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Abstract 

Upon excitation by an electromagnetic field, metallic nanomaterials will produce highly 

localized areas of electromagnetic enhancement, a phenomenon known as localized 

surface plasmon resonance (LSPR), which can be applied to a variety of techniques 

including second-harmonic generation (SHG) and surface chemistry. These tunable 

LSPRs can be modelled prior to fabrication by finite-difference time-domain (FDTD) 

calculations and observed experimentally by SHG microscopy (SHGM). In this thesis, 

two types of nanomaterials were characterized using SHGM: plasmon-active dendritic 

fractals (dendrimers) and transition-metal dichalcogenides (TMDs). Dendrimers with 

specific geometries and LSPRs were used to demonstrate how nanomaterial symmetry 

affects SHG as well as how local non-centrosymmetric instances can induce SHG 

responses in otherwise forbidden circumstances. This introduces an in-depth analysis on 

the effects of plasmon active dendrimers with specific geometries, and how to enhance 

their nonlinear optical properties. TMDs were analyzed using polarization-dependent 

SHG and were subsequently functionalized with an organic dye to visualize its effect on 

the SHG signal. Commercial applications of nonlinear optical processes from plasmonic 

metamaterials or crystalline materials open a wealth of applications in fiber-optic 

communications, sensing in biology, photonics filters as well as efficient light conversion 

and tuning. 

Laser-induced periodic surface structures (LIPSS) are generated upon irradiation at the 

surface of a material with repeating features. Reported in this thesis are LIPSS created on 

glass with a single wavelength, followed by substrates prepared by nanosphere 
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lithography, and the effects of the structure shape and size by the resulting LSPRs was 

analyzed. Crosshair structures were also computationally modelled and fabricated to 

exhibit up to three distinct LSPRs in the visible spectral region and irradiated at three 

distinct wavelengths and two polarizations. The resulting grafting patterns were 

compared to the FDTD-modelled hotspots, which demonstrated three different grafting 

patterns at both incident polarizations. These could lead to applications such as surface 

specific and polarization dependent diagnostic tools, variable gratings on a single 

substrate, multi-coloured nanoemitters, and more. 

Keywords 

Plasmonics, second-harmonic generation, localized surface plasmon resonances, hot 

electrons, finite-difference time-domain, metamaterials, electron-beam lithography, 

polarization-dependent plasmon mediated chemistry, dye-sensitized transition-metal 

dichalcogenides, laser-induced periodic surface structures 
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Summary for Lay Audience 

Nanomaterials are structures with dimensions comparable to the size of light waves. 

These materials are known to interact efficiently with a field of light. Through a variety 

of fabrication techniques, these materials can be made to interact with light of a specific 

color up to a multitude of colors, depending on the features and sizes of the designed 

material, generating what is known as plasmons. These nanomaterials can then be 

employed to improve existing analytical techniques to allow the characterization of 

minute details at their surfaces. 

While there are many light-based techniques to characterize materials, in this thesis we 

are particularly interested by a two-photon process known as second-harmonic 

generation. This technique has a selection rule that makes it forbidden in materials that 

have a center of inversion. Herein, we study how plasmons affect the second-harmonic 

generation output of materials with specific geometries. The study of a two-dimensional 

material, which are a category of materials that are approximately 1 nm thick, or 

1/70,000th of a human hair, is also studied. A dye is then added to this two-dimensional 

material to study its effects. By studying and improving these properties, light-based 

applications, such as fiber optic communications and polarization sensing techniques, can 

be optimized. 

Furthermore, when a field of light excites these plasmons, they can interact with 

molecules at the surface of the nanomaterials to induce chemical reactions. These 

materials are designed in such a way to generate patterns at the surface using different 

shapes and features when fabricating the materials. This would allow the production of 

large surfaces with potential applications in biological trapping and diagnostic tools that 

require smaller sample sizes and higher densities of light-emitting surface areas are 

possible. 
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Chapter 1  

1 General Introduction 

Since the first journal publication in 1959 by Horie,1 the interest in plasmonics has grown 

rapidly with over 6000 manuscripts in the field every year (Figure 1-1). The discovery of 

plasmons set in motion the development of a plethora of new fields, including plasmon-

enhanced biosensing,2-5 plasmon-enhanced Raman spectroscopies,6-8 optical sensing,9-12 

and photocatalysis.13-15 The field of optics was revolutionized by the discovery of 

plasmonics, nonlinear optics in particular has benefitted from enhancement techniques 

involving plasmonic materials.13, 15-17 

 

Figure 1-1 The number of publications with "plasmon" as a keyword from 1960 to 

2021. Data was acquired from webofknowledge.com using the keyword “plasmon”. 

1.1 Applications of Plasmons 

Plasmonic materials have proven to be highly effective materials for confining, guiding, 

and enhancing optical fields thus opening many applications. The range of these 

applications is broad and encompasses biology, chemistry, and physics. Research in 

plasmonic materials in particular has led to the development of a variety of enhanced 

sensing techniques, most noticeably surface-enhanced Raman spectroscopy (SERS).6 
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Other applications of these materials include nanocatalysis,18 investigating biomolecular 

interactions,19 and many more.17, 20-22 

1.1.1 Plasmon-Enhanced Nonlinear Optics 

Plasmon-enhanced nonlinear optics in particular has gained interest due to high 

enhancement factors provided by a strongly confined optical field in the vicinity of a 

metallic nanostructure.23, 24 In the field of biology, second-harmonic generation (SHG) 

has already proven to be an effective tool for in vivo imaging,25 and has even been 

applied to study the growth of tumors and the effectiveness of chemotherapy.26 When 

coupled with plasmonic nanomaterials, SHG can also be used in the enhanced imaging of 

live cells thus providing better optical contrast and/or shorter acquisition times.27 

SHG active nanomaterials can be produced through a variety of methods, including 

lithography,28, 29 chemical vapour deposition (CVD),16 and electrochemical deposition.30 

Second-harmonic generation microscopy (SHGM) is well suited to characterize 

nanomaterials with nonlinear optical activity and other materials or devices that 

incorporate SHG materials, such as waveguides,31 defect detection in crystal lattices,32 

and single molecule detection.33, 34 

A study done by Shen et al. demonstrates the effects of a hybrid material on the 

plasmonic resonances, and subsequently the SHG response (Figure 1-2a).35 In this work, 

the authors present Ag nanomushrooms grown on an Au thin film with a varying C-

dopant concentration. The C-dopant acts as a bridge between the spectra features of the 

Au and the Ag. Furthermore, they introduce a ZnO film into the cavities between the 

Au/Ag/C nanomushrooms. The thickness of the film enhances the plasmonic coupling 

between the localized and propagating surface plasmons. As shown in figure 1-2a, the 

signal of the hybrid material (labelled HZSMA [black]) dwarfs its individual components 

(labelled ZnO@Au [red] and SMA [blue]). 

Additionally, work done by Hsu et al. on transition metal dichalcogenides (TMDs) 

introduces the effects of artificially stacking monolayer flakes (Figure 1-2b,c).36 TMDs 

are known to produce a second-harmonic response based on their crystal phase.36, 37 This 
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stacking permits the visualization of both constructive and destructive interference in the 

SHG response (Figure 1-2c) due to the orientation of the crystal lattices stacked on top of 

one another. 

Less conventional SHG active nanomaterials have also been developed by Cheng et al. in 

the form of mesoscale flower-like Ag particles grown by time-dependent electrochemical 

deposition (Figure 1-2d,e).30 When the particle growth time increases, the particles 

develop a shape more closely resembling a flower, reaching a critical point after 180 

seconds. After this critical time point, a thin film of Ag starts to develop. The SHG 

signal, stemming from the amorphous nature of the nanoparticles and the surface 

roughness, from these Ag flowers increases up to the critical time point, after which is 

begins to decrease as the discrete surface plasmons become lost to the thin film surface. 
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Figure 1-2 (a) The SHG intensity for the hybrid ZnO silver mushroom array 

(HZSMA), the ZnO particles on Au, and the silver mushroom array (SMA) for 

different fundamental wavelengths. The values were normalized to the most intense 

SHG signal, and the red values were multiplied by a factor of 100 for visibility, 

reprinted from Shen, S.; Yang, W.; Shan, J.; Sun, G.; Shih, T.-M.; Zhou, Y.; Yang, 

Z., J. Chem. Phys. 2020, 153, 151102., with the permission from AIP Publishing; (b) 

an optical image of artificially stacked MoS2 flakes with (c) the corresponding 

SHGM image, reprinted (adapted) with permission from Hsu, W.-T.; Zhao, Z.-A.; 

Li, L.-J.; Chen, C.-H.; Chiu, M.-H.; Chang, P.-S.; Chou, Y.-C.; Chang, W.-H., ACS 

Nano 2014, 8, 2951-2958. Copyright 2014 American Chemical Society; SEM images 

of mesoscale flower-like Ag particles after (d) a 120 s synthesis and (e) a 180 s 



5 

 

 

 

synthesis, reprinted from Cheng, Z.-Q.; Li, Z.-L.; Luo, X.; Shi, H.-Q.; Luo, C.-L.; 

Liu, Z.-M.; Nan, F., Appl. Phys. Lett. 2019, 114, 011901.], with the permission from 

AIP Publishing. 

1.1.2 Plasmon-Mediated Chemistry at the Nanoscale 

Upon excitation, the localized surface plasmon resonances (LSPRs) of a nanomaterial 

will generate hot electrons in their vicinity. As a result, these materials have shown the 

potential to mediate chemical reactions.14 The hot electrons generated are readily 

available to catalyze reactions and promote reactions at the surface. In fact, plasmonic 

materials have demonstrated the ability to facilitate a variety of reactions, including 

dimerization,38 water splitting,39 and surface functionalization.40, 41 Furthermore, by 

incorporating plasmonic nanomaterials into optoelectronic devices, their functionality can 

be improved. 42-44 For example, the work done by Tooghi et al. demonstrates a highly 

efficient perovskite solar cell using a photonic-plasmonic nanostructure.42 In this study, 

the authors incorporated plasmonic nanomaterials into the perovskite layer to trap light 

inside the solar cell leading to a 33% increase in the power conversion efficiency in their 

cells without an increase in the thickness of the absorbing layer. 

Another interesting application of hot electrons is surface polymerization and 

lithography. A recent study by Kameche et al. demonstrates the near-field polymerization 

reaction utilizing Au nanoparticles.14 In this study, the polymerization mechanism is 

explored using circular polarized light to induce the polymerization of a free-radical 

acrylate monomer (Figure 1-3). Here, they propose a mechanism for the physicochemical 

reaction occurring at the material surface. This study suggests that the hot electrons 

generated by the decay of the plasmon are responsible for the functionalization at the 

surface of the particles. Consequently, this study allows a better understanding of 

plasmon-mediated chemical reactions. 
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Figure 1-3 Transmission electron microscopy (TEM) images of a TEM grid (top), 

and Au nanoparticles before and after irradiation in the presence of the acrylate 

monomer, reprinted (adapted) with permission from Kameche, F.; Heni, W.; Telitel, 

S.; Vidal, L.; Marguet, S.; Douillard, L.; Fiorini-Debuisschert, C.; Bachelot, R.; 

Soppera, O., J. Phys. Chem. C 2021, 125, 8719-8731. Copyright 2021 American 

Chemical Society. 

1.2 Scope of Thesis 

The main goals of this thesis are to (1) evaluate the nonlinear optical properties of 

plasmonic materials as well as materials with intrinsic SHG properties using second-

harmonic generation microscopy and (2) to apply plasmonic nanomaterials for 

wavelength- and polarization-dependent surface specific chemistry at a nanoscale level. 

In Chapter 2, a brief review on the underlying theory about the properties of plasmonic 

materials, finite-difference time-domain modelling, and nonlinear optical microscopy re 

provided. We show in particular how the properties of these metamaterials are modelled 

to better understand how the fields are confined and the materials response. The home-

made SHG optical microscope and optical microscope are thoroughly described. Finally, 

the principles of plasmon decay and plasmon-mediated surface chemistry is explained. 
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In Chapter 3, the fabrication and characterization methods used to obtain the results in 

Chapters 4-7 are presented. These methodologies include details on the components for 

the modelling approaches, the deposition method for the 2-D materials presented in 

Chapter 5, and the lithographic techniques to produce metamaterial. Next, the tuning 

methods for the metamaterials, finishing with the techniques used for surface 

functionalization. 

In Chapter 4, plasmon-enhanced SHGM of fractal metamaterials is reported an analyzed. 

In particular, the polarization-dependent SHG response of these materials was compared 

for structures with C3, C4, and C5-symmetry. Interestingly, the effect of plasmonic 

enhancement on SHG was observed in structures both with and without a center of 

inversion. 

In Chapter 5, SHGM of transition metal dichalcogenides (TMDs) 2D flakes is explored. 

The SHG response of the TMDs was further enhanced when functionalized with an 

organic dye at its surface. Polarization-dependent SHGM analysis was completed and 

compared to the theoretical response of the bare 2D flakes highlighting a small 

enhancement upon functionalization. 

In Chapter 6, the functionalization of both a bare glass coverslip, and a glass substrate 

with large surface areas of Au nanoprisms is studied using single-beam inscription. The 

theory behind the bare glass and Au nanoprisms functionalization is explained. The effect 

of light polarization on the grafting pattern on the Au nanoprism substrate is to the 

modelled response. 

In Chapter 7, a metamaterial designed to exhibit three exploitable plasmonic resonances 

in the visible spectral range was developed. This metamaterial was simulated, fabricated, 

and employed in plasmon-mediated functionalization showing its responsiveness at 532 

nm, 632 nm, and 800 nm. The effects of irradiation wavelength and laser polarization on 

the grafting pattern observed is discussed and compared to the modelled resonance 

positions. 
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Finally, we conclude in Chapter 8, highlighting the impact of the work presented in 

Chapters 4 through 7 and providing possible future directions and potential applications 

of our investigations, including applications of these materials in the visible to the mid-

infrared spectral range. 
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Chapter 2  

2 Linear and Nonlinear Optical Properties of Plasmonic 
Nanomaterials 

This chapter focuses on the materials and characterization techniques used in this thesis. 

Details on plasmonic materials, including simulations, characterization, and applications 

are presented. Some elements of theory regarding second-harmonic generation activity in 

nanomaterials are provided. Finally, the key factors that are involved in plasmon-

mediated grafting are described. 

2.1 Plasmonically Active Materials  

Since their proposed existence in 1952 by Pines and Bohm, surface plasmons have 

become pivotal in their usage for enhanced spectroscopies.1 The field of plasmonics 

utilizes the combination of light and conductive materials to produce areas of 

electromagnetic enhancement (EE) at desired frequencies. The conductive material used 

is typically a coinage metal, which are copper (Cu), gold (Au), and silver (Ag).2, 3 Other 

metals have been used in plasmonic applications, including aluminum (Al) and platinum 

(Pt).4, 5 The EE produced by these materials is due to the strong interactions between the 

incident light and the conduction electrons at the metals surface. Another, non-metal, 

material that has shown surface enhancement is graphene which has been proposed as an 

alternative substrate in graphene-enhanced Raman scattering.6-8 These materials display 

local field enhancement confined to very small volumes (< nm3) located at the interface 

between the nanostructure and a dielectric. 

Such localized enhancement in the vicinity of the plasmonic materials can be exploited 

for plasmon-mediated processes where the electrons of the metallic nanostructure are 

used to trigger surface-induced functionalizations and reactions.9-11 Additionally, 

plasmonic materials can be used to perform enhanced highly sensitive spectroscopy 

measurements through an electromagnetic surface enhancement. These spectroscopies 

have elicited a broad interest in analytical and bioanalytical chemistry with surface-

enhanced Raman spectroscopy (SERS),12-15 surface-enhanced infrared reflection-

absorption spectroscopy,16-18 tip-enhanced Raman spectroscopy (TERS),19-22 surface-
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enhanced fluorescence (SEF),23-25 and plasmon-enhanced second-harmonic generation.26-

30  

2.1.1 Surface Plasmon Resonances (SPRs) 

Upon irradiation with a light at a resonant wavelength, the oscillation between a metal 

and a dielectric is known as a surface plasmon resonance (SPR) and will displace the 

electrons out of phase relative to the input energy across the surface of the metal. The 

oscillations occur under the area irradiated and the resulting electric field intensity will 

decay exponentially away from the metal surface. The frequency of the surface electron 

oscillations from a bulk material (𝜔𝑝) in vacuum can be described as:31 

𝜔𝑝 =
1

2𝜋
√

𝑛𝑒𝑒2

𝑚𝑒𝜀0
             [2-1] 

where 𝑛𝑒 is the average electron density of the bulk conductive material at the surface, 𝑒 

is the electron charge, 𝑚𝑒 represents the effective mass of an electron, and 𝜀0 represents 

the vacuum permittivity constant. 

These SPRs occur at specific frequencies based on a variety of factors, such as the 

thickness of the metallic layer, the material, and the chemical nature of the medium.32 

These SPRs will generate areas of higher or lower electron density at the intersection 

between the metal and the dielectric, based on the input wavelengths frequency and 

polarization (Figure 2-1). 



13 

 

 

 

 

Figure 2-1 A schematic of the electric field generated by the SPR. 

In general, SPR excitation requires that the dielectric function of the illuminated material 

has a negative real component and a positive imaginary component. The dielectric 

constant of a metal can be defined as the ratio between the permittivity of an electron 

influx and the vacuum permittivity. The relationship of the metal’s dielectric constant 

(𝜀𝑚) and the plasmon frequency (𝜔𝑝) is given by:31 

𝜀𝑚 = 1 −
𝜔𝑝

2

𝜔2              [2-2] 

where, 𝜔 is the frequency of the impinging electromagnetic field. To satisfy the 

requirements to produce the SPRs, |𝜔| must be smaller in value than |𝜔𝑝|, which is 

usually achieved using coinage metals (e.g.: Au, Al, Cu, Ag). The relationship between 

the oscillations of the conduction electrons of a metal and the index of refraction of a 

dielectric can be calculated using the Drude-Lorentz dispersion model. Simply put, this 

model considers the conduction electrons to be a harmonic oscillator that will respond to 

the input electromagnetic field. Treating the electrons as such allows the real and 

imaginary dielectric constants of metals to be calculated based on the impinging light. 

Using this Drude-Lorentz model, the real and imaginary dielectric constants Au, Ag, Cu, 

and Al can be calculated for various wavelengths (Figure 2-2).2 
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Figure 2-2 Complex dielectric constant for a) Au (black) and Ag (red) and b) Cu 

(blue) and Al (green), as calculated by the Drude-Lorentz model.2 

2.1.2 Localized Surface Plasmon Resonances 

SPRs can be further confined to the surface when the material is in a nanostructured 

form. When the nanomaterial is significantly smaller than the irradiation wavelength, the 

plasmonic resonance becomes confined, or localized, to the surface of the nanomaterial, 

otherwise known as a localized surface plasmon resonance (LSPR).33 The confinement of 

the electric field to these nanomaterials will generate LSPR modes or “hot spots”, an 

example of oscillation of the electric field around an Au nanosphere (Figure 2-3a). 

