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Plasmonic structures with nanometer scale gaps provide localized field enhancement 

and allow for engineering of the optical response, which is well described by conventional 

classical models. For subnanometer scale gaps, quantum effects and nonlocal effects 

become important and classical electromagnetics fail to describe the plasmonic coupling 

response. Coupled plasmonic system of gold nanoparticles on top of thin gold film 

separated with self-assembled monolayers (SAMs) provides a convenient geometry to 

experimentally explore plasmonic features in subnanometer scale gaps. However, the 

surface roughness of the thin metal film can significantly influence the plasmonic coupling 

properties. In this dissertation, I suggest modifying the coupled nanoparticles-film 

structures by using ultraflat thin metal films. Using these structures, I investigated the far-

field optical response for gap size variations by dark field scattering measurements. A red-

shift of the plasmon resonance wavelength was observed by reducing the gap width. 

However, I did not observe the previously reported saturation trend of the resonance shift 

for subnanometer scale gaps. I attribute the difference to surface roughness effects in past 

works since as they were not present in my studies with ultraflat films. 
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To study the near-field enhancement in subnanometer scale gaps, I used third 

harmonic generation as a method that is highly sensitive (as the third power) to the local 

field intensity. The onset of the quantum tunneling regime was determined for gap 

thicknesses of 0.51 nm, where there was a sudden drop in the third harmonic when the gap 

width decreases from 0.69 nm to 0.51 nm. The experimental observations were consistent 

with analytical calculations that applied the quantum-corrected model for SAM separating 

two gold regions. In comparison to the gap without SAMs in which the onset of the 

tunneling regime was reported at 0.31 nm, the onset of tunneling across the gap with SAM 

occurred for larger gaps. This was an expected outcome because the material in the gap 

reduced the barrier height to tunneling. 

Furthermore, I investigated the wavelength dependence of the third harmonic generation 

for the gold plasmonic system to determine the role of the interband transitions in the 

nonlinear response of gold. Past works reported a strong wavelength dependence of the 

nonlinear response of gold for the fundamental wavelength at about 550 nm, attributed to 

the interband transitions between the 5d to 6s-6p bands. However, the roles of the interband 

transitions and wavelength-dependent field enhancement in the nonlinear response of gold 

was not investigated. In this dissertation, results showed the third harmonic generation 

enhanced by an order of magnitude by the interband transition (as compared to the non-

resonant case). In my research I also used an analytic model for the dielectric function of 

gold in which contributions of the interband transitions were considered. This model was 

also consistent with the experimental observations.  
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Chapter 1 Introduction 

 

1.1 Light-matter interaction 

Nonlinear optics may become more important for modern photonic applications. 

Achieving higher speed switching is one of the main goals for devices such as high speed 

optical communication network modulators [1]. Semiconductor switching is 

fundamentally limited by the speed of carriers in materials. Nonlinear switching is based 

on the nearly instantaneous interaction of light with material, thus there is no carrier 

transport limitation [1,2]. Nonlinear optics provide an alternate method that achieves higher 

speed by replacing electronic signals with optical signals [3]. 

Nonlinear optical phenomena have also been used for imaging and spectroscopy, 

including deep tissue imaging, where compatibility of aqueous and biological 

environments as well as noncontact and label free imaging are required [4-6]. 

While nonlinear optics provide the possibility of using light-matter interaction for a 

variety of applications, the inherently weak interaction of light with material results in a 

weak response that limits the achieved power efficiency [2]. The efficiency of the nonlinear 

optical response can be improved by increasing the intensity of the incident light. This can 

be accomplished by squeezing light into a smaller volume to achieve stronger nonlinear 

responses when compared to unfocused light. Regular lenses can focus light into a small 

region and increase the local field intensity, but they are restricted to the diffraction limit 

[1]. They can only focus light in a spot with a diameter of approximately half the 

wavelength of the incident light. 
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The interaction of light with metals, known as plasmonics, provides a simple approach 

squeezing light into subwavelength regions well below the diffraction limit. This results in 

an intense local field enhancement close to plasmonic structures. Localized field 

enhancement of metal nanoparticles (NPs) and nanostructures can enhance nonlinear 

effects with ultrafast response time. These plasmonic nanostructures have been used for 

high-harmonic generation [7] and enhanced nonlinear optics [8-10]. 

1.2 Plasmonic gaps  

Narrow gaps between plasmonic NPs allow for achieving stronger field enhancement 

in comparison to a single NP [11-13]. Reducing the gap size within nanoscale sizes results 

in enhancements of the localized field, and a shift of the plasmon resonance with a nearly 

exponential trend [12-15]. In other words, as the gap size becomes smaller the plasmonic 

resonance becomes more sensitive to the length of the gap. Plasmon coupling of certain 

geometries, such as a dimer of metal NPs with a small gap, allow for systematically tuning 

the plasmon resonance shift and field enhancement as a function of the gap width. These 

coupled plasmonic systems with nanoscale gaps have been used to determine the inter-

particle distances, introducing the new concept of plasmonic rulers [12,14]. Optical 

response of plasmonic rulers can be described using conventional classical models with 

local dielectric function, known as local models. 

1.3 Plasmonics in subnanometer scales 

For plasmonic structures with subnanometer features both nonlocal effects [17-19] and 

quantum effects [20,21] become significant, influencing the optical properties. In this 

regime local models are not sufficient to explain optical response of structures 

[17,18,22,23]. 
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For example, the local model describes the interaction of a metal NP with an incident 

optical field by introducing a frequency dependent dielectric function for the metal [24]. 

As a result, the surface charges are perfectly localized in a layer of infinitesimal thickness 

along the NP surface. However, in real metals induced surface charge densities produce a 

volume charge density close to the surface of the NP, which leads to an effective gap 

distance [25]. 

In addition to nonlocal effects, quantum tunneling may occur across the gap resulting in 

a sudden drop of the localized field intensity within the gap [26,27]. Determining the onset 

of quantum tunneling and the ultimate limit of the field enhancement is critical for 

nonlinear optical applications [25] where the generated signal scales with the local field 

intensity. Also, for plasmonic rulers in this regime, describing the optical properties 

requires consideration of quantum and nonlocal effects [16,28,29,30]. 

In recent years, many researches have focused on exploring nonlocal effects and 

quantum effects in plasmonic systems with subnanometer scale gaps [29,31-33]. Different 

nonlocal models have been developed to describe various nonlocal effects. However, 

results from these models show some inconsistencies. It is not clear which model and 

approach should be used [22]. Moreover, nonlocal models cannot account for all of the 

effects, including the quantum tunneling effect that may occur in this regime. 

Full numerical quantum mechanical calculations for the optical response of plasmonic 

structures with subnanometer scale gaps are desired. Due to their complexity, these 

calculations are limited to very small systems in the order of few hundred atoms [25,34]. 

However, results from these calculations have been used to calibrate models, such as the 

quantum-corrected model (QCM) [28], for larger scale plasmonic systems. The QCM 
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includes the quantum tunneling effect in a classical electrodynamic model and predicts 

the onset of tunneling. 

Limits and inconsistencies of theoretical investigations demonstrate the importance of 

experimental studies that provide further insight into plasmonics with subnanometer scale 

features. For subnanometer scale gap plasmons, experimental investigation is challenging 

for a number of reasons. First, fabrication of reliable and reproducible structures with 

precise control over the gap size is difficult [15,16,25,35]. Next, most established 

characterization methods are based on the far-field optical response, such as far-field 

scattering measurements, which do not directly probe the local field intensity [17,18,29]. 

Characterization of the near-field response from the far-field behavior may not be accurate 

enough to capture all effects in the near-field, such as the influence of the dark-modes 

[25,26,34].  

This dissertation focuses on the experimental investigation of subnanometer scale 

plasmonic gaps with three goals. The first is fabricating reliable and reproducible 

plasmonic structures. Then, probing the quantum tunneling limit of plasmonic 

enhancement across the gap by using third harmonic generation (THG) that scales with the 

cube of the local field intensity. Finally, mapping enhanced THG as a function of the 

incident wavelength to investigate the influence of the interband transitions of gold in the 

visible region of the spectrum. 

1.4 Fabrication of plasmonic systems with subnanometer scale gaps 

Experimental investigation of nonlocal effects and quantum effects requires having a 

reliable and reproducible plasmonic system with subnanometer scale accuracy. Recently, 

Smith et al. [25] used a coupled plasmonic system of gold NPs on top of gold film (NPs-
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film) separated by SAMs to investigate nonlocal effects in the subnanometer gaps. Gaps 

with different sizes between NPs-films were fabricated by functionalizing gold films with 

SAMs of different lengths corresponding to the different number of carbons in their 

molecular chain. However, since the gold films were prepared by the evaporation method, 

the roughness of the gold films (referred to as “as-deposited” films) was comparable to the 

length of the smallest SAM molecule. In this case, the surface roughness of film could 

affect the observed plasmonic features of the structure [36]. 

In this dissertation the issue of the surface roughness of the film in the coupled 

plasmonic NPs-film system is discussed. Here, I suggested modifying the structures by 

using gold films with an ultraflat surface (referred to as “ultraflat” films) that were 

produced using the template stripping method [37]. The influence of the surface roughness 

on the optical properties of the coupled gold NPs-gold film systems was investigated for 

samples that were fabricated using ultraflat films (referred to as “ultraflat” samples) and 

for those fabricated using as-deposited films (referred to as “as-deposited” samples). 

The dark-field (DF) scattering measurements of ultraflat samples with varying gap sizes 

showed a red-shift of the plasmon resonance peak wavelength by decreasing the gap size. 

This trend was close to the predictions from the local model. Whereas the DF scattering 

measurements of the as-deposited samples showed an early saturation of the red-shift for 

the resonance wavelengths by decreasing the size of gaps. This has been observed in 

previous works and interpreted to be a result of nonlocal effects [25]. My measurements 

suggested that the nonlocal and quantum effects do not have much influence on the far-

field optical response in the subnanometer regime.  
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Figure 1- 1 AFM measured surface roughness for as-deposited and ultraflat films for bare 

gold and gold with SAMs of varying lengths, corresponding to a varying number of carbons 

in their chain. Reprinted with permission from [38]. Copyright © 2014, Optical Society of 

America. 

 

To investigate whether the surface roughness influences the optical response of the NPs-

film structures, the surface roughness for as-deposited and ultraflat films was measured by 

atomic-force microscopy (AFM). Figure 1- 1 shows the measured average root mean 

square (RMS) surface roughness for these films without SAMs (referred to as “c0”) and 

with SAMs of varying lengths. I observed that the smallest SAM planarized the as-

deposited film significantly because the length of the SAM itself was comparable to the 

roughness of the film. However, the roughness was not changed significantly for large 

SAMs on as-deposited films and ultraflat films. These measurements suggested that the 

saturation of plasmonic resonance for small SAMs on as-deposited samples may be 

attributed to the planarization effects.  
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This work revealed the importance of the surface roughness in subnanometer scale 

gaps and allowed us to modify the coupled plasmonic system of NPs-films for further 

investigation of plasmonic systems in subnanometer scale gaps. 

1.5 Probing the quantum tunneling limit of plasmonic field enhancement 

Experimental investigations of quantum tunneling effects in gap plasmonic systems is 

limited due to the mentioned experimental challenges [26,39]. Recently, Baumberg et al. 

[26] determined the onset of the tunneling regime by using a plasmonic system of two gold 

nanostructures mounted on AFM tips with controllable gap distance. Illuminating the 

structure by a laser, both the electrical and optical response of the coupled nanostructure 

was simultaneously measured as a function of the separation distance. This was used to 

reveal the onset of the quantum tunneling regime. This approach made it possible to 

monitor the onset of quantum tunneling across the gap accurately; however, it did not 

provide a direct probe of the plasmonic field enhancement within the gap region. 

Determining the field enhancement within the gap is critical for nonlinear optics and 

surface-enhanced Raman scattering (SERS) applications where the signal scales with the 

field intensity [40,41]. 

In this dissertation, the quantum tunneling limit of the field enhancement was 

investigated by measuring the THG intensity of NPs-ultraflat films with subnanometer 

gaps. THG intensity scales with the cube of the near-field intensity localized in the gap. 

The nonlinear sensitivity of THG signals to the local field intensity provided an accurate 

method to probe the onset of the quantum tunneling regime where a sharp reduction in the 

intensity of the field was observed. Figure 1- 2 shows the THG from NPs-film as a function 

of the SAM thickness corresponding to varying numbers of carbons in SAM chain (blue). 
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The THG from ultraflat film with SAMs without NPs (Figure 1- 2 (red)) was much lower 

and independent of the SAM thickness. These third harmonic measurements were in good 

quantitative agreement with the local field intensity that I calculated using a QCM for SAM 

gaps. 

It is of particular interest that the onset of the quantum tunneling regime for SAM gaps 

was observed for almost double the size of a gap without SAM, which was found by 

Baumberg et al. [26]. This occurs because the SAM reduces the barrier height to tunneling, 

and the onset of the quantum regime occurs earlier (i.e., for a larger gap) in comparison 

with gaps without the SAM. Similar variations are expected for other molecules in the gap 

[43]. 

 

Figure 1- 2 THG from NPs-ultraflat gold film as a function of the SAM thickness, 

corresponding to varying numbers of carbons in SAM chain (blue), and THG from ultraflat 

film with SAMs without NPs (red). Reprinted with permission from [42]. Copyright © 2014, 

American Chemical Society. 
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1.6 Interband transition enhanced THG from nanoplasmonic gold  

To investigate the wavelength dependence of the nonlinear optical properties of gold, I 

measured enhanced THG intensity as a function of the fundamental wavelength for the 

gold NPs-gold film system. 

Gold is a promising nonlinear plasmonic material. With gold it is possible to confine 

light into a subwavelength region and obtain an enhanced nonlinear optical response 

[44,45]. Engineering the gold plasmonic structures allows the nonlinear response to be 

significantly enhanced [10,46]. For example, I determined the optimum gap size to 

maximize the THG signal [42]. 

The nonlinear optical response of gold is sensitive to various parameters and conditions. 

The third-order nonlinear optical response is often understood based on the use of the third-

order nonlinear susceptibility 𝜒(3). It has been shown that the χ(3) of gold spans a very large 

range from 10-19 to 10-14 m2/V2 depending upon the physical mechanism of the nonlinearity 

and the corresponding time scale of interest [47]. Interband transitions is one of the 

mechanisms contributing to the nonlinear optical response of gold that involves the 

electronic transitions from the 5d band to the 6s-6p band [47,48]. For fast nonlinear 

processes (in picosecond and subpicosecond scale), the interband transitions in gold can 

provide three orders of magnitude larger χ(3) than for off-resonance wavelengths 

[47,49,50]. Most past works exploring the nonlinear response of gold focused on the 

fundamental wavelength resonant with the interband transitions between the 5d and 6s-6p 

bands [49,50]. This requires incident wavelengths around 500 nm and emitted wavelengths 

at a third of this value in the ultraviolet (UV) for THG. There have been few studies on 

THG using ~1550 nm source, which is approximately a third of the interband transition 
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energy and therefore close to the resonance condition [51,52]. The fundamental 

wavelength of ~1550 can be used for deep tissue imaging where the long fundamental 

wavelength can penetrate deeper with less Rayleigh scattering [5].  

Past works showed a strong wavelength dependence of the nonlinear response near 500 

nm. However, the roles of the interband transitions and wavelength-dependent field 

enhancement in nonlinear response of gold were not investigated until this work. Here, the 

THG intensity was measured as a function of the near-infrared (NIR) fundamental 

wavelength to investigate the influence of the interband transitions on enhancement of the 

nonlinear response of gold. For the resonant case with the fundamental beam energy at 

one-third of the interband transition energy at ~2.5 eV, I found that the THG was enhanced 

by one order of magnitude compared to the non-resonant case (Figure 1- 3). This is a 

considerable enhancement as I probed the nearly instantaneous nonlinear response 

resulting in THG signal. 

Using a simple relation between linear and third-order susceptibilities in conjunction 

with the linear response of gold, I showed that the experimental results agree well with the 

enhancement from the interband transitions. The observed wavelength dependence 

response of gold is of interest for applications where fiber-optic technology can be coupled 

with nonlinear plasmonics, such as deep tissue imaging, by using gold nanostructures as 

local probes [5,54]. 
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Figure 1- 3 Normalized THG response as a function of wavelength. The THG shows peaks in 

the range of 470 nm to 550 nm, which I attribute to the interband transition enhancements. 

For each wavelength, the standard deviation was obtained from measurements at multiple 

locations on two separate samples. Reprinted with permission from [53]. Copyright © 2015, 

Optical Society of America. 

