass slip and a transparent PDMS stamp (Au free), and then 

characterized by UV-vis spectroscopy. Figure 4.13 showed the UV-vis spectra 

comparison with and without the Rhodamine B. The difference of these two 

absorption spectra indicates the presence of thin layer of solution in the sandwich 

structure. Thus, the distance between Au and Si can be roughly determined by 

calculating the thickness of the sandwiched solution layer with Beer’s law 295: 

A= -log10TB = εbdcb 
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Where εb is the absorption coefficient of Rhodamine B, which is 106,000 cm-1 M-1 

at 545 nm from reported data;296 d is the thickness of the solution layer; A and T are 

absorption and transmission of the solution layer. According to the equation 1 and 

the obtained values from UV-vis spectra (A = 0.004 at 543 nm), the calculated 

thickness is 16.5 nm. Although the accurate Au-Si distance remains difficult to 

determine due to a host of variable factors (e.g. thickness of organic molecule layer, 

uneven pressure, H-termination, etc.), the distance that roughly evaluated with this 

method falls in the magnitude order to facilitate the FIRET pathway. 

 

Figure 4.14. Distance dependence of the plasmonic stamping. FRET: Förster resonance energy 

transfer.  

The influence of electric near-field induced by LSPR to the silicon surface is 

dependent upon the thickness of the dielectric, the alkene/alkyne located between 

the gold hemispheroid and the silicon surface. The distance calculated from UV-vis 

spectra indicated that the average thickness of the alkene/alkyne layer was less than 

20 nm. Note that this calculated distance should be regarded as an average value 

over a large area (7~110 mm2), and owing to the heterogeneity of pressure, there 
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will be, consequently, variations of the thickness of the alkene/alkyne layer. Since 

there are areas on the silicon surface where no patterning is observed, the assumption 

is that hydrosilylation can only occur in those regions where the distance between 

the stamp and the Si(111)-H surface is small, on the order of 4-10 nm from the 

reported work.120, 289, 297, 298 Other research also imply that when the distance 

between Au and silicon surfaces is too close (in contact or < 1 nm), the Förster 

resonance energy transfer (FRET) between metals and semiconductors can quench 

local excitons on the semiconductor surface.120, 256 Scheme of the Au-Si distance 

effects on the plasmonic stamp lithography are summarized in Figure 4.14. 

 

Figure 4.15. Scheme and plots of water contact angle measurements of 1-dodecene (black) and 

1H,1H,2H-perfluoro-1-decene (blue) stamped Si(111)-H surfaces with alkanethiol (CnH2n+1SH) 

treated plasmonic stamps. Monolayer of ethanethiol, 1-butanethiol, 1-hexanethiol, 1-

dodecanethiol and 1-hexadecanethiol was attached to the Au surface in the plasmonic stamp 

prior to the stamping, n = 0 indicates control experiments without thiol treatment. 
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Keeping all other experimental parameters constant, the effect of distance was 

investigated via functionalization of the flat surface of the exposed gold 

hemispheroids with 1-alkanethiols, as outlined in Figure 4.15a. The molecular 

length of the alkane thiols varied from 0.3 ~ 2.5 nm, and the results are summarized 

in Figure 4.15b and Table 4.2. The water contact angles of the stamped Si(111)-H 

surfaces with 1-dodecene decrease with increasing length of the 1-alkanethiol, 

which suggests that increasing the distance between the gold hemispheroids and the 

silicon surfaces was not productive in terms of yield of hydrosilylation. Similar trend 

of contact angle measurements was also observed on 1H,1H,2H-perfluoro-1-decene 

stamped Si(111)-H surface under the same conditions. 