 

Figure 2-3 Schematic oscillation of the electric field around an Au nanosphere. 
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LSPRs will vary based on the size, shape, and arrangement of the nanomaterials and can 

be tailored to specific wavelengths using both lithographic,34-36 and synthetic methods.37-

39 Their response to an impinging field will also depend on the input field properties 

including wavelength, pulse duration, and polarization. Since many of these materials and 

field parameters can be selected in different combinations, several modes with distinct 

energies, polarizations, and spatial localizations can thus be observed. For example, an 

Au nanodisk excited at 775 and 930 nm will excite the quadrupolar and dipolar modes, 

respectively (Figure 2-4).40 

 

Figure 2-4 Far field extinction spectra for a gold nanodisk with a diameter of 280 

nm with the near field enhancement maps inset showing the quadrupolar and 

dipolar LSPRs present at 775 and 930 nm, respectively. Reprinted (adapted) with 

permission from Butet, J.; Brevet, P.-F.; Martin, O. J. F., ACS Nano 2015, 9, 10545-

10562. Copyright 2015 American Chemical Society. 

Additionally, the energy of an impinging electromagnetic field can be confined to the 

surface by modifying the shape of the nanomaterial, producing different resonance modes 

that result in more intense, broader, hot spots.15 Further surface modifications include 

producing nanomaterials in proximity of one another, forming dimers, trimers, or even 

chains of materials.41 Such surface modifications will produce more intense hot spots 
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near the junctions of the nanomaterials due to a coupling of the LSPRs.42 These 

nanomaterials can also be placed onto a substrate, allowing for polarization-controlled 

excitation of individual LSPRs that is not possible in a colloidal solution.43 

Small alterations in these opto-geometric parameters will greatly affect the position of the 

resonances thus providing a high degree of tunability. For example, modifying the shape 

of an Au nanoparticle from a triangle to a decahedron or an icosahedron, while 

maintaining a consistent plasmon length, will demonstrate a spectral shift in the LSPR 

mode.44 These materials have been proven effective in enhancing optical processes for a 

variety of applications. One of such applications is plasmon-enhanced second-harmonic 

generation microscopy,45 which can be used for the characterization of the strain in two-

dimensional materials,46 SHG microscopy (SHGM) in microfluidic chips,47 and as a pre-

screening tool for surface-enhanced hyper Raman scattering platforms.48  

2.1.3 Metamaterials  

Metamaterials are artificial materials made by bottom-up or top-down approaches that 

consist of an assembly of nanoscale building blocks that are organized both two- or three-

dimensional fashions with periodicities and dimensions close to that of the incident 

wavelength.49, 50 

Like nanomaterials, metamaterials have dimensions on the same order of magnitude as 

the irradiation wavelength. However, they can interact more efficiently with impinging 

fields than nanomaterials and will generate more effective LSPR modes with larger 

surface areas than using simple structures. Due to their unique optical properties, 

metamaterials have shown potential in a variety of fields including chiral sensing,51-53 

negative refraction indices,54 optical magnetism,55 and invisibility cloaking.56, 57 

Another example is enhanced second-harmonic generation microscopy from 

metamaterials, which is explained in greater detail in chapter 4 of this thesis.30 

Metamaterials are effective at enhancing the sensitivity and the acquisition speed of 

measurements. The design basis of these metamaterials come from a variety of sources, 
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including geometric shapes,14, 15, 30 chain-links,58 and even from biological tissues.59 An 

example of a metamaterial is shown in Figure 2-5.14, 15 

 

Figure 2-5 A series of SEM images of metamaterials known as dendritic fractals. (a) 

A three-branched generation 2 fractal, (b) a four-branched generation 2 fractal, and 

(c) a five-branched generation 2 fractal. 

Metamaterials offer a higher sensitivity, faster response, and even an immunity to 

electromagnetic interference. Furthermore, the confinement and enhancement of the field 

to subwavelength areas has allowed both single molecule detection and nanoscale spatial 

resolutions.60-64 As well, a significant reduction in the laser power required for molecule 

detection stems from the significant enhancement of the electromagnetic field from the 

metamaterials, allowing for a less destructive method of detection.62, 65 This is 

particularly important when working with sensitive materials, such as biological 

samples.66, 67 Other applications of interest include the study of the hot-electron 

generation process, discussed later in this chapter. 

2.2 FDTD Electromagnetic Modelling 

To better understand how LSPRs work and to predict the optical responses of materials, 

calculations can be performed using Maxwell’s equations. Such calculations are 

particularly useful for metamaterials that have more complex arrangements or shapes 

than a single sphere or triangle, as there are few suggested theories for more intricate 

nanomaterials. Modelling the optical properties of metamaterials can be done using a 

variety of electrodynamic calculations, including the discrete dipole approximation, the 

finite element method, and the finite-difference time-domain (FDTD) method. These 
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different methods can be used to calculate the response of metamaterials under an 

electromagnetic field and produce accurate absorption spectra and maps the areas of 

electromagnetic enhancement. 

The FDTD method can solve Maxwell’s equations while discretizing space and time 

using finite-difference algorithms. The spatial domain breaks the simulation area into a 

cartesian grid using Yee’s algorithm, and the resulting cartesian grid is known as a Yee 

cell (Figure 2-6). Yee cells are comprised of two pointing vectors, electric and magnetic, 

that are shifted by a half-grid point relative to one another. The calculations use the 

difference between these two vectors before and after the short pulse of the impinging 

light. This is a repeating process that continues until the simulation reaches a steady-state 

solution, known as convergence. Then, the time-domain portion of the results can be 

transformed using Fourier transform into frequency domain (absorption and scattering 

cross-section) spectra. Extinction measurements, which is the combination of both the 

absorption and scattering cross-section, can be used to characterize the strength of the 

plasmonic field, absorption measurements can be used to identify the spectral position of 

the LSPR modes.68 For this thesis, only the absorption spectra were calculated using this 

method, so that comparisons could be made between the theoretical and experimental 

data. The scattering cross-section was not measured because of the nature of the 

microscope used to measure the SHG response of the materials. In other words, because 

of the irradiation and SHG signal collection both being orthogonal to the surface, any of 

the scattered light was not collected. 
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Figure 2-6 Illustration of a Yee cell, including the distribution of the magnetic (H) 

field (blue) and the electric (E) field (red) pointing vectors throughout the cell. 

Although the use of Yee cells allows FDTD calculations to be performed on complex 

structures, it is worth noting that there can be cascading errors from the cartesian grid 

divide. These errors occur near the edges of the structures, where the Yee cells, with 

dimensions defined by the user (known as mesh size), are partially filled by the structure. 

The entirety of the cell then acts as the material of interest. This error can be mitigated by 

setting a smaller mesh size, but this comes at the cost of a significantly more 

computationally demanding simulation. 

For the calculations presented in this thesis, a plane-wave source was used with an initial 

intensity of E0 = 1, allowing the resulting electric field components (Ex, Ey, and Ez) to be 

normalized to the intensity of the light source. The normalized electric field (|Ex,y,x/E0|
2) 

can be simply determined by squaring the obtained values for the individual E 

components, since E0 = 1. This method was used to generate the polarized linear 

electromagnetic (EM) field maps throughout this thesis. Additionally, the nonlinear EM 

field maps can be calculated by incorporating the nonlinear susceptibility value of bulk 

Au (𝜒(2) = 3 × 10−29𝑚𝑉−1) into the simulations.69-71 This nonlinear method can be used 

to calculate the SHG response of a metamaterial.69  
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2.3 Second-Harmonic Generation 

Since its introduction in 1961 by Franken et al., the field of SHGM has grown to be 

incorporated into our daily lives.72 An example of a commonly used SHG active material 

is the potassium titanyl phosphate (KTP) crystal.73, 74 The KTP crystal is birefringent, 

which means its crystal structure is asymmetric and will have different refractive indices 

based on the polarization, orientation, and frequency of the impinging field. For example, 

when light with a wavelength of 1064 nm is focussed in a KTP crystal, through phase 

matching process it generates photons at 532 nm (green).75 This process is particularly 

efficient, allowing it to be used in green laser pointers.75 In this work we have extensively 

used SHGM for the study of metamaterials that were designed to exhibit second-

harmonic properties. 

2.3.1 Principles of SHG 

The electron cloud around a material can be manipulated by applying an electrical field. 

In other words, a materials’ induced polarization is the response of a material upon 

irradiation with light. The degree to which the electrons of a material can be manipulated 

by light, whether it is a linear or nonlinear optical process, therefore falls under induced 

polarization.76 

In nonlinear optics (NLO), the induced polarization of a material mainly depends on the 

nonlinear terms. The induced polarization of a material can be separated into multiple 

terms which depend on the number of input photons, and is given by: 

𝑷(𝜔) = 𝜀0𝜒
(1)𝑬(𝜔) + 𝜀0𝜒

(2)𝑬(𝜔)𝑬(𝜔) + ⋯+ 𝜀0𝜒
(𝑖)𝑬(𝜔)(𝒊)        [2-3] 

Here, 𝑷(𝜔) represents the induced polarization of the material, 𝜀0 represents the vacuum 

permittivity constant, 𝑬(𝜔) represents the input photons, and 𝜒(𝑛) represents the 

polarization susceptibility and is a tensor for the physical properties of the material at the 

nth order. 𝜒(𝑛) is a mathematical representation of the physical properties of the material 

based on the number of input photons. For example, a second-order optical process 

depends on the general 𝜒(2) term, which is a 27-element tensor with a 3x3x3 (3-

dimensional) distribution. There are multiple nonlinear optical processes that are 



21 

 

 

 

encompassed by the second induced polarization term, including sum-frequency 

generation (SFG), upconversion (UC), two-photon photoluminescence (TPPL), and 

second-harmonic generation (SHG). This thesis focuses on the SHG process. During the 

SHG process, a material absorbs two photons at a fundamental frequency, E(ω), and 

emits a single photon at double the frequency, E(2ω). This process, however, has a 

limiting selection rule: the material of interest must be non-centrosymmetric (i.e. cannot 

contain a centre of inversion). If a material does contain a center of inversion, the 𝜒(2) 

term will either be identical upon an inversion operation, or all 27 elements will be equal 

to 0, resulting in no signal. 

When dealing with nonlinear processes (e.g. SHG) the second-order susceptibility term 

can be isolated from the overall induced polarization. The second-harmonic signal 

resulting from the SHG process can be isolated and simplified to the following equation: 

𝑬(2𝜔) ∝ 𝑷(2𝜔) = 𝜒(2)𝑬(𝜔)𝟐           [2-4] 

Where the SHG signal or polarization is proportional to the two variables: the nonlinear 

susceptibility and the input wavelength. Since the field vector oscillates positively and 

negatively with time, for negative values of the oscillation, [2-4] can be written: 

−𝑬(2𝜔) ∝ −𝑷(2𝜔) = 𝜒(2)(−𝑬(𝜔))(−𝑬(𝜔))         [2-5] 

This results in [2-6]: 

−𝑬(2𝜔) ∝ −𝑷(2𝜔) =  𝜒(2)𝑬(𝜔)𝟐           [2-6] 

The relationship between [2-4] and [2-6] demonstrates that, in materials with a center of 

inversion, −𝑬(2𝜔) = 𝑬(2𝜔) which is not possible. This indicates that the  𝜒(2) tensor is 

therefore equal to 0 in a centrosymmetric material. This results in the SHG process being 

nonexistent and is therefore considered a forbidden process in materials with a center of 

inversion. 

Additionally, the theoretical signal intensity for the SHG signal (𝑆(2𝜔)) can be 

calculated by:  
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𝑆(2𝜔) =  
(2𝜔)2

8𝜀0𝑐3𝑐𝑜𝑠2𝛽
∙ |𝜒𝑒𝑓𝑓

(2)
|
2

[𝐼(𝜔)]2𝐴𝑇          [2-7] 

where c is the speed of light, 𝛽 is the exit angle of the SHG signal relative to the direction 

of the fundamental laser, 𝐼(𝜔) is the intensity at the fundamental frequency at the 

surface, A is the area of the beam on the surface of the material, and T is the pulse width 

of the laser at the fundamental frequency. The only variable in this equation is the 

effective nonlinear susceptibility tensor |𝜒𝑒𝑓𝑓
(2)

|, which can be isolated to give:77 

𝜒𝑒𝑓𝑓
2 = (𝐿⃡2𝜔 ∙ 𝑒̂2𝜔) ∙ 𝜒𝑆

(2)
: (𝐿⃡𝜔 ∙ 𝑒̂𝜔)(𝐿⃡𝜔 ∙ 𝑒̂𝜔)          [2-8] 

where L is the Fresnel factor at the fundamental (ω) and second harmonic (2ω) 

frequencies, 𝜒𝑆
(2)

 is the theoretical nonlinear susceptibility of the material, and 𝑒̂ is the 

polarization vector at the fundamental (ω) and second harmonic (2ω) frequencies. Using 

[2-8], the polarization dependence of the SHG signal intensity can be shown for a 

material with a known point group with active 𝜒(2) elements. 

The surface roughness of a nanomaterial will also contribute a minute amount to the 

overall signal of the nonlinear optical response. This signal is minimal for smooth 

surfaces and increases with increasing surface roughness. Any adsorbents must also be 

factored in, whether it is a dielectric medium (e.g. air) or a hyperpolarizable molecule, 

such as malachite green.78 The effective nonlinear susceptibility tensor can be described 

by: 

𝜒𝑒𝑓𝑓
(2)

= 𝜒𝐴
(2)

+ 𝜒𝐵
(2)

+ 𝜒𝑖
(2)

            [2-9] 

where 𝜒𝐴
(2)

 represents any adsorbed molecules to the surface, 𝜒𝐵
(2)

 represents the any 

contributions from the surface of the material (including from surface roughness), and 

𝜒𝑖
(2)

 represents the interactions between the surface and the adsorbed molecules. In the 

case of hyperpolarizable molecules, however, the 𝜒𝐴
(2)

 term can be replaced with the 

hyperpolarizability term, 𝛽𝑖𝑗𝑘. The hyperpolarizability term is similar to 𝜒(2) as it will 
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also be equal to zero when the molecule has a center of inversion (e.g. in molecular 

oxygen). 

In this work, SHGM will be used to analyze the effects of LSPR modes on the intensity 

of the nonlinear optical processes’ response. Furthermore, the SHG response in isotropic 

metamaterials with localized anisotropy is studied and compared to metamaterials 

without a center of inversion. 

2.3.2 SHG in Nanomaterials  

Nanofabrication methods offer the possibility of fabricating artificial materials that have 

the proper symmetry to become SHG active. In the past decade, a multitude of studies 

have been reported that demonstrate the SHG activity in nanomaterials. Ranging from 

structures that are inherently SHG active due to their non-centrosymmetric structure, to 

metamaterials that have been shaped with localized non-centrosymmetry, these 

metamaterials provide a versatile platform for enhanced SHGM.79-81 

Nanosphere lithography (NSL) is an effective method to produce nanostructures that are 

SHG active. In NSL, arrays of nanoprisms in hexagonal arrangements using nanospheres 

as a template (Figure 2-7a). These individual nanoprisms have a C3 symmetry and 

therefore no center of inversion. By virtue of this symmetry, they are ideal candidates for 

SHGM as produce large surface areas of SHG active nanomaterials. The SHG map 

shown in Figure 2-7b highlights the SHG emission from the individual prisms at a 

fundamental wavelength of 800 nm and the SHG wavelength at 400 nm. 
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Figure 2-7 (a) An SEM image of a Fischer patterned substrate produced by NSL 

and (b) an SHGM image of a large surface area of an NSL substrate. 

Another fabrication technique that can be used to generate SHG active nanomaterials is 

electron-beam lithography (EBL). This technique can generate nano- and metamaterials 

with a spatial resolution down to 10 nm. Metamaterials are produced to contain localized 

non-centrosymmetry in otherwise centrosymmetric structures. An example of this is a 

series of four circular nanodisks produced by Guo et al. that are equally spaced in y, but 

not in x (Figure 2-8).82 The intensity of the hot spot along the x direction is significantly 

higher than that along the y direction. This discrepancy in the hot spots when the 

polarization direction changes is known as localized induced asymmetry (or non-

centrosymmetry). This means that despite the individual structures having centres of 

inversion, the overall metamaterial does not.82 
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Figure 2-8 (a) Schematic of a bianisotropic metamolecule in which electromagnetic 

coupling could happen. The four Au nanodisks, each with radius of 50nm and a 

thickness of 30nm are symmetric along the y-axis asymmetric along the x-axis. Light 

is incident from the top of the metamaterial and the electric field polarizes along the 

x- or y-axis. (b) Linear scattering cross-section (SCS) of the metamolecule at the 

fundamental frequency under normal incident light with x- (black line) and y- (red 

line) polarization. The red arrow denotes the wavelength of the electromagnetic 

coupling under x-polarization. (c) Normalized electric and magnetic near-field 

distributions at the fundamental frequency denoted by the red arrow in (b). Top 

panels: x-polarization; bottom panels: y-polarization. © 2018 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

Metamaterials are of particular interest for nonlinear optics, as their nonlinear 

susceptibilities can effectively change the properties of the input light (e.g. frequency 

doubling). As shown in figure 2-5, the symmetry point group of a metamaterial of interest 

can be easily controlled when using advanced lithography techniques. In figure 2-4 a, b, 

and c, dendritic fractals, based on the Cayley tree structures first shown by Halas et al.,83 

with a point group of C3, C4, and C5, respectively, are shown. While the overall point 

group of the metastructure dictates whether it will be SHG active or not, we also observe 

an SHG response in the structures with a C4 symmetry. this is due to the breaking of the 

symmetry at localized areas on the structure. This is discussed in further detail in chapter 

4. 
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2.3.3 Plasmon-Enhanced SHG 

The SHG signal can be enhanced even further by tailoring nanomaterials so that they 

have LSPRs that match the fundamental and second-harmonic (SH) wavelengths.28, 30 

Upon irradiation and excitation of a nanomaterial, the SH response will adopt a similar 

shape to that of the LSPR.29 For example, if the quadrupolar mode of an Au nanosphere 

is excited, the polarization dependent SHG signal will show four lobes and the highest 

SHG intensity will occur where the areas of the electromagnetic enhancement are the 

highest (Figure 2-9).28 Normally, a SHG from a spherical object would be forbidden. Due 

to the nanoscale size of the gold nanoparticle, the surface roughness, combined with the 

enhancement of the LSPR, will show an SHG signal. 

 

Figure 2-9 Multipolar emission from perfect nanospheres. (a) Experimental 

evidence of the SH quadrupolar emission from 150 nm gold nanoparticles and (b) 

the corresponding FDTD-calculated near-field enhancement intensity. Reprinted 

(adapted) with permission from Butet, J.; Brevet, P.-F.; Martin, O. J. F., ACS Nano 

2015, 9, 10545-10562. Copyright 2015 American Chemical Society. 

2.4 Plasmon-Mediated Chemistry  

When the LSPRs on a metamaterial are excited, the small volumes where the enhanced 

field is confined to generates areas of electromagnetic enhancement which can has been 

exploited for photo-initiated surface reactions.84, 85 After irradiation with a resonant 
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wavelength, these LSPRs will begin to decay. Their stored energy is released through two 

main decay pathways: light emission (e.g. fluorescence) or hot electron and thermal 

energy generation.86-88 Through the hot electron decay pathway, a multitude of reactions 

can be catalyzed.84-86 Examples of these reactions include surface functionalization,89 

such as sensor fabrication,90, 91 polarization dependent grafting,92 and plasmon-mediated 

nanohole drilling.22 Furthermore, chemical reactions with a high societal impact can be 

performed at the surface including water splitting,93-95 CO2 reduction,96-98 and artificial 

photosynthesis.99-101 The field of plasmon-mediated surface chemistry is currently very 

dynamic and numerous surface reactions are under investigation using plasmon 

catalysis.102 

2.4.1 The Hot Electron and Thermal Energy Decay of LSPRs 

The radiative decay pathway occurs within 100 fs of excitation by the emission of a 

photon, typically through fluorescence.103-105 The non-radiative decay pathway is the 

process in which hot electrons are generated and can be used in plasmon-mediated 

reactions.106 The non-radiative decay has three stages (Figure 2-10).107, 108 During its 

excitation, the nanomaterial will generate LSPRs, inducing a distribution in the electron 

density based on the excited resonance mode.108  

After excitation, the generated LSPRs will undergo either radiative or non-radiative 

decay. The radiative decay involves the release of the excited energy by emission of 

photons. The nonradiative decay, however, is more complex involving a three-step decay 

pathway:109 

Step 1 – charge carrier excitation (Figure 2-10, t = 1 – 100 fs): This first step, during 

which the charge carriers are excited, is crucial for plasmon-mediated chemistry as it 

produces hot electrons at the material’s surface and are concentrated in the hot spots 

based on the excited LSPR mode. These hot electrons are capable of initiating photo-

induced surface reactions.102 During this stage, the delocalized electrons can interact with 

materials near the surface of the nanoparticle and are able to induce surface catalyzed and 

surface specific reactions.110, 111  
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Step 2 – charge carrier relaxation (Figure 2-10, t = 100 fs – 1 ps): The next step is charge 

carrier relaxation, during which the hot electron and hot “holes” (a positive charge or 

“hole” left by dislocated electrons) recombine. This results in both the relaxation of the 

electric field and the dissipation the acquired energy through heat. It has been shown that 

the heating step does not significantly contribute to the reaction at the surface.109, 112 

Furthermore, any thermal-induced reactions will be truncated by the quick dissipation of 

heat. The previously proposed mechanism for this reaction is the transfer of a radical 

from the Au surface to a reactive molecule, allowing reactions to occur without the need 

for a catalyst to be present. 