 

1.7 Organization of this dissertation 

This dissertation is a hybrid between the traditional monograph and the newer article-

based style. Since the main contributions are focused on experimental methods, 

nanofabrication and nanocharacterization, further details of these are given in the main 

body of the texts, requiring a traditional monograph format. However, since there were 

three peer-reviewed publications with my primary contributions as part of this work, these 

have been included as Appendices containing a detailed description of the research.  

This thesis is organized in four chapters. The remainder of Chapter 1 briefly presents 

the major contributions of this dissertation and four other publications with my minor 

contributions.  



 

 

12 
Chapter 2 presents a review of surface plasmons, plasmon coupling, mainly focusing 

on coupled plasmonic systems with subnanometer scales. This chapter also provides an 

introduction in nonlinear optics and, more specifically, nonlinear optical properties of gold. 

Finally, experimental challenges in investigation of plasmonics with subnanometer scale 

gaps are reviewed. 

Chapter 3 gives a detailed summery of the experimental tools and methods used in this 

dissertation. 

Chapter 4 concludes the dissertation and provides suggestions for future research 

directions. All peer-reviewed publications in my Ph.D. study are listed as Appendices. 

1.8 Major contributions 

1.8.1 Effect of surface roughness on self-assembled monolayer plasmonic ruler 
in nonlocal regime [38] 

Experimental work including fabrication of samples, AFM measurements, DF 

scattering measurements, and related data analysis was done by G. Hajisalem. G. Hajisalem 

and Q. Min designed and optimized the DF scattering setup. R. Gelfand provided technical 

suggestions on fabrication and characterization of samples. Interpretation of experimental 

results and manuscript writing were done by R. Gordon and G. Hajisalem. This work was 

done under the supervision of R. Gordon. 

The submitted manuscript can be found in Appendix A. 

1.8.2 Probing the quantum tunneling limit if plasmonic enhancement by third 
harmonic generation [42] 

Experimental work including fabrication of samples, linear and nonlinear optical 

measurements and related data analysis was done by G. Hajisalem. R. Gordon and G. 

Hajisalem worked toward the interpretation of the experimental observed results. The 
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theoretical part, including the QCM calculations and the near-field finite-difference 

time-domain (FDTD) simulations, was performed by M.S. Nezami. R. Gordon, G. 

Hajisalem, and M.S. Nezami contributed in writing the manuscript. R. Gordon supervised 

the work providing critical guidance and suggestions during this work. 

The submitted manuscript can be found in Appendix B. 

1.8.3 Interband transitions enhanced third harmonic generation form 
nanoplasmonic gold [53] 

Experimental work including fabrication and characterization of samples, linear and 

nonlinear optical measurements, and related data analysis was done by G. Hajisalem. R. 

Gordon, G. Hajisalem, and D.K. Hore worked toward the analytical interpretation of the 

observed experimental results and modeled the contributions of the interband transitions in 

nonlinear response of gold. The manuscript was written by R. Gordon and G. Hajisalem. 

D.K. Hore provided experimental facilities, critical guidance and suggestions on 

experimental work, and writing of the manuscript.  

The submitted manuscript can be found in Appendix C. 

1.9 Minor contributions 

1.9.1 Quantification of an exogeneous cancer biomarker in urinalysis by Raman 
spectroscopy [55]  

G. Hajisalem contributed in this work by conducting the AFM and SEM 

characterization.  W. Li performed the synthesis of the Acetyl Amantadine. G. Cao carried 

out experiments including sample preparations, Raman measurements, and related data 

analysis. The work was conducted under the supervision of R. Gordon and F. Hof. 

Supervisors guided G. Cao through the work and provided editorial suggestions on the 

manuscript. R. Gordon also assisted in the manuscript preparation. 
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1.9.2 Trace cancer biomarker quantification using polystyrene-functionalized 

gold nanorods [56] 

G. Hajisalem contributed in this work by conducting the DF scattering and extinction 

experiments. W. Li performed the synthesis of the Acetyl Amantadine. A. Lukach 

contributed to this project by synthesis of gold nanorods. J. Wu carried out experiments, 

related data analysis, and wrote the manuscript. R. Gordon, E. Kumacheva, and F. Hof 

provided critical guidance and suggestions on data analysis, interpretation, and writing of the 

manuscript. 

1.9.3 Nanorod surface plasmon enhancement of laser-induced ultrafast 
demagnetization [57] 

In this project, G. Hajisalem measured optical properties using the DF scattering 

measurements. B.C. Choi, H. Xu and R. Gordon conceived the experiments. H. Xu and G. 

M. Steeves fabricated the samples and carried out magneto-optical experiments. H. Xu 

analyzed the experimental results and wrote the manuscript with suggestions from B.C. 

Choi and R. Gordon.  

1.9.4 Gap plasmon enhanced metasurface third-harmonic generation in 
transmission geometry [58] 

G. Hajisalem carried out the nonlinear optical measurements of annular ring array 

samples, related data analysis, and SEM measurements. M.S. Nezami carried out the 

fabrication and measurements of double nanoholes array samples, and performed 

calculations. D. Yoo prepared and characterized annular ring array samples under the 

supervision of S.-H. Oh. R. Gordon supervised the project. All authors contributed to 

writing the manuscript. 
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Chapter 2 Theory and literature review 

 

In this chapter I review the basic concepts of surface plasmons and surface plasmon 

coupling from the classical point of view. Next, the limits of classical approaches will be 

explained and key past works that investigate plasmonics in this regime will be reviewed. 

Next, the basics of nonlinear optics will be described. Finally, some challenges of 

experimental investigation of plasmonic structures with subnanometer scale gaps will be 

described.  

2.1 Surface plasmon polaritons 

Surface plasmon polaritons (SPPs) are surface waves that propagate along the dielectric-

metal interfaces and decay exponentially into the both metal and dielectric mediums. SPPs 

can be excited by the interaction of applied electromagnetic wave (photons) with the 

electron density of the metal [11]. In the field of plasmonics, the interaction of 

electromagnetic waves at NIR and visible frequencies with noble metals (such as silver and 

gold) is of great interest. This interaction is usually understood by classical electromagnetic 

theory; therefore, the optical properties of SPPs can be explained using classical models 

such as the Drude-Sommerfeld model. The Drude-Sommerfeld model describes the 

response of free electrons of a metal considering the dielectric function of the metal 

depending on the applied frequency. Here, the dielectric function 𝜀(𝜔) of the metal is given 

by: 

 
𝜀(𝜔) = 1 − 

𝜔𝑝
2

𝜔(𝜔 + 𝑖𝛾)
, (2.1)  
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where 𝜔 is the applied frequency, 𝛾 is the damping factor associated with scattering of 

electrons, and 𝜔𝑝 is the plasma frequency of free electrons defined as: 

 

𝜔𝑝 = √
𝑁𝑒2

𝜀0𝑚
, (2.2)  

where 𝑒 is the charge of electron, 𝑁 is the number of electrons per unit volume, 𝜀0 is the 

vacuum permittivity, and 𝑚 is the effective mass of each electron. For gold at NIR 

frequencies, the Drude-Sommerfeld model can predict the optical properties quite 

accurately. At visible and higher frequencies, the contribution of bound electrons to the 

dielectric function becomes important, e.g., contribution of the interband transitions from 

the valance band to the conduction band. Therefore, the validity of this model at these 

frequencies is limited. Including the contribution of interband transitions requires more 

elaborated models, which will be explained in Subsection 2.6.1 of this dissertation. 

 

Figure 2- 1 A schematic representation of a metal sphere placed into an electrostatic field. 

Reprinted with permission from [11]. 
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2.2 Localized surface plasmon resonance 

Localized surface plasmon resonances (LSPRs) are a non-propagating type of surface 

plasmon supported by metal NPs [11]. LSPRs can be excited due to a direct interaction of 

an applied field at optical frequencies with metal NPs. Unlike propagating SPPs, LSPRs 

are confined by the curved surface of particles resulting in a localized field enhancement. 

Interaction of a small NP with subwavelength diameter with an electromagnetic field 

can be analyzed using the quasi-static approximation. This assumes the electromagnetic 

field is constant over the volume of the particle. In this case, the field distribution can be 

calculated from a simple problem of a particle in an electrostatic field [11]. In the 

electrostatic approach, ∇ × 𝐄 ≅ 0, the field distribution 𝐄 can be derived from the solutions 

of the Laplace equation ∇2Φ = 0, for the potential Φ. Here, the electric field inside and 

outside the particle can be then obtained from 𝐄 = −∇Φ. 

Figure 2- 1 shows a simple case of a homogeneous spherical NP with radius 𝑎 and 

dielectric function 𝜀, placed in a uniform static electric field 𝐄 = 𝐸0𝐳, and surrounded with 

a dielectric medium 𝜀𝑚. The potential, inside Φ𝑖𝑛 and outside Φ𝑜𝑢𝑡 of the NP can be 

written as: 

 
Φ𝑖𝑛 =  −

3𝜀𝑚

𝜀 + 2𝜀𝑚
𝐸0𝑟 𝑐𝑜𝑠𝜃 (2.3)  

and 

 
Φ𝑜𝑢𝑡 =  −𝐸0𝑟 𝑐𝑜𝑠𝜃 +

𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
𝐸0𝑎3  

𝑐𝑜𝑠𝜃

𝑟2
, (2.4)  
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where 𝜀0 is the vacuum permittivity, 𝜃 is the angle between the position vector 𝐫 at point  

P and the z-axis. Equation (2.4) shows that the induced potential outside of the particle is 

the superposition of the applied electric field and that of a dipole placed at the center of the 

particle. Using the relation between applied electric field and dipole moment, 𝐩 =

𝜀0𝜀𝑚𝛼𝐄𝟎, polarizability 𝛼 is: 

 𝛼 = 4𝜋𝑎3
 𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
. (2.5)  

The obtained polarizability shows that the response of a small NP with subwavelength 

diameter to an applied electric field can be approximated as a dipole located at the center 

of the NP. It also shows that the polarizability has a resonance enhancement when its 

denominator is minimum. Since the dielectric function of a metal NP depends on the 

applied frequency, the resonance occurs at frequency that satisfies:  

 Re[𝜀(𝜔)] = −2𝜀𝑚. (2.6)  

This frequency corresponds to the LSPR frequency of the particle, where a strong 

resonance between the density of electrons and the applied field occurs. The resonance 

enhancement of polarizability enhances the optical response of the metal NP, both in the 

near-field and far-field, which will be explained in the following subsections.  

2.2.1 Far-field optical response 

The resonance enhancement of polarizability results in an enhancement of the far-field 

optical response of the NP. For a metal NP with diameter between 100 nm to 40 nm, the 

optical response of the particle in far-field is dominated by its scattering. For a spherical 
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NP of radius 𝑎 and dielectric function of 𝜀(𝜔), the corresponding scattering cross section 

is given by: 

 
𝐶𝑠𝑐𝑎𝑡 =

𝑘4

6𝜋
|𝛼(𝜔)|2 =

8

3
𝜋𝑘4𝑎6 |

 𝜀 − 𝜀𝑚

𝜀 + 2𝜀𝑚
|

2

, 
(2.7)  

with 𝑘 being the wavevector in the surrounding medium and 𝜀𝑚 is the dielectric medium.  

Equation (2.7) shows that, for the metal NP, scattering is resonantly enhanced at its 

plasmon resonance frequency. Therefore, the NP acts as an electric dipole that resonantly 

scatters electromagnetic fields resulting in a peak in its scattering spectrum. The obtained 

peak position is sensitive to the NPs material, size, and shape as well as the refractive index 

of the surrounding medium. Therefore, NPs can be used for sensing applications [11]. 

Figure 2- 2 shows the scattering spectra of silver NPs of different shapes obtained in a DF 

scattering microscope. 

It is possible to investigate LSPs of single metal NPs with far-field and near-field 

microscopy methods which can be used for spectroscopy and sensing [59-62].  Some of 

these microscopy methods will be reviewed in Subsection 2.7.2.  
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Figure 2- 2 The scattering spectra of single silver NPs of different shapes, obtained in a DF 

scattering microscope. The resonance peak position is sensitive to the size and shape of 

plasmonic NPs. Reprinted with permission from [11]. 

 

2.2.2 Near-field enhancement 

From the dipolar approximation, the magnitude of the electric field |𝐄| at the surface of 

the metal NP is given by [12]: 

 
|𝐄| =  

3 𝜀𝑚

𝜀 + 2𝜀𝑚

|𝐄𝟎|, (2.8)  

where |𝐄𝟎| is the magnitude of the applied field. Equation (2.8) shows that when the 

polarizability is in resonance, Re[𝜀(𝜔)] = −2𝜀𝑚, a strong near-field intensity 

enhancement (|𝐄| |𝐄𝟎|⁄ )2 close to the surface of the metal NP is expected (Figure 2- 3(a)). 

The localized near-field intensity of metal NPs can be used in areas such as optical 

microscopy, spectroscopy, nonlinear optics, and sensing [64-66]. 
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Figure 2- 3 Simulated intensity enhancement of the LSPR of (a) a spherical gold NP and (b) 

a dimer of gold NPs. Diameter of gold NPs is 60 nm. Reprinted with permission from [24]. 

 

2.3 Plasmon coupling 

Even though LSPRs of a single metal NP provide localized field enhancement, higher 

field enhancement can be achieved due to an electromagnetic coupling between plasmonic 

resonances of metal NPs. Figure 2- 3(b) shows a simple example of plasmon coupling of 

two spherical metal NPs separated by a narrow gap [24]. If the gap is small enough, the 

plasmon resonance of each NP is excited not only by the applied electromagnetic field, but 

also by the localized near-field of the other NP. This mutual excitation or coupling of 

plasmons can lead to much stronger field enhancement in the gap region as compared to 

the sum of the field enhancement of each individual NP. Also, due to the coupling between 

NPs, the plasmon resonance wavelength shifts in comparison to that of the individuals. 

Figure 2- 3 shows simulated results for field enhancement for a single gold NP with a 

diameter of 60 nm in air (Figure 2- 3(a)) and for two coupled NPs with same diameters of 

5 nm gap width (Figure 2- 3(b)). Here, the LSPR of the single NP was found at ~520 nm 
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while the LSPR of coupled NPs was found at ~ 550 nm. Also, the field enhancement in 

the gap region of the coupled NPs was ~70× more than that of the single NP [24]. 

Reduction of the gap size results in a shift of the plasmon resonance wavelength and an 

increase of the localized field intensity. The strong field enhancement within small gaps 

can be used for SERS of single molecules [41,66,67], optical antennas [39,59], and 

nonlinear optics [8,65]. It has been shown that the plasmon coupling of certain geometries, 

such as a dimer of metal NPs with a small gap, allows the plasmon resonance shift to be 

systematically tuned as a function of the gap width [12,14,68]. For very small gaps the 

plasmon resonance shifts almost exponentially as a function of the gap width, introducing 

a new concept of plasmonic rulers. The optical response of plasmonic rulers can be 

explained using conventional classical models, i.e., local models. Plasmonic rulers have 

been used to detect chemicals as well as measure and sense biomolecular distance changes 

[14,15,35,69]. 

For applications such as SERS and nonlinear optics, it is critical to maximize the 

localized field enhancement in the gap to achieve maximum sensitivity or signal. Based on 

local models, the electric field enhancement increases by decreasing gap sizes. The 

plasmon resonance peak can be engineered as a function of the gap size. Local models 

suggest that development of applications such as nonlinear optics and SERS requires 

producing plasmonic structures with ever-smaller gaps [70]. However, theories and recent 

experiments show that by reducing the gap size to subnanometer scales, quantum effects 

and nonlocal effects may alter the plasmonic response.  
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2.4 Subnanometer scale gap plasmons 

The optical response of plasmonics rulers with nanometer scale gaps can be described 

using local models. However, for subnanometer gaps the nonlocal effects and quantum 

effects may arise and influence the optical properties of the structure [16,29]. In this 

regime, referred to as nonlocal regime, local models are not sufficient to describe the 

optical properties of plasmonic systems (shown in Figure 2- 4). Some investigations of 

plasmonics in nonlocal regimes will be reviewed in the following subsections. 

 

Figure 2- 4 Illustration of plasmonic coupling of two NPs in the local and nonlocal regime. T 

is charge transfer due to the quantum tunneling. 