Table 4.2. Contact angle measurements of hydride-terminated silicon substrates stamped with 

thiol-modified plasmonic stamps. (Corresponding to Figure 4.17) * Average of at least 16 

measurements 
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4.3.8 Doping Effects of Silicon Substrates 

The plasmonic stamp-mediated hydrosilylation appears to be driven by proximal 

surface plasmons inducing an increase in concentration of electron-hole pairs, as it 

has been shown that the rate of electron-hole pair generation in a semiconductor is 

proportional to the local intensity of the electric field,289, 299 with the electric field 

enhancement is on the order of ∼103 at the edges of the nanoparticle.120, 126 In order 

to substantiate this proposed mechanism, a series of silicon surfaces with differing 

concentrations of dopants was investigated. Figure 4.16 show the water contact 

angle measurements of hydride silicon surfaces. As summarized in Figure 4.16a, the 

contact angles of the hydride-terminated silicon surfaces following hydrosilylation 

with both 1-dodecene and 1H,1H,2H-perfluoro-1-decene showed strong 

dependence upon doping. Degenerately doped n- and p-type silicon (n++ and p++) 

showed only a small increase in water contact angle with both alkenes, to about 85-

90 degrees, from 83.1 degree for freshly etched Si(111)-H.  
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Figure 4.16. Water contact angle measurements of 1-alkene stamped silicon surfaces with 

different doping levels (++: highly doped).  

Figure 4.17 showed the corresponding AFM height images of hydride silicon 

surfaces after stamping with silicon wafers under the same conditions (60 min of 

plasmonic stamping, illumination of 50 mW/cm2). The degenerately doped silicon 

surface after surface hydrosilylation showed only a faint pattern. Intrinsic (undoped) 

silicon also showed no significant increase of water contact angle for both alkenes, 

and no pattern was visible by AFM, with only the terraces of the Si(111)-H to serve 

as a reference. With lightly doped n- and p-type silicon, on the other hand, the water 

contact angles increased from 83 degree for freshly etched Si(111)-H to over 100 

degrees with 1H,1H,2H-perfluoro-1-decene, and over 95 degree for 1-dodecene. 

The corresponding AFM micrographs of the stamped Si(111)-H surfaces on lightly 

doped n- and p-type silicon show obvious patterns. 
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Figure 4.17. AFM height micrographs of 1H,1H,2H-perfluoro-1-decene stamped silicon 

surfaces with various doping concentrations. 

   Given that the doping density of the Si substrate significantly changes the 

kinetics of the plasmon-induced hydrosilylation reaction, we explore the possible 

interactions between free charge carriers near the Si surface (as a result of doping) 

and the plasmonic field. Specifically, if a free charge carrier (either electron or hole) 

is within the vicinity of a plasmonic electric field, to a first order approximation, it 

will acquire kinetic energy proportional to the square of the electric field strength, 

|E|^2. If the electric field accelerating these free charge carriers is sufficiently large, 

electron-hole pair generation can occur through the process of impact ionization, as 

indicated in Figure 4.18.300, 301 Specifically, it has been found that there are 

appreciable rates of impact ionization in silicon at field strengths greater than 105 
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V/cm.302 When considering the spatial distribution of the electric field of the Au 

nanoparticle plasmon, it is important to account for the image charge effect, where 

the field of the plasmon will be mirrored about the substrate plane, reduced by a 

factor of η=(ϵ_s-ϵ_b)/(ϵ_s+ϵ_b),303 where ϵ_s is the dielectric constant of the 

substrate and ϵ_b is the dielectric constant of the surrounding media of the 

nanoparticle. Given the relatively large dielectric constant of silicon (~16 in the 

visible spectrum), it is expected to have a strong image charge effect. If we assume 

that the field of the plasmons for the nanoparticle from Figure 4.17 are confined to 

a volume Vp and has an energy of Ep, the average field strength can be estimated as 

 

|𝐄| = √
2𝜂2𝐸𝑝

𝜖0𝑉𝑝
 

 

 

Figure 4.18. Schematic mechanism of plasmonic hole generation in silicon via free charge 

carrier impact ionization. 
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    From UV-vis measurements and ellipsometry shown in Figure 4.19, we can 

estimate 𝐸𝑝 ≈ 2.2 eV and based on a hemispheroid diameter of ~30 nm, we can 

conservatively estimate that the plasmon field is confined to a volume of 50 x 50 x 