Step 3 – thermal dissipation (Figure 2-10, t = 1 – 1000 ps): The final step is thermal 

dissipation, where the relaxation of the charge carriers in the nanomaterial releases the 

absorbed energy through heat. The heat released during the thermal dissipation can reach 

temperatures upwards of 400 K.112-114 

 

Figure 2-10 Illustration of the three stages of the non-radiative decay of an LSPR. 

At t = 0 is the irradiation of the nanoparticle, followed by t = 1 to 100 fs where in the 

charge carriers are excited, t = 100 fs to 1 ps where the charger carriers relax, and 

finally t = 1 – 1000 ps the thermal dissipation. 

2.4.2 Selective Surface Chemical Reactions Using Hot Electrons 

Surface functionalization of PMMA to visualize plasmon modes.  
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For example, Hobbes et al. uses Au nanorods and nanotriangles functionalized with 

PMMA through plasmonic excitation to visualize the dipolar modes of their structure. 

The spatial localization of the PMMA material reveals the area where the field intensity 

is the most confined, yielding surface reactions. This dipolar mode was demonstrated on 

nanorods to show the crosslinking and decomposition of the PMMA(Figure 2-11a-c), and 

nanotriangles to demonstrate the effect of the polarization on the dipolar mode and 

subsequent surface reactions (Figure 2-11d,e).115 

 

Figure 2-11 Imaging electron emission from plasmonic nanoantennae with PMMA. 

(a) Top-down SEM micrograph of a 260 nm pitch Au nanorod array coated with a 

20 nm thick layer of PMMA. The coated array was previously exposed to ∼109 fs 

laser pulses and the PMMA was subsequently developed. (b) SEM micrograph of a 

nanorod antenna near the periphery of the exposed region shown in panel (a) where 

regions of exposed and developed PMMA at the poles of the nanoantenna are 

visible. (c) SEM micrograph of a pole of a nanorod near the center of the exposed 

region in panel (a). A narrow strip of material believed to be cross-linked PMMA is 

present at the apex of the nanorod. (d, e) SEM micrographs of exposed PMMA 

around nanotriangles illuminated with ∼109 fs laser pulses. The polarization of these 
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pulses was aligned(d) parallel to and (e) orthogonal to the long-axis of the 

nanotriangle antennae. Reprinted (adapted) with permission from Hobbs, R. G.; 

Putnam, W. P.; Fallahi, A.; Yang, Y.; Kärtner, F. X.; Berggren, K. K., Nano Lett. 

2017, 17, 6069-6076. Copyright 2017 American Chemical Society. 

Multiplexing guest molecules over metamaterials.  

By varying the polarization of the input light, plasmon-mediated grafting can be 

employed for selectively exciting new plasmon modes and therefore enabling different 

molecular patterns on the surfaces.89, 109, 116 This open up the possibility of multiplexing 

the functionalization of distinct analytes over the nanostructure using the polarization of 

the incoming light as a key tunability parameter.10 Bachelot et al. used this approach over 

nanodisks to graft two formulations of a polymer that contain light-emitting quantum dots 

(Figure 2-12).92 In this work, two polymers containing distinct light-emitting quantum 

dots were grafted along orthogonal directions using distinct polarization directions. The 

authors effectively demonstrated the polarization dependence of the emissions from the 

QDs (Figure 2-12f), allowing for real-time colour switching devices that depend only on 

the polarization of the input irradiation.92 
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Figure 2-12 Topographic an optical characterization of a nanodisk-based two color 

anisotropic nanoemitter. (a) Schematic representation of the nanostructure. (b) 

SEM image of the Au nanodisk with a diameter of 90 nm after the first exposure 

that positions green QDs along the x-axis. (c) SEM image of the same nanodisk after 

the second exposure that traps red QDs along the y-axis. The respective plasmonic 

near-field intensities of the dipole emission for (b) and (c) are shown in each inset. 

For clarity, SEM images have been artificially colored according to the emission 

wavelengths of the trapped QDs. Far-field fluorescence image of the two-colour 

anisotropic nanoemitters (TCANE) under illumination with (d) x-axis polarization 

and (e) y-axis polarization. Double arrows represent the polarization of the 

excitation light. (f) Polarization-dependent fluorescence spectra from the TCANE. 

The polarizations of the excitation light (λexc = 405 nm) were at θ=0° (red plot), 22.5° 

(orange plot), 45° (green plot), 67.5° (blue plot), and 90° (black plot) with respect to 

the y-axis. The inset defines the polarization angle θ, where the dashed line 

represents the incident polarization direction. Reprinted (adapted) with permission 
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from Zhou, X.; Wenger, J.; Viscomi, F. N.; Le Cunff, L.; Béal, J.; Kochtcheev, S.; 

Yang, X.; Wiederrecht, G. P.; Colas des Francs, G.; Bisht, A. S.; Jradi, S.; Caputo, R.; 

Demir, H. V.; Schaller, R. D.; Plain, J.; Vial, A.; Sun, X. W.; Bachelot, R., Nano Lett. 

2015, 15, 7458-7466. Copyright 2015 American Chemical Society. 

Chapter 7 of this thesis details a cross-like metamaterial with the potential to graft up to 

three distinct patterns at the metamaterial’s surface.10 furthermore, Multiplexing has been 

previously used to graft two different diazonium salts to the surface of a single Au 

nanodisk.117 In the work done by Félidj et al. on these Au nanodisks, two diazonium salts 

with distinguishable moieties were grafted to a single nanodisk using perpendicular 

polarizations. Along the Y axis, a diazonium salt containing a carboxyphenyl moiety was 

grafted, followed by a diazonium salt with a hydroxyethyl phenyl moiety along the X 

axis. The Raman spectra confirmed the presence of both moieties after the irradiations 

were completed, demonstrating a successful multiplexing. Atomic force microscopy 

cross-sections shown in Figure 2-13a,c (blue and red dashed lines) confirmed the addition 

of the diazonium salt layers by an increase of thickness of +/- 35 nm in both the X and Y 

directions. 
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Figure 2-13 SEM images of a single nanoparticle after plasmon-induced grafting of 

(a) carboxyphenyl layers along the Y axis and (c) additional hydroxyethyl phenyl 

layers along the X direction. Irradiation conditions: λinc = 633 nm, 180 seconds with 

a power of P=0.8 mW/μm2. Mapping of the near field intensity enhancement |E|2 

upon irradiation along the Y axis (b) and both X and Y axis (d), on a unit cell 

nanodisk of 100 nm, H = 50 nm, using the DDA method. 

2.5 Summary 

In this chapter, the fundamentals of plasmonics and its applications to optical and 

chemical processes were reviewed. Nanomaterials with second-order non-linear 

properties, including metamaterials, were described. The calculation of the 

electromagnetic field in the vicinity of these artificial structures using FDTD is explained 

for both the linear and nonlinear optical response of nanomaterials to an impinging field. 

Following this, the principles of SHG were given, including the enhancement and 

polarization dependence of this nonlinear optical process using LSPRs. Finally, chemical 

reactions at the surface of metamaterials were discussed highlighting the distinct 

pathways of plasmon-mediated reactions. 
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Chapter 3  

3 Methodology 

This chapter discusses the techniques and instrumentation used throughout this thesis 

which include finite-difference time-domain modelling, absorbance measurements, 

electron-beam lithography, and second-harmonic generation microscopy (SHGM). The 

functionalization of surfaces and chemical vapour deposition are also described. The 

design and fabrication of metamaterials that are capable of efficiently interacting with an 

impinging field, involve a combination of simulations, lithographic techniques, and 

characterization processes. This allows the metamaterials to exhibit LSPRs at specific 

wavelengths which can be accurately tuned to any desired wavelength and can exhibit 

upwards of three LSPR modes in the visible range.1-3 

3.1 Finite-Difference Time-Domain (FDTD) Modelling 

The FDTD measurements in this thesis were performed using the Ansys Lumerical 

software. The typical setup for the modelling of metastructures contains six key 

components: 

• The FDTD region is a 3D space wherein all components of the simulation are placed, 

as shown by the orange box in Figure 3-1a. The FDTD region will divide the volume 

into Yee cells of a predetermined volume. This space contains boundaries in the x-, 

y-, and z-directions that can be used to set up a variety of situations. By using a 

perfectly matched layer (PML) boundary condition, any light that passes through this 

boundary is absorbed, effectively minimizing unwanted reflections. The PML 

boundary condition is typically used in the z-direction for the modelling of the 

studied structures. The periodic boundary conditions can be used to model arrays of 

structures with a reduced simulation time and memory requirement. The periodic 

boundary conditions will generate an effectively infinite array of the structure 

contained within the FDTD region and analyze the response of the single structure 

within a repeating system. 
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• The mesh is used to divide a designated volume of the FDTD region into smaller 

Yee cells, as described in Chapter 2, section 2-2, thus producing a higher 

concentration of cells for the encapsulated volume, as shown by the red box in 

Figure 3-1a. The mesh works by filling the Yee cells that contain the structure with 

the desired optical parameters. However, if the Yee cell only contains a small portion 

of the structure, the entire cell is filled by the material. By using a smaller mesh size, 

the edges of the structure will be more accurately modelled, particularly when 

working with rounded objects. 

• The light source used throughout the modelling of the studied metastructures was a 

plane wave light source, as shown by the white box in Figure 3-1a. This allowed an 

even distribution of the impinging field across the surface of the structure. The 

polarization of the electric field can be modified, as indicated by the blue arrow in 

Figure 3-1a, and circularly polarized light can be simulated by using two orthogonal 

light sources with a phase shift of either + or – 90°. The modelling is normalized to 

the intensity of this plane wave light source. The green arrow in Figure 3-1a 

indicates the polarization direction of the magnetic field, and the pink arrow 

(unobserved) indicates the propagation direction of the light. 

• The absorption analysis group is a series of 6 boundaries, one in each axis direction, 

four of which shown by the yellow box in Figure 3-1a. These boundaries work by 

enclosing the modelled structure and monitoring the evolution of the plane wave 

light source as it passes through the modelled structure. they then calculate different 

optical properties of the modelled structure, including cross-section, abruption, and 

transmission. 

• The areas of electromagnetic enhancement are done using a 2D frequency domain 

power monitor placed at the surface of the modelled structure, as shown by the blue 

box in Figure 3-1a. This monitor can be set to acquire the integrated power at the 

surface of the metastructures for a set wavelength. This produces a 2D image of the 

hotspots with a resolution determined by the concentration of Yee cells within the 

area. 
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• The optical parameters for the modelling of the studied structures were set as 

described Chapter 2, section 2.2. These parameters are set for each object, for 

example the Au nanodisk as shown by the yellow circle in Figure 3-1a. The 

structures can be generated using 3D objects designed by Lumerical as well as 

imported 2D coordinates from a GDSII file and adding the height in the z-direction. 

Both methods allow a fine control of the structural parameters. Furthermore, bitmap 

images can be imported to produce an object based the pixel colours of a black and 

white image. This is particularly useful for importing scanning electron microscopy 

images into the modelling software to help compensate for structural defects on 

fabricated structures, this is exhibited in Chapter 7 for the crosshair structures. 

 

Figure 3-1 (a) A top-down view of the FDTD simulation region for an Au nanodisk. 

The gray rectangle represents the glass substrate, the white box represents the light 

source, the orange box represents the FDTD simulation region, the blue box 

represents the frequency domain power monitor, the yellow box represents the 

absorption monitors for the x and y axes, the red box represents the mesh, and the 

yellow circle represents the Au nanodisk. (b) a 3D view of the FDTD region. 

Typically, the substrate and the light source are extended past the limits of the FDTD 

region, ensuring they are uniform and are considered infinitely large compared to the 

metastructure, as shown in Figure 3-1b. 
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3.2 Fabrication Methods 

3.2.1 Nanosphere lithography 

Nanosphere lithography is a benchtop lithography technique used to fabricate large arrays 

of plasmonically active nanomaterials on common substrates such as glass cover slips 

and silicon substrates.4, 5 The glass coverslips that are used for NSL must first be 

chemically cleaned, which is done through a three-step procedure. First, the glass 

substrates are sonicated in acetone. Then the glass substrates are sonicated in a solution 

of sulfuric acid and NoChromix®. Finally, the subjected to a 1:1:5 (v:v:v) solution of 

hydrogen peroxide:ammonium hydroxide:water. After each step, the glass coverslips are 

thoroughly rinsed with Milli-Q® (18.2 MΩ/cm3) water. Once clean, the glass coverslips 

are dried with a gentle flow of N2 gas and are ready for NSL. 

A solution of dispersed polystyrene (PS) spheres is prepared by diluting a stock sample of 

PS spheres in water (10 % w/w) and Milli-Q® water with a ratio of 1:25 (v:v). A rubber 

O-ring is placed on the glass substrate, into which 25 μL of the PS spheres solution is 

drop-casted. The substrate is covered to dry for 24 hours. Once dried, the substrate is 

covered by large areas of monolayer PS beads on the surface. 

Metal deposition by electron-beam evaporation (Angstrom Engineering) in Western’s 

Nanofabrication Facility. During this process, the metal pellets located in the crucibles 

evaporated using a focussed high current beam under vacuum. The amount of metal 

deposited onto the substrate is controlled by the evaporation rate and a quartz 

microbalance. On dielectric substrates, such as glass, a thin film (3 to 5 nm) of titanium is 

added before the coinage metal, allow it to adhere to the surface substrate more 

efficiently. This thin film of titanium does not affect the spectral position of the LSPR.1 

This produces a homogeneous film over nanosphere (FON) substrate. After the metal 

deposition, the PS beads are removed by gently sonicating the substrate in an anhydrous 

ethanol solution, producing hexagonal arrays of nanoprisms (i.e. Fisher patterns) on the 

substrate surface where the monolayers were located (Figure 3-1).  
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Figure 3-2. An illustration of the three main steps of NSL: monolayer formation of 

PS beads, metal deposition over the monolayer producing the FONs, and the Fisher 

pattern produced after the removal of the PS beads.  

The diameter of the PS beads used, as well as the thickness of the metals deposited, will 

determine the sizes of the nanoprisms in the resulting Fisher pattern.6 The subsequent 

LSPR wavelength ultimately depends on the size of the nanoprisms. The work done by 

Haynes and Van Duyne highlights the dependence of the LSPR spectral position based 

on multiple factors, including shape, metal thickness, and size (Figure 3-2).6 When 

decreasing the particle size but maintaining a comparable metal thickness, the LSPR peak 

will exhibit a spectral shift towards smaller wavelengths (blue shift). The ability to 

control the LSPR position renders NSL a powerful and cost-effective technique for the 

effective production of large (~ a few mm2 to cm2) areas of plasmonic nanomaterials. 
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Figure 3-3 UV-visible extinction spectra of Ag single layer periodic particle arrays 

of (a-c) nanodisks and (d-h) nanoprisms on mica substrates. From top to bottom, the 

parameters indicated on the right represent tnanosphere diameter used in the 

masks, thickness of deposited metal, shape of nanostructure, and LSPR peak 

position. The reported spectra are raw, unfiltered data. The oscillatory signal 

superimposed on the LSPR spectrum seen in the data is due to interference of the 

probe beam between the front and back faces of the mica. Reprinted (adapted) with 

permission from Haynes, C. L.; Van Duyne, R. P., J. Phys. Chem. B 2001, 105, 5599-

5611. Copyright 2001 American Chemical Society. 

3.2.2 Electron-Beam Lithography 

While NSL is effective at producing large areas of plasmonic nanomaterials, the 

complexity of the structures is limited to triangular shapes and generating these structures 

becomes increasingly difficult as the PS sphere size is reduced. Therefore, advanced 

lithographic techniques are necessary to produce more complex nano- and metamaterials. 

Electron-beam lithography (EBL) offers a spatial resolution of 10 nm using conventional 

setups 7-9 and sub-5 nm spatial resolution using aberration-corrected setups thus 

producing nanostructures with exquisite spatial resolution.10-12 Due to its low spatial 

resolution and the ability to fabricate virtually any desired shape, EBL is a powerful 
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technique for generating and tuning plasmonic materials for a wide variety of 

applications.8, 13 

The EBL process contains six steps and one optional step: 

• In step 1, a substrate is cleaned using an O2 plasma cleaning process (Orion Reactive 

Ion Etching, Trion Technologies). The substrate can vary from glass cover slips for 

applications in the visible wavelength range, to CaF2 windows for applications in the 

near- to mid-infrared wavelength range, to silicon surfaces for initial dose testing and 

imaging samples. 

• In step 2, a photoresist is spin coated onto the surface of the clean slide. The 

photoresist, which can be either positive or negative, is chosen based on the desired 

structures. After development, a positive photoresist yields holes in the exposed 

areas, generating a positive mask that will result in the desired structure. Contrarily, a 

negative photoresist will yield pillars in the exposed areas, generating a negative 

mask that will leave a flat metallic surface with holes in the substrates surface in the 

areas exposed to the electron beam. For this thesis, a positive photoresist PMMA-A2 

was chosen. PMMA-A2 consists of a 2% w:v solution of polymethyl methacrylate 

(PMMA, MW = 950 kDa) in anisole. The photoresist thickness is also an important 

factor. When the photoresist is spin coated onto the surface, the photoresist 

concentration, the spin speed, and spin time determine the thickness of the 

photoresist layer.14 For example, PMMA-A2 will produce a 90 nm polymer layer and 

is best suited for nanostructures with a desired height of 45 nm or less. When 

increasing the thickness of the photoresist layer, thicker nanomaterials can be 

produced, but spatial resolution will be lost in the process. 

• Step 3 is optional and only used for dielectric substrates (e.g., glass and CaF2). For 

these materials, a conductive layer must be deposited to avoid charging at the surface 

of the sample upon irradiation with the electron beam. The conductive layer used in 

this thesis is AquaSAVETM (Mitsubishi Chemical Corporation). This polymer is 

conductive that can be spin coated on top of the photoresist and serves to prevent any 

electrostatic charging at the photoresists surface, which would result in the 
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photoresist being over exposed. Over exposure would result in the polymer around 

the written pattern to be exposed as well, resulting in a loss of spatial resolution and 

even burnt material at the substrate surface.15 

• In the irradiation step (step 4), the substrate is exposed to the electron beam to 

produce the desired mask. The instrument used in this thesis was the Leo Zeiss 1530 

SEM equipped with a piezo nanopositioning stage combined with a Raith 

Nanofabrication EBL control system (Elphy QUANTUM, Raith Nanofabrication). A 

10 μm aperture (resulting an approximate beam spot size of 12 nm) with a beam 

voltage of 30 kV was used for most of the metamaterials produced. A 20 μm aperture 

(resulting in an approximate beam spot size of 20 nm) can be used to produce large 

surface areas of nanomaterials in the same time frame and is generally more useful in 

the production of less complex nanomaterials. The PMMA-A2 positive photoresist 

was exposed with a dose of 1000 pC/cm. During exposure, the PMMA polymer 

chains are broken into monomer units, allowing them easily dissolve with a 

developer and be removed while the bulk of the unexposed photoresist remains.16 

• The final steps of the EBL process are development (step 5), metal deposition (step 

6), and final lift-off of the residual photoresist (step 7). The development is done in a 

1:3 (v:v) solution of methyl isobutyl ketone:isopropanol. Then, the developed 

substrates are rinsed in an isopropanol bath and gently dried with N2 gas. The metal 

deposition step is identical to the metal deposition described in Section 3.2.1 of this 

chapter. Finally, lift-off is done in Remover PG (Kayaku Advanced Materials), an n-

methyl-2-pyrrolidone based solution designed to efficiently remove photoresist after 

lithographic fabrication. 
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Figure 3-4 Illustration of the stages of EBL process using a positive photoresist. The 

bare substrate, resist application, conductor application, beam exposure, 

development, metal deposition, and lift off represent the described steps 1 through 

7, respectively. 