 

2.4.1 Nonlocal models 

In a local model, interaction of a metal NP with an incident optical field results in 

inducing surface charges that are perfectly localized into a layer of infinitesimal thickness 

along the NP surface. However, in real metals, induced surface charge densities produce a 

volume charge density close to the surface of the NP which leads to an effective gap 

distance [25]. For plasmonic structures with subnanometer scale gaps, such nonlocalities 

become important. Therefore, the local model is no longer sufficient to describe the optical 

response. In a nonlocal regime, atomic and subatomic interactions as well as quantum 
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mechanical effects, such as the Pauli Exclusion principle between electrons, can 

influence the optical response of the plasmonic structure. To include these effects, nonlocal 

models have been developed introducing a dielectric function that depends on the applied 

frequency as well as the electron wavevector [71]. 

For example, Ciracì et al. [25] investigated the optical response of coupled gold NP-

gold film with subnanometer gaps using a nonlocal hydrodynamic model. This 

semiclassical model took the quantum repulsion force into account by introducing a 

nonlocal longitudinal dielectric function 𝜀L that depends on the propagation wavevector 𝐤 

as well as the frequency 𝜔, given by: 

 
𝜀L(𝐤, 𝜔) = 1 −

𝜔𝑝
2

𝜔2 + 𝑖𝛾𝜔 − 𝛽2|𝐤|2 
, 

(2.9)  

whereas the transverse response was considered similar to that of the free electrons.  Here, 

𝛾 is the damping factor, 𝜔𝑝 is the plasma frequency, and 𝛽 is the factor of nonlocality and 

it is proportional to the Fermi velocity 𝑣F of the electrons within the metal.  The value of 

𝛽 was obtained as a fitting parameter in the hydrodynamic model to match with the 

experimental DF scattering measurements data. 
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Figure 2- 5 (a) DF scattering spectra of coupled gold NPs-gold film with SAM spacers of 

different lengths corresponding to different number of carbons Cn in their chain, where n = 

2, 3, 6, 8, 11, 16 are number carbons. (b) The simulation results of the local and nonlocal 

models alongside the experimental results for plasmonic resonance as a function of separation 

distance. While the local model predicted a red-shift of resonance by reducing the gap size, 

the experimental results and the fitted nonlocal model showed a saturation trend for gaps 

below 1 nm. For large gaps the local and nonlocal models were consistent with the 

experimental data. Large gaps ranging from 2.8 to 26.6 nm were fabricated by layer-by-layer 

(LBL) deposition of a dielectric polymer. Reprinted with permission from [25]. Copyright © 

2012, American Association for the Advancement of Science. 

 

In experimental measurement, Ciracì used samples of coupled plasmonic NPs-film 

separated with SAM spacer. The separation distance ranging from 0.5 to 2.0 nm was tuned 

by the number of carbon atoms in the SAM chain. Figure 2- 5(a) shows the normalized DF 

spectra for different gap sizes. Figure 2- 5(b) shows the experimental measurements for 

various separation distances as well as the simulation results of both the local and nonlocal 

model.  

The measurements showed an early saturation trend of the plasmonic resonance peak 

for small SAMs that was not predicted by the local model. For example, the local model 
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predicted the plasmon resonance wavelength shift to ~900 nm wavelength for the 

smallest SAM. Whereas the experimental observation showed a saturation trend for gaps 

below 1 nm, and for the smallest SAM the plasmon resonance was obtained near ~750 nm. 

For the saturation trend, the best-fit beta in the nonlocal model was obtained from 𝛽 =

1.27 × 106 m/s, whereas the realistic value of beta for gold is 𝛽 = 1.06 × 106 m/s. Here, 

the saturation was interpreted as the impact of nonlinearity as the dominate process 

compared to other effects such as the quantum tunneling effect. However, there is some 

debate about the correct theoretical interpretation of near-field saturation phenomenon, 

since more rigorous time-domain density functional theory predicts the opposite trend to 

the saturation of the nonlocal model [25,26,34]. 

2.4.2 Quantum tunneling 

In addition to nonlocal effects, electron tunneling might occur in plasmonic structures 

with subnanometer scale gaps [26,72]. Quantum tunneling across gaps was first 

experimentally investigated by Baumberg [26] using two gold nanostructures separated by 

a gap with controllable width. Both the electrical and optical response were simultaneously 

measured as functions of separation distance, revealing the onset of the quantum tunneling 

regime. 
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Figure 2- 6 (a) A schematic illustration of the optical and electrical measurement setup to 

probe the quantum tunneling effects within the gap of a coupled gold NPs mounted on the 

AFM tips. (b) A DF microscope image of the structure. (c) SEM image of one NP mounted on 

an AFM tip. (d) DF scattering spectra for varying of separation distances d. Reprinted with 

permission from [26]. Copyright © 2012, Rights Managed by Nature Publishing Group. 

 

Figure 2- 6 (b) shows a DF microscope image of the coupled plasmonic structure of two 

gold NPs terminated AFM tips and placed with tip-to-tip orientation. Figure 2- 6 (c) shows 

the scanning electron microscope (SEM) image of a gold NP mounted on an AFM tip. 

Figure 2- 6 (a) shows a schematic of the measurement setup where the current across the 

gap was simultaneously measured using electron tunneling microscopy and alongside the 

optical response using DF scattering microscopy. Measurements were performed while the 

gap width 𝑑 between the NPs was decreased. 
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Figure 2- 7 Experimental observation of the onset of the quantum tunneling regime dQR in 

coupled plasmonic gold NPs with subnanometer scale gaps. Simultaneous (a) electrical 

conductance measurements (denoted by G/G0), and (b) DF scattering measurements. (c) The 

simulation results using a QCM. Reprinted with permission from [26]. Copyright © 2012, 

Rights Managed by Nature Publishing Group. 

 

From these measurements, two regimes were identified based on the gap distance; (1) 

> 𝑑𝑄𝑅 , where 𝑑𝑄𝑅 denotes the onset of quantum tunneling, and (2) 𝑑 ≤ 𝑑𝑄𝑅. For 𝑑 > 𝑑𝑄𝑅, 

reducing the gap width resulted in a red-shift of the plasmon resonance peak positions 

consistent with the local model’s prediction. At 𝑑𝑄𝑅 ≈ 0.31 nm the onset of tunneling 

current flow was detected (Figure 2- 7(a)). For 𝑑 ≤ 𝑑𝑄𝑅 the DF scattering showed a blue-

shift of the peak positions as 𝑑 was further reduced. Figure 2- 7(b) shows the DF scattering 

measurements, and Figure 2- 7(c) shows the corresponding theoretical calculations from a 

QCM that was in consistence with the experimental observations. 
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2.4.3 The quantum-corrected model 

At present, full numerical quantum mechanical calculations for optical response of 

plasmonic systems with subnanometer gaps are limited to small systems of a few hundred 

atoms. For larger plasmonic nanostructures, Aizpurua et al. [28] introduced a QCM to 

include the quantum tunneling effect, across subnanometer gaps, in the local classical 

formalism. This model allows for the numerical calculations and in consistent with more 

rigorous theories, including time-domain density-functional theory. Also, the onset of the 

quantum tunneling regime can be predicted from simple analysis using the QCM. 

 Figure 2- 8 schematically illustrates the local model, the quantum tunneling, and the 

QCM for a plasmonic dimer with a subnanometer scale gap. For the local model (Figure 

2- 8(a)) the dielectric response inside the metal dimer is given by a Drude model and 

outside the dimer the dielectric response is a constant. Therefore, the electric density 

distribution is confined within the boundaries and the conductivity 𝜎 is zero everywhere 

outside the dimer. This implies that the probability of electron tunneling 𝑇 in the gap is 

zero.  

For the quantum mechanical approach (Figure 2- 8(b)), the “wave” nature of electrons 

is taken into account, and consequently the electron density distributions |Ψ|2 do not fall 

to zero at the boundaries of the metal, but they decay evanescently as a function of distance 

from the metal [28]. Overlap of the wave functions on the two sides of the gap can result 

in electron tunneling across the gap. This electron tunneling can be interpreted as “charge 

transfer” through the gap region. Because the presence of tunneling would neutralize the 

charges, decreasing of the field intensity in the gap region is expected. 
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Figure 2- 8 Schematic illustrations of coupled plasmonic NPs with a subnanometer scale gap, 

where electron tunneling across the gap is possible, with use of (a) a classical local model, (b) 

quantum tunneling, and (c) QCM. Reprinted with permission from [28]. Copyright © 2012, 

Rights Managed by Nature Publishing Group. 

 

In the QCM (Figure 2- 8(c)) outside the gap region, e.g., the dimer and surrounding 

vacuum, the response of the structure is explained by the local dielectric model resulting 

in confined electric densities at the boundaries. Within the gap region, the QCM introduces 

a modified material with an effective Drude dielectric function. In the QCM paper [28], 

the scattering rate 𝛾𝑔 was used as a fitting parameter that depends on the separation gap 

distance. However, in the supplementary information of the QCM paper, the modified 

carrier density in the gap was also considered as a fitting parameter. In this dissertation, I 

adopted the latter approach wherein the carrier density is reduced in the gap but the 

scattering rate remains similar to that of the metal [73]. Here, the effective Drude dielectric 
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function that characterizes the local dielectric function of the modified material at the 

gap is given by: 

 
𝜀(𝑑, 𝜔) = 𝜀∞ −

𝜔𝑔
2(𝑑)

𝜔(𝜔 + 𝑖𝛾𝑔)
, (2.10)  

where 𝜔 is the applied field frequency, 𝑑 is the gap distance, 𝜀∞ accounts for bound 

electrons, 𝜔𝑔(𝑑) is the plasmon frequency of the gap material, and 𝛾𝑔 is the tunneling 

damping factor associated with the scattering rate with fixed value. 

2.5 Nonlinear optics 

The change of optical properties of a material in the presence of an applied electric field 

(light) is described by means of nonlinear optics. Optical materials can have electric field 

dependence properties; these materials are known to have optical nonlinearity [2,74]. The 

linear and nonlinear optical response of a material to an applied electric field can be 

described by the relation between the material polarization 𝐏 and the electric field 𝐄, given 

by: 

 𝐏 = 𝜀0[𝜒(1)𝐄 + 𝜒(2)𝐄2 + 𝜒(3)𝐄3 + ⋯ ], (2.11)  

where 𝜒(1) is known as the linear susceptibility, and the 𝜒(2) and 𝜒(3) are the second- 

and third- order nonlinear optical susceptibilities, respectively. For incident light with 

moderate intensity, only the first term (𝐏 = 𝜀0𝜒(1)𝐄) is important. It describes the linear 

optical responses, such as scattering and absorption. However, if the applied electric field 

is large enough, the higher-order terms in Equation (2.11) need to be considered. In this 

case, the linearity condition would no longer be valid, and the polarization is nonlinear. In 

Equation (2.11), 𝐏(2) = 𝜀0𝜒(2)𝐄2 refers to the second-order nonlinear polarization. For an 
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applied field at frequency 𝜔, second-order nonlinear polarization can lead to the 

generation of irradiation at the second harmonic frequency 2𝜔, known as second harmonic 

generation (SHG). And 𝐏(3) = 𝜀0𝜒(3)𝐄3 refers to the third-order nonlinear polarization and 

can lead to the generation of irradiation at the third harmonic frequency 3𝜔, known as 

THG. The second order interactions are distinct from the third-order optical interactions. 

Moreover, the second-order interactions can occur only in non-centrosymmetric crystals. 

For example, media such as liquids, gases, amorphous solids, and crystals with inversion 

symmetry cannot produce SHG. Unlike SHG, THG is generated in both centrosymmetric 

and non-centrosymmetric materials, and the third-order nonlinear optical response is not 

limited by shape of particles.  

2.5.1 Plasmonics for nonlinear optics 

Optical nonlinearities are naturally weak and intense laser light is required to achieve a 

nonlinear optical response of a material. However, nonlinear effects can be enhanced by 

the localized field of plasmonic structures [11,74]. This can be used for nonlinear imaging 

and spectroscopy of structures in nanoscale [63]. 

Orrit et al. [51] measured THG from single spherical gold NPs with the diameter down 

to 40 nm using an excitation source at a 1500 nm wavelength in a DF scatting setup. This 

excitation wavelength was used because the THG signal at 500 nm was close to the 

plasmon resonance of the gold NPs, about 520-560 nm, resulting in enhancement of its 

generation. 

Figure 2- 9 shows a schematic illustration of their DF scattering setup [22] where the 

incident beam was focused into the sample of gold NPs on a glass substrate. The 
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transmitted light was collected and collimated by an objective lens and conducted into a 

detector. 

Focusing the laser onto a small spot on the sample generated a THG signal from the 

surface of the substrate in addition to that of the gold NPs. The THG of the substrate was 

generated over a small range of angles and directed forward along the excitation beam. The 

THG from an NP was emitted over a wide range of angles with an emission pattern that 

could be approximated by that of a dipole. With a beam stop placed at the center of the 

objective lens the THG of the substrate was removed and only the THG signal from the 

NPs was collected. 

 

Figure 2- 9 A schematic illustration of the experimental setup for THG measurement from 

single metal NP. Reprinted with permission from [22]. 
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Figure 2- 10 (a) THG image of gold NPs (100 nm diameter) on glass substrate, with 1500 nm 

wavelength laser at 75 mW excitation power. (b) The power-law dependence of the THG 

signals to excitation power with the slope of 3.3. (c) Emission spectra from two spots from the 

image (a); the bottom spectrum obtained from a bright THG spot (most spots of (a)) and it 

contains THG signal and SHG signal (due to imperfections of particles). The upper spectrum 

corresponds to the much brighter spot of THG image (shown in (a)-bottom) that could be 

from aggregated particles, and it contains photoluminescence spectrum in addition to THG 

and SHG peaks. Reprinted with permission from [51]. Copyright © 2005, American Chemical 

Society. 

 

Figure 2- 10(a) shows the THG image of 100 nm NPs on a substrate. Individual NPs 

generated bright spots with almost uniform intensities. The obtained spectrum of these 

bright spots is shown in Figure 2- 10(c), top spectrum, which contains a narrow peak at 

~500 nm regarding to the THG signal and a peak at ~750 nm regarding to the SHG from 

imperfect particles. Also, the power-law dependence of the THG signal for varying the 

excitation power was obtained in Figure 2- 10 (b), where slope ~3 is the signature of THG. 
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In addition to bright spots with uniform brightness from single NPs, the THG image 

contains few spots with much brighter intensities, attributed to aggregated or defected NPs 

such as the one at the bottom of the Figure 2- 10(a). The spectrum of such spots is shown 

in Figure 2- 10(c), top spectrum, which contains a broad peak photoluminescence spectrum 

in addition to the THG and SHG peaks [44,51]. 

2.6 Optical properties of gold 

Gold is a promising nonlinear plasmonic material. It has relatively low losses along with 

a large nonlinear susceptibility. With gold nanostructures, it is possible to focus the light 

down into a subwavelength region and obtain an enhanced nonlinear optical response 

[44,45]. Engineering the gold plasmonic structures allows the nonlinear response to be 

significantly enhanced [10,46]. Due to the recent interest in gold as a nonlinear plasmonic 

material, determining its optical properties in the visible range has become important. In 

the next two sections, some works regarding the optical properties of gold will be reviewed. 

First, the analytical model for the optical properties of gold will be explained. Then, some 

investigations on the nonlinear optical response of gold will be reviewed. 

2.6.1 The analytical model for the optical properties of gold 

In the NIR region of the electromagnetic spectrum, the Drude-Sommerfeld model can 

predict the optical properties of gold through the response of free electrons. However, for 

shorter wavelengths, around 550 nm and less, interband transitions of electrons become 

important. An interband transition can be taken into account by introducing a restoring 

force to the equation of motion. In order to model 𝜀(𝜔) of gold accurately, a number of 

equations for interband transitions might have to be solved. Each of these equations lead 

to a Lorentz oscillator term, with the form 
𝐴𝑖

(𝜔𝑖
2−𝜔2)−𝑖𝛾𝑖𝜔

 where 𝛾𝑖 is the damping factor and 
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𝜔𝑖 is the resonant frequency of a bound electron that has to be added to the free electron 

result [11].  

Due to the complexities of this approach, an analytical model has been developed to 

provide a representation of 𝜀(𝜔), including interband transitions in the visible and near-

UV range [75]. In the analytical model, the dielectric function of gold is represented by 

including a set of analytical terms, called critical points, for the interband transitions at 

~470 nm and ~330 nm. The model includes three contributions given by: 

 
𝜀𝐴𝑢(𝜔) =  𝜀∞ −

𝜔𝑝
2

(𝜔2 + 𝑖𝛾𝜔)
+ 𝐺1(𝜔) + 𝐺2(𝜔), (2.12)  

where the first term is a high-frequency limit dielectric constant for the contribution of 

bound electrons, the second term is the Drude-Summerfeld model as the contribution of 

free electrons, and the two last terms 𝐺1(𝜔) and 𝐺2(𝜔) are the critical points, accounting 

for the contribution of the interband transitions. The full model dielectric function of gold 

as a function of wavelength 𝜆 is: 

 
𝜀Au(𝜆) = 𝜀∞ −

1

𝜆𝑝
2

1
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where A1=0.94 and A2=1.36 are the critical point amplitudes, λ1=468 nm and λ2=331 nm 

are the interband transition wavelengths, and γ1=2300 nm and γ2=940 nm are broadening 

factors (parameters taken from [75]). This model reproduces the experimental values of the 

dielectric function of gold presented from Johnson and Christy [76] for the mentioned 

range of frequencies.  