50 nm3, giving an average plasmonic field value of |𝐄| = 2.2 × 105  V/cm 

Therefore, if there is a free charge carrier within the vicinity of the plasmon image 

charge, we can expect electron-hole pair generation via impact ionization to occur 

with a reasonable probability, given that appreciable rates of impact ionization in 

silicon can occur at field strengths greater than 105 V/cm.302 Given the proximity of 

the holes generated by impact ionization, they could subsequently be consumed for 

the hydrosilylation reaction. To this end, we can calculate the number of free charge 

carriers within the interaction volume of a plasmon image charge, 𝐺𝑖 , which is 

simply given by 𝐺𝑖 = 𝑁𝑉𝑝, where 𝑁 is the doping density of the Si substrate. If 

we assume an interaction volume of 50 x 50 x 50 nm3 as previously, for intrinsic 

silicon (𝑁 = 1010  cm-3), this gives 𝐺𝑖 = 1.25 × 10−6 . Physically, this value is 

interpreted as there being one free charge carrier for every 80,000 Au nanoparticles 

at the surface. As such, we would not expect hydrosilylation to occur as a result of 

plasmon driven impact ionization in intrinsic silicon. Conversely, if we apply this 

calculation to the lightly doped n-type silicon used in this work (𝑁 ≈ 5.0 × 1015 

cm-3), we get 𝐺𝑖 = 0.6. This is in stark contrast to the intrinsic silicon where this on 

the order of 1 free charge carrier per Au nanoparticle. As such, it is reasonable to 

expect a significant number of holes to be generated via impact ionization at these 
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doping densities, which could be used for the hydrosilylation reaction. Finally, 

calculating 𝐺𝑖 for the highly doped n++ silicon (𝑁 ≈ 1.2 × 1019 cm-3), we find 

there are 1,500 free charge carriers per Au nanoparticle. Given the extremely high 

density dopants we would expect a large number of impact ionization events, 

however we would also expect very high rates of Auger recombination,304 which 

work in opposition to each other and could explain the decreased degree of 

hydrosilylation for both the n++ and p++ substrates in Figures 4.17 and 4.18. 

 

Figure 4.19. a) Absorption coefficient of hydrogen terminated (111) oriented silicon with 

various doping types and densities. b) Cosine of ellipsometric phase shift for pseudo-hexagonal 

arrays of Au dots on (111) oriented silicon substrates of various doping densities (solid lines), 

and corresponding bare silicon substrates (dotted lines) 
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4.4 Conclusions 

The enhanced electric field of surface plasmons of gold nanostructures can be used 

to direct surface chemistry on a semiconductor surface in a localized manner. Gold 

hemispheroids embedded within a PDMS stamp were used to drive patterned 

hydrosilylation of an alkene or alkyne on a hydrogen-terminated silicon surface. The 

plasmonic stamp-assisted hydrosilylation appears to be driven by electron-hole 

formation near the interface of the silicon, which is followed by an attack of the 

holes by an alkene or alkyne, leading to silicon-carbon bond formation. The effect 

of doping, however, suggests that the mechanism is more nuanced. Free charge 

carrier impact ionization, induced by the electric field of the local plasmons of the 

gold nanohemispheroids is therefore proposed to explain the role of doping. Other 

possible energy transfer mechanisms such as hot-carrier injection, plasmonic 

scattering, and plasmonic heating were also discussed, and were proved to have 

minor or no contributions to the SPR-assisted surface hydrosilylation.   

4.5 Experimental Section 

Materials. Si wafers (100-oriented, p-type, B-doped, ρ = 1-10 Ω-cm, thickness = 

500-550 μm; 111-oriented, prime grade, p-type, B-doped, ρ = 1-10 Ω-cm, thickness 

= 600-650 μm; 111-oriented, prime grade, intrinsic, ρ >80 Ω-cm, thickness = 500-

550 μm; 111-oriented prime grade, n-type, P-doped, ρ = 1-10 Ω-cm, thickness = 

600-650 μm; 111-oriented prime grade, n-type, As-doped, ρ = 0.001-0.005 Ω-cm, 
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thickness = 500-550 μm) were purchased from WRS Materials Inc. Millipore water 