EBL has become widely used for nanofabrication due to its versatility and precision.17, 18 

Shown in Figure 3-4 are structures that have been made by EBL. These structures were 

carefully conceived with preliminary modelling to display resonances in specific spectral 

ranges. Figures 3-4a,b are fractal structures with plasmon resonances in the visible 

range.19 Figures 3-4c is a crosshair structure with resonances in the visible range that 

were exploited for plasmon-mediated chemistry.2 Figure 3-4d is a series og gold 

nanorods used for surface-enhanced infrared absorption, and Figures 3-4e,f are chiral 

structures developed to have circular dichroic response in the infrared spectral range.18, 20, 

21 
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Figure 3-5 SEM images of structures produced by EBL. (a) A three-branched 

generation four dendrimer; (b) a five-branched generation two dendrimer; (c) a 

four-branched crosshair structure; (d) an array of nanorods; (e) a right-handed 

spiral structure; (f) a left-handed spiral structure. 

3.2.3 Chemical Vapour Deposition 

The transition metal dichalcogenides (TMD) flakes studied in Chapter 5 were prepared 

using chemical vapour deposition (CVD). A high temperature furnace (Lindberg Blue, 

Thermo Scientific) equipped with a 2.54 cm diameter fused quartz tube was used for the 

CVD process. For MoS2 flake production, 160 mg of sulfur powder (Sigma Aldrich) is 

placed in an alumina boat (Sigma Aldrich) 23 cm upstream from the MoO3 located at the 

center of the furnace in the lower temperature zone, achieving a temperature between 150 

and 200°C (i.e. above the melting point/below the boiling point of the sulfur powder). 

This is done to control vaporization rate of the sulfur powder transported by the Ar gas, 

enabling the reaction to occur without a surplus of the sulfur powder at the surface of the 

substrates and without boiling off the sulfur powder before the reaction can occur. As it 

vaporizes, the sulfur is transported towards the center of the furnace by the argon gas 
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where it encounters the vaporized MoO3 powder. 8 mg of MoO3 powder (Sigma Aldrich) 

is placed in a second alumina boat. On top of the second alumina boat, an SiO2@Si 

substrate, prepared by depositing 300 nm of SiO2 on Si by plasma CVD, is secured by 

stainless steel wire. The alumina boat containing the MoO3 and the substrate is then 

placed in the center of the glass tube in the high temperature zone of 850°C (i.e. above 

the melting point of MoO3 powder). The system is placed under a constant flow of Ar gas 

at a rate of 100 sccm. Once the reagents are placed inside the quartz tube, the furnace is 

gradually heated from room temperature to 550°C at a rate of 18°C/minute, then from 

550°C to 850°C at a rate of 5°C/minute. The furnace is kept at 850°C for 15 minutes 

before being cooled down to room temperature under ambient conditions. This recipe 

provides substrates with areas of monolayer 2H phase MoS2 flakes (Figure 3-5b) near the 

edges of the substrate as indicated by the red ovals in Figure 3-5a. 

 

Figure 3-6 (a) An SiO2@Si substrate after the CVD process with the regions of 

interest indicated by the red ovals. (b) An AFM image of a bilayer MoS2 flake with 

an SEM image of a trilayer inset. 

3.3 Characterization Methods 

3.3.1 Scanning Electron Microscopy 

The scanning electron microscopy (SEM) images presented in this thesis were taken with 

the Leo Zeiss 1530 field emission SEM at Western’s Nanofabrication facility. This is the 

same instrument used for the EBL process. The imaging was done in secondary scattered 

electron mode with a beam current typically between 1 and 3 kV. 
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3.3.2 Visible-Near Infrared Absorbance Spectroscopy 

The visible-near-infrared (vis-NIR) absorbance measurements in this thesis were 

obtained using an in-house built inverted microscope (figure 3-6). This microscope uses a 

halogen lamp (HL-200, Ocean Optics) light source covering a spectral range of 350 nm 

to 1050 nm. The light is passed through a 100 μm wide fiber optic cable and expanded 

using a 10×/N.A. = 0.25 microscope objective (M-10×, Newport). The light is then 

recollimated using a 40×/N.A. = 0.65 objective (M-40×, Newport), resulting in a beam 

diameter of 50 μm. The sample stage is attached to the inverted Nikon microscope. The 

light passing through the sample is then collected using a 20×/N.A. = 0.5 objective (M-

20×, Newport) before passing to either the binoculars, or a spectrometer through a second 

100 μm wide fibre optic cable. The light is collected by a spectrometer (USB4000-VIS-

NIR-ES, Ocean Optics) and is then analyzed by OceanVIEW software (Ocean Optics). 

This setup allows for the analysis of a 50 μm diameter circular area on substrates. The I0 

for the samples was measured by acquiring the spectrum through bare glass located with 

1 mm of the sample. The background was taken under the same conditions as the I0, but 

with the halogen lamp turned off which assisted in the mitigation of background noise 

contribution. The resulting measurements produced the experimental absorption 

(log(I/I0)). 



53 

 

 

 

 

Figure 3-7 Schematic of the microscope setup used for the vis-NIR absorbance 

measurements. 

3.4 SHG Microscopy 

The SHGM experiments were performed using an in-house built microscope setup 

(figure 3-7).22, 23 The wavelength of the titanium-sapphire laser in this setup is tunable 

between 700 and 980 nm (Coherent Mira 900f). The laser was tuned to 800 nm (i.e. the 

fundamental frequency) with a power up to 1.1 W. This laser has a pulse width of ~200 fs 

and a repetition rate of 76 MHz. The polarization and power are controlled using a 

manually controlled half-wave plate (Newport, 05RP02-46) and a horizontal polarizer 

(Newport, 10GL08AG.16) to produce p-polarized light, followed by an electronically 

controlled half-wave plate on a motorized optical mount (Thorlabs, WPH05M808 and 

PRM1Z8E), which controls the final polarization of the light. A silver mirror on a flip 

mount is used after the polarization and power control to check the output power. The 

Absorbance 
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light is then reflected by a dichroic mirror (Chroma, T680spxr), which has a 99.96% 

reflection at 800 nm and 2.38% reflection at 400 nm, into a 100×/N.A. = 0.95 air 

objective (Olympus, MPLFLN 100x), and onto the sample surface. A nanopositioning 

stage scans the laser across the sample surface (PI nano® XY Piezo Stage). The reflected 

light at the fundamental frequency from the structures, as well as the two-photon 

photoluminescence, from the structures was significantly reduced using filters. First, a 

glass short-pass filter (Thorlabs, FGB39) eliminates the fundamental light at 800 nm and 

transmits the generated light at 400 nm (71.9% transmission). This is immediately 

followed by a band-pass filter (AHF, F49-406) that provides a 93.34% transmission of 

light between 385 and 425 nm and 0.0001% transmission outside of that range. 

Additionally, the SHG emissions were split into their orthogonal polarizations using a 

polarized beam splitter cube (Thorlabs, PBS251) that transmits 86.2% p-polarized and 

0.11% s-polarized light. Finally, the light is collected by two separate avalanche 

photodiodes (Perkin Elmer, SPCM-AQR-15) and are equipped with a single-photon 

counting module (SPCM). The SHG response is analyzed using a LabView-based 

software developed by Dr. Renjie Hou, a previous Ph.D. candidate of the Lagugné group. 

The SHGM is typically carried out at an irradiance of 1.27×106 W/cm2 at the sample. 
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Figure 3-8 Schematic of the SHG microscopy setup. 

3.5 Metamaterial Characterization 

The metamaterials produced by either NSL or EBL are characterized prior to experiments 

to determine and tune their LSPRs. Two approaches are used to evaluate the optical 

properties of the metamaterials: FDTD modelling, to determine the theoretical LSPR 

positions prior to fabrication, and vis-NIR spectroscopy, to experimentally determine the 

actual LSPR positions after fabrication. The correlation of these approaches confirms the 

physical properties of the structures and the anticipated optical properties. When the two 

approaches do not match, the calculations are repeated with further optimizations, and, 

when necessary, new samples are fabricated. 

3.5.1 Characterizing LSPRs in Metamaterials 

Fractal metastructures are of interest because the display several plasmon resonances 

over a broad spectral range.1, 24 These resonances can be tuned from the visible to the 

mid-infrared range by altering parameters such as the dimensions of the structural units, 
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their organization and the metal thickness used.1 Figure 3-8 shows examples of such 

structures with distinct symmetries for the first and second generations of fractals. 

 

Figure 3-9 Dendrimers fabricated by EBL. (a-b) Three-branched first and second 

generations, respectively; (c-d) four-branched first and second generations, 

respectively; (e-f) five-branched first and second generations, respectively. 

Previous published studies by Dr. Gregory Wallace from the Lagugné group have shown 

that these structures can be tuned in the infrared range and could be used for surface 

enhanced infrared spectroscopy.25 The EM modelling and experimental measurements 

matched very well.24 The optical properties of the modelled structures were set using the 

standard Palik indices of refraction for the Ti (adhesion layer) and Au material 

parameters deposited on a SiO2 (glass) substrate.26 For the nonlinear optical calculations, 
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the nonlinear susceptibility of Au, χ(2), was set to 3×10-20 m/V.27 The absorbance spectra 

were calculated using six scattered light monitors in a three-dimensional arrangement, a 

feature designed by Lumerical that allows the analysis of a material’s absorbance, 

extinction, and scattering. A two-dimensional array of structures was set up using a y-

symmetry conditions with an average of 800 nm between individual structures in both the 

x- and y-axis set using periodic boundary conditions and a perfectly matched layer along 

the z-axis. The amplitude of the input planar wave field was set to 1×109 V/m for the 

linear simulations, and an input light source of 800 nm with 150 fs pulses was used to 

calculate the nonlinear enhancement at both 800 nm and 400 nm. The nonlinear 

calculations were done at these wavelengths to match the SHG microscope setup outlined 

in Section 3.3. 

The simulated absorbance spectra are useful to evaluate the spectral position of the 

LSPRs prior to the costly nanofabrication process. Shown in figure 3-9 are calculated 

spectra (red) superimposed with experimental ones (blue) for a series of 4- and 5-

branched fractal structures.19 While the simulations and the experimental data are close, 

the simulations cannot compensate for structural defects produced during fabrication. 

Rounded edges and surface roughness are surface defects that are generally not 

considered in the modelling parameters and lead to differences between the experimental 

and calculated resonances. 
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Figure 3-10 Simulated (red) and experimental (blue) absorbance spectra for (a) a 

four-branched generation one dendrimer, (b) a four-branched generation two 

dendrimer, (c) a five-branched generation one dendrimer, and (d) a five-branched 

generation two dendrimer. 

3.5.2 Tuning LSPRs in Metamaterials 

Parameters that can be varied when tuning the LSPR of the dendrimers include: the 

generation of the dendrimer (Figure 3-9), the length and width of the individual nanorods 

within the dendrimers (Figure 3-10a red line for length and blue line for width), the type 

of metal deposited,28 and finally the thickness of metal deposited. Additionally, these 

dendrimers are fabricated in arrays of 50×50 μm2, where each array contains upwards of 

900 individual structures (Figure 3-10b). Consequently, the experimental absorbance 

results from an average of 900 structures. 
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Figure 3-11 (a) an SEM image of a four-branched generation one dendrimer. The 

red arrows indicate the length varied and the blue lines represent the width varied. 

(b) an SEM image of an array of dendrimers, with an identifying number shown. 

With the dendritic structures, an effective method to tune the LSPRs consists of 

inscribing higher generations with the same symmetry (figure 3-11). This involves adding 

a selected number of nanorods to the extremities of the existing structure. For example, if 

a four-branched generation one dendrimer were to be modified to a second generation, 

three branches would be added to each extremity (figure 3-11b inset), yielding a total of 4 

branches for the outer dendrons. The branches are added at an angle to avoid overlapping 

with the branches of the adjacent dendrons. Second-generation dendrimers are a simple 

modification that introduces new exploitable LSPRs in the visible range. Dendrimers up 

to the fourth generation were prepared highlighting resonances in the visible range, which 

are discussed in Chapter 4. 
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Figure 3-12 Absorbance spectra showing the difference between generation one 

(Gen 1 - red) and two (Gen 2 - blue) dendrimers with (a) three branches, (b) four 

branches, and (c) five branches. The inset shows generation two of these dendrimers 

and the scale bar is 200 nm. 

By increasing the branch length (figure 3-11a, red arrow), a red shift in some of the 

resonance positions is measured. For a specified deposited metal thickness (i.e. the height 

of the structures), the ratio between the branch length and the width can also be varied to 

modify selected resonance positions. By increasing the length-to-width ratio, some 

LSPRs will be red shifted. For example, the longitudinal quadrupolar and dipolar modes 

of the four- and five-branched generation two dendrimers, respectively, increases linearly 

from around 700 to 900 nm as the length of the individual nanorods increases from 150 to 

250 nm (figure 3-12b-d).1 However, the transverse dipolar mode observed around 570 nm 

for the three-, four-, and five-branched generation two dendrimers remains unshifted. 

Increasing the length-to-width ratio allows the possibility of controlling the wavelength at 

which the LSPRs are excited, and therefore the fine tuning of the structures for specific 

applications. 
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Figure 3-13 Absorbance spectra of (a) three-, (b) four-, and (c) five-branched 

generation two dendrimers of varying sizes (as indicated above each individual 

spectrum). The peak positions of interest are highlighted with asterisks in (b) and 

(c) as a guide to the eye. (d) Linear increase in the peak position with respect to the 

branch length, where the blue line and square markers correspond to the blue 

asterisks in (b) and the red line and square markers correspond to the red asterisks 

in (c). 

The spectral position of the aforementioned transverse dipolar mode can be shifted by 

increasing the width of the dendrimer branches as opposed to the length. The increase in 

width will cause a red shift the transverse dipolar LSPR mode associated to the width of 
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the structure as indicated by the dashed lines in figure 3-13. Consequently, a blue shift in 

the LSPR modes is caused by the decreasing length-to-width ratio (figure 3-13b,c). 

 

Figure 3-14 Absorbance spectra of (a) three-, (b) four-, and (c) five-branched 

generation two dendrimers of varying widths as indicated above each individual 

spectrum. The peak position of interest is indicated by the dashed line as a guide to 

the eye. 

3.6 Surface Functionalization 

The functionalization of the structures performed in Chapters 6 and 7 of this thesis follow 

similar protocols. These experiments were done with an O-ring laid on the surface of the 

substrates into which the solutions of diazonium salt were drop-casted. The O-ring was 

added to ensure the solvent would not evaporate throughout the experiments, which 

would cause the diazonium salt to recrystallize on the surface. 

3.6.1 Single-Beam Grafting 

Prior to the single beam grafting structures on the bare glass substrates presented in 

Chapter 6, the substrates were cleaned using the method described in Section 3.2.1. The 

substrates were positioned over an inverted microscope equipped with a 632.8 nm laser. 

A 5 mM solution of 4-nitrobenzenediazonium tetrafluoroborate (MM = 236.92 g/mol, 

Sigma Aldrich) was prepared by dissolving 29.615 mg of the powder in 25 mL of Milli-

Q® water and drop-cast into the O-ring on the surface of the substrates. Irradiation was 

performed through a 20× objective (N.A. = 0.5) with an irradiance of 1.17×104 W/cm2 
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for a varying length of time. The sample stage was lowered slightly past the focal point to 

generate a wider beam spot. After irradiation, the samples were thoroughly washed with 

Milli-Q® water and dried under a gentle flow of N2 gas.  

The plasmon-mediated grafting procedure follows similar steps as the single-beam 

grafting with the same diazonium salt solution concentration. In Chapter 6, plasmon-

mediated grafting was induced on the NSL substrate with the same 632.8 nm excitation 

source used in the single-beam grafting. 

In Chapter 7, two different setups were used. The first setup used is described in Section 

3.3, which was used to excite the LSPR of the metamaterial at 800 nm. The second setup 

followed the same procedure outlined in Section 3.5.1, but with a 532 nm laser in 

addition to the 632.8 nm laser, allowing for the excitation of two distinct LSPR modes 

using a single system. The average irradiance used throughout the experiments are as 

follows: 1.79×103 W/cm2 for the 532 nm laser, 1.17×104 W/cm2 for the 632.8 nm laser, 

and 1.27×106 W/cm2 for the 800 nm laser.  

3.7 Summary 

In this chapter, we have described the different approaches and techniques used to 

characterize the metamaterials with optical properties that were adjusted for specific 

applications. These techniques were used in the design and fabrication of all the 

structures used in this thesis. The proper characterization of these materials is pivotal to 

accurately identify and tune the LSPRs of the metamaterials. The use of electron-beam 

lithography allows the fabrication and study of large, reproducible arrays of 

metamaterials. For the crosshair structures, the specific details on the modelling, tuning 

and characterization of the structures in Chapter 7 will be provided therein. 
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Chapter 4  

4 Second-Harmonic Generation from Dendritic Fractals 

This chapter is a version of a manuscript published in Plasmonics (DOI: 

https://doi.org/10.1007/s11468-019-01080-y). 

Nanostructured conductive surfaces have been exploited for a variety of applications in 

photonics and optical sensing due to the broad spectral tunability of the localized surface 

plasmon resonances and the subsequent electromagnetic field confinement in the vicinity 

of the structures. Herein, we report on the second-order nonlinear optical properties of 

dendritic fractal structures with specific geometries that were optimized to yield 

resonances at both the fundamental and the second harmonic wavelengths. Using a 

femtosecond excitation at 800 nm, second harmonic generation microscopy experiments 

were conducted on a series of gold fractal dendritic structures with and without center of 

inversion. The polarized second harmonic maps reveal the local character of the SHG 

emission and even structures with center of inversion shows SHG activity in the 

periphery of the core dendron where non-centrosymmetric features are forming the 

higher fractal generations. The experiments were correlated using finite-difference time-

domain electromagnetic time modelling performed at both the fundamental and second 

harmonic wavelengths. 