2.6.2 The third-order nonlinear optical susceptibility of gold 

Many experimental investigations have been done to determine the third-order 

nonlinear response of gold. The reported measured values of 𝜒(3) of gold span a wide range 

of values from 10-19 to 10-14 m2/V2 [47]. Measured values of 𝜒(3) depend on the physical 

mechanisms of the nonlinearities and corresponding time scale of interest. In other words, 

different measurement methods are sensitive to different time scales and their results 

include different contributions to 𝜒(3). For example, values obtained through the use of 

THG measurement only correspond to the nearly instantaneous contributions to 𝜒(3). 

Therefore, obtained values from THG measurement are smaller than that of longer 

nonlinear processes with contribution of slower mechanisms. 

Since different measurement procedures are sensitive to different nonlinearities, 

comparing and analyzing the reported results for the nonlinear optical response of gold is 

complicated. Also, while understanding of nonlinear optics is often based on the use of 

𝜒(3), many experimental measurements yielded to other parameters such as the complex 

nonlinear refractive index coefficient, or only the real or imaginary part of it. Recently 

Boyd et al. [47] presented a review of experimental investigations on the third-order 

nonlinear optical response of gold for contribution of different nonlinearities. This review 

presented some of the past reported results in terms of 𝜒(3) by converting the reported 
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parameters and, in some cases, by logically estimating the missing parameters. In this 

dissertation I will summarize some experimental methods and measured values of 𝜒(3) by 

using the Boyd paper as a main reference. My focus will be on comparing the obtained 

results from THG measurements with results of other methods. The influence of 

measurement conditions (i.e., the laser wavelength and pulse duration) on the obtained 

values measured will also be reviewed. 

The first report on the nonlinear response of gold was based on the THG measurement 

method performed by Bloembergen et al. [77]. The measurement was conducted by using 

a 1064 nm wavelength laser at 30 ps pulse, and THG signal from deposited gold film was 

collected in reflection. Since THG requires a nearly instantaneous response, the result only 

included the instantaneous contributions to 𝜒(3). The nonlinear susceptibility of gold was 

obtained from a relation between the reflected TH intensity, amplitude of the incident laser 

field, and a factor that contained linear and nonlinear behavior of reflected light. 

Converting the reported values by Boyd, 𝜒(3) was obtained in the order of ~10-19 m2/V2.  

Smith performed a z-scan measurement to investigate the nonlinear absorption of thin 

gold film [49]. Z-scan is based on the optical Kerr effect, in which change of the refractive 

index in an optical nonlinear material maps the intensity profile of the incident beam. Using 

the z-scan method at a 532 nm wavelength and 30 ps pulses, the measurements included 

contributions of instantaneous nonlinearities as well as that of the slower processes. Also, 

they used the fundamental wavelength close to ~550 nm close to the interband transition 

wavelength. Therefore, the obtained values were much larger than that of the THG 

measurements, ranging from 10-15 to 10-16 m2/V2. 



 

 

39 
Applying a z-scan measurement on a roughed gold film at 532 nm wavelength with 

710 ps pulses, the obtained value corresponding to the Wang et al. [78] measurements was 

~ 10-14 m2/V2. The authors attributed this large value to the enhancement of optical 

nonlinearities due to the SPP of roughened gold film; however, from Boyd’s point of view, 

the large value obtained might result from heating samples due to the long pulse duration. 

In another investigation, Lee et al. [79] preformed z-scan measurements on gold films 

at a 600 nm wavelength and 0.2 ps pulses. The obtained value of 𝜒(3) corresponding to 

their measurements was ~10-18 m2/V2. 

Smith, Wang, and Lee groups used z-scan measurements to investigate the nonlinear 

optical response of gold. Comparing their results, the obtained values of 𝜒(3) for excitation 

sources at 532 nm and 600 nm wavelength (reported by Smith and Wang groups) are much 

larger than the values obtained at 630 nm wavelength. The comparison shows the strong 

wavelength dependence of the nonlinear response at close to 550 nm associated with the 

interband transitions of gold.  

It has been shown that increasing the pulse duration of the laser results in larger values 

of 𝜒(3), which can be attributed to the contribution of slower nonlinearities for longer 

pulses. For example, Rotenberg et al. [47] preformed z-scan measurements on gold films 

at 630 nm wavelength as a function of pulse duration. Based on their measurements using 

pulse widths that vary from 0.1 to 5.8 ps, the obtained values for 𝜒(3) vary from 10-20 to 

10-18 m2/V2, respectively. 
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2.7 Experimental challenges 

2.7.1 Fabrication challenges 

Coupled plasmonic structures with nanometer and subnanometer gaps are of interest for 

applications such as nonlinear optics and SERS, which scale with the local field intensity. 

However, fabrication of plasmon structures with repeatable and reliable gap lengths and 

controlling for the gap length in this scale are challenging.  

For example, colloidal synthesis methods have been used to create dimers of plasmonic 

NPs that are connected with chemical linkers. Using these approaches, NP dimers with 

small gaps can be fabricated [69,80] (Figure 2- 11). The synthesis process may result in 

formation of other structures such as single NPs, trimer of NPs, or multi-NPs in addition 

to dimers. Moreover, transferring dimers from the solution on a substrate may cause some 

changes to the coupled NPs. 

 

Figure 2- 11 Colloidal metal NP dimers and trimers with gap size ~0.8 nm. Reprinted with 

permission from [80]. Copyright © 2010, American Chemical Society. 
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Figure 2- 12 (a) A transmission electron microscopy image of a dimer of gold nanodisk with 

gap size of 5.8 nm fabricated by multi-step EBL. (b) A schematic illustration of the two-step 

EBL process for fabrication of dimers with varying of gap sizes. Reprinted with permission 

from [24]. 

 

Another alternative fabrication method is electron-beam lithography (EBL) patterning 

followed by an evaporation and lift-off process. EBL allows for fabrication of arrays of 

plasmonic nanostructures with precise and flexible design in nanoscale. However, the 

minimum separation distance between NPs is limited to ~2 nm because of the resolution 

limitations of the patterning method [16]. Multi-step patterning processes have been 

developed to overcome this problem. For example, arrays of gold nanodisk dimers with 

subnanometer separation distance were fabricated in a two-step EBL process [24] (Figure 

2- 12). In the first EBL exposure, arrays of single nanodisk were patterned on a substrate 

(Figure 2- 12(b)) and location of nanodisks were determined using SEM. In the second 

round of EBL exposure, another set of arrays were patterned so that the first patterns along 
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with the second patterns formed dimers of nanodisks with narrow gaps. With this 

process, the authors achieved arrays of dimers through gradually increasing the gap width 

and obtained gap widths of 0.2 nm, 0.67 nm and 5.8 nm. However, the fabrication process 

is complicated. 

Recently Ciracì et al. [25] investigated the ultimate limits of the field enhancement using 

coupled plasmonic system of gold NPs on top of a thin gold film separated with SAMs 

(Figure 2- 13). This coupled plasmonic system provides reproducible, precise gap 

thicknesses with nanometer and subnanometer scales gaps. The separation distance 

between NPs and the film depends on the length of SAM. However, gold films used in this 

work were produced through an evaporation method that produces films with adherently 

rough surfaces. Inspired by Ciracì’s recent work, in this dissertation I used coupled 

plasmonic structures of gold NPs-gold film with SAM spacers; however, these structures 

were modified by using gold films with ultraflat surfaces. 

 

Figure 2- 13 Illustration of a coupled plasmonic system of gold NPs on top of a thin gold film 

separated with SAMs spacer. Reprinted with permission from [25]. Copyright © 2014, 

American Chemical Society. 
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2.7.2 Characterization challenges 

In this dissertation, the linear optical properties of the coupled NPs-film plasmonic 

system were investigated using DF scattering measurements. The DF scattering method 

was chosen for the following reasons: it provides high contrast between gold NPs and the 

background that is suitable to obtain an image and spectrum associated with low 

concentrated NPs, the setup only excites the LSPR associated with the coupled NP-film. 

and it does not contain the surface plasmon resonance (SPR) associated with the gold film. 

In this section, these reasons will be explained in more detailed and the DF scattering 

method will be compared to other alternative approaches. Different DF scattering setups 

will also be explained. 

The DF scattering approach provides higher contrast between the particles and the 

background in comparison to that of the alternate bright-field imaging approach. In a 

typical DF scattering image, the light scattered from the particles is collected without 

containing light directly reflected or transmitted from the source. The image obtained of 

metal NPs on a substrate in this method contains bright spots from NPs on a dark 

background. In the bright-field imaging, the light source covers the entire field of view and 

the image is obtained from the light that is transmitted or reflected by the sample. The 

obtained bright-field image of metal NPs on substrate consists of a bright background with 

dark features where the light has been absorbed or scattered by the NPs [22]. Bright-field 

imaging is not utilized when imaging low concentration or small NPs because it has poor 

contrast. In a metal NP the extinction is very small compared to the light source intensity, 

so the dark spot produced by the particle may not be distinguishable from the bright 

background. Whereas with DF scattering, it is possible to obtain an image and spectral 

response associated with low concentration NPs down to a single NP [22].  
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Also, using the DF scattering method is a suitable approach to investigate the LSPR 

associated with the coupled NPs-film systems (an example is shown in Figure 2- 14(a)). 

An alternative characterization method is total internal reflection (TIR). The TIR is 

commonly used to excite the SPR of a thin metal film, where a thin layer of metal film is 

deposited on the surface of a prism. The incident light strikes the film from the prism side 

with an angle greater than the critical angle resulting in total internal reflection of light. 

Coupling of the incident light to the SPPs of the film results in a dip in the reflection 

spectrum at the resonance wavelength. Mock et al. [15] investigated the plasmonic 

interaction of coupled NPs-gold film with small gaps using the TIR and the DF scattering 

measurements. In the case of coupled plasmonic NPs-film, the film supports the 

delocalized SPR that can be excited in the TIR configuration but cannot be excited by the 

direct illumination of light in the DF scattering setup. Therefore, the DF scattering only 

contains peaks associated with the LSPR of the coupled NPs-film (Figure 2- 14), while 

TIR contains both the SPR associated with the film and the LSPR of the coupled NPs-film 

(Figure 2- 15). Also, they found that the TIR from a low concentration of NPs on the film 

only contains the SPR and it does not show the LSPR of the NP-film. In contrast, the 

obtained LSPR in the DF scattering measurement is not sensitive to the concentration of 

the NPs, as long as the particles are not too close to interact with each other. For these 

reason, in this dissertation the DF scattering method was more preferred than the TIR to 

investigate the optical response of couple NPs-film systems. 
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Figure 2- 14 DF scattering (a) images and (b) associated spectra of coupled NPs-film with self-

assembled PAH molecular spacer, without NPs and with NPs of different concentrations. 

Undiluted NPs from stock is denoted by 1x.  Illustration of the DF measurement setup is 

shown in the top right inset, where S is source and D is detector. Illustration of sample is 

shown in top left panel. Reprinted with permission from [15]. Copyright © 2012, American 

Chemical Society. 

 

 

Figure 2- 15 TIR (a) spectra of coupled NPs-film with a self-assembled PAH molecular spacer, 

without NPs and with NPs of different concentrations. Undiluted NPs from stock are denoted 

by 1x.  Illustration of the TIR measurement setup is shown in the top right inset, where S is 

source and D is detector. The bottom left shows illustration surface modes. (b) SEM images 

of samples with different concentrations of NPs (0.05x to 1x). Reprinted with permission from 

[15]. Copyright © 2012, American Chemical Society. 
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2.7.3 Different DF scattering configurations 

Figure 2- 16 shows schematics of commercial DF scattering microscopes with 

transmission configuration and reflection configuration. In a transmission configuration 

DFs (Figure 2- 16(a)), a beam stop is used to block the central portion of the source light, 

and only light at high angles is focused onto the sample. The scattered light from the central 

cone is collected by using an objective lens. The numerical aperture (NA) of the objective 

lens must be small enough so that it only collects the scattered light from the central cone. 

Therefore, the source light transmitted by the sample with high-angles is not collected. 

 

Figure 2- 16 Schematics of DF scattering microscopies in (a) transmission configuration and 

(b) reflection configuration. 

 

The transmission configuration DF scattering microscope is suitable for samples that 

transmit the incident and scattered light. But, the DF scattering microscope in reflection 

configuration is suitable for opaque or reflective substrates (Figure 2- 16(b)). Here, DF 

scattering is measured by using an objective lens that has a hollow collar around the central 

lens. The source light only enters through the collar. The reflected light from the sample is 
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collected so that it does not contain the directly reflected source light. These types of DF 

microscopes are commonly fabricated commercially, and the illumination and collection 

optics are aligned and fixed. When a different direction of illumination and/or collection is 

required, the DF microscope has to be customized based on the requirements. 

 

Figure 2- 17 Schematic illustration of interaction of a gold NP with a thin gold film with (A) 

dipole polarizability of the NP parallel to the film that induces an image dipole directed 

opposite to that of the NP. The NP dipole is canceled out by the image dipole. (B) The dipole 

polarizability of the NP normal to the film that results in inducing an image dipole arranged 

in the same direction as the NP. The dipole in the NP couples with the image dipole. (C) 

Experimental DF scattering image from a 60 nm gold NP coupled with a 45 nm gold film with 

indecent beam polarized parallel to the film. (D) The same NP as that in (C) but with incident 

light polarized normally to the film, which results in a net scattering from the coupled system. 

Reprinted with permission from [81]. Copyright © 2008, American Chemical Society. 

 

2.8 Polarization of the incident beam 

In the case of coupled metal NP-metal film with a dielectric spacer layer, the surface 

charge density of the NP induces image charges within the film. Therefore, the properties 

of the coupled NP-film can be understood from an NP interacting with its image NP. In a 

simple condition where the dipolar response of the NP is valid, the response of a coupled 
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NP-film can be estimated from a dipole-dipole interaction [81]. Figure 2- 17 shows an 

illustration of an NP-film with dipole polarizability of the NP parallel to the film (Figure 

2- 17(A)) and the dipole polarizability of the NP normal to the film (Figure 2- 17(B)). For 

parallel polarization, the induced dipole moment in the NP and the image dipole moment 

cancel each other (Figure 2- 17(C)). However, for perpendicular polarization the dipoles 

are arranged end-to-end; the constructive interaction of two dipole moments produces a net 

dipole moment (Figure 2- 17(D)). Therefore, the optical response of coupled NP-film can 

be observed when the induced dipole has normal components to the film. In studying the 

optical response of coupled plasmonic NP-metal film, incident light polarized normally to 

the surface of the film can more efficiently excite the LSPR of the NPs-film.  

2.9 Summary 

In summary, this chapter briefly reviewed the basic concepts and experimental 

challenges regarding coupled plasmonic systems with subnanometer scale gaps. Some past 

works related to the subject of this dissertation were also reviewed. 
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Chapter 3 Fabrication and characterization methods 

 

3.1 Introduction 

This chapter introduces the experimental methods used in this dissertation. Fabrication 

methods include gold film deposition, template stripping processes, SAM formation, and 

deposition of gold NPs. Different methods for characterization including AFM, scanning 

electron microscopy, and optical DF scattering measurement were used. Nonlinear optical 

characterization setups with femtosecond source laser and picosecond source laser will also 

be introduced in this chapter. 

3.2 Fabrication methods 

Inspired by the Ciracì work [25], I used a coupled plasmon system of gold NPs-gold 

thin film with SAM spacers. Here, two sets of coupled plasmon NPs-film samples were 

fabricated: (1) as-deposited samples that gold films were fabricated using evaporation 

method, and (2) ultraflat samples that gold films were produced using the template 

stripping method [38]. In this section, the fabrication process of as-deposited and ultraflat 

samples will be explained. Figure 3- 1 shows a schematic illustration of the fabrication 

process for an ultraflat sample, and Figure 3- 2 shows a schematic illustration of the 

fabrication process for an as-deposited sample. 