(resistivity: 18.2 MΩ) was used for the preparation of all aqueous solutions. Two 

types of Block copolymers (BCPs), polystyrene-block-poly-2-vinylpyridine (PS-b-

P2VP) and polystyrene-block-poly-4-vinylpyridine (PS-b-P4VP) with different 

molecular weights (125k-58.5k and 190k-190k for PS-b-P2VP, and 20k-19k for PS-

b-P4VP), were purchased from Polymer Source Inc. The precursors for the h-PDMS 

(trimethylsiloxy terminated vinylmethylsiloxane-dimethysiloxane (VDT-731), 25-

35% (methylhydrosiloxane) 65-70% (dimethylsiloxane) (HMS-301), and Pt 

divinyltetramethyldisiloxane (SIP6831.2) were purchased from Gelest Corp., and 

184 PDMS from Dow Corning. 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetra-

siloxane, 30% NH4OH (aq), 30% H2O2 (aq), KAuCl4·xH2O (99.999%), 1,4-

butanedithiol (>97%), trichloro(1H,1H,2H,2H-perfluorooctyl)silane (98%), 1,7-

octadiene(>99.0%), 1-dodecene (>99.0%), 1H,1H,2H-perfluoro-1-decene (99.0%), 

1-dodecyne (99.0%), 4-(Trifluoromethoxy)phenyl acetylene (99.0%), 3,4-

dichlorophenylacetylene (99.0%), ethanethiol (97.0%), 1-butanethiol (99.0%), 1-

hexanethiol (>98.0%), 1-dodecanethiol (99.0%), and 1- hexadecanethiol (99.0%) 

were obtained from Sigma-Aldrich, and used as received. 1-dodecene, 1,7-octadiene, 

1H,1H,2H-perfluoro-1-decene, and 4-(Trifluoromethoxy)phenyl acetylene were 

passed through a hot alumina (the alumina was dried at 100 °C for over 24 h and 

used while still hot) column to remove water residues and peroxides, and then 

deoxygenated with a stream of nitrogen gas. Optical filters ( CW526 (centre band 
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wavelength: 526 nm); FWHM (full width at half max: 180 nm) were purchased from 

Edmund Inc. 

Fabrication of Plasmonic Stamp and Plasmonic Stamping was described in the 

experimental sections in Chapters 2 and 3.  

FDTD Simulation. Simulations were carried out using a trial version of the 

commercial software Lumerical FDTD Solutions. The gold nanoparticles were 

modelled as hemispheroids with a 10 nm radius. Center-to-center spacing of the 

particles was set to be 70 nm. A non-primitive rectangular unit cell was used for the 

simulation, and further refined using symmetric and periodic boundary conditions 

and the x and y directions. In the x-direction, the 70 nm-wide unit cell was broken 

into 160 mesh units of 0.438 nm, and in the y-direction the 120 nm tall unit cell was 

broken up into 280 mesh units of 0.429 nm. For the z-direction, the simulation had 

a span of 2000 nm centered around the gold nanoparticles. The maximum mesh was 

set to 0.2 nm for a range of 100 nm on each above and below the particles, and the 

remainder were free to mesh dynamically. The boundary conditions were set as 

perfectly matched layers at the z extremes. To simulate unpolarized light, two 

completed simulations were run with x- polarized and y- polarized light. The 

resultant time averaged electric field from each polarization was then added together, 

and then divided in half. The apparent four-fold symmetry located at the extremes 

in the top view of Figure 4.12 results from the discretization of the spheroid into 
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mesh cells. To confirm this, a simulation was carried out with light polarized at ± 

45 ̊, the time averaged electric field of each polarization was added together and 

divided in half. 
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5  
Summary and Outlook 

 

In this thesis, surface plasmon-assisted nanolithography was demonstrated on flat 

silicon surface using block copolymer template plasmonic stamps, reflecting the 

distribution of electric field in the Au nanopatterns derived from the self-assembled 

block-copolymer templates. This approach demonstrates how localized surface 

plasmons can be used to enable functionalization of technologically relevant 

surfaces with nanoscale control. Mechanisms have been discussed and it is proposed 

that the plasmon induced resonant energy transfer drives the localized 

hydrosilylation on silicon surface. Observed chemical functionalization described 

here suggests that the form of an electric field of a plasmonic nanostructure can be 

captured, and imaged, via chemical means, on a surface, through hydrosilylation, 

and potentially, through any chemistry that involves charge carriers on a proximal 

semiconductor. 