4.1 Introduction 

The past decade has seen the emergence of applications utilizing conductive 

nanostructures in optical sensing of analytes, filtering of specific spectral domains, and in 

biomedical applications such as photothermal therapies.1-5 The high tunability of metallic 

nanostructures fabrication using either in colloidal synthesis or advanced nanofabrication 

methods for 2D arrays enables a control of light-matter interaction that was not possible 

before.6-10 Metastructures with specific resonances spanning from the UV to the ThZ 

range have been fabricated and used towards specific applications maximizing the 

resonance conditions between an impinging field and a given structure.3, 10 

https://doi.org/10.1007/s11468-019-01080-y
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Of particular interest are structures used in conjunction with spectroscopy techniques to 

further enhance the sensitivity and the acquisition speed of measurements, such as 

surface plasmon resonance (SPR), surface enhanced Raman spectroscopy (SERS) or 

surface-enhanced infrared absorption (SEIRA).11-13 Plethoric number of contributions in 

the field have been published highlighting the diversity of applications in sensing and 

biosensing utilizing large, localized enhancements from plasmonic structures for 

spectroscopy purposes.3, 9, 10, 13-18 

Harmonic generation is another field that has been investigated, albeit still a developing 

field. The idea here is to conceive metallic structures that are optimized to emit light at 

the 2nd or 3rd harmonic frequency as compared to the input light. For the specific case of 

second-harmonic, the symmetry of the structure is of critical importance since, in the 

dipolar approximation, SHG materials must have no center of inversion to yield 

generation of light at the second harmonic.6, 11, 19 Yet the ability to conceive single 

nanostructures, isolated or organized as arrays, that emits specifically light at a harmonic 

frequency is of interest for the conception of multimodal platforms (a given structure that 

can yield distinct optical processes), transduction of an input excitation, super resolution 

microscopy with extreme localization of the SHG emission or to develop nanoscale 

visible light emitters that can be pumped using near-infrared sources.20-22 

SHG is a two-photon process that depends on the inherent geometry of a material and its 

ability to interact with an electromagnetic (EM) stimulus. In general, both surface and 

bulk SHG must be considered and bulk materials without a center of inversion yield SHG 

with much higher intensity than its surface counterpart but requires phase matching 

conditions.  

In metals commonly used for plasmonic applications (aluminum, silver, and gold being 

the most common ones) the atomic lattice is centrosymmetric; thus, no bulk second 

harmonic generation can be generated. However, the shape of these structures can be 

finely designed to show no inversion center, a condition for SHG activity.12, 23 Unlike 

bulk materials, the SHG of such metallic non-centrosymmetric nanostructures does not 

come from phase matching conditions due to the small dimensions of these structures 
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with respect to excitation and second-harmonic wavelength. In nanostructures, the SHG 

signal rather originates from the surface of the structure and is amplified by the presence 

of “hot-spot” sites where the electromagnetic field is largely enhanced. Since the 

intensity of SHG varies quadratically with the excitation, a small increase of the local 

field is enough to induce a large enhancement of the SHG at the surface. 

In this work, SHG measurements involving metamaterials with self-replicating features 

known and referred to as dendritic fractals are investigated. These fractal structures have 

demonstrated high tunability in the visible, near-infrared and mid-infrared range 24, 25 but 

have not been exploited for their nonlinear optical activity. A series of gold dendritic 

structures organized in arrays has been fabricated in order to show resonances at both the 

fundamental (λ=800 nm) and the second-harmonic (λ=400 nm) wavelengths and were 

mapped using an SHG microscope equipped with a femtosecond excitation source. The 

symmetry of the individual structures was changed from C3 to C5 symmetry and the 

number of generations was varied to evaluate how the fractal generation was altering the 

SHG signal over the surface of the structures. Further electromagnetic modelling was 

conducted using the finite-difference time-domain (FDTD) to evaluate both the 

absorption spectra and the EM enhancement maps of the field at both the fundamental 

and second-harmonic frequencies. 

4.2 Methods 

The following methods were used throughout this chapter: 

• FDTD Simulations, as described in Chapter 3, section 3.1 

• Electron-beam lithography (EBL), as described in Chapter 3, section 3.2.2 

• Visible to near-infrared absorption microscopy, as described in Chapter 3, section 

3.3.2 

• SHG Microscopy, as described in Chapter 3, section 3.4 
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4.3 Results and Discussion 

4.3.1 Shape and symmetry dependence on second harmonic 
generation. 

In order to evaluate the interdependence between the shape, size, and symmetry of the 

structure and the second-harmonic signal, a first series of disks and triangles with varying 

sizes were fabricated by electron beam lithography. The left column of Figure 4-1a shows 

20 nm-thick gold disks with diameters varying from 50 nm to 800 nm. The disk 

structures are transitioning to prisms with sharper apices for the structures located on the 

right column of Figure 4-1a. The largest triangle has a base size of 1.1 micron (bottom 

right structure of Figure 4-1a). 

 

Figure 4-1 SEM image of an array of structures with various geometries and sizes 

(a), and the corresponding SHG microscopy image for a vertical input polarization 

and where both orthogonal polarizations were detected and added (b). 

The corresponding polarized SHG map is shown in Figure 4-1b for the whole array with 

an excitation source that was vertically polarized. This first map shows clearly that the 

most SHG active structures are mostly coming from the prisms structures with 

dimensions that are comparable to the fundamental wavelength. The disk structures show 

little activity but nevertheless show dipolar SHG activity on the opposed sides of the disk 

structures. This simple experiment shows the transition from disk (C∞ symmetry) to a 
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prism (C3 symmetry) and is accompanied by a sharp increase of the SHG. The diffraction 

limited spatial localization of the SHG emission changes from a dipolar shape to a much 

more homogenous emission from a single prism structure.  

4.4 SHG mapping of C3, C4 and C5-symmetry dendritic 
structures  

Dendritic fractal structures were fabricated to further increase the density of hot spots 

yielding a stronger surface-SHG enhancement. These structures were chosen for their 

controllable symmetries, as well as their tunability across a broad spectral range. The 

fractals structures shown in Figure 4-2a-c have C3 (a), C4 (b) and C5 (c) symmetries and 

are organized in arrays of (50 × 50) μm2 shown in Figure 4-2d. When structures with 

these nanoscale dimensions are near one another, the plasmon resonances will couple 

with one another resulting in a lattice-like effect. To mitigate this coupling effect, each 

individual structure composing the array is separated by 800 nm from the adjacent one. 

For the larger structures shown in figure 4-4b, despite the 800 nm gap, minor coupling 

can be observed along the x direction. The number of generations of the radially-

extended structures varies from 4 generations for the C3 structure (Figure 4-2a), to 2 

generations for the C4 and C5 structures (Figure 4-2b,d).  
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Figure 4-2 SEM images of the dendrimers produced using the EBL method. 

Demonstrated are three-branched generation 4 (a), four-branched generation 2 (b), 

five-branched generation 2 (c), and a representative array of structures (d). 

The absorption spectra of these three structures were collected to evaluate the position 

and number of the localized surface plasmon resonances. The measurements were 

conducted using a specifically developed wide field microscope with a field of view that 

overlaps only with the inscribed array. The collected unpolarized spectra were ratioed 

with the background spectra collected on the glass substrate and the resulting absorbance 

was calculated. 

The plasmon resonances of the structures are shown in Figure 4-3. Both C3 and 4 

structures have two clear resonances at 800 nm and around 590 nm corresponding to the 

dipolar and quadrupolar resonances, respectively. A wider background around 400 nm 

makes it difficult to infer the plasmonic nature of this very broad resonance. Nonetheless, 

from these measurements both C3 and C4 structures appear to have resonances that are 

matching the fundamental excitation (λ = 800 nm) used in this work. 
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Figure 4-3 Absorption spectra for the three-branched generation four (bottom), 

four-branched generation 2 (middle), and five-branched generation 2 (top) 

dendrimers. Insets have the corresponding the dendrimer above the spectrum; the 

scale bar is 200 nm. The spectra are shifted for clarity. 

In the following sections, we focus on the SHG maps of the individual structures for 

different input polarization of the excitation. For each fractal structure, the calculated 

maps at the fundamental and the second harmonic were calculated. 

4.4.1 Fractal structure with C3 symmetry 

The three-branched structure has the most extended structure with 4 generations. The 

core dendron is compose of three branches of equal length and for each new generation 

two branches are added with a 120° angle for the second generation and with smaller 

angles for the third and fourth generation to avoid overlaps between the branches. The 

structure is characterized by a C3 axis at the center of the structure. The maps are first 

collected with a horizontal polarization oriented along a branch of the core dendron. The 

SHG maps of 4 individual structures are shown in Figure 4-4a and show SHG activity on 

both sides of the structure resembling a dipolar mode as measured in spherical particles 

or in nanohole arrays for a linearly polarized input. The SHG calculated EM maps 
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(Figure 4-4b) shows a stronger signal coming from the third and fourth generation of the 

structure along the polarization direction, rather than its core. The FDTD map at the 

fundamental frequency appears more homogenously distributed over the structure (Figure 

4-4c) but overall the outer generation concentrates the field more efficiently. The 

mapping experiments were also conducted with linear polarized light oriented 

perpendicularly to one arm of the structure. The resulting SHG maps (Figure 4-4d) and 

associated calculations (Figures 4e,f) shows a distribution of the SHG that is rotated by 

90 degrees. Interestingly this set of experiments shows that the core central dendron does 

not participate to second-harmonic although it has locally no center of inversion. The 

signal intensity at the center of the structure is comparable to the background signal. One 

would expect larger signal coming from the center of the structure; instead, the outer 

portion of the structure yields larger SHG. This effect may come from the highest density 

of hot-spots from the periphery of the structure locally enhancing the SHG signal. The 

branches of the outer structures are sterically closer to each other concentrating the field 

more efficiently than at the center of the structure where the arms have a 120° angle 

between them. Furthermore, the absence of strong resonances at either 800 nm or 400 nm 

limits the efficiency of these structures towards SHG. 

 

Figure 4-4 SHG images of three-branched generation 4 dendrimers with a branch 

length of 135 nm with a horizontal (a) and vertical (d) irradiation, FDTD 

simulations of the electromagnetic enhancement hotspots for the same dendrimer 
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with a horizontal irradiation for at 400 nm (b) and 800 nm (c), as well as the vertical 

irradiation at 400 nm (e) and 800 nm (f). 

4.4.2 Structures with C4 symmetry 

The C4 structure (Figure 4-5a) has a clear resonance at 800 nm as shown in Figure 4-3 

which will presumably enhance the local excitation field. Nevertheless, the structure 

shows a center of inversion and should not exhibit any SHG activity. An SHG map 

(Figure 4-5b) is collected for a horizontal input polarization. A weak SHG signal is 

collected and the signal appears to be originating from the external dendrons as 

highlighted in blue in Figure 4-5a. Two SHG lobes along the polarization direction can 

be observed in Figure 4-5b meanwhile the core dendron does not yield any SHG signal. 

A series of measurements in similar experimental conditions were conducted on the C4 

core dendron alone (i.e. without the presence of the second generation dendrons). These 

structures did not yield any SHG signal highlighting that the symmetry selection rule for 

SHG holds. The presence of the SHG is therefore due to the broken symmetry from the 

outer dendron sites as well as more efficient field localization in these dendrons that form 

the second generation as shown in the electromagnetic map at both the fundamental and 

the second-harmonic wavelengths. 
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Figure 4-5 SEM image of a four-branched generation 2 dendrimer with an 

individual branch circled in blue for clarity (a), SHG microscopy image of these 

structures (b), and the simulated nonlinear enhancement hotspots at 400 nm (c) and 

800 nm. 

4.4.3 Structures with C5 symmetry 

Here we examine separately a series of five-branched structures considering the central 

C5 dendron alone (Figure 4-6), up to the second fractal generation (Figure 4-7). Figure 4-

6b shows a SHG signal arising from the core dendron. The signal is weak compared to 

previous experiments. The EM maps confirm the localization of the field at the center of 

structure as shown by a mostly circular SHG distribution.  
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Figure 4-6 SEM image of a five-branched generation 1 dendrimer (a), SHG 

microscopy was performed on the structures, as demonstrated in (b), simulated 

electromagnetic enhancement hotspots for the five-branched generation 1 at (c) 400 

nm and (d) 800 nm. 

FDTD calculations shown in Figure 4-6 for the second-harmonic (c) and the fundamental 

(d) wavelengths confirm that the structure exhibits electromagnetic enhancement for both 

the fundamental wavelength of 800 nm and the second-harmonic of 400 nm, with the 

hotspots confined at the center of the structure. Despite the presence of SHG activity, its 

strength remains weak. 



77 

 

 

 

 

Figure 4-7 SHG images of five-branched generation 2 dendrimers with a branch 

length of 135 nm with a horizontal (a) and vertical (d) irradiation, FDTD 

simulations of the electromagnetic enhancement hotspots for the same dendrimer 

with a horizontal irradiation for at 400 nm (b) and 800 nm (c), as well as the vertical 

irradiation at 400 nm (e) and 800 nm (f). 

Further experiments were conducted on a five-branched structure with the addition of a 

second generation. Polarization experiments were conducted along the vertical and 

horizontal directions. For a horizontal input polarization, two intense lobes along the 

polarization direction (Figure 4-7a) which is confirmed by the EM modelling at 400 nm 

(Figure 4-7b). For a vertical polarization the two dendrons that are oriented along the 

polarization direction display SHG. In both cases the field distribution at the fundamental 

wavelength does not display any particular directionality (Figure 4-7c,f). The dimensions 

of the outer dendrons were also modified with longer branches lengths of 190 nm and 

250 nm. For such characteristics, out of resonance at 800 nm was observed yielding 

weaker signal. 
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Figure 4-8 Power dependent peak intensity for a five-branched generation two 

dendrimer with the second order curve fit shown in blue. 

Finally, the second order dependency of the SHG intensity relative to the input power of 

the femtosecond laser. As shown by the blue curve fit with a R value of 0.995, the SHG 

intensity increases exponentially by a factor of 2 as the power increases. This effectively 

demonstrates that it is a second-order nonlinear process. It is worth noting that at laser 

powers above 100 mW, the structures started to melt, therefore data points could not be 

obtained. 

4.5 Conclusion 

In the present study, gold metastructures with dendrimer geometries were successfully 

fabricated in arrays, and their plasmonic properties were finely tuned to place resonances 

at the desired wavelength. SHG microscopy was carried out on the structures that are 

both on- and off-resonance at 800 nm, and it was observed that the plasmonics does 

enhance the nonlinear optical response. Furthermore, in structures with a center of 

inversion, a breaking of the symmetry was observed in the individual branches, 

particularly near the outer dendrons, resulting in a localized non-centrosymmetry. These 

smaller areas of the structures acted as a contributor towards the SHG signal, despite the 

overall structure having a center of inversion. This localized non-centrosymmetry was 
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also enhanced by the presence of a plasmonic resonance. Both the structures also 

exhibited polarization dependence for the SHG process. Simulations were performed to 

calculate the electromagnetic enhancement hotspots of the dendrimers, and were 

compared to the absorption data, as well as the SHG emissions. The calculated absorption 

spectra, shown in the Chapter 3, section 3-5-1, agreed with their experimental 

counterparts, and it was found that the SHG emissions followed the trends shown by the 

simulated electromagnetic enhancement hotspots at the second-harmonic wavelength. 

Finally, the power dependency of the SHG signal was shown to follow a second-order 

exponential curve. 
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Chapter 5  

5 Enhancing the SHG Response in 2D MoS2 Flakes 

5.1 Introduction to Transition-Metal Dichalcogenides 

Transition metal dichalcogenides (TMDs) are a class of two-dimensional (2D) materials 

whose crystal structure forms semiconducting monolayer flakes with a height between 

0.6 and 1 nm.1 The properties of these 2D materials have gathered interest due to their 

unique optical and electrochemical properties.2-4 TMDs are layered materials composed 

of a layer of transition metals sandwiched between two sheets of sulfur (S) or selenide 

(Se).5 Examples of transition metals typically used are molybdenum (Mo), vanadium (V), 

tungsten (W), and platinum (Pt). Monolayers of TMDs can be obtained by mechanical 

exfoliation or chemical vapour deposition (CVD), which are top-down and bottom up 

fabrication methods, respectively.6 Typically, CVD is used to grow TMDs into either 

their octahedral crystal phase (yielding hexagonal shaped flakes) or their trigonal 

prismatic crystal phase (yielding triangular shaped flakes) and is the technique of choice 

to grow single crystals.7 These materials also exhibit semiconductor properties that can 

be leveraged for electrochemical applications.8 In addition to their conductive properties, 

TMDs are also photoluminescent materials with interesting linear and nonlinear optical 

properties.9 TMDs have been used for a wide variety of applications, including SERS,10 

second-harmonic generation microscopy (SHGM),11 and photoluminescence detectors.9, 

12 

5.1.1 SHG in TMDs  

For MoS2, two main TMD crystal structures, octahedral (1T) and trigonal prismatic (1H 

for monolayers and 2H for multilayers), are shown in Figure 5-1.13 MoS2 is SHG active 

when in its hexagonal phase. In its non-centrosymmetric crystal phase, MoS2 flakes down 

to a monolayer thickness can be visualized and characterized by SHGM. 
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Figure 5-1 Top view (top row) and side view (bottom row) of the 2H (left) and 1T 

(right) structures for the molybdenum disulfide (MoS2) monolayer. The trigonal 

prism coordination for the Mo atom in 2H MoS2 and the octahedral coordination 

for the Mo atom in 1T-MoS2 are also shown. Mo, cyan; S, yellow. Copyright 

obtained from ACS (https://pubs.acs.org/doi/10.1021/acs.chemmater.5b00986), 

further permissions related to the material excerpted should be directed to the ACS. 

TMD flakes such as MoS2, MoSe2, WS2, CdS, and more, have been thoroughly studied 

for their nonlinear optical properties in their 2H phase.14-17 These studies have included 

SHG characterization of various TMD flakes,18-21 such as WS2 flakes with spiral 

structures,22, 23 as well as higher harmonic sensing such as third-harmonic generation.24, 25 

While a select few studies have reported using plasmonic materials to enhance the 

photoluminescence properties of MoS2 flakes,12, 26 even fewer have reported enhancing 

the nonlinear optical properties of TMDs.27 Thus, the main focus of this chapter is the 

effects of functionalization with an organic dye, which acts in both the abruption of the 

incident light and subsequently as an energy donor to the MoS2. The organic dye will 

therefore influence the SHG emissions of MoS2 flakes without an observable change to 

its polarization-dependent SHG. 

5.2 Methods 

The following methods were used throughout this chapter: 
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• Flakes were prepared CVD as described in Chapter 3, section 3.2.3. 

• MoS2 flake surfaces were functionalized by soaking the substrate in a 10 mM 

solution of rhodamine 6G (R6G) dye for 2 hours, rinsing with Milli-Q® (18.2 

MΩ/cm3) water for 10 minutes, and gently drying using nitrogen gas. 

• Raman spectra were obtained using a Horiba XploRATM PLUS confocal Raman 

spectrometer equipped with a 532 nm excitation wavelength, 100 × (NA = 0.7) 

objective (Mitutoyo), and 1200 grooves/mm grating. 

• SHGM measurements were performed as described in Chapter 3, section 3.4. 