3.2.1 Electron beam deposition 

An electron beam deposition method was used to fabricate two sets of films: (1) gold 

film onto a silicon wafer (Figure 3- 1(a)), and (2) gold film with a thin chromium adhesion 

film on a glass microscope slide (Figure 3- 2(a)).  
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Materials were evaporated by using an Angstrom Engineering vapor deposition 

system under 2 × 10-6 Torr pressure. The gold film was deposited at a rate of 1 Å/s and at 

an elevated temperature of 200 ºC, and the chromium film was deposited at a rate of 1 Å/s. 

I used elevated temperature and a lower deposition rate in comparison to past works [25] 

to decrease the roughness of the gold film surface. 

 

Figure 3- 1 Schematic illustration of fabrication steps of an ultraflat sample of NP-film with 

SAM spacer layer. (a) Electron beam deposition of gold film onto a silicon wafer, (b) 

fabrication of ultraflat gold film using a template stripping process, (c) formation of SAMs 

on top of the gold film, (d) deposition of gold NPs on top of the SAM. 

 

 

Figure 3- 2 Schematic illustration of fabrication steps of an as-deposited sample of NP-film 

with SAM spacer layer. (a) Electron beam deposition of gold film onto a glass microscope 

slide, (b) formation of SAMs on top of the gold film, (d) deposition of gold NPs on top of the 

SAM. 
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3.2.2 Template stripping process  

Template stripping processes have been used to fabricate metal films with atomically 

flat surfaces. It allows making structures with sharp features, such as ultrasharp metal 

pyramids with applications in the field of plasmonics [37,82]. Figure 3- 1(b) illustrates the 

fabrication process of an ultraflat film. First, the gold film deposited on a silicon wafer was 

coated with a thin layer of optical epoxy (Norland Optical Adhesion 61). Next, a glass 

microscope slide was placed on top of the epoxy. The optical epoxy was cured by exposing 

it to UV light for 5 min. After curing, the glass slide was ‘stripped’ off from the silicon 

wafer with the gold film-epoxy layer on the glass slide, revealing the ultraflat surface of 

gold film. 

The template stripping method results in a gold film with an ultraflat surface. In 

addition, it provides the possibility of storing the ultraflat surface of gold in the sandwiched 

structure of the silicon-gold interface without being exposed to environmental conditions. 

Using gold films without damage or contamination is critical for formation of SAMs on 

the gold film [37,83]. 

3.2.3 Fabrication of SAMs  

SAMs of amine-terminated alkanethiols were used as dielectric spacers in coupled 

plasmonic gold NPs-film structures. An amine-terminated SAM consists of a thiol head 

group connected to a carbon chain and terminated to an amine group. The amine-

terminated SAMs are suitable for my plasmonics structures for three reasons. First, due to 

the strong interaction of the thiol group with the gold film surfaces, SAMs form a uniform 

layer on top of the gold film. Second, the amine terminal group renders the gold surface 

positively charged, this was used to immobilize negatively charged citrate-stabilized gold 
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NPs on the surface. Lastly, using SAMs with a varying number of carbons in their carbon 

chain provide different separation distances between NPs and gold film within 0.5-2 nm 

range. I used the theoretically calculated thickness of a SAM layer on top of gold [16] for 

a varying number of carbons in their chain.  Figure 3- 3 shows a schematic illustration of 

SAMs with 2, 3, 6, 8, 11 and 16 number of carbons, 30º tilted, on top of a gold film, 

providing molecular layers with thicknesses of ~ 0.51, 6.9, 9.4, 11.6, 15.5 and 20.2Å, 

respectively [16]. With SAMs it is possible to create accurate and reproducible separation 

distances between the NPs and gold film with step sizes on the order of atomic bond 

lengths, as determined by number of carbons in their carbon chain. 

 

Figure 3- 3 Theoretical thicknesses of amine-terminated alkanethiol SAMs on the gold film 

with 2, 3, 6, 8, 11 and 16 carbons tilted 30º relative to the gold surface normal. Reprinted with 

permission from [16]. Copyright © 2012, American Chemical Society. 

 

In this work, SAMs with 2, 3, 6, 8 and 11 carbons in their chain are referred to as “c2”, 

“c3”, “c6”, “c8” and “c11” and were purchased from Sigma-Aldrich (product numbers of 

30070, 739294, 733679, 745774, and 674397, respectively). Similar to the procedure from 

past works, gold film substrates, freshly fabricated in an evaporator or stripped off from 
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silicon wafer, were immersed into glass containers of 1-2 mM SAM solutions in absolute 

ethanol for 18 hours. After the immersing process, the substrates were sonicated for 2 

minutes and rinsed with ethanol for 15 seconds. The process of sonication and rinsing was 

repeated four times for each sample. Finally, all substrates were dried using pure nitrogen 

gas.  

3.2.4 NP deposition 

To fabricate gold NPs on top of SAM, I used 60 nm NPs (from 742015, Sigma-Aldrich 

or from BBI) stabilized in citrate acid. Since the terminal amine groups of SAMs render 

the gold surface positively charged, negatively charged gold NPs were immobilized 

electrostatically on top of the SAMs-gold film (Figure 3- 4) [16]. Deposition of gold NPs 

onto the film was done by incubating 500 µl of the colloidal stock of NPs with samples for 

30 min, followed by a rinsing process with deionized water and drying with pure nitrogen 

gas. During the rinsing process, samples with SAMs on the gold film exhibited a 

hydrophilic surface that was expected because of the amine terminal group, showing that 

the SAM was formed on the film. 

 

Figure 3- 4 Schematic of electrostatically immobilization of a gold NP onto a gold film coated 

with SAM of c2.  The terminal amine groups of SAMs on film make the gold surface positively 

charged that used to immobilize negatively charged citrate-stabilized gold NPs. 
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3.3 Characterization methods 

3.3.1 Scanning electron microscope 

SEM images of samples were used to determine the average distribution of gold NPs on 

top of gold film with varying SAMs. Using SEM images with ~20 K× magnification and 

~3 mm working distance, I measured an average of 21 ± 3 particles within 100 μm2 for a 

variation of SAMs. 

To confirm formation of SAMs on the film, SEM images of a bare gold and gold coated 

with SAMs were compared. Due to the formation of the SAMs on the gold film, charge-

up phenomena occurred resulting in blurring of the SEM images. The charge-up 

phenomena occurs on the surface of the dielectric samples, where negative charges of the 

incident beam accumulate on the surface (in our case films with dielectric SAM). To ensure 

consistent characterization and to help alignments, the SEM images with and without 

SAMs were taken from regions with cracks with an adjustment of ~3 mm work distance 

and a magnification of ~50 K×. 

3.3.2 Atomic-force microscopy 

The surface roughness of ultraflat and the as-deposited samples were characterized by 

using an AFM (Agilent 5500). From the surface roughness of different samples, I obtained 

the average RMS roughness of the samples. Each error bar represents the standard 

deviation of roughness for a particular sample, which was obtained from more than 15 

measurements at multiple locations on the sample using MATLAB. The standard deviation 

s is given by: 
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𝑠 =  √
∑(𝑥 − �̅�)2

𝑁
, (3.1)  

where 𝑥 represents a measured value of each location on the sample, �̅� is the mean value 

of roughness from all locations, 𝑁 is the number of measured values. 

3.3.3 Experimental DF scattering setup 

In this work, the DF scattering setup included a focusing microscope objective lens 

directed at 70º in relation to the surface normal and a collective objective lens directed at 

10º relative to the normal of the sample (Figure 3- 5). The off-normal excitation was used 

to excite the LSPR of the NP-meal film. 

The microscope objective lenses in the DF scattering setup were chosen based on their 

NA and working distance (WD). The NA of a lens describes the range of angles through 

which it is able to collect or emit light. The NA is defined as:  

 NA = 𝑛 𝑠𝑖𝑛 𝜃, (3.2)  

where 𝑛 is the refractive index of the surrounding medium, and 𝜃 is the half-angle of the 

cone of the light that can be emitted or accepted by the lens. The WD of the objective lens 

is the distance between the front surface of the objective and the sample. Here, a 20 × 

objective lens with NA = 0.28 (θ ~ 16º) and WD = 30.5 mm was used to focus the light 

onto the sample. Using a focusing objective lens with long WD and low NA provides 

enough space for the collective objective lens. To collect the scattered light from the 

sample, an objective lens of the 40 × with NA = 0.68 (θ ~ 43º) and WD = 7 mm was used. 

High NA of the collective lens was used to cover a wide range of angles and collect more 
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of the scattered light, and the WD was suitable to leave enough space to the focusing 

part of the setup. Care was taken to avoid overlapping of the source light cone focusing 

onto the sample and the scattered light cone collecting from the sample. 

 

Figure 3- 5 A schematic of the DF scattering configuration with a focusing 20× objective lens 

directed at 70º relative to the surface normal and a 40× collective objective lens directed at 

10º relative to the normal of the substrate. 

 

Figure 3- 6(a) shows a schematic illustration of the DF scattering setup. The collimated 

white light (LS-1LL, Ocean Optics) was focused onto a sample by the 20 × microscope 

objective lens (NA = 0.28, Mitutoyo Plan Apo SL) at a 70º angle of incident relative to the 

surface normal. The scattered light from the NP-metal film was collected at 10º relative to 

the normal of the sample by the 40 × microscope objective lens (NA = 0.68, Zeiss). The 

scattered beam was split into two beams passing through a 50-50 beam splitter. One path 

was directed to a CCD camera (GC660, Allied Vision Technologies) to take the DF 

scattering image (Figure 3- 6(b)). The other path was directed into a visible spectrometer 

(QE65000, Ocean Optics) to take the scattering spectrum of the sample from the same spot 

as the DF scattering image (Figure 3- 6(c)).  
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Figure 3- 6 (a) A schematic for the DF scattering measurement setup, where WLS is the white 

light source, OF is optical fiber, obj is microscope objective, L is lens, BS is beam splitter, B-

OF is bifurcated optical fiber, NIR-SPEC is a NIR spectrometer, and VIS-SPEC is a visible 

spectrometer. (b) A typical DF scattering image from gold NPs on as-deposited gold film with 

three carbons SAM. (c) DF scattering spectrum of NPs-ultraflat gold film with c3 SAMs. To 

cover both visible and NIR regions of the spectrum, the normalized spectra obtained from 

the VIS-SPEC (the black spectrum) and from the NIR-SPEC (the green spectrum) were 

combined. 
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To take the scattering spectrum that covers both visible and NIR regions, the setup 

was modified in a way that the scattered beam from the sample was directed to the visible 

spectrometer and a NIR spectrometer (NIR-512, Ocean Optics), using a bifurcated fiber 

with NA = 0.22, (QBIF400-VIS-NIR, Ocean Optics) (as shown in Figure 3- 6(a)). An 

objective lens of 20 × with NA = 0.20 was used to focus the light into the fiber. Figure 3- 

6(b) show a typical DF scattering image from an as-deposited sample with three carbons 

SAM. The average distribution of gold NPs on top of gold film for varying SAMs was 

obtained 68 ± 10 particles within 200 μm2 using DF scattering images, which is consistent 

with the amount that was obtained from the SEM images. 

For samples with different SAMs, the average number of NPs over gold films were 

comparable. Figure 3- 7(a-c) shows typical DF scattering images of NPs-ultraflat gold 

films with SAMs of 3, 6 and 11 carbons. Also, there were not many spots with aggregation 

of particles. However, some aggregated particles and higher densities of NPs were 

observed near edges of samples. This occurred due to the drying process (as shown in 

Figure 3- 8(a)). Care was taken to avoid these regions with spurious scatterers (e.g., from 

aggregates or dimers) and to avoid damaged areas, as shown in Figure 3- 8(b) which show 

distinguishable changes in the DF image and spectrum. 

The DF scattering normalized spectrum of a sample (shown in Figure 3- 6(c)), for both 

visible and NIR regions, was obtained by subtracting the DF spectrum of a bare gold film 

from the sample’s spectrum and dividing it by the white light source spectrum. Figure 3- 

9(a) shows the scattering spectrum of the bare gold as well as that of a bare glass 

microscope slide (called clean glass), and the inset shows the DF scattering image of a bare 

ultraflat gold film. 
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Figure 3- 7 The DF scattering images from gold NPs on top of ultraflat gold film with a 

variation of SAM spacers; (a) with c3 SAMs, (b) with c6 SAMs, (c) with c11 SAMs.  

 

 

Figure 3- 8 The DF scattering images of gold NPs-gold film with SAM, (a) from an area close 

to an edge of the sample with aggregated particles, (b) from a damaged area with scratches. 

 

Figure 3- 9(b) shows the spectrum of the white source. The spectrum was obtained by 

using an integrating sphere. An integrating sphere is a hollow cavity that has an interior 

coated with non-absorbing materials. When the beam of light enters the cavity, it scatters 

randomly many times from the inner surface of the cavity until it is collected by the 

detector. The integrating sphere was used because the intensity of the white light from 

source was more than the intensity of the scattered light. Therefore, conducting the source 
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beam directly into the spectrometer resulted in saturation of the spectrum. To take the 

spectrum of the source, the collimated white light was directed into the integrated sphere, 

and the scattered light was collected by using an optical fiber and directed to the 

spectrometer. 

 

Figure 3- 9 (a) DF scattering spectra from a bare gold slide and a cleaned microscope slide, 

the inset is a DF scattering image from a bare ultraflat gold film. (b) White light spectrum 

from the source. 

 

3.4 Nonlinear measurements 

In this dissertation, two nonlinear measurement setups were used. In the following 

subsections, experimental details of these setups will be explained in detail.  

3.4.1 THG measurement setup using a femtosecond fiber laser 

To investigate the ultimate limit of the field enhancement and determine the onset of 

quantum tunneling in subnanometer gaps, I used THG measurements that are sensitive to 

the near-field intensity. 

Figure 3- 10 shows a schematic illustration of the THG measurement setup, using a 

1570 nm and 100 fs fiber laser module (Mercury 1550-100-MOD, Polar Onyx), 38MHz 
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repetition rate as the excitation source.  The collimated laser beam was passed through 

a longpass filter with a cut-on wavelength at 1000 nm (FEL 1000, Thorlabs). The filter was 

used to remove weak second harmonic and third harmonic signals generated prior to the 

sample. Also, S-polarization of the source was minimized by passing the beam through a 

half-wave plate and a linear polarizer. The source power was measured and adjusted before 

focusing onto the sample. The source beam was aligned off-center to the 50× microscope 

objective (0.85 NA, Melles Griot), focusing onto the sample. The reflected source beam 

was filtered using a bandpass colored filter with transmission between 315 nm and 710 nm. 

The scattered beam was directed to the visible spectrometer or to the CCD camera to take 

the THG image using a flip mirror. Figure 3- 11 shows typical CCD camera images of 

THG signal scattering from samples of NPs-ultraflat film with SAM of c6 (Figure 3- 11 

(a)) and with SAM of c11 (Figure 3- 11(b)) for 50 mW incident power. 

This femtosecond laser was a suitable excitation source because it could produce high 

peak power with a high repetition rate and relatively low pulse energy. Therefore, the 

possibility of damage and burning of samples was low while the peak power was high 

enough to generate nonlinear signals. For example, the maximum average pulse power of 

the laser before sample was ~100 mW. With this average pulse power, the pulse energy (E 

= PAVG / repetition rate) is ~2.6 nJ and the peak power (PPOW = E / pulse duration) is ~24.7 

kW. 
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Figure 3- 10 Schematic of the THG measurement setup where LPF is longpass filter, HWP is 

half-wave plate, P is linear polarizer, MR is mirror, MO is microscope objective, BPF is 

bandpass filter, FMR is flip mirror, L is lens, C is collimator, and OF is optical fiber. 

 

 

Figure 3- 11 Typical CCD camera images of THG signal scattering from samples of NPs-

ultraflat film with different SAM spacers, (a) with c6 SAM spacer, (b) with c11 SAM spacer. 

The incident power was 50 mW. 
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In these measurements, the incident power was adjusted from 18 mW to 50 mW by 

using neutral density filters. THG counts from coupled plasmonic NPs-film with varying 

SAM spacers was measured. Also, THG counts from bare gold film and gold film with 

SAMs were measured to compare with that of NPs-film samples. Figure 3- 12 shows the 

THG counts obtained for a bare ultraflat gold film and for a typical NPs-ultraflat film with 

SAM of 3 carbons with 50 mW incident power. Here, the THG count for coupled NPs-film 

was ~170 × more than for the bar film. 

 

Figure 3- 12 THG measurements for bare ultraflat gold film and NPs-ultraflat gold film with 

c3 spacer for 50 mW incident power. THG counts measured from the NPs-film is ~170 × times 

more than that of the bare film. 