 

 



 

117 
 

5.1 Summary of Chapters 

Chapter 1  

Chapater 1 provided a brief overview of two main related topics, surface 

nanolithography and nanoplasmonics. For the topic of nanolithography, different 

types of lithographic approaches has been reviewed with examples, including 

typical top-down techniques (e.g. photolithography, electron-beam lithography, 

scanning probe lithography, etc.) and bottom-up techniques. (e.g. molecule self-

assembly, nanoparticle self-assembly, etc.) Following the introduction of 

nanolithographic techniques, the topic of surface plasmons in the metal 

nanoparticles was briefly introduced and reviewed the progress on the plasmonic 

applications on photovoltaics, photocatalysis, and photothermal therapy owing to 

the surface plasmon resonance of noble nanoparticles upon visible light 

illuminations.    

Chapter 2 

In Chapter 2, the fabrication of the plasmonic stamp , an optically transparent 

flexible PDMS stamp carrying gold nanopatterns produced via block copolymer 

self-assembly, was demonstrated with similar fabrication processes as the previous 

work in our group for catalytic stamp fabrication.162-164 Ordered gold hemispheroid 

arrays can be obtained after gold salt metallization and subsequent plasma treatment 

of solvent annealed block copolymers. By varying the molecular weight of the block 
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copolymer templates, controllable size and spacings of Au nanopatterns in the 

plasmonic stamp can be achieved and captured by atomic force microscopy. The 

obtained gold nanoparticles in the plasmonic stamp have hemispherical shapes, as 

proven by tilted and cross-section SEM and AFM characterization, facilitating the 

subsequent stamping process with a flat surface and sharp edges of the patterned Au 

hemispheroids.  

Chapter 3 

 In Chapter 3, the plasmonic stamps were used to directly functionalize silicon 

surfaces on a sub-100 nm scale via hydrosilylation of 1-alkenes or 1-alkynes, 

leading to the nanopattern transfer from self-assembled block copolymer templates 

to the 1-alkyl or 1-alkenyl molecular patterns on flat silicon surfaces. With further 

surface modification via thiol-ene chemistry, these molecular nanopatterns were 

visualized via selective attachment of gold nanoparticles or gold electroless 

deposition in the thiol-terminated areas. The ring structures reveals the enhanced 

electric field of the gold hemispheroids in the plasmonic stamp, implying a 

mechanism involving LSPR assisted hydrosilylation on hydride terminated silicon 

surface. XPS and water contact angle measurements demonstrate the SPR-assisted 

surface functionalization via hydrosilylation of 1-alkenes and 1-alkynes. 

Chapter 4 
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Multiple mechanisms have been interpreted in the published works regarding energy 

transfer between metals and semiconductors. In Chapter 4, evidence was provided 

for doping effects and distance studies from experimental data as well as calculation 

and simulation, to discuss a number of mechanisms that could be at play in our 

system. Based on the experimental data and mechanistic discussion, it is proposed 

that upon illumination with low intensity green light, the strong electric field that 

induced by the localized surface plasmon resonance of the gold nanoparticles in the 

plasmonic stamps led to generation of electron-hole pairs near the silicon surface 

that drive spatially localized hydrosilylation.  

5.2 Proposed Research Directions 

5.2.1Plasmonic Structure in Photovoltaics 

BCP-templated metal nanopatterns can be applied in photovoltaics to achieve 

enhanced performance. As is mentioned in the introduction as well as in Chapter 1, 

solar energy is becoming increasingly significant and attractive because it is 

renewable and clean. This “green” energy could augment the conventional 

combustion of fossil fuels.126 Fabrication of low-cost, high-efficiency solar cells is 

also the goal of the third generation photovoltaics.305 In order to enhance the 

performance of solar cells, one of the important factors is to balance efficient light 

absorption with charge extraction by the photoactive layer.306 Increasing film 

thickness of photovoltaic devices could harvest more light absorption, however, the 
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charge recombination in this case would be severe due to the low diffusion length 

of excitons, as well as a resulting increased series resistance. Therefore, the 

thickness of the photoactive layer is limited.305, 307  

 