5.3 Calculating the MoS2 Polarization-Dependent SHG 
Signal 

Since the SHG process is dependent on the physical properties of the material under 

investigation, the polarization-dependent response can be calculated mathematically. As 

mentioned in Chapter 2, the SHG signal intensity varies with the square of the effective 

nonlinear susceptibility tensor, 𝜒𝑒𝑓𝑓
2 : 

𝜒𝑒𝑓𝑓
2 = (𝐿⃡2𝜔 ∙ 𝐸2𝜔) ∙ 𝜒𝑆

(2)
: (𝐿⃡𝜔 ∙ 𝐸𝜔)(𝐿⃡𝜔 ∙ 𝐸𝜔)          [5-1] 

and similar to equation [2-7], 

𝐼(2𝜔)~ |𝜒𝑒𝑓𝑓
(2)

|
2

[𝐼(𝜔)]2            [5-2] 

where L are the Fresnel factor at the fundamental (ω) and second harmonic (2ω) 

frequencies, 𝜒𝑆
(2)

 is the nonlinear susceptibility of the crystalline material, and 𝐸 is the 

polarization vector at the fundamental (ω) and second harmonic (2ω) frequencies. The 

theoretical second-order nonlinear susceptibility, 𝜒𝑆
(2)

, is a 3×3×3 tensor that represents 

the physical properties of a material and can be written as: 
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𝜒𝑆
(2)

=

[
 
 
 
 
 
 
 [

𝑥𝑥𝑥
𝑥𝑥𝑦

𝑥𝑦𝑥 𝑥𝑧𝑥
𝑥𝑦𝑦 𝑥𝑧𝑦

𝑥𝑥𝑧 𝑥𝑦𝑧 𝑥𝑧𝑧
]

[
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𝑧𝑦𝑥 𝑧𝑧𝑥
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𝑧𝑥𝑧 𝑧𝑦𝑧 𝑧𝑧𝑧
]
]
 
 
 
 
 
 
 

            [5-3] 

The MoS2 flakes studied in this chapter are in their 2H crystal phase, which have a point 

group of D3h. For the D3h point group only 4 𝜒𝑆
(2)

 tensor elements are non-vanishing:28 

(𝑦𝑦𝑦) = (−𝑦𝑥𝑥) = (−𝑥𝑥𝑦) = (−𝑥𝑦𝑥)          [5-4] 

By incorporating [5-4] into 𝜒𝑆
(2)

, the following three-dimensional tensor is obtained: 

𝜒𝐷3ℎ

(2)
=

[
 
 
 
 
 
 
 
 [

0
−𝑦𝑦𝑦

−𝑦𝑦𝑦  0
 0  0

0    0    0

]

[
−𝑦𝑦𝑦

0
0  0

𝑦𝑦𝑦  0
0   0   0

]

[
0
0

0 0
0 0

0 0 0
]

]
 
 
 
 
 
 
 
 

           [5-5] 

From here, there are two possible calculations for the second-harmonic intensity, 𝐼(2𝜔): 

the first involves keeping the flake at a fixed angle and rotating the input polarization, 

while the second involves keeping the input polarization at a fixed angle and rotating the 

flake itself. For this study, the first option was chosen because it is experimentally easier 

to rotate the polarization of a laser beam compared to keeping the centre of rotation fixed 

of a micro-sized single flake. Therefore, the MoS2 flakes have their long axis as θ = 0 

(Figure 5-2), where θ indicates the rotation of the input polarization with respect to the 

crystallographic main axis. The output signal is collected along the p-polarization, which 

is parallel to the long axis of the crystal structure. 
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Figure 5-2 A representative crystal lattice of the 2H MoS2 where the yellow nodes 

are S atoms, and the blue nodes are Mo atoms. The long (x) axis intersects an Mo 

atom, and the input polarization angle is indicated by θ. 

The rotation of two photons with variable input polarization, 𝐸𝑖𝑛(𝜔), is defined as the 

vector: 

𝐸𝑖𝑛(𝜔) = [
𝐴 ∙ cos(𝜃)

𝐴 ∙ sin(𝜃)
𝐵

]            [5-6] 

where A and B represents the input wavelength intensity and photon propagation 

direction, respectively. The output photon polarized along the x-axis, 𝐸𝑜𝑢𝑡(𝑥), is defined 

as: 

𝐸𝑜𝑢𝑡(𝑥) = [
1
0
0
]              [5-7] 

Similarly, the output photon polarized along the y-axis, 𝐸𝑜𝑢𝑡(𝑦), is defined as: 

𝐸𝑜𝑢𝑡(𝑦) = [
0
1
0
]              [5-8] 

Multiplying [5-5] by [5-6] twice to account for the 2 photons in the SHG process and the 

identity matrix, R, (to account for the fixed angle of the flake), defines 𝐼(2𝜔) as: 
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𝐼(2𝜔) = [
−2 ∙ 𝐴2 ∙ 𝑦𝑦𝑦 ∙ cos(𝜃) ∙ sin(𝜃)

𝐴2 ∙ 𝑦𝑦𝑦 ∙ sin2(𝜃) − 𝐴2 ∙ 𝑦𝑦𝑦 ∙ cos2(𝜃)
0

]𝐸𝑜𝑢𝑡        [5-9] 

When the output polarization direction is accounted for by multiplying [5-9] by [5-7] as 

the output analyzer and further multiplied by the resulting transposed vector, 𝐼(2𝜔) 

becomes a scalar: 

𝐼(2𝜔) = 4 ∙ 𝐴4 ∙ 𝑦𝑦𝑦2 ∙ cos2(𝜃) ∙ sin2(𝜃)        [5-10] 

Since 4 ∙ cos2(𝜃) ∙ sin2(𝜃) = sin2(2𝜃), [5-10] can be simplified to: 

𝐼(2𝜔) = 𝐴4 ∙ 𝑦𝑦𝑦2 ∙ sin2(2𝜃)         [5-11] 

Because factors 𝐴 and 𝑦𝑦𝑦 are constant, 𝐼(2𝜔) will vary proportionally to the input 

polarization angle: 

𝐼(2𝜔) ∝ sin2(2𝜃)           [5-12] 

Therefore, for a variable polarization along  and an analyzer oriented along the x-axis, 

the SHG signal variation follows the sin2(2𝜃) law, yielding a four-lobed SHG polar 

plot.29, 30 However, if the output analyzer was oriented along the y-axis, the SHG signal 

variation would follow the cos2(2𝜃) law: 

𝐼(2𝜔) ∝ cos2(2𝜃)           [5-13] 

The difference between [5-12] and [5-13] is shown in Figure 5-3, which highlights a 

rotation of the four lobes by 90°. This analysis indicates that the polarization pattern for a 

MoS2 flake is expected to show a 4 lobes symmetry. The orientation of the lobes depends 

on the polarization direction with respect to the 2D crystal symmetry axes. 
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Figure 5-3 Polar plots showing sin(2θ)2 (red) and cos(2θ)2 (blue). 

5.4 Characterization of MoS2 Flakes 

Monolayer TMD flake characterization can be challenging due to their sub-nanometer 

thickness. The MoS2 flakes studied here are grown on a SiO2/Si substrate and are large 

enough (few to tens of microns) to be visualized by an optical microscope (Figure 5-4a). 

The SiO2/Si substrate is also important to observe the flake through reflection from the 

substrate interface. A thickness of the SiO2 ranging between 200 to 300 nm enables the 

observation of a sub nm TMD flake grown on its surface. Further observation by SEM 

can discern the lateral dimensions of the flakes, but not their height (Figure 5-4b). Atomic 

force microscopy (AFM), however, provides 3D nanoscale spatial resolution, and was 

therefore used to study MoS2 flake height (Figure 5-4c). AFM imaging reveals that 

mono- and bilayer MoS2 flakes are 0.8 nm and 1.6 nm thick, respectively (Figure 5-4d). 

Previous studies have shown that an effective method for functionalizing MoS2 flake 

surfaces involves exploiting vacancies in the S layers; however, this method is most 

successful on mechanically-exfoliated flakes.31, 32 Balasubramanian et al. have 

demonstrated gentle, surface-specific functionalization of MoS2 flakes by soaking 

substrates in R6G, an organic dye (Figure 5-4e), and rinsing with deionized water.33 This 

latter method was therefore used to functionalize MoS2 monolayer flakes, 



88 

 

 

 

 

Figure 5-4 (a) An optical, (b) SEM, and (c) AFM image of a multilayered MoS2 

flake. (d) A cross-section along an MoS2 bilayer, indicated by the blue line in c). (e) 

The chemical structure of R6G dye. 

The SHG signal of a series of MoS2 flakes was measured prior to functionalization. The 

SHG map shows the emission of the second harmonic generation detected at 400 nm over 

the whole flake for an input excitation at 800 nm that is horizontally polarized (Figure 5-

5). A crisp SHG signal from the outline and the surface of the flake can be noticed 

highlighting a better contrast than SEM or AFM (Figure 5-5). An intense signal is located 

at the centre of the main flake, revealing the nucleation site of a second layer. While most 

smaller flakes have smooth edges, the larger flake shown in Figure 5-5 contains defects 

along its edges; despite imperfections, the overall SHG signal has a larger magnitude in 

larger flakes compared to the SHG signal emitted from the majority of the smaller flakes 

in the same image. 
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Figure 5-5 SHGM of an MoS2 flake with a side length of 27 μm. 

Multilayer MoS2 flakes were also studied by SHG microscopy. Zheng et al. have 

previously reported SHG signals of multilayer TMDs grown by CVD, and demonstrated 

that SHG signals increase with an increasing number of TMD layers.34 Other studies have 

shown artificially-stacked MoS2 bilayers (i.e., layers that were not naturally grown on top 

of each other, but mechanically transferred) have constructive and destructive 

interferences that vary based on whether the base of the flakes are angled from 0° to 60°, 

respectively, relative to one another.16, 30 In other words, if the base of an overlayed TMD 

layer has an angle of 60° relative to the first layer, the SHG signal is effectively canceled 

out due to destructive interference. However, this is not the case on multi-layered flakes 

as grown by CVD. Figure 5-6 shows the step-wise increase of the SHG signal relative to 

the number of layers present, with a cross-section of the SHG map inset as indicated by 

the dotted white line. 
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Figure 5-6 SHGM of a multilayer MoS2 flake with a cross-section of the SHG 

intensity (shown by the dotted line) inset. 

5.5 SHGM of Functionalized MoS2 Flakes 

The two characteristic Raman modes for MoS2 flakes are located at 383 cm-1 and 402 cm-

1, which correspond to the E2G (in-plane) and A1G (out-of-plane) modes, respectively. 

These characteristic peaks were visible in the Raman spectra of MoS2 flakes both pre- 

and post-functionalization, which are the red and blue spectra, respectively (Figure 5-7a). 

The mode at 530 cm-1 is the phonon mode of the SiO2/Si substrate. In the functionalized 

MoS2 spectrum, the higher wavenumber modes (i.e., above 520 cm-1) correspond to the 

vibrational modes of the R6G molecule. Raman shifts of 383 cm-1 and 402 cm-1 were 

selected for the confocal Raman mapping of MoS2 (Figure 5-7b), while the peak at 1362 

cm-1 (representing aromatic C-C ring stretching) was selected for R6G mapping (Figure 

5-7c).35, 36 These data demonstrate that R6G selectively functionalizes on MoS2 flake 

rather than across the entire substrate surface. 
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Figure 5-7 (a) Raman Spectra of the Si/SiO2 substrate (black), bare MoS2 flakes 

(red), and MoS2 flakes after R6G functionalization (blue). The common modes at 

520 cm-1 is the lattice mode of the Silicon substrate (b) Confocal Raman map of the 

peaks at 383 cm-1 and 402 cm-1 (highlighted in red in a) and (c) the peak at 1362 cm-1 

(highlighted in blue in a). 

Fiore et al. have shown that the SHG signal arising from Si and the time-dependent SHG 

response increase with increasing surface dopant density (past 1018 cm-3).37 A similar 

response was observed when functionalizing the MoS2 flakes with R6G: SHG signal 

enhancement increased from 20% (Figure 5-8a,b) to 50% (Figure 5-8c,d) post-

functionalization. When R6G is in close proximity to the MoS2 surface, MoS2 

photosensitization occurs in conjunction with a charge transfer effect.33 Taghinejad et al. 

have also reported the effects of photocarriers on MoS2 flake nonlinear optical properties; 

their results demonstrated that interactions between TMDs and light can be controlled and 

promoted by photocarrier proximity to the surface of the TMD flakes.38 
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Figure 5-8 SHG maps of an MoS2 bilayer before (a,c) and after (b,d) 

functionalization with R6G dye. 

Polarization-dependent SHG (PD-SHG) measurements were performed to confirm to 

compare it with the predictions considering the symmetry of the crystal (Figure 5-9).  

In these measurements, the input polarization is varied over 360° and the collected signal 

is analyzed along the X direction. For each polarization angle, a SHG measurement is 

collected. Repeating this over 360° yield to polar plots that are shown in Figures 9b-f for 

selected points over the Si substrate as well as the monolayer, bilayer and trilayer of 

MoS2. The polarized SHG emission from the SiO2/Si substrate shows a circular polarized 

pattern with no particular structure which is representative of the amorphous SiO2 layer. 

Regardless of MoS2 flake thickness, the SHG polar pattern is a crisp four-lobed shape as 

expected from the MoS2 crystal symmetry and described in section 5.3 of this chapter. 

While a SHG signal magnitude increase of 50% was observed upon R6G 

functionalization, the polarized polar plots always show 4 lobes as shown in Figure 9c-f. 

This indicates that the symmetry of the crystal is kept even for bi- and trilayers are grown 

over the initial layer. This indicates that the multiple layers are grown during the CVD 

process showing similar orientation or orientation tilted by 60° from the underneath layer. 

Other orientations of artificially stacked layers would yield possible destructive 
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interferences and abnormally-shaped PD-SHG signal.16, 39 The trilayer grown by CVD, 

despite appearing to be rotated by 60° relative to the flake below it, was nucleated by the 

bilayer. This will lead to the crystal structure with an orientation similar to the flakes 

below it, and thus enhancing the SHG signal rather than lower it.  

 

Figure 5-9 (a) An SHGM image of a functionalized MoS2 trilayer with SHGM 

intensity polar plots of the (b) substrate and an MoS2 (c) monolayer, (d) bilayer, and 

(e) trilayer, as well as (f) a second MoS2 bilayer. The red data points in (b-f) 

represent the experimental values, while the blue lines in (c-f) represent the Sin2(2θ) 

fit and were added as a guide to the eye. 

5.6 Conclusion 

Mono- and multilayer MoS2 flakes were successfully synthesized by CVD and 

subsequently characterized by Raman spectroscopy and AFM. The flakes were further 
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studied by SHGM, and their PD-SHG signals yielded four-lobed polar plots. The flakes 

were also functionalized with the R6G dye, which enhanced SHG signal intensity by 

50%. Lastly, the PD-SHG signal of the dye-sensitized MoS2 flakes was also for mono-, 

bi-, and trilayer flakes. These preliminary results from functionalized MoS2 flakes will 

lead to future studies on the effects of a range of surface dopants using a range of either 

homogenous or hybrid TMD flakes to discern and better understand the enhancement 

mechanisms and to optimize the linear and nonlinear optical properties of the TMD 

flakes. 
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Chapter 6  

6 Single-Beam Inscription of Plasmon-Induced Surface 
Gratings 

(A version of this manuscript has been published in Optical Materials: Therien, D.A.B.; 

Ćulum, N.M.; McRae, D.M.; Mazaheri, L.; Lagugné-Labarthet, F. Opt. Mater., 2021, 

112, 110775. https://doi.org/10.1016/j.optmat.2020.110775)  

The formation of gratings on gold nanoprisms arrays by plasmon-mediated reduction of a 

diazonium salt is investigated. Nanosphere lithography (NSL) is used to produce large 

surfaces of gold nanoprisms that are effective at reducing diazonium salts by producing 

hot electrons through excitation of localized surface plasmon resonances (LSPRs). Using 

single beam irradiation, we report here on the formation of periodic structures formed 

from the diazonium salts and that follow the NSL structures. On plasmonically active 

nanoprism substrates, the electric field enhancement promotes chemical reduction and 

hence modifies the grafting direction and grating properties of the ripples. The 

nanoprisms act as a plasmon guide which widens the pitch of the self-organized gratings 

and can even alter it from straight lines into a crisscross pattern. 

6.1 Introduction 

Highly periodic surface gratings can develop upon single beam illumination on solids and 

liquids using either continuous-wave (CW) or pulsed lasers, provided that the 

illumination has a sufficient energy density.1 Self-organized regular patterns emerge from 

interaction between an input optical field of the single beam and an initial variation of the 

physical or electromagnetic properties of the illuminated surface.2, 3These self-organized 

gratings produced under pulsed illumination are usually referred to as laser-induced 

periodic surface structures (LIPSS) in literature, where the irreversible ripples form lines 

parallel to the polarization direction.3-5 The formation process and the subsequent grating 

properties can differ noticeably depending on the experimental opto-geometric conditions 

such as laser intensity, polarization state, angle of incidence, wavelength, material 

roughness and index of refraction of the sample. 

https://doi.org/10.1016/j.optmat.2020.110775


98 

 

 

 

The self-organization mechanism is explained considering the formation of a spontaneous 

interference pattern and its coupling with the substrate that yields the structure 

formation.1, 6 Self-organized structures can appear on surfaces which support plasmons 

modes, polaritons, or surface-standing waves, 7-10 as well as bare dielectric surfaces.11, 12 

Specifically, the formation of self-organized interference patterns is correlated with the 

coupling between the incident beam and the scattered beam onto the surface of the 

sample. This self-organization mechanism is analogous to Wood’s anomalies in metallic 

diffraction gratings whereby coupling of one of the primary diffraction orders with the 

sample is effective at the grazing angle.1 The sample surface can have initial variation of 

any optical physical properties. Examples of such surface irregularities include surface 

roughness, defect density, or gradient of refraction index. 

Surface irregularities can be considered as a spatial frequency which diffracts the incident 

beam into different directions following the Rayleigh diffraction law.1, 13 The incident 

beam is perturbated from the surface irregularities and scattered into different directions 

depending on the incoming wavelengths and the incident angle. One range of surface 

irregularities with a specific spatial frequency can scatter the beam into the surface of the 

sample. The interference pattern formed by the input beam and the scattered contribution 

at the grazing angle will impinge on the sample surface and interact with the material. 

Light-matter interaction further enhances the surface irregularities in a feedback loop 

fashion. This spatial frequency of the surface irregularities yields interference patterns 

that couple with the material and grow in size until it reaches an optimal condition, in 

which other initial irregularities are washed out and periodic structures are formed.12 The 

induction of the periodic structures by self-organized light can have distinct origins such 

as thermal (e.g., melting, phase transitions, recrystallization, and vaporization), saturable 

absorption and mass movement, plasma formation, surface chemical changes, refractive 

index changes, photodegradation, and photoetching.1, 6, 12, 14  

In this chapter, the self-organization of LIPSS was investigated on two types of surfaces: 

a bare glass and a plasmonic substrate. These substrates were immersed in a solution 

containing diazonium salts and irradiated with a single laser beam. Photochemical and 

plasmon-mediated reactions appear to direct the structure formation in specific fashions. 
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The possible mechanisms for the reduction of the diazonium salts with metallic 

nanostructures have been reported, highlighting the role of the shape and the optical 

properties of the structures. In particular, it was shown that diazonium salts polymerize in 

polyaryl films predominantly through a radical process in the area where the induction of 

hot electrons is maximized.15 In this work, we investigated the formation of a ripple 

structure at the interface of glass and diazonium salt-containing solution. We further 

modified the substrate by introducing plasmonically active gold nanoprisms produced by 

nanosphere lithography (NSL). In this paper, we highlight the difference in the formation 

of these ripple structures on bare glass and plasmonic substrates.  

6.2 Experimental  

The following methods were used throughout this chapter: 

• Nanosphere Lithography (NSL), as described in Chapter 3, section 3.1 

• Single Beam Induced Surface Gratings and Diazonium Salt Grafting, as described 

in Chapter 3, section 3.6 

• Finite-Difference Time-Domain (FDTD) modelling, as described in Chapter 3, 

section 3.2.1 

• Scanning Electron Microscopy (SEM), as described in Chapter 3, section 3.3.1 

• Atomic Force Microscopy (AFM): AFM scans were obtained using a BioScope 

Catalyst atomic force microscope (Bruker). Silicon tips (NCL-50, NanoWorld) with 

a force constant of 48 N/m and a resonance frequency of 190 kHz were used in 

tapping mode. Height images were recorded at a scan rate of 0.3 Hz to acquire 

sample topography. Image processing and extraction of cross-sections were 

performed using Gwyddion software. 

6.3  Results and Discussion 

The irradiation of the diazonium salt solution on a bare glass substrate results in the 

formation of ripples parallel to the direction of the polarization. This particular diazonium 

salt was chosen for its susceptibility to a dediazonation reaction upon irradiation. The 

cationic reaction of the diazonium salt in solution, which is commonly referred to as 
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spontaneous grafting, will result in aggregates of a polyaryl film, while the plasmon-

mediated radical reaction will result in controlled growth of the polyaryl film, as shown 

in Figure 6-1.15 

 

Figure 6-1 Scheme of the functionalization of a generic gold nanomaterial under 

plasmon excitation with light. 