 

3.4.2 THG measurement setup using a parametric optical generator 

To investigate the impact of the gold interband transitions on its third-order nonlinear 

response, I measured the THG intensity as a function of the excitation wavelength. Figure 

3- 13 shows a schematic illustration of the nonlinear measurement setup using a parametric 

optical generator as the excitation source. A 532 nm pump beam of a 10 Hz repetition rate 
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and 22 ps pulse width (Ekspla PL2241A) was used to generate a tunable p-polarized 

beam of 1200–1850 nm through the travelling wave parametric optical generator (Ekspla 

PG501). A longpass filter was used to remove the pump beam. A 10 nm gold substrate was 

used to split the beam in two portions, 40% of the beam was directed into a laser energy 

meter (Field MaxII-Top, Coherent) and 60% was focused onto the sample (the accurate 

percentage of the transmitted and reflected beam was measured for each wavelength 

separately). The source beam was aligned off-center of a 50 × microscope objective (0.85 

NA, Melles Griot) focusing onto the sample. The scattered beam was directed to the visible 

and NIR spectrometers. 

 

Figure 3- 13 A schematic of the nonlinear measurement setup where LPF is longpass filter, 

Au-MR is 10 nm gold substrate used as beam splitter, MO is microscope objective, EM is 

energy meter, MR is mirror, L is lens, C is collimator, OF is optical fiber, NIR-SPEC is NIR 

spectrometer, and VIS-SPEC is visible spectrometer. 

 

To obtain the THG response as a function of wavelength, the measurements of THG 

counts per pulse were normalized to the pulse energy cubed and calibrated using a black-

body source of known temperature. The calibration was required because sensitivity of the 
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visible spectrometer varies depending on wavelength, resulting in adding instrument 

artificial effects to the intensity of the measured signals. For calibration, I first measured 

the spectrum of a white light source (tungsten halogen light, LS1, Ocean Optics) of which 

the actual spectral output was known, represented by a black-body curve at 3100 K. Figure 

3- 14 shows the measured spectrum of the white light and the black-body curve, i.e., the 

spectral output of the white light source. Then the THG counts, measured with the same 

spectrometer, were multiplied into the black-body curve and divided into the white light 

spectrum at each wavelength [THG counts × (black-body spectrum / measured white light 

spectrum)].  

 

Figure 3- 14 The black curve is the spectral output of the white light source, represented by 

a black-body curve at 3100 K. The blue curve is a spectrum of the same white light source 

measured by the visible spectrometer. 

 

To obtain the spot size of the incident beam, the power of the parametric optical 

generator was adjusted high enough to make a burn mark (burned spot) on a gold film with 

a 200 × 200 μm2 square pattern. Compared to the square pattern, the spot size was estimated 
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to be 30 ± 8 μm2; therefore, there were approximately 9 ± 3 NPs on average measured 

at a time. Figure 3- 15 shows the image of the pattered gold film taken under a microscope. 

The circle on the bottom right of Figure 3- 15 shows the burn mark. It should be mentioned 

that for nonlinear measurements, the power of the incident beam was set low enough to 

avoid causing any damage or mark on samples. 

 

Figure 3- 15 Estimating the spot size of the incident beam by comparing the size of the circle 

burn mark to the 200 × 200 μm2 square pattern on a gold film. Image was taken under a 

microscope. Here, the power of the incident beam was adjusted high enough to make a mark 

on the gold. 

 

3.5 Quantum-corrected model for NP-film with SAM spacer 

The standard transmission coefficient 𝑇 for electron tunneling through a rectangular 

barrier (Figure 3- 16(a)) with energy 𝐸0 and potential 𝑉 is given by: 

 

𝑇(𝑑) = (
1

1 +
1
4

𝑉2sinh2(𝜅𝑑)
𝐸0(𝑉 − 𝐸0)

), 
(3.3)  

where 𝑑 is the barrier width, and 𝜅 is the wave number in the barrier given by: 
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𝜅 = √
2𝑚Φ𝐵

ℏ2
, 

(3.4)  

where Φ𝐵 barrier height given by 𝑉 = 𝐸0 + Φ𝐵, 𝑚 is the electron mass, and ℏ is the 

reduced Plank constant. 

 

Figure 3- 16 Schematic illustrations of electron tunneling through (a) a rectangular barrier, 

(b) a non-rectangular barrier (SAMs). 

 

Reed et al. [84] showed that by considering the barrier height of Φ𝐵,𝑆𝐴𝑀 = 1.42 eV and 

an ideality factor 𝛼 = 0.65, the rectangular barrier model can be modified to characterize 

the electron tunneling through alkanethiol SAMs, where 𝛼 provides a way to modify the 

tunneling model of a rectangular barrier to tunneling through a non-rectangular barrier 

(shown in Figure 3- 16(b)). Here, 𝑇(𝑑) can be obtained as: 

 

𝑇(𝑑) = (
1

1 +
1
4

𝑉2sinh2(𝛼𝜅𝑑)
𝛼𝐸𝑓(𝑉 − 𝐸𝑓)

), (3.5)  

where 𝑉 is: 
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 𝑉 = 𝐸𝑓 + Φ𝐵,𝑆𝐴𝑀, (3.6)  

where Φ𝐵,𝑆𝐴𝑀 is the barrier height of SAMs, 𝐸𝑓 is the Fermi energy of gold, 𝑚 is the 

electron mass, 𝜅 is the electron wave number in the barrier, 𝑉 is the barrier height plus the 

Fermi energy (i.e., the total energy). 

Therefore, in the case of two gold regions separated by SAMs, the plasma frequency 

inside the gap is given by: 

 𝜔𝑔(𝑑) = √𝑇(𝑑) 𝜔𝑝, (3.7)  

where 𝜔𝑔 is the plasma frequency inside the gap, 𝑇(𝑑) is the transmission coefficient that 

depends on gap size, and 𝜔𝑝 is the plasma frequency of gold.  

3.6 Summary 

In summary, in this chapter detailed experimental techniques and theoretical 

calculations were introduced. These methods were used in the research with my 

contribution. With the specifications described in this chapter, the results showed in the 

attached peer-reviewed publications, included as Appendices, can be readily reproduced 

and tested. 
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Chapter 4 Summery and future work 

 

4.1 Summary 

Plasmonic systems with subnanometer scale gaps were investigated by using the 

coupled plasmonic system of gold NPs-gold film with SAM spacers. First, the influence of 

the surface roughness of the gold film on the optical response of the coupled systems was 

investigated. The coupled NPs-film systems were modified by using gold films with 

ultraflat surfaces to achieve reliable plasmonic systems in the subnanometer regime. Next, 

the near-field enhancement of the coupled NPs-film systems were investigated for different 

gap sizes by measuring the THG intensity. With THG measurements, the field 

enhancement within the gap was sensitively probed and the gap size with maximum field 

enhancement was determined. Also, THG measurements provided a sensitive method to 

determine the onset of the quantum tunneling regime in the gap and study the quantum 

tunneling effects on the field enhancement. Finally, I measured the THG enhancement as 

a function of the fundamental wavelength to determine role of the interband transitions of 

gold in THG enhancement in the visible region of the spectrum. 

4.2 Future Work 

In this dissertation, quantum tunneling across gaps between NPs and gold film was 

investigated using THG measurement. Future work could explore the Coulomb blockade 

phenomena for a single electron device. Coulomb blockade is expected to occur in small 

gaps when the diameter of NPs decreases to a few nanometers [85]. The THG signal can 

be used to study the effect of Coulomb blockade; therefore, this interaction can be explored 

between small nanoparticles on a metal film. 
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In the third harmonic mapping experiment, NPs were on top of a gold film separated 

by SAMs of varying thicknesses. During this experiment, I observed sudden ‘explosions’ 

in the light intensity emitted for SAMs of three carbons. Future work could investigate the 

spectral and temporal characteristics of these ‘explosions’. 
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Appendix A: Effect of surface roughness on self-assembled 
monolayer plasmonic ruler in nonlocal regime 
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Abstract:  Recently, self-assembled monolayers (SAMs) have been used for plasmonic 

rulers to measure the nonlocal influence on the Au nanoparticle - metal film resonance 

wavelength shift and probe the ultimate field enhancement. Here we examine the influence 

of surface roughness on this plasmonic ruler in the nonlocal regime by comparing 

plasmonic resonance shifts for as-deposited and for ultra-flat Au films. It is shown that the 

resonance shift is larger for ultra-flat films, suggesting that there is not the saturation from 

nonlocal effects previously reported for the spacer range from 0.7 nm to 1.6 nm. We 

attribute the previously reported saturation to the planarization of the as-deposited films by 

thinner SAMs, as measured here by atomic-force microscopy. This work is of interest both 

in probing the ultimate limits of plasmonic enhancement with SAMs for applications in 

Raman and nonlinear optics, but also in the study of SAMs planarization as a function 

surface roughness. 
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1. Introduction  

Subwavelength gaps between metal nanostructures can be used to obtain high field 

localization for applications including surface-enhanced Raman scattering [1-7] and 

nonlinear optics [8-11]. There is great interest in determining the ultimate field 

enhancement, and how this is limited by nonlocal [12-19] and quantum effects [11, 20-23]. 

Recent works have sought to probe the ultimate limits of field enhancement in such 

subwavelength gaps by using the concept of plasmonic rulers [17, 24-30]. Those works 

used SAMs to create a gap between a metal film and gold nanoparticles (NPs) [28-36]. For 

the smallest length SAMs, however, the surface roughness was comparable to the length 

of the SAM itself; therefore, the gap distance was sensitive to the way in which the SAMs 

assembled on the metal film. This is particularly important because nonlocal saturation 

arises for the gaps corresponding to the shorter SAMs, for gaps between 0.5 nm and 1.5 nm 

[28-30, 37-41]. 

In this work, we investigate the influence of surface roughness on the plasmonic 

scattering spectral peak shifts of NPs on SAMs, both on ultra-flat and on as-deposited metal 

films. Larger shifts are seen for the ultra-flat films, suggesting that there is not the 

saturation from nonlocal effects that was previously reported. In addition, atomic-force 

microscope (AFM) studies reveal that there is significant planarization from the SAMs on 

the as-deposited films, which means that the mean separation between the NPs and the 

metal films is increased on average and gives the impression of saturation if not considered. 

2. Fabrication 

To fabricate as-deposited samples, 30 nm of Au was deposited at rate of 1 Å/s and at an 

elevated temperature of 200 ˚C onto a cleaned cover slide glass by an electron beam and 

thermal evaporator (Angstrom Engineering Glove-box Evaporator). A 5 nm chromium 
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film, deposited at 1 Å/s, was used as an adhesion layer. This is similar to the procedure 

of past works [28, 30]; however, we used a lower evaporation rate and elevated 

temperature. 

Ultra-flat samples were prepared by depositing a 30 nm Au film onto silicon wafers at 

a rate of 1 Å/s and temperature of 200 ˚C. Promptly after evaporation, the Au slides were 

coated with a thin layer of optical epoxy (Norland Optical Adhesive 61) followed by a 

cleaned glass slide.  The optical epoxy was used as adhesion layer between the Au film and 

the glass slide, and it was cured by exposing to UV light for 5 min. Then the Au film on 

epoxy on glass slide was “stripped” off from the Si wafer, revealing the ultra-flat surface 

of Au film [42]. 

SAMs of amine-terminated alkanethiols were prepared on the fresh as-deposited and 

ultra-flat Au films as a spacer layer in the nonlocal regime. The thickness of the spacer 

layer depends on the number of carbons in the alkanethiol, providing a spacer distance 

between 0.7 nm and 1.6 nm. Here we used 3-amino-1-propanethiol hydrochloride 

(739294, Sigma-Aldrich), 6-amino-1-hexanethiol hydrochloride 

(733679, Sigma-Aldrich), and 11-amino-1-undecanethiol hydrochloride 

(674397, Sigma-Aldrich) (referred to as “c3”, “c6”, and “c11”). 2 mM solutions of the 

amine-terminated alkanethiols were prepared in absolute ethanol in cleaned glass 

containers. SAMs were fabricated by immersing an Au film substrate into a thiol container 

for 18 hours, followed by sonicating the substrate for 2 minutes. The Au film substrate was 

rinsed with absolute ethanol for 15 seconds. The process of sonication and rinsing was 

repeated four times for each sample. Finally, all substrates were dried using pure nitrogen 

gas [28, 30]. 
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Following a past work [30], 60 nm NPs (742015, Sigma-Aldrich) were immobilized 

electrostatically on top of the SAMs by incubating with 500 µl of the colloidal stock for 

30 min followed by rinsing with deionized water (USF Elga, Maxima, model Scientific 

MK3, 18.2 MΩ-cm) for 15 second and drying with a stream of pure nitrogen gas. 

3. Roughness measurements 

An AFM (Agilent 5500) was used to measure the roughness of the as-deposited and 

ultra-flat samples within a 4 µm ×4 µm scanning area. Figures 1, 2 and 3 show 

representative AFM scans for different samples. Slowly-varying long scale roughness of 

the order of microns was subtracted from the data using roughness analysis of the software 

Gwyddion (Version 2.34). Figure 1 shows that the surface roughness from commercial 

gold samples (EMF Corp.) is 2 nm, whereas our as-deposited gold films have a surface 

roughness of 1 nm and the template-stripped gold films have a surface roughness of 0.1 

nm. Figure 2 shows the surface roughness for as-deposited films for different SAM layers. 

Figure 3 shows the surface roughness for template stripped films for different SAM layers. 

 

Fig. 1. Representative surface height scans using AFM for Au film. (a) Height profile of a 

bare commercial Au slide is shown for reference (100 nm thickness, EMF Corp.) with greater 
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roughness than our as-deposited films. (b) Bare as-deposited 30 nm Au film. (c) Bare ultra-

flat 30 nm Au film fabricated by template stripping. 

 

 

Fig. 2. Representative surface height scans using AFM for SAMs of amine-terminated 

alkanethiols with different alkane carbon chain length on as-deposited Au films. (a) c3, (b) c6 

and (c) c11. 

 

 

Fig. 3. Representative surface height scans using AFM for varying SAMs on ultra-flat Au 

films. (a) c3, (b) c6 and (c) c11. 
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Figure 4 shows the average root mean square (RMS) roughness of bare as-deposited 

and ultra-flat Au films (referred to as “c0”) and for films with SAMs. For each sample, the 

standard deviation was obtained from more than 15 measurements at different locations on 

a sample. The average RMS roughness of the bare ultra-flat Au film was 0.05 nm, while 

the RMS of the bare as-deposited film was 0.5 nm. From these measurements, we see that 

the SAMs planarized the as-deposited Au significantly, particularly for the c3 case, where 

the SAMs chain is 0.7 nm (at 30° tilt) [28] and the surface roughness is 0.5 nm 

(comparable). A slight increase in roughness is observed for SAMs on ultra-flat samples 

and this is believed to be due to disorder of the SAMs. 

 

Fig. 4. AFM measured surface roughness for bare Au and Au with SAMs. Ultra-flat and as-

deposited Au films are shown. 

 

4. Dark field scattering 

Figure 5(a) shows a schematic of the dark-field (DF) scattering measurement setup. A 

collimated white light (LS-1-LL, Ocean Optics Inc.) source was focused onto the sample 
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by a 20× microscope objective (0.42 NA, Mitutoyo Plan Apo) at 70˚ to the surface 

normal. The off-normal excitation is used to excite the localized surface plasmon resonance 

of the NP-metal film [28, 29]. The scattered light from the NP-metal film was collected at 

15˚ relative to the normal of the sample by a 40× microscope objective (0.68 NA, Zeiss). 

The scattered beam was split into two beams passing through a 50-50 beam splitter. One 

path was directed into a CCD camera (GC660, Allied Vision Technologies) to take the DF 

scattering image (Fig. 5(b)). The other path was directed into a spectrometer (QE65000, 

Ocean Optics Inc.) to take the scattering spectrum of the sample from the same spot as the 

DF scattering image (Fig. 5(c)). Care was taken to avoid regions with spurious scatterers 

(e.g., from aggregates or dimers) that showed distinguishable changes in the DF image and 

spectrum. The DF scattering image shows a good distribution of nanoparticles (i.e., not 

aggregated or too sparse). 

Figure 5(d) shows the evolution of the normalized plasmonic scattering spectral peak as 

a function of the carbon number. For each sample, the standard deviation in the resonance 

wavelength was obtained from more than 15 measurements at different locations on a 

sample. We also present the data digitized from Ref. 30, which is seen to be consistent with 

the measurements on our as-deposited films. 
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Fig. 5. (a) Optical configuration for the scattering measurements of NPs on metal films. WLS 

= white light source, L = lens, obj = microscope objective lens, BS = beam splitter. (b) DF 

scattering image of NPs deposited on the ultra-flat film with 6-amino-1-hexanethiol SAM. 