Figure 5.1. Schematic representation of Light trapping by: (a) Forward scattering, and (b) Local 

enhancement of electromagnetic field via LSPR 

Enhanced photovoltaic performance can be expected by incorporating the pattern 

into the photovoltaic layer, for example, on the ITO substrate to form 

ITO/PEDOT:PSS with Au nanopatterns/P3HT:PCBM/LiF/Al structure in the 

organic solar cell. The enhancement is mainly due to the increase the light 

absorption by incorporating ordered patterns of plasmonic noble metal nanoparticles 

into the photoactive layer. As is shown in Figure 5.1, the surface plasmon resonance 

(SPR) of metal nanoparticles induced by incident light could effectively trap light 

by forward scattering (Figure 5.1a) and/or by local electromagnetic field 

enhancement by localized surface plasmon resonance (LSPR) (Figure 5.1b). The 

metal nanoparticles could be incorporated into the photovoltaic devices by using the 

self-assembly of block copolymers, which allow great control over the shape and 
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size of nanopatterns in photovoltaic devices. For example, Figure 5.2 shows that Au 

nanopatterns were fabricated on the surface of a plain ITO glass substrate via BCP 

self-assembly.  

 

Figure 5.2. SEM images of plain ITO (a) and ITO glasses with gold nanopatterns. BCP: PS-b-

P2VP (20 k-b-19 k). Scale bar: 100 nm 

The UV-vis absorption and reflection were investigated by placing a thin film of 

nanopatterns on glass substrates. As shown in Chapter 2, the absorption peak 

induced by SPR of Au nanoparticles is around 530 nm. After adding a buffer layer 

of PEDOT:PSS on top, the SPR peak can still be observed and showed in Figure 5.3, 

indicating the gold nanoparticles can attached firmly on the substrates. The SPR 

induced absorption around 530 nm well matches with that of the photoactive layer 

(580 nm for P3HT), suggesting the light absorption enhancement by the SPR effects 

of gold nanoparticles can be expected in this device architecture.      
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Figure 5.3. UV-vis spectroscopy of (a) gold nanoparticles with different sizes on glass substrates, 

and (b) PEDOT:PSS layer with and without gold nanoparticles. 

5.2.2 Variation of Sizes of Au Nanopatterns 

As previously discussed, the size of plasmonic particles is directly related to the 

position of their SPR peaks, as well as the scattering/absorption ratio in the 

extinction spectra.279 For the plasmonic layer template derived from self-assembled 

block copolymers, the size of nanoparticles can also be tuned by different strategies. 

The simplest way is to vary the concentration of metal salts. In Figure 5.4, the size 

of gold nanoparticles increases from 5 nm to 12 nm by using different metal salt 

concentration. Higher concentration of metal salt solution could not lead to larger 

nanoparticles, due to the size limit of PS shell in block copolymers. 
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Figure 5.4. Enlargement of gold nanoparticles by varying the concentration of metal ions. BCP: 

PS-b-P2VP (20 k-b-19 k). Scale bar: 50 nm 

For the preparation of larger nanoparticles, a classic seed-mediated growth approach 

could be applied,308 and a method that was slightly modified by Spatz group for 

direct growth in the gold-salt loaded block copolymer films.198 Specifically, a brief 

plasma activation step (i.e. less than 10-second plasma treatment) was applied on 

the as-casted polymer layer with pre-loaded metal salts to partially reduce metal ions 

while keep the polymer on the substrates, and the resulting nanoparticles are served 

as seeds. Then the substrates with metal nanopatterns were immersed into an 

aqueous growth solution containing metal salts and weak reducing agents to allow 

the seed-mediated growth process. The final size of nanoparticles can be controlled 

by the concentration of metal salts and reducing agents, as well as the immersing 

time. The scheme and corresponding SEM images are shown in Figure 5.5. So far, 
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gold nanoparticles can grow from 5 nm to 30 nm from different growth conditions 

and remain the same center-to-center spacings. 

  

Figure 5.5. Schematic illustrations and corresponding SEM images of nanoparticle enlargement 

process. BCP: PS-b-P2VP (20 k-b-19 k). Scale bar: 50 nm.  