These aggregates can then adhere to the either the glass surface or the plasmonic gold 

nanomaterials. In this process, which can be induced by heat or light, the heterolytic 

dediazonation of the salt forms cations that react with one another, resulting in the 

formation of the initial polyaryl thin film (Figure 6-2a).16-18 The SEM image of the 

polyaryl thin film (Figure 6-2a) was treated with color segmentation using Python for a 

higher contrast to highlight the difference between the polyaryl thin film (blue) and the 

bare glass (white). 

The self-organized grating formation begins when the incident beam is scattered around 

nanoscale surface irregularities of the polyaryl thin film. The incident beam scattering 

causes a ripple-like interference pattern across the surface with high and low intensity 

areas.14, 19 A longer irradiation time results in the enhanced formation of the periodic 

structures (Figure 6-2b). A similar process initiates the grating formation on the 

plasmonic substrates. The hot spots generated by the plasmonic nanostructures act as 

nucleation sites for the grating formation. The nucleation sites affect both the pitch and 

the pattern of the grating. 
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The grating pitch can be determined using the phase matching condition described by 

Equation [6-1]. When an electromagnetic wave is incident on an interface, Maxwell 

equations’ boundary condition requires that the tangential component of the light be 

continuous (Figure 6-2b). The longitudinal vector component can then be derived using 

the dispersion relation shown in Equation [6-2]. 

 

Figure 6-2 (a) A high contrast SEM image of the polyaryl thin film formation on 

glass substrate after 2 minutes of irradiation. (b) Schematic illustration of the 

grating k-vector and the light k-vector. The grating is fully formed after 8 minutes 

of irradiation. 

Phase-matching condition: 

𝑘⃗⃗ 𝑡𝑟𝑎,𝑥 = 𝑘⃗⃗ 𝑖𝑛𝑐,𝑥 ± 𝑚𝑘⃗⃗ 𝑔,𝑥             [6-1] 

Dispersion relation: 

|𝑘⃗ 𝑡𝑟𝑎,𝑧|
2 = |𝑛𝑎𝑣𝑔𝑘⃗ 𝑖𝑛𝑐|

2 − |𝑘⃗ 𝑡𝑟𝑎,𝑥|
2           [6-2] 

Where navg is the refractive index just above the material interface, m is the diffraction 

order, kinc is the incident light wavevector, ktra is the light wavevector in the transmission 

region, and kg is the grating wavevector. Considering Eqs 1-2, the grating periodicity Λ 

becomes equation [6-3]: 
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𝛬 =
±𝑚𝜆𝑖𝑛𝑐 𝑠𝑖𝑛 𝜑

(𝑛𝑎𝑣𝑔 𝑠𝑖𝑛 𝜃𝑚−𝑛𝑖𝑛𝑐 𝑠𝑖𝑛 𝜃𝑖𝑛𝑐)
            [6-3] 

Where θm is the diffraction angle, θinc is the incident angle, φ is the angle between the 

normal to plane and the grating vector, and λinc is the wavelength of incident radiation. 

For a grating with crests and troughs running perpendicular to electric field (grating 

vector parallel to the electric field φ = 90º), the diffraction at grazing angle θm= 90º and 

normal irradiation θinc = 0º, the equation can be simplified to: 

 𝛬 =
𝜆

𝑛𝑎𝑣𝑔
             [6-4] 

6.3.1 Single-beam Inscriptions on Bare Glass 

 

Figure 6-3 (a-c) SEM images of the gratings produced on glass with a polarization of 

0°, 45°, and 90°, respectively. (d-f) Higher magnification images of (a-c), 

respectively. Patterns were obtained after an irradiance of 7.49×103 W/cm2 for 8 

minutes. 
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Three gratings were inscribed onto a bare glass substrate after 8 minutes of irradiation 

with distinct polarization orientations of the single beam (Figure 6-3). When the input 

polarization is rotated, the resulting grating orients accordingly. The formation of these 

gratings is dependent on incident intensity. The 20× microscope objective (N.A. = 0.5) 

was slightly defocused to increase the beam size at the sample plane. The resulting size of 

the laser beam was approximately 10 μm. For this defocused beam, the average 

irradiance across the surface is 7.49×103 W/cm2, much lower than the irradiance 

corresponding to the focused beam spot (7.49×105 W/cm2). The lower irradiance allowed 

by the defocused beam results in the formation of periodic ripple structures. 

 

Figure 6-4 SEM image of the amorphous mass generated by the focused laser spot. 

In contrast, with a focused beam, the ripples form only around the edges of the laser spot 

with an irregular structure in the center, as shown in Figure 6-4. Under high irradiance, 

there is not enough time for the self-organization process. Instead, material deformation 

occurs over the entire irradiated area, forming irregular structures. Under low irradiance, 

this surface deformation does not occur. The grating amplitude increases with increasing 

irradiation time. After 10 minutes of irradiation, more material accumulates, and the 

ripple structures begin to recombine due to lack of space. Using AFM, we determined 
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that the overall structure heights produced during the 8-minute irradiation were 

approximately 1.1 μm (Figure 6-5a-b) at its maximum and the periodicity at the center of 

the grating of 390±20 nm. Due to the gaussian nature of the laser, the grating structures 

produced further exhibit a gaussian profile (Figure 6-5b). 

 

Figure 6-5 (a) AFM scan of the grating produced with a polarization of 0° (same 

structure as shown in Figure 6-2a. (b) Cross section of (a) as indicated in red. 

To ascertain the absence of interference from reflection within the glass, the pitch of the 

LIPSS was measured on three glass substrates with thicknesses of 130, 600, and 1000 

µm, as shown in Figure 6-6. 
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Figure 6-6 SEM images of three different substrate thicknesses: 160 μm (a and d), 

600 μm (b and e) and 1000 μm (c and f). 

The pitch of the grating on all three substrates were measured to be approximately 375 ± 

10 nm. Therefore, we can conclude that the substrate thickness does not influence grating 

formation. Using equation 6-5, we can theoretically determine that a normal incident 

beam at the interface of the solution and substrate creates gratings with a pitch of 420 nm, 

where navg is 1.5. This differs from the experimental result by 10 %. This error can be 

explained by the fact the grating equation does not consider material response to the 

incident beam. Although the refractive index at the interface of the substrate is considered 

in the equation, the equation does not consider structure growth, which depend on the 

chemical and physical properties of the material. The intensity dependence of chemical 

reduction of the diazonium salt are key factors in the structure growth. 

6.3.2 Single-Beam Inscriptions on Gold Nanoprisms 

Plasmonic gold nanoprisms organized in a hexagonal geometry were produced using 

NSL to investigate directional control of the reduction of diazonium salts into a polyaryl 

layer. The plasmon resonance of the NSL substrates was determined to be approximately 
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640 nm (Figure 6-7a), matching the excitation wavelength of the laser (632.8 nm). This 

allows for the excitation of the localized surface plasmon resonance on the nanoprism 

surfaces. Plasmon resonances can be used to induce chemical reactions through several 

reaction pathways, including thermal and hot-carrier processes.20, 21 In plasmon-mediated 

chemical reactions on nanostructures, grafting is dominated by a radical reaction since 

thermal effects dissipate very quickly in the solution.22 In the radical reaction, hot 

electrons generated by light excitation are transferred from the gold structures to the 

diazonium cation, resulting in the formation of aryl radicals. These radicals react with the 

surface to form an aryl layer which continues to grow into a thin polymer film. The 

thickness of this polymer film varies with the irradiation conditions and local field 

enhancements. The formation of the polymer thin film is more efficient in the area where 

the field is maximum. This plasmon-mediated chemistry also eliminates the need for a 

catalyst to be present, indicating that the reactions are plasmon-induced.23, 24 In Figure 6-

7b, we show the plasmon-induced functionalization in the vicinity of gold nanoprisms 

upon irradiation at 632.8 nm.  

 

Figure 6-7 (a) Absorbance measurements of the NSL substrates with the 632.8 nm 

irradiation wavelength indicated by the black line. (b) An SEM image of the inset 

molecule grafted to the surface using a 632.8 nm laser after 3 minutes of irradiation 

with an irradiance of 7.49×103 W/cm2. 

The diazonium salt appears to form a polyaryl layer coating around the individual gold 

nanostructures. Noticeably, when two triangles are facing each other, the small gap 
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between the triangle where the field is the most concentrated further enhance the 

photoinduced grafting with larger amounts of grafted material. 

 

Figure 6-8 SEM images of the grating produced on an NSL substrate for different 

irradiation times, as indicated in the top right of each panel. The scale bar is 2 μm. 

As the irradiation time of diazonium salt-containing solution on the NSL structures 

increases, self-organized gratings emerge (Figure 6-8). After 4 minutes of irradiation, the 

diazonium salt grafting to the surface is noticeable (Figure 6-8b) compared to the non-

irradiated section (Figure 6-8a). After 5 minutes of irradiation, an even larger grafting 

amount is visible (Figure 6-8c). A wider grating pitch of roughly 455 ± 10 nm compared 

to 375 nm on a glass substrate is observed after 6 minutes of irradiation (Figure 6-8d). 

While the gratings along the edges of the nanoprisms form more quickly, the ridges 

between the structures take longer to form. This is highlighted in Figure 6-8d, where 

prominent grating line alternates with a line of smaller amplitude. For longer irradiation 

times, the grating produced becomes more uniform (Figure 6-8f, g). The accumulation of 

material away from the nanoprisms after 10 minutes of irradiation seems to influence the 

structure pattern resulting in a loss of order (Figure 6-8h). 
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Figure 6-9 SEM images and FDTD calculations for grafting on an NSL substrate for 

horizontal (a-c) and vertical (d-f) polarizations. 

The spatial distribution of the electromagnetic enhancement was investigated using 

FDTD modelling to follow the grating growth and evaluate the polarization dependence 

(Figure 6-9c, f). Gratings were inscribed using horizontal (Figure 6-9a-c) and vertical 

polarizations (Figure 6-9d-f). When the polarization of the excitation source is along the 

base of the nanoprisms (Figure 6-9c), the coupling between the plasmons at the apices of 

the adjacent nanoprisms is efficient and forms a series of aligned hotspots. When the 

input polarization is oriented along the height of the nanoprisms, two main hot spots can 

be observed at the junction between nanoprisms (Figure 6-9f), and the center of the 

hexagonal lattice does not show any significant enhancement. In both cases, an 

enhancement of the electric field is observed, and a significantly higher enhancement 

factor is present at the apices of the triangles. These plasmon resonances can be used as 

guides to effectively direct plasmon-mediated chemical reactions in the vicinity of the 

metallic nanotriangles, and to even modify the pitch of the self-organized ripples. 

 When the polarization is aligned with the bases of the triangles (Figure 6-9a, b), the 

ripple structures are fully formed with a wider pitch as compared with bare substrate due 
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to the alignment of the structures with the direction of plasmon-guided reactions. The 

electric field enhancement from the nanoprisms directs the pitch of the gratings. When 

the electric field enhancement is aligned along the base of the triangles, the nanoprisms 

perturbate the nucleation of the gratings by acting as a barrier and disturb the initial 

process of the interference pattern formation. However, when the polarization is aligned 

along the height of a triangle, a crisscross pattern is observed (Figure 6-9d, e). The 

coupling between the plasmon resonances of the nanoprism apices acts as a physical 

guide to the reduction of the diazonium salts to the substrate surface. In a polarization 

configuration perpendicular to the triangle bases, the nucleation for the grating deviates 

from straight lines to a crisscross pattern. At the center of the lattices, the self-

organization process follows the polarization direction in a similar fashion as on bare 

glass substrate. At the junction between nanoprisms, the hotspot generations perturbate 

the self-organization process and induce a different direction for grating formation.  
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Figure 6-10 AFM scans of the grafting produced on the NSL substrates using (a) a 

horizontally polarized laser and (b) a vertically polarized laser, as well as (c) the 

bare NSL substrate. (d) The cross sections for (a), (b), and (c) are shown in red, 

blue, and black, respectively. The cross sections have been shifted in the y-axis for 

clarity. 

The height profiles of the gratings produced on the NSL were obtained using AFM 

(Figure 6-10d). The grafting on both the horizontally- (Figure 6-10a) and vertically-

polarized (Figure 6-10b) irradiated substrates show a height roughly 100 nm higher than 

the bare nanoprisms (Figure 6-10c). This indicates that the accumulated material that 

comprises the polyaryl film is roughly 100 nm in height. Furthermore, the gratings 

produced with both polarizations no longer show a Gaussian profile. This further 

indicates that the nanoprisms actively direct the grafting occurring at the surface. 
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This simple self-developing and polarization-dependent procedure makes these single 

beam structures possible candidates for a variety of photonic applications. The process of 

self-organization on solids and in liquids can be used for polarization sensitive devices.25 

Furthermore, the sensitivity of the self-organized gratings on plasmonic substrates make 

them interesting candidates for plasmonic sensors.23, 26 The self-organized grafting of the 

diazonium salt on the nanoprisms demonstrates the effectiveness of plasmon-mediated 

chemistry to trigger spatially controlled and polarization-dependent surface reactions.27-29 

This process can potentially be used to graft molecules with distinct chemical functions 

into periodic gratings over nanostructures at specific wavelengths. 

6.4 Conclusion 

Herein, we report grafting and self-organized grating formation triggered by plasmon-

mediated reduction of a diazonium salt. Irradiation of the diazonium salt solution on NSL 

structures initially results in homogenous grafting around the nanoprisms. Longer 

irradiation times facilitate the self-organization of periodic ripples. The ripple structures 

on a bare glass substrate follow a self-organization process. The pitch of the ripples 

follows the grating equation derived with the incident laser wavelength and the refractive 

index of the diazonium salt solution at the interface with the glass. In the presence of 

metallic nanostructures, localized field enhancement at the apices of the triangles disturb 

the initial growth of the self-organized interference pattern, resulting in the chemical 

reduction of diazonium salts into polyaryl layers. When the polarization is aligned with 

the triangle bases ripples form with a larger periodicity compared to those on the glass 

substrates. When the polarization is aligned perpendicular to the triangle bases, a 

crisscross pattern is instead formed. More complex metallic structures could be fabricated 

by more sophisticated nanolithographic techniques such as electron beam lithography to 

further investigate plasmon-mediated patterning. Additionally, other wavelengths and 

distinct polarization states can be explored, opening the possibility of multiplexing 

polymers onto nanostructures using light with moderate intensity. 
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Chapter 7  

7 Three-Color Plasmon-Mediated Reduction of 
Diazonium Salts over Metasurfaces. 

(A version of this work has been published in the journal Nanoscale Advances: Therien, 

D.A.B.; McRae, D.M.; Mangeney, C..; Félidj, N.; Lagugné-Labarthet, F. Nanoscale Adv., 

2021, 3, 2501-2507.) 

Surface plasmon-mediated chemical reactions are of great interest for a variety of 

applications ranging from micro- and nanoscale device fabrication to chemical reactions 

of societal interest for hydrogen production or carbon reduction. In this chapter, a 

crosshair-like nanostructure is investigated for its ability to induce local enhancement of 

the local electromagnetic field at three distinct wavelengths corresponding to three 

plasmon resonances. The structures are irradiated in presence of a solution containing 

diazonium salts at wavelengths that match the resonance positions at 532 nm, 632.8 nm, 

and 800 nm. The resulting grafting shows polarization and wavelength-dependent growth 

patterns at the nanoscale. The plasmon-mediated reactions over arrays of the crosshair 

structures are further investigated using scanning electron microscopy and supported by 

finite domain time domain modelling revealing the wavelength and polarization specific 

reactions. Such approach enables nanoscale molecular printing using light source opening 

multiplexing applications where different analytes can be grafted under distinct opto-

geometric conditions.  

7.1 Introduction 

Excitation of localized surface plasmon resonances (LSPRs) is an effective method for 

enhancing the local optical fields which can in turn be used for a variety of applications 

such as in enhanced spectroscopies and plasmonic sensing where both sensitivity and 

spatial resolution can be drastically improved through a plasmon effect.1-4 In discrete 

nanostructures, LSPRs are generally spatially confined in specific areas and can be 

excited with selected set of wavelength and polarization of the impinging field. In ideal 

opto-geometric configuration, the electric field is typically enhanced by a 10-100 fold 

factor which is enough to yield large enhancement factors and which can in turn be used 
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for a variety of sensing applications through surface enhanced mechanisms in Raman,2, 3, 

5-7 infrared,8-10 fluorescence,11-14 and nonlinear optical measurements.15-18 

This spatial confinement can also be used to promote chemical reactions through the 

generation and ejection of hot electrons.19 Metallic nanomaterials that contain LSPRs 

have shown a wide applicability for plasmon-mediated reactions.20-22 Such reactions 

include chain-linking of gold nanoparticles,23 fabrication of biosensors,24 plasmon 

mediated drilling,22 and performing surface chemistry such as CO2 reduction,25-27 water 

splitting for hydrogen production,28-30 single oxygen production,14 and artificial 

photosynthesis.31 Multiplexed functionalization is of particular interest when several 

analytes can be spatially grafted over metallic structures solely using light irradiation. 

Such reactions have been studied on gold nanodisks by grafting both a carboxyphenyl 

diazonium salt and a hydroxyethyl phenyl diazonium salt to a single surface using 

orthogonal irradiation polarizations.32 A polymer formulation containing two different 

light-emitting quantum dots was grafted to the surface of a nanomaterial at two different 

polarizations, highlighting the possibility to graft quantum dots in orthogonal directions 

keeping at a nanoscale resolution.33 Other plasmon-mediated reactions includes local 

polymerization in the vicinity of the metallic nanostructures and temperature-responsive 

gold/polymer hybrid structures.34, 35 Such light-induced nanoscale printing opens many 

perspectives in device fabrication. The main limitation in multi-analyte functionalization 

is the number of plasmon resonances that can be tackled independently with different 

wavelengths. A nanostructure with n discrete resonances will theoretically open the 

possibility to use n wavelengths of irradiation. Each resonance being associated with a 

unique spatial pattern of the electromagnetic confinement will subsequently yield a 

defined pattern upon irradiation with the matching wavelength. Such structures with 

multiple resonances have been demonstrated in fractal structures with resonances ranging 

from the visible to the mid-infrared and highlighting the hybridization between the 

successive fractal generations.3, 21  

In this chapter, arrays of gold metastructures with crosshair geometries and that display 

three resonances in the visible range are studied. This crosshair structure was developed 

to introduce a metamaterial containing multiple exploitable plasmon resonances in the 
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visible to near-infrared spectral range. It combines the longitudinal plasmon modes of 

nanorods as repeating features on a longer branch, as well as the transverse mode arising 

from the width of both the features and the overall branches. The nanostructures were 

made by electron beam lithography and displays three resonances centered around 532, 

632 and 785 nm. Specifically, the spatial grafting of 4-nitrobenzenediazonium 

tetrafluoroborate was investigated and has shown excellent reactivity when subject to 

light irradiation in the vicinity of metallic nanostructures and form a thin polymer film 

that can be readily observed by electron microscopy. 

7.2 Materials and Methods 

The following methods were used throughout this chapter: 

• Finite Domain Time Domain (FDTD) modelling, as described in Chapter 3, section 

3.1 

• Electron Beam lithography (EBL), as described in Chapter 3, section 3.2.2 

• Diazonium salt grafting, as described in Chapter 3, section 3.6 

• Scanning Electron Microscopy (SEM), as described in Chapter 3, section 3.3.1 

7.3 Results and Discussion 

7.3.1 FDTD Modelling 

Crosshair-like nanostructures, dendrimer-like structures with C4 symmetry, were first 

designed and simulated using FDTD calculations, allowing their plasmon resonances to 

be fine-tuned prior to fabrication. 
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Figure 7-1 Distribution of the near-field at 530 nm (a), 630 nm (b) and 800 nm (c) 

for a horizontal polarization. The corresponding isowavelength map is shown in (d) 

and represent the spatial distribution of the field for wavelengths varying from 500 

nm to 800 nm with a crosshair structure outlined in black. 