The color bar represents the CCD’s digital output. (c) Normalized scattering spectra of NPs 

deposited on ultra-flat Au films (solid lines) and on as-deposited Au films (dashed lines) for 

SAMs with different numbers of carbon. (d) Summary of peak positions of plasmonic 

scattering as a function of the number of carbons including experimental data from Ref. 30 

on as-deposited metal films. 

 

5. Discussion  

To understand why the ultra-flat film shows a larger plasmonic resonance shift than the 

as-deposited films, we consider the influence of planarization of the SAMs on the as-

deposited films. Figure 6(a) shows a schematic of planarization, where h0 is the SAM’s 

theoretical height [28] (c3, c6 and c11 SAM layers heights of 0.69 nm, 0.94 nm and 1.55 
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nm), Δh is the surface roughness of the Au film, Δh′ is the roughness with the SAM, and 

the degree of planarization is defined as (Δh- Δh′)/Δh. 

 

Fig. 6. (a) Schematic showing the planarization – note this is meant to represent random 

surface roughness and is not for a periodic film. h0 is the SAM’s theoretical height (30° tilted) 

[28], Δh is the surface roughness of the Au film, Δh′ is the surface roughness with SAMs, h1 

is the maximum film-NP distance. (b) Dark-field scattering resonance wavelength as a 

function of the NP-film distance. Experimental data from Ref. 28 using the theoretical SAM 

height is also shown. Considering planarization, maximum and minimum thicknesses are 

shown for as-deposited Au films. Straight line fits on log-log scale are shown. Also shown is 

the local response theory digitized from Ref. 30. 

 

Considering this planarization, we plot the minimum separation between NPs and the 

metal film (h0) and the maximum (h1) for the film separation in Fig. 6(b). We see that the 

as-deposited results are comparable with the ultra-flat results, so long as the planarization 

is considered. This shows that the planarization of the SAMs plays an important role in the 

observed plasmonic resonances and should be considered. 

Using the Lindhard dielectric and the Fermi velocity of Au, it is expected that the β 

factor for nonlocality is 1.06 × 106 m/s. The best-fit beta found in a past work was 1.27 × 
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106 m/s [30], which gives significant saturation for gap sizes below 1 nm. Recent 

comparisons with time-dependent density functional theory suggest that screening effects 

actually create effectively smaller gaps (so long as tunneling is neglected), which is the 

opposite trend to the expected saturation of the nonlocal hydrodynamic model [11, 16-17]. 

Here we observe that much less saturation is seen for the ultra-flat films, and the trend 

follows quite closely to local calculations; that is, there is no saturation seen in our work 

for the range of 0.7 nm to 1.6 nm. For gap sizes below 0.7 nm, tunneling is expected to 

play a role, which is not captured by the usual non-local hydrodynamic model [17]. 

6. Conclusion 

We have studied the influence of surface roughness in probing the ultimate limits of the 

plasmonic response using SAM spacers. These results do not show the saturation reported 

previously for SAM layers between 0.7 nm and 1.6 nm. We attribute those past results to 

the planarization of the as-deposited gold films by the SAMs. These results are of interest 

to the future study of plasmonic systems using SAMs to achieve gaps with high field 

enhancements, for example in the area of SERS [1-7] or nonlinear optics [12-19]. 
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Appendix B: Probing the quantum tunneling limit if plasmonic 
enhancement by third harmonic generation 
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ABSTRACT: Metal nanostructures provide extreme focusing of optical energy that is 

limited fundamentally by quantum tunneling. We probe directly the onset of the quantum 

tunneling regime observed by a sharp reduction in the local field intensity in sub-nanometer 

self-assembled monolayer gaps using third harmonic generation. Unlike past works that 

have inferred local limits from far-field spectra, this nonlinear measurement is sensitive to 

the near-field intensity as the third power in the tunneling gap. We calculate the local field 

intensity using a quantum-corrected model and find good quantitative agreement with the 

measured third harmonic. The onset of the quantum regime occurs for double the gap size 

of past studies because of the reduced barrier height of the self-assembled monolayer, 

which will be critical for many applications of plasmonics, including nonlinear optics and 

surface enhanced Raman spectroscopy. 

The field of plasmonics has seen great activity in recent years due to the ability to confine 

light to the nanometer scale. It is of fundamental interest to know the ultimate limits of 

such confinement [1-9]. These limits will impact many practical applications in areas 

including surface-enhanced Raman spectroscopy [10-13], optical switching [14], harmonic 
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generation and nonlinear mixing [15-19], thermoplasmonics [20] and plasmonic 

tweezers [21]. In recent years, researchers have focused their attention on non-local effects 

and quantum effects that can ultimately limit plasmonic focusing [1-9, 22-26]. For both 

non-local and quantum effects, experimental work has focused on far-field scattering 

measurements that do not directly probe the local field intensity. This is a concern, since 

there has been some debate about the correct theoretical interpretation of near-field 

saturation phenomenon, where stark differences are seen between time-domain density 

functional theory and non-local models [3-5, 7, 9, 24, 26]. Therefore, it is of interest to 

probe the saturation of the near-field by an experimental method that is sensitive to the 

local intensity in a nonlinear way. 

Here we use nonlinear optics, as we have used in the past [18], but we focus on third 

harmonic generation because it is allowed under inversion symmetry [19]. Unlike works 

involving elastic and inelastic scattering, we specifically operate away from plasmonic 

resonances to separate clearly the changes in the intensity in the gap from effects of 

plasmonic resonance shifts. A past work has used four-wave mixing on nanoparticle pairs, 

and reported a reduction in the rate of nonlinear conversion (while maintaining a monotonic 

increase with reducing gap size) but not saturation of the field [27]. They did not invoke a 

quantum model in that work, and their mixing signals were around the plasmonic 

resonances. 

 Figure 1 shows the experimental configuration with details of sample preparation and 

measuring conditions provided in the Supporting Information. Briefly, 60 nm gold 

nanospheres were deposited onto an ultra-flat gold film prepared by the template stripping 

method [7, 8, 28, 29]. A self-assembled monolayer (SAM) was used as the spacer layer. A 
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1570 nm 100 fs fiber laser beam was incident on a sample, and third harmonic signal 

was detected with a CCD camera and a spectrometer. Third harmonic generation was 

verified by spectral and power-law characterization (see Supporting Information), as 

shown in Figure 1b. For the SAM with 3 carbons, corresponding to a 0.64 nm gap [7, 8], 

the third harmonic was greatest and readily saturated the CCD camera (uncooled) when 

imaging, as shown in Figure 1c. 

 

Figure. 1 Third harmonic mapping experiment of nanoparticles separated from ultra-flat 

gold by a self-assembled monolayer. (a) Schematic of the experimental setup where LPF is 

longpass filter, HWP is half-wave plate, P is linear polarizer, MR is mirror, MO is microscope 

objective, BPF is bandpass filter, FMR is flip mirror, L is lens, C is collimator, and OF is 

optical fiber. Inset shows schematic of sample mounted on translation stage. (b) Third 

harmonic count for a typical spot with varying incident power, measured by spectrometer. 
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Inset shows illustration of a gold nanoparticle-SAM-gold film, generating third harmonic. 

(c) CCD camera image of bright third harmonic signal showing scattering from discrete spots 

consistent with the nanoparticle density observed by scanning electron microscope (Figure 

S3) and dark-field images (Figure S5d). 

 

Figure 2 shows the third harmonic signal measured for varying the SAM thickness. The 

error bars are the standard error on the mean, with distributions as shown in the Supporting 

Information. The mean signal was highly reproducible, on several samples prepared in the 

same way, and measured over a period of months. Also shown is the third harmonic 

measured without the nanoparticles, which is much lower and independent of SAM 

thickness. 

 

Figure. 2 Third harmonic generation as a function of SAM thickness. Third harmonic count 

divided by 1000 for varying carbon length of SAM for 60 nm gold sphere nanoparticles (NP) 

deposited on ultra-flat gold film after SAM coating, as shown in blue. Also, shown in red, is 

the signal measured without nanoparticles, divided by 10. 

 



 

 

98 
The most striking feature of Figure 2 is the sudden drop of the third harmonic signal 

when the SAM layer is reduced to 2 carbons. We attribute this drop to the onset of quantum 

tunneling. Prior to this drop, the third harmonic systematically increases as the gap 

thickness is decreased, as expected from higher plasmonic focusing.  Recent works have 

proposed a quantum corrected model (QCM) to capture the effects of quantum tunneling 

in narrow gap nanostructures [3, 9]. This model agrees well with more rigorous theories, 

like time-domain density-functional theory. Figure 3 shows the results of full numerical 

calculations of third harmonic efficiency using the QCM, as well as the classical 

electromagnetic model (CEM), for comparison with our nonlinear measurements. To 

calculate the third harmonic efficiency, the cubed intensity of source integrated over the 

metal has been used (see Supporting Information). Figure 3 shows that the CEM does not 

saturate. The QCM predicts a sudden drop of third harmonic, which agrees well with our 

observations. Insets in Figure 3 show the spatial distribution of electric field intensity at 

1570 nm in the metal film just below the nanoparticle plane for the two shortest spacers, 

c2 and c3. It is clear from this figure that a hole emerges in the center of the gap due to 

tunneling beginning to short out the junction. 
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Figure. 3 Comparison between quantum corrected model (QCM), classical electromagnetic 

model (CEM) and experiment. Insets show electric field intensity distribution in gold film 

just below the nanoparticle for the wavelength of 1570 nm. 

 

The DC tunneling characteristics for SAMs have been studied extensively, and we use 

an explicit formulation proposed for a SAM separating two gold regions where the barrier 

height is reduced to 1.42 eV by the SAM and an ideality factor is 0.65 [30] (details given 

in the Supporting Information). This agrees well with our experiments, where there is a 

sudden drop in the third harmonic when reducing the gap below 0.6 nm [8]. It is of practical 

interest to note that the onset of quantum tunneling without the SAM would occur for a 

much smaller gap of ~0.3 nm, as found in past works [3]. Similar variations are expected 

for other molecules in the gap [31].  This is of practical interest, because in many 

experiments, there will be a material in the gap for which we want to enhance the light-

matter interaction. If the material reduces the barrier height to tunneling, the onset of the 

quantum regime can occur much earlier (i.e., for larger gaps), and destroy the desired 

plasmonic focusing. For example, another work has shown that the surface-enhanced 
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infrared absorption shows a sudden reduction even for 1 nm gap sizes; however, that 

work was for a much larger wavelength [32].  

 

Figure. 4 The dark field scattering spectra for nanoparticles over a metal layer separated by 

SAMs of varying thickness. (a) Dark field scattering spectra of gold nanoparticles on top of 

SAMs on top of gold thin films, with different SAM thicknesses. (b) Comparison of the 

resonance shift for experimental dark field scattering and peak position of the local field 

intensity at the plasmonic resonance using CEM and QCM modeling. Axes are logarithmic 

(base 10). 

 

In this work, we purposely used 1570 nm IR excitation (instead of more typical 800 nm 

IR excitation [18]), where the pump laser is not close to any plasmonic resonances. This 

helps to clarify the interpretation of the experiments because there is no need to separate 

saturation effects from shifts in the plasmonic resonance frequency. Also, the influence of 

the plasmonic resonance shifts on the third harmonic signal is negligible.  

A past work has focused on linear optical measurements to probe the onset of the 

quantum regime [3]. For the conditions of our experiment, it is noted that the linear 

scattering spectra of the plasmonic resonance does not show distinct differences in the 

wavelength between the quantum and classical models, as shown in Figure 4. Indeed, both 
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quantum and classical models show good agreement with the resonance wavelength 

shift which confirms formation of SAMs in the experimental samples. However, the near-

field local field intensity for the quantum model is 40% smaller for the smallest gap.  

Clearly, care should be taken when interpreting near-field characteristics from linear far-

field behavior because much can remain hidden in the near-field (such as the influence of 

dark modes [33, 34]). On the other hand, third harmonic measurements are highly sensitive 

to the local field intensity due to their third power scaling. Consequently, third harmonic 

generation is a useful technique to probe sensitively the onset of the quantum tunneling 

regime. 

In summary, we have observed a sudden drop in the third harmonic generation from 

metal nanoparticles on top of ultra-flat gold layers for gaps corresponding to the quantum 

tunneling regime. Since the third harmonic is highly sensitive (as the third power) to the 

local field intensity, this shows the abrupt saturation of near-field plasmonic focusing. Our 

experimental results are captured well by a quantum corrected model. The onset of the 

quantum regime occurs for gap sizes almost double those found by previous works, which 

we attribute to the lowering of the tunneling barrier from the SAM. This will be critical for 

future measurements on plasmonic-enhanced light matter interaction since the onset of the 

quantum regime limits plasmonic focusing earlier. 

ASSOCIATED CONTENT 

Supporting Information. 

Additional sample preparation and characterization details, linear and nonlinear optical 

measurement details, calculation and simulation details using classical electromagnetic 
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model as well as quantum corrected model for SAMs. This material is available free of 

charge via the Internet at http://pubs.acs.org. 
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Sample preparation:  

Ultra-flat samples were prepared by evaporating 30 nm of gold onto silicon wafers at a 

rate of 1 Å/s and temperature of 200 ˚C [1-5]. Promptly, the gold slides were coated with 

a thin layer of optical epoxy (Norland Optical Adhesive 61) followed by a clean glass slide.  

The epoxy was cured by UV light for 5 min. The gold film was “stripped” from the silicon 

wafer, revealing the ultra-flat surface of gold film. SAMs of amine-terminated alkanethiols 

of varying length were prepared on the fresh ultra-flat gold films, using cysteamine 

(30070, Sigma-Aldrich), 3-amino-1-propanethiol hydrochloride (739294, Sigma-Aldrich), 

6-amino-1-hexanethiol hydrochloride (733679, Sigma-Aldrich), 8-amino-1-octanethiol 

hydrochloride (745774, Sigma-Aldrich), and 11-amino-1-undecanethiol hydrochloride 

(674397, Sigma-Aldrich) (referred to as “c2”, “c3”, “c6”, “c8”, and “c11”). 1 mM solutions 

of the alkanethiols were prepared in absolute ethanol in cleaned glass containers. SAMs 

were fabricated by immersing the gold film substrate into the container for 18 hours, 
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followed by sonication for 2 minutes and rinsing with absolute ethanol for 15 seconds. 

The process of sonication and rinsing was repeated four times for each sample. Finally, all 

substrates were dried using pure nitrogen gas. 60 nm NPs (BBI) were immobilized 

electrostatically on top of the SAMs by incubating with 500 µl of the colloidal stock for 30 

min followed by rinsing with deionized water (USF Elga, Maxima, model Scientific MK3, 

18.2 MΩ-cm) for 15 seconds and drying with a steam of pure nitrogen gas. 

Linear measurements:  

A collimated white light source (LS-1-LL, Ocean Optics Inc.) was focused onto the 

sample by a 20× microscope objective (0.42 NA, Mitutoyo Plan Apo) at 70˚ to the surface 

normal to excite the z polarization of the gap mode. The scattered light from the NP-metal 

film was collected at 15˚ relative to the normal of the sample by a 40× microscope objective 

(0.68 NA, Zeiss). The scattered beam was split to image on a CCD camera (GC660, Allied 

Vision Technologies) and to take the spectrum (QE65000, Ocean Optics Inc.) [1].  

Nonlinear measurements:  

The setup of the nonlinear measurements is shown in Figure 1 of the manuscript. This 

setup uses the same spectrometer and CCD camera as in the linear measurements, with a 

100 fs 1570 nm fiber laser module (Mercury 1550-100-100-MOD, PolarOnyx), 38MHz 

pulse repetition rate. A longpass filter was used to remove weak second harmonic and third 

harmonic signals generated prior to the sample. Also, S-polarization of the source was 

minimized by passing the beam through a half-wave plate and a linear polarizer. The source 

power was measured and adjusted before focusing onto the sample. The source beam was 

aligned off-center of the 50× microscope objective (0.85 NA, Melles Griot), focusing onto 
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the sample. The reflected source beam was filtered using a bandpass colored filter, and 

the scattered beam was directed to the CCD camera or the spectrometer using a flip mirror. 

To image the third harmonic signal, the CCD was adjusted to 0.040 s exposure time for all 

samples. 

 

Figure S1 Power-law dependence of third harmonic signal for gold nanoparticles on top of a 

gold film, for SAMs of different chain lengths, corresponding to different gap sizes. Incident 

power was adjusted between 18.7 mW and 50 mW for a 100 fs 1570 nm laser, 38 MHz pulse 

repetition rate. 