5.2.3 Variation of Shapes of Au Nanopatterns 

Fabrication of patterned plasmonic nanostructures with unique shapes can extend to 

plasmonic applications, as well as better understanding the SPR-driven mechanisms. 

In terms of plasmonic stamp lithography, the combination of conventional top-town 

or bottom-up techniques to achieve various plasmonic metal patterns will in 

principle result in various hydrosilylated patterns on silicon surface. For example, 

Au triangle patterns can be obtained by using a layer of close-packed polystyrene 

microspheres as mask for the subsequent gold evaporation into the interstices.309 
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The SEM images of the polystyrene spheres and the corresponding Au triangle 

patterns are showed in Figure 5.7. Since the hot spots for the Au nanotriangles are 

distributed at three sharp corners, the hydrosilylated patterns may also take place in 

these regions under proper light illumination.  

   

Figure 5.6. ld 

 

Several factors should be considered for this method. First, the fabrication of 

plasmonic stamp. Since the gold triangles were evaporated on the silicon surface, 

the Au tend to form Au@Si composite at the interface, making it harder to be peeled 

off. An alternative flat surface or surface modification prior to the fabrication should 

be considered. The second factor is the size of obtained gold nanotriangles. As 

showed in Figure 5.6b, the size of gold nanotriangles is 100 nm, in which the 

plasmonic scattering will be either dominant or compatible with the SPR absorption. 

This will add complexity to the driving forces as well as the mechanisms, since it is 

difficult to distinguish the contributions of scattering and absorption to the 
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system.120, 279, 310 Lastly, from the perspective of plasmon induced resonant energy 

transfer mechanism, the plasmon stamp lithography may not be realized with Au 

triangles or gold nanorods. As mentioned in Chapter 4, the overlapping of energy 

levels between SPR of metals and semiconductor is also critical. As the longitudinal 

SPR absorption for Au nanotriangles and nanorods usually peaked at the wavelength 

range of 700 ~ 1600 nm, depending on their aspect ratios, their corresponding SPR 

absorption will have less or no overlaps due to the red shifts of the SPR peaks.311, 312            

5.2.4 Variation of Orders of Au Nanopatterns 

Nanopatterns from the plasmonic stamp lithography are derived from the block 

copolymer self-assembly. As discussed in the introduction in Chapters 1 and 2, the 

formed gold nanopatterns are lack of long-range orders. Therefore, hierarchical 

plasmonic structures with periodic arrays can be utilized for plasmonic stamping. 

Schatz and Odom demonstrated superlattice plasmon resonance using hierarchical 

Au NP arrays that obtained from nanoimprinting lithography.313 As shown in Figure 

5.7, the lattice SPR peak in the transmission spectra can be observed, and is more 

intense and sharper compared to the nanoparticle SPR peak. They found the 

coupling of multi-ordered Bragg diffractions and surface plasmon in the Au 

superlattice led to the enhanced absorption. The charge distribution of the 

hierarchical Au NP arrays excited by lasers with resonance wavelengths shown in 
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Figure 5.7c suggested the simulated patterns could be transferred and imaged via 

plasmonic stamp lithography.  

 

Figure 5.7. SEM images and transmission spectra of an infinite (a) and periodic (b) Au 

nanopatterns. c. FDTD simulations show the charge distributions of the lattice plasmons. 

Reprinted with permission from ref. 313 Copyright © 2015 American Chemical Society   

5.2.4 Applications to other metals. 

Most of the above fabrication routes are also suitable for other metals by changing 

the corresponding metal-ion solution in the metallization steps, such as silver, copper, 

platinum, and palladium. Figure 5.8 shows the different types of metal nanopatterns 

using the same block copolymer. With the various metal or bimetallic nanopatterns 

for the plasmonic stamp fabrication, application of the stamp lithography can be 

extended, owing to their controllable SPR peaks. Similar challenges can still exist 

as the previously discussed gold nanotriangles. The optimized metals should be 
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carefully selected with consideration of energy level alignment between metals and 

semiconductors.     

 

Figure 5.8. Ordered nanopatterns with different metals from the block copolymer PS-b-P4VP 

(20 k-b-19 k). Scale bar: 200 nm 
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