The near-field distribution of the EM field around the structure has been calculated at 530 

nm, 630 nm and 800 nm for a horizontal polarization over the crosshair structures that are 

composed of orthogonal major rods with length of 800 nm and with two minor rod across 

each arm of the structure. Irradiation at 530 nm (Figure 7-1a) shows confinement of the 

field along all rods, major and minor, that are orthogonal to the polarization. At 630 nm 

(Figure 7-1b), the two minor rods located in the middle of the branch orthogonal to the 

input polarization display field confinement while at 800 nm (Figure 7-1c) the two minor 

rods located at the extremity of the branch on the arms perpendicular to the polarization 

direction concentrate the field the most. The isowavelength map shown in Figure 7-1d 

provides a snapshot of the different zones where the field is locally enhanced for the three 

selected wavelengths. The dark blue, green and red colors indicate the field confinement 

at 532 nm, 632 nm and 800 nm, respectively. The structure being isotropic with a C4 
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symmetry axis, a rotation of the polarization by 90° will rotate the distribution pattern 

accordingly. 

7.3.2 Characterization and Functionalization 

 

Figure 7-2 (a) Depiction of a grafting experiment. (b) SEM image of an individual 

structure. 

Two distinct optical setups were used to investigate the three LSPRs. An 800 nm 

femtosecond-pulsed laser is used to irradiate a single structure at a time without burning 

or destroying them. This setup also uses a piezoelectric nanopositioning stage combined 

with a 100× objective (N.A.=0.95). This combination allows the 1 μm laser spot to be 

precisely positioned onto a single structure at a time. The CW lasers at 532 nm and 632.8 

nm were coupled to a distinct setup that uses a 20x objective (N.A.=0.5) that is slightly 

defocused producing a spot size of approximately 8 μm and irradiating multiple 

structures at the same time. While this setup has the advantage of irradiating many 

structures at once, the Gaussian nature of the beam produces varying results from the 

center of the spot towards the edge, which will be discussed further. A typical irradiation 

experiment is shown in Figure 7-2a together with a single nanostructure produced by 

electron-beam lithography (Figure 7-2b). 
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Figure 7-3 (a) Representative SEM image of an array of dendrimers used for 

grafting with a single structure shown in the inset. (b) FDTD far-field scattering for 

ideal (defect-free) and real structures (as shown in Figure 7-1b) and experimental 

absorption measurements for a linearly polarized light oriented horizontally or 

vertically with respect to the structure axes. 

Using electron beam lithography, arrays of structures were produced in (50×50) μm2 

patches, as shown in Figure 7-3a. The individual crosshairs major axes measure 800 nm 

in length with 90 nm and 140 nm minor notches oriented perpendicularly to the longer 

branches (Figure 7-2b). Three broad plasmon resonances can be identified in the far-field 

FDTD modelling at central wavelengths of 530 nm, 630 nm, and 800 nm (Figure 7-3b). 

The experimental extinction spectrum only shows 2 resonances including a broader one 

centered at 610 nm that shows a shoulder around 550 nm. 



120 

 

 

 

7.3.3 Irradiation at 800 nm 

 

Figure 7-4 SEM images of the dendrimers after irradiation under an 800 nm fs-

pulsed laser, for both (a) horizontally and (b) vertically polarized light. (c) FDTD 

modelling of the near-field distribution upon irradiation at 800 nm for the real 

structure with a horizontal polarization. 

The crosshair structures were first irradiated at 800 nm for 60 seconds under a power of 

10 mW. The material grafted is composed of a thin film formed from 4-

nitrobenzenediazonium tetrafluoroborate,36 through either a cationic or a radical plasmon-

induced polymerization pathway.37 Briefly, in the cationic process, heating in room 

temperature conditions or light-induced decomposition of the solution-containing salt 

induces the formation of cations by heterolytic dediazoniation that react with gold 

surfaces. Other aryl cations present in solution further react with the first grafted groups 

forming polyaryl layer on the surface.38 This cation-induced reaction is generally referred 
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as a spontaneous grafting and may lead to the formation of monolayer at the surface of 

the substrate.37, 39 In the radical process, plasmon-induced electron transfers from the gold 

structures to the diazonium cation yield the formation of aryl radicals that in turn react 

with the surface to form an aryl molecular layer. Other radicals react with the first layer 

to form a thin polymer film which thickness varies with the irradiation conditions and 

local field enhancements. Both mechanisms presumably yield the formation of polymer 

thin films in the area where the field is maximum. However, local heating effect from a 

cationic process will dissipate very quickly in the solution and because of the good 

thermal conductivity of the gold structures, the grafting will be more homogeneous over 

the surface of the structure. Additionally, the light decomposition of the salts occurs 

predominantly in the ultra-violet range and should be limited upon exposure at 800 nm. 

The grafting at 800 nm should essentially be driven by a radical mechanism. Shown in 

Figures 7-4a,b are the SEM images after irradiation at =800 nm with a horizontal and 

vertical polarization, respectively. The polarization dependence is the most apparent here, 

where the orthogonal irradiations produced similar grafting patterns rotated by 90°. These 

experimental results can be compared to the FDTD calculations shown in Figure 7-1c and 

Figure 7-4c for ideal and real structures, respectively. The plasmon-induced grafting of 

the diazonium salts is predominantly localized around the two minor notches on the 

perpendicular branch with respect to the input polarization. While the irradiance is higher 

on the 800 nm setup (by a factor of 100 – 1000), the femtosecond pulses allow the 

structures to be irradiated without burning or melting them.  
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Figure 7-5 A representative array of five structures, each individually irradiated 

under an 800 nm fs-pulsed laser with a horizontal polarization in the presence of the 

diazonium-containing solution. In this experiment, the 800 nm laser beam is focused 

to 1 micron and the sample is scanned using a piezo electric stage. Each structure is 

irradiated for 60s with the beam centered over the structure. The inset (blue box) 

shows a structure immersed in the same diazonium-containing solution but without 

any exposure to laser irradiation. 

The same localized molecular patterning can be done over an array of structures 

irradiated in similar conditions, as shown in Figure 7-5, highlighting the reproducibility 

and homogeneity of the plasmon-induced reaction. Furthermore, as shown in the inset of 

Figure 7-5 with a reference structure immersed with the same solution but without any 

laser irradiation, this experiment indicates that there is no evidence of spontaneous 

grafting at the surface of the crosshairs and that the grafting is only plasmon-driven, as 

expected. 
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7.3.4 Irradiation at 632.8 nm 

Similar structures were irradiated with a continuous-wave laser at 632.8 nm with a spot 

size of approximately 8 μm in diameter. A manual control stage was used, allowing for 

the irradiation of multiple structures at a time. This led to some variety in the grafting 

development based on the energy dose that each structure received relative to its position 

in the laser spot.  

 

Figure 7-6 SEM images of the structures after irradiation under a 632.8 nm 

continuous-wave laser, for both (a) horizontally and (b) vertically polarized light. 

(c,d) represents the same images but colorized in red to highlight the areas on which 
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grafting mainly occurred. (e) FDTD modelling of the near-field distribution upon 

irradiation at 630 nm for the real structure with a horizontal polarization. 

Shown in Figures 7-6a,b are the polarization dependent grafting spatial distributions for 

both horizontally (Figure 7-6a) and vertically (Figure 7-6b) polarized fields. The grafted 

material has been colorized for the corresponding polarizations in Figure 7-6c,d. 

Remarkably, the grafting occurs on both axes. However, the major axis orthogonal to the 

input polarization show the thicker grafting. This is again in agreement with the FDTD 

calculation of Figure 7-1b for the ideal and real structures and Figure 7-6e for the real 

structure where both major axes show areas of large confinement yet with larger 

confinement on the axes orthogonal to the input polarization. In order to estimate the 

effect of the irradiation power over the grafting, functionalized areas were imaged at the 

center of the beam and in the outer edge of the Gaussian beam. 

 

Figure 7-7 (a) an SEM image of an array of crosshairs irradiates at 632.8 nm in the 

presence of diazonium salts. The blue box is near the center of the beam and the red 

box is near the edge. The difference in grafting is shown in more detail in (b) and 

(c). 

At the center of the 632.8 nm beam (Figure 7-7a,b) the grafting is homogeneous over the 

whole structure and it is difficult to differentiate the areas with different field 

enhancements. In contrast, Figure 7-7a,c corresponds to the area at the edge of the 632.8 

nm Gaussian beam, the functionalization is partial and shows grafting along the 
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orthogonal axis up to the first notch and around the larger notch of the axis parallel to the 

input polarization, in good agreement with Figure 7-1b. This indicates that the threshold 

for plasmon-mediated grafting is relatively low. By fine tuning the energy density at the 

surface, the amount of material grafted can be controlled. This can be achieved by either 

reducing the irradiation time or the irradiance. 

7.3.5 Irradiation at 532 nm 

Finally, the last experiment was done with an irradiation at 532 nm, a wavelength for 

which FDTD predicts a third but weaker resonance. The extinction spectra (Figure 7-2b) 

show that the resonance appears to be superimposed with a broader resonance centered at 

630 nm. 



126 

 

 

 

 

Figure 7-8 SEM images of the crosshairs after irradiation under a 532 nm laser both 

(a) horizontally and (b) vertically polarized. (c) and (d) are the colorized images of 

(a) and (b), respectively, with the outline of the cross in black as a guide for the eye. 

(e) FDTD modelling of the near-field distribution upon irradiation at 530 nm for the 

real structure with a horizontal polarization. Reference background image used to 

generate (c) and (d) is provided shown in the inset of Figure 7-5. 

Shown in Figure 7-8a,b are the SEM images of individual nanostructures after irradiation 

in the presence of the diazonium solution with a horizontal and a vertical polarization, 

respectively. Figures 7-8c,d are treated images obtained by subtracting the bare non-
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functionalized structure and that shows the spatial distribution of the polyaryl films. Both 

major arms appear to experience grafting yet with predominant grafting along the major 

arms that are orthogonal to the input polarization. In both case the gold structure is 

entirely covered by the polyaryl layers derived from the diazonium salt which appear 

thicker than when irradiated at 800 or 632.8 nm. Interestingly, the irradiation at 532 nm 

appears to induce polymerization on the substrate as well, as shown by the numerous 

aggregates located around the structures. The presence of such aggregates is not observed 

in any of the experiments performed at 632 nm and 800 nm. Presumably the presence of 

these aggregates over the gold structure and the glass surface is facilitated by 

spontaneous grafting enabled by the higher energy 532 nm photons that would yield more 

thermally induced decomposition and subsequent grafting through the cationic process. 

The LSPR present at 532 nm originates from the width of the structures themselves 

(Figure 7-1a and Figure 7-8e), which is perpendicular to the irradiation polarization. This 

can be seen by the growth occurring on all the outer features, and predominantly on the 

entire arm, perpendicular to the irradiation polarization as highlighted in red in Figure 7-

8a-d where the notches cannot be distinguished anymore since they are completely 

covered by the polyaryl layer. 

 

Figure 7-9 SEM images of the 532 nm irradiated crosshairs with a (a) vertical and 

(b) horizontal polarization with increasing laser intensity from left to right. The first 

structure on the left of (a,b) has not been irradiated as a reference. 
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The polarization dependent grafting demonstrates the effectiveness of the nanostructure’s 

response upon irradiation. Shown in Figure 7-9 are a series of crosshair structures located 

at the edge of the irradiation beam polarized vertically (Figure 7-9a) and horizontally 

(Figure 7-9b) with intensity increasing from left to right.  

The bare structures on the left-most of Figure 7-9a,b are out of the beam while it 

transitions to irradiation with the highest power on the right. These experiments show 

again that the major axes oriented perpendicular to the polarization of the impinging 

beam experience the most functionalization where the grafted molecules completely 

cover the major axis masking even the two smaller orthogonal notches. 

The progression of the grafting across the surface indicates that the density of hot 

electrons generated upon irradiation at 532 nm are proportional to the energy dose. It can 

also be seen in these images that the structures on the left have no molecules adhered to 

either the surface of the structures, or the glass substrate itself. On the right, however, 

there is a large grafting visible on the structures as well as organic aggregates adsorbed 

on the surface. This demonstrates that all the grafting is occurring due to the irradiation, 

and not spontaneously. While the 532 nm grafting had the lowest irradiance of the three 

tests at 1.79×103 W/cm2, the grafting was more prominent for equivalent irradiation times 

(60s). This is caused by the LSPR, which covers a larger surface area of the crosshair 

structure than the other two resonances, in synergy with the cationic process as evidenced 

by the numerous organic deposits observed at the surface of the glass coverslip closer to 

the center of the laser spot. 

In summary, the different grafting patterns based on the irradiation wavelength are 

shown. The electromagnetic enhancement hotspots from the plasmon resonances play an 

important role when comparing these different grafting patterns. By changing the 

irradiation source as well as the polarization, molecules were grafted to specific areas of 

the surface. Although this chapter considers only a selected diazonium salt, there is 

potential to use these structures to graft up to six different molecules onto the same 

surface using three wavelengths and two polarization states. This versatility can be taken 

advantage of for molecular patterning. This opens new applications in molecular 
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electronics and biosensing where distinct grafted molecules within a nanoscale structure 

can display different functions. 

7.4 Conclusion 

Crosshair nanostructures with three plasmon resonances were designed and fabricated in 

order to facilitate plasmon-mediated reactions in the visible wavelength region. The 

structures were successfully employed for the surface specific grafting of a diazonium 

salt to the surface using wavelengths of 532 nm, 633 nm, and 800 nm. For each of the 

wavelengths, distinct grafting patterns can be observed around the structures. The 

polarization dependence of the grafting was also tested for these three wavelengths to 

which the structures responded according to the incident polarization. These 

nanostructures offer a platform for a multitude of applications in both chemistry and 

nanoscale surface patterning due to the possibility to spatially control the 

functionalization of distinct molecules with a selected set of wavelength and polarization. 

Based on this approach, multimodal platforms for combined SERS/SEF/SHGM can be 

developed to study target analytes with these techniques in parallel on a single platform 

such as the bioconjugation of different cells of interest could be developed. 
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Chapter 8  

8 Conclusions and Outlook 

In this thesis, we have investigated the linear and nonlinear optical properties of 

metamaterials and transition metal dichalcogenides 2D materials. After a general 

introduction of the field of plasmon-enhanced SHG and plasmon-mediated chemistry 

theoretical descriptions are provided in Chapter 2. Therein, the principles of FDTD 

electromagnetic modelling and their applications to meta- and nanomaterials are 

described. The background on localized plasmon resonances and their link to 

metamaterials is introduced, followed by the fundamentals of nonlinear optics, with a 

focus on second-harmonic generation and its symmetry-based selection rules in crystals 

as well as in nano- and metamaterials. Finally, plasmon-mediated chemistry through hot-

electron decay is described including examples of surface specific plasmon-mediated 

grafting on nanomaterials. 

Following these introductory remarks, the experimental methods used throughout the 

thesis are described in detail. The FDTD modelling is thoroughly described, as it is a 

pivotal piece of information for Chapters 4, 6, and 7. The fabrication methods for the 

nano- and metamaterials used throughout the thesis, including nanosphere lithography, 

electron-beam lithography, and chemical vapor deposition as well as the characterization 

methods used, are described. This includes SEM, vis-NIR absorbance measurements, and 

SHGM. To tune the metamaterials’ optical properties to specific wavelengths, key opto-

geometric parameters are introduced and further discussed. Finally, the experimental 

setups for the plasmon-mediated chemistry in chapters 6 and 7 are detailed. 

Once the background information was established, Chapters 4 and 5 are focusing on 

specific metamaterials and bulk materials that are both SHG-active. Chapter 4 elaborates 

on the inherent symmetry of a metamaterial and on its effect on the SHG activity. This 

includes the study of fractal-like dendrimer nanomaterials which are known to exhibit 

tunable LSPR modes ranging from the visible to the mid-infrared range.1, 2 Furthermore, 

the effects of plasmon enhancement on these multibranched metamaterials are described 

according to the considered fractal generation.  
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Chapter 5 elaborates on the SHG activity of MoS2 2D flakes. The polarized SHG 

response of these 2D materials is both mathematically described and measured 

experimentally. The MoS2 flakes were also functionalized with an organic dye, and its 

effects on the intensity of the SHG signal are explained. 

In Chapter 6, a single beam was used to create surface relief grating through the grafting 

of a diazonium salt to the surface of a bare glass substrate at different incident 

polarizations.3 Following this approach, the same diazonium salt was further grafted to 

the surface of a metallic array of Au nanotriangles under distinct polarization conditions. 

This resulted in surface patterning where different structures were obtained. The 

plasmon-induced functionalization yielded the formation of structures of polyaryl 

resulting from the diazonium salts and promoted by the generation of hot electron 

through plasmon excitation.  

The principles of plasmon-mediated chemistry are further expanded in Chapter 7, 

involving the crosshair metamaterials. These materials were designed to produce three 

distinct LSPR modes in the visible region which were then fabricated by EBL. The 

crosshair structures were tested at three different wavelengths, and the spatial distribution 

of the grafted polyaryl film was compared to the area of higher enhancement as 

anticipated by FDTD modelling. 

There is a broad spectrum of applications of metamaterials, as described throughout this 

thesis. The FDTD calculations proved to be a practical method for modelling the LSPR 

modes of metamaterials prior to fabrication.4 The crosshair metamaterials fabricated have 

the potential for multiplexing different patterns at the surface and offer a series of tunable 

LSPR modes which could be used in sensing technology.4 As previously shown, 

multiplexing of different polymer formulations containing light-emitting quantum dots at 

the surface of a material is a promising pathway to surface specific light emissions.5 

Multiplexing three different quantum dots to the surface of the crosshair structures would 

be a logical follow-up experiment that opens up the possibility of collaborations with 

groups working on either electron-sensitive polymers or light-emitting quantum dots. 

Another practical application explored within the Lagugné-Labarthet’s group is the 
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trapping and characterization of biological samples using nanohole arrays. These studies 

involve a device with nanoscale holes in them that are used to trap, characterize, and 

differentiate healthy and cancerous exosomes excreted from cells.6-9 

 

Figure 8-1 (a) A scanning electron micrograph of an array of truncated spiral 

structures and with an individual structure (highlighted in blue) shown in (b). (c) 

and (d) shows the simulated (red) and experimental (blue) ΔAbs spectra for a 

truncated spiral structure with a diameter of 2.5 and 4 μm, respectively 

(Manuscript accepted in the Journal of Israel Chemistry: Therien, D. A. B.; Read, 

S. T.; Rosendahl, S. M.; Lagugné-Labarthet, F., Isr. J. Chem. 2022. 

https://doi.org/10.1002/ijch.202200007) © 2022 WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim.  

Another application of metamaterials includes the development of chiral structures that 

will respond differently depending on the handedness of a circularly polarized light. The 

https://doi.org/10.1002/ijch.202200007
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chiral metamaterials shown in Figure 8-1 were modelled using the FDTD method prior to 

fabrication. The spirals were fabricated by EBL and the resulting circular dichroism was 

measured at the mid-infrared beamline of the Canadian Light Source in Saskatoon, SK, 

Canada. 

The current interest for plasmonic metamaterials and plasmon-mediated chemistry is still 

a very fertile research field as demonstrated by the consistently number of manuscripts 

published in chemistry and physics journals. The understanding of the fundamentals of 

plasmonics is continually expanding and has shown great potential for applications. This 

encompasses applications in a variety of fields in chemistry, such as sensing,10, 11 surface 

chemistry,12, 13 optics,14, 15 and more.16-18 The exploration of these applications has 

already shown significant improvement since its inception, with more improvements 

being published each day.19-21 
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