 

Using the nonlinear measurement setup, we probed the third harmonic response of the 

metal nanoparticles on top of a gold film, separated by a SAM film. We verified third 

harmonic generation by power law scaling and spectral characterization. The power-law 

dependence of third harmonic signals has been characterized for many spots on each 

sample. Figure S1 shows characterization for each sample on a typical spot for different 

incident powers. 

Care was taken in our measurements to ensure operation well below intensities that lead 

to catastrophic behavior. For source power just above 50 mW, for the sample with 3 carbon 
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SAMs, we observed sudden “explosions” in the intensity of the light emitted from the 

region of the nanoparticles as shown in the video when translating over the sample. Further 

investigation of the spectral and temporal characteristics of these “explosions” will be 

undertaken in future studies. 

 

Figure S2 Third harmonic signal distribution for samples with varying SAM thickness. 

Different carbon numbers were used to vary the SAM thickness (2, 3, 6, 8, 11). 

 

Figure S2 shows measured the third harmonic signal distribution for varying SAM 

thickness. Figure S3 shows scanning electron microscopy images of samples. Several 

samples prepared in the same way with varying SAM show inform distribution of gold 

nanoparticles with average of 7±1 particles within 35 µm2. Figure S4 shows comparison 

of the SEM images for a bare ultra-flat gold and an ultra-flat gold coated with a c2 SAM 

for the same imaging conditions. The contrast difference between these images shows that 

the SAM is formed. Theses SEM images were taken from regions with cracks to help for 
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the focusing; however, the cracks appear only in limited regions of the film that is 

mainly continuous. 

 

Figure S3 Scanning electron microscopy (SEM) images of NPs-gold film with SAMs of 

different chain lengths, corresponding to different gap sizes. SEM images show uniform 

distribution of nanoparticles which is in agreement with our observation in dark field images 

and third harmonic scattering signal (Figure 1c). 
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Figure S4 SEM images of bare ultra-flat gold film (a), and ultra-flat gold film coated with 

c2 SAM under same imaging conditions. The contrast difference shows SAM formation. To 

help focusing, we imaged regions with cracks, which is not typical for the film (see Fig. S3). 

 

Figure S5 a-c shows surface roughness measurements of ultra-flat gold films with 

varying SAMs, using atomic force microscopy (Agilent 5500), as shown previously [1]. 

The template stripping method results in gold films with the surface roughness of 0.1 nm. 

Figure S5 d shows dark field scanning image of gold nanoparticles on an ultra-flat gold 

film with the SAM as a spacer layer. 

Figure S6 shows the average root mean square (RMS) roughness of a bare ultra-flat gold 

film and ultra-flat gold films coated with SAMs, as measured using an atomic force 

microscope (AFM). For each sample, the standard deviation was obtained from more than 

30 measurements at different locations on a sample [1]. These AFM measurements show 

that we have a flat layer for SAMs. This is of particular interest, especially for c2 and c3, 

because a rough layer would imply an imperfect SAM. These results, as well as the 

comparison of the SEM images of gold film with and without SAM and the scattering 

spectrum in the text, all confirm the formation of a SAM on top of the gold films. 
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Figure S5 Surface height characterization of varying SAMs on ultra-flat films and dark 

field scattering image of NPs on gold film. (a-c) Representative surface height scans using 

atomic force microscopy for ultra-flat gold film with (a) c3, (b) c6, and (c) c11 SAM layer. (d) 

Dark field scattering image of nanoparticles deposited on the ultra-flat film with 6-amino-1-

hexanethiol SAM [1]. 

 

Figure S6 AFM measured surface roughness for bare ultra-flat gold and ultra-flat gold with 

SAMs. 

 

Quantum Corrected Model 

Previously, the quantum corrected model (QCM) has been used to theoretically predict 

the saturation of plasmonic fields at the onset of tunneling, showing good agreement with 

more comprehensive quantum simulations [6, 7]. In those works, the scattering rate was 

used as a fitting parameter; however, in the supplementary information of the QCM paper, 

the modified carrier density in the gap was also considered as a fitting parameter. We adopt 

the latter approach because it is expected that the carrier density will be reduced in the gap, 

but the scattering rate will be similar to that of the metal. This is analogous to the famous 

debate about the existence of a superconducting state in the barrier between Drs. Josephson 

and Bardeen (for example, see note added at proof of Ref. 8), where ultimately it turned 
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out that the Cooper pairing was not broken by scattering in the barrier region. We use 

the standard transmission coefficient for tunneling with different gap size d [9], adding in 

an ideality factor 𝛼:  

 
𝑇(𝑑) =

1

1 +
1
4

𝑉2sinh2(𝛼𝑘𝑑)

𝛼𝐸𝑓(𝑉 − 𝐸𝑓)

 Eq.1 

 𝑉 = 𝐸𝑓 + 𝜑𝐵 Eq.2 

 
𝜅 =

√2𝑚𝜑𝐵

ℏ
 

Eq.3 

where 𝜑𝐵 is the barrier height, 𝐸𝑓 is Fermi energy, 𝑚 is the electron mass, k is the 

electron wavevector in the barrier, V is the barrier height plus the Fermi energy (i.e., the 

total energy) and ℏ is the reduced Planck constant. The values  

 𝛼 = 0.65, 𝑉 = 𝐸𝑓𝐴𝑢 + 𝜑𝐵−𝑆𝐴𝑀 = 5.53𝑒𝑉 + 1.42𝑒𝑉 =

6.95𝑒𝑉                            
Eq.4 

were taken from a past work on tunneling through SAMs [10]. The plasma frequency 

inside the gap can be derived from [7]: 

 ωg(𝑑) = √𝑇(𝑑)𝜔𝑝𝐴𝑢  Eq.5 

We set the scattering rate equal to that of gold γgAu = 4 × 1013(rad/sec) as a fixed 

value which is equal to the collision frequency of gold [11].  

In order to modify material inside the gap region, we used an effective Drude model: 

 
ε(𝑑, 𝜔) = ε∞ −

ωg
2(𝑑)

𝜔(𝜔 + 𝑖𝛾𝑔)
  Eq.6 
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The electric field intensity of the third harmonic 𝐼3𝜔 is directly proportional to the 

cube of the electric field intensity of the fundamental beam, 𝐼𝜔 [13]. Since the third order 

nonlinear susceptibility of gold is three orders of magnitude higher than quartz, we consider 

it to be the dominant contribution to nonlinear conversion [12, 13]. This is supported by 

the experimental observation that varying the SAM layer thickness on the gold film did not 

vary the THG for the case where no nanoparticles were present. Therefore, we integrate 

the cube of the local intensity over the metal to calculate the third harmonic generation: 

 
𝐼3𝜔 ∝ ∫ 𝐼𝜔

3 𝑑𝑉 Eq.7 

Table S1 shows calculated plasma frequencies and resulted integrated values for 5 

different SAM spacers. 

𝑑 (nm) ωg(d)(rad/sec) ∫ 𝐼1570
3 𝑑𝑣 (over metal region) 

0.51(c2) 2.4 × 1015 3.8222 × 10−7 

0.69(c3) 1.1777 × 1015 1.6162 × 10−6 

0.94(c6) 4.3897 × 1014 1.0241 × 10−6 

1.16(c8) 1.8427 × 1014 9.4336 × 10−7 

1.55(c11) 3.9555 × 1013 3.1823 × 10−7 

Table S1. Calculated plasma frequencies for the gap region and integrated values over the 

metal region for different SAMs. 

 

Simulation 

We simulated the scattering using Lumerical FDTD ver. 8.6.3. A single Drude model 

material was used to model the tunneling region in the gap. This was set to diameter of 3 
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nm and had the width of the gap. The scattering rate was chosen to be the same as gold, 

and the plasma frequencies are shown in Table S1. The SAM was assumed to have a 

refractive index of 1.5. Experimental data for Au was chosen from Johnson and Christy 

[14]. The mesh spacing was set to 0.3 nm in the gap region and over the thin film, and 5 

nm encompassing the nanoparticle. We used a plane wave source at 50 degree incidence 

angle with TM polarization and perfectly matched layer boundaries. The aperturing of the 

source was not a factor in our experiment, as verified by modifying the boundary 

conditions. 

Figures S7 and S8 show the simulation results for the QCM and classical Drude model 

conditions. The QCM shows clearly the saturation of the field beginning for c3 and 

becoming pronounced for c2. 

 

Figure S7 Spatial distribution of electric field intensity in the metal film just below the 

nanoparticle for five different spacer thicknesses at wavelength 1570 nm. The QCM has been 

used to achieve top row results, whereas CEM results are depicted in the bottom row. 
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Figure S8 Cross section view of Figure S5. Note the axes are not proportional. 

 

The integrated intensity cubed over the region of the metal region was used to quantify 

the third harmonic generation, as given in Eq.7. This is shown in Figure 3 of the manuscript, 

as compared with the experiment, for both the classical model and the QCM.  

Figure S9 shows the local field intensity at the maximum point under the nanoparticle 

as a function of wavelength for the classical and quantum corrected models. It is clear from 

these simulations that the classical and quantum corrected models show nearly identical 

values for the peak resonance wavelength, and these both agree reasonably well with the 

resonance values found by dark-field scattering measurements in the manuscript (Figure 

4). 
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Figure S9 Local field intensity at the maximum point inside the gap under the nanoparticle 

using QCM (solid line) and CEM (dashed line) for different SAM layer types. 
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Appendix C: Interband transitions enhanced third harmonic 
generation form nanoplasmonic gold 
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Abstract: We measure third harmonic generation (THG) as a function of infrared 

fundamental wavelength for gold nanoparticles over a gold film. An order of magnitude 

enhancement in THG is found at ~2.5 eV. We ensure that this enhancement is away from 

plasmonic resonances, so that it may be attributed directly to the ultrafast third-order 

susceptibility of gold. Using a simple relation between linear and third-order 

susceptibilities in conjunction with the linear response of gold, we show that the 

experimental results agree well with the enhancement from interband transitions. This 

result is interesting for potential applications leveraging telecom-band sources, such as 

third harmonic deep-tissue imaging with plasmonic nanoparticle markers. 

1. Introduction 

Nonlinear plasmonics brings the functionality of nonlinear optics, including wavelength 

conversion and switching, to the nanoscale [1-6]. The goal is to obtain efficient light energy 

conversion or optical functionality at the subwavelength scale [7-16]. This is in contrast to 
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conventional nonlinear optics, which typically requires phase matching over long 

distances or microcavities to obtain high conversion efficiency [17-21]. Ohmic losses 

present a challenge for nonlinear plasmonics; however, there are still applications where 

near-field generation is of interest even with losses (e.g., nonlinear imaging [22,23], near-

field scanning optical microscopy [24, 25]). In particular, deep tissue imaging can be 

enhanced by using an IR fundamental wavelength along with second harmonic generation 

(SHG) [26] or THG [27] that is less susceptible to scattering. 

Gold is a promising nonlinear plasmonic material because it has relatively low losses 

along with a large nonlinear susceptibility, with χ(3) ranging from 10-19 to 10-14  m2/V2 [28-

31], depending upon the physical mechanism of the nonlinearity and corresponding 

timescale of interest. With gold, it is possible to focus the light down to the nanoscale to 

enhance the nonlinear response [32-35]. Recent works have focused on THG from gold 

nanoantennas, showing substantial enhancement from optimized antenna structures [36-

39]. 

For fast nonlinear processes (at the picosecond to subpicosecond scale), the interband 

transition in gold can provide three orders of magnitude larger χ(3) than for off-resonance 

wavelengths [31,40,41]. Past works exploring the nonlinear response focused on 

fundamental wavelengths resonant with the interband transition between the 5d and 6s-6p 

bands [40-42]. This requires incident wavelengths around 500 nm and emitted wavelengths 

at a third of this value (in the UV) for THG. A few works have reported on THG using 

~1550 nm sources, which is approximately a third of the interband transition energy and 

therefore close to the resonance condition [14,15,35,43]. Figure 1 shows schematically the 

three photon resonant processes for this wavelength range [21,32]. This is a relevant 
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wavelength range because of the connection to low-loss fiber-optic technology; for 

example, leveraging erbium-doped fiber amplifier based laser sources. It is important to 

distinguish the nearly instantaneous response required for THG from χ(3) enhancements 

that come from processes longer than the carrier thermalization, since those slower 

processes do not yield THG [29,44,45]. Three-photon photoluminescence is also a distinct 

process from THG since it involves carrier relaxation [32,46]. 

 

Fig. 1. Band structure near the (a) X and (b) L points of the Brillouin zone of gold (adapted 

from Refs. 21 and 32). The blue curves are the 5d bands, and the red curve is the 6s-6p band. 

The black line at 𝐄 = 𝐄𝐟 = 𝟎 is the Fermi level. Resonant contribution to the third-order 

susceptibility is shown for ~2-3 eV energies. 

 

Recently, we probed the quantum tunneling limits of THG using a 100 fs 1570 nm 

source and obtained THG that could saturate the imaging CCD at only 40 ms acquisition 

time for the sample with optimized spacer layer thickness [35]. Intrigued by the large 

signal, here we investigate the wavelength dependence of the THG for the same system 

using a 22 ps pulse width laser to determine if interband transitions are playing a role in 

the strong response, and to map out the dispersion of this response (i.e., to resolve spectrally 

the interband contributions). Also, we use an analytic model for the dielectric function of 

gold in which contributions of the interband transitions are considered [21,30]. This model 
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agrees well with our experimental observations. It should be mentioned that this work 

is analogous to recent investigations of SHG of metals near the interband transition [47,48]; 

however, the third harmonic process is distinct for many reasons (including selection 

rules). Compared to femtosecond works, the picosecond pulses used here provide narrow 

spectral resolution. 

2. Experimental Setup 

Figure 2(a) shows a schematic of the gold nanoparticles over ultraflat gold film sample. 

The sample was prepared following the same method as in our previous work, selecting 

the gap spacing with highest THG [35]. This sample was chosen primarily for three 

reasons: 1) there was a good uniformity of nonlinear response due to the uniform gap size; 

2) the plasmon resonance was away from the THG and fundamental wavelengths to 

separate interband enhancement from plasmonic enhancement; and, 3) the ultraflat 

substrate minimizes THG that arises from uncontrolled surface roughness. Briefly, an 

ultraflat gold film was prepared by evaporating 30 nm of gold onto silicon wafer at a rate 

of 1 Å/s and temperature of 200 ˚C. Promptly, the gold film was coated with a thin layer 

of optical epoxy (Norland Optical Adhesive 61) followed by a clean glass slide. The epoxy 

was cured by UV light for 5 min. The gold film was “stripped” from the silicon wafer, 

revealing the ultraflat surface of gold film. The ultraflat film, with average root mean 

squared roughness of 0.06 nm [49], was used to minimize the nonlinear contribution from 

surface roughness. To fabricate a self-assembled monolayer (SAM) of 3-amino-1-

propanethiol hydrochloride (739294, Sigma-Aldrich) on the fresh ultraflat gold film, 1 mM 

solution of the alkanethiol was prepared in ethanol. A SAM layer was formed by immersing 

the ultraflat substrate into the alkanethiol solution for 18 h, followed by sonication for 2 
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min and rinsing with ethanol for 15 s. The process of sonication and rinsing was 

repeated four times. Finally, the substrate was dried using nitrogen gas. 60 nm diameter 

gold nanoparticles (BBI) were immobilized electrostatically on top of the SAM by 

incubating the substrate with 500 µL of the colloidal stock for 30 min followed by rinsing  

 

Fig. 2. (a) A schematic of gold nanoparticle (NP) separated from ultraflat gold film by a SAM. 

(b) Scanning electron microscope image of a typical sample. (c) Dark field scattering 

spectrum of the sample does not show resonance in the fundamental region as well as the 

THG region (within the limits of our detection system). 

 

with deionized water (USF Elga, Maxima, model Scientific MK3, 18.2 MΩ-cm) for 

15 s and drying with a steam of nitrogen gas. Figure 2(b) shows a scanning electron 

microscopy image of a typical sample that confirms a uniform distribution of gold 

nanoparticles over the film. This image was taken from a high density area of nanoparticles 

near the edge of the sample, which accumulate due to the drying process. The region where 

optical measurements were made had a nanoparticle density of 30±5 per 100 microns 

squared, as confirmed by scanning electron microscope characterization. 

The linear optical properties of the sample were studied by taking the dark field 

scattering spectrum, using the same method as our previous work [35]. However, the setup 

was modified to cover both visible and near-IR regions; here the scattered beam from the 
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sample was directed to a visible spectrometer (QE65000, Ocean Optics) and a near-IR 

spectrometer (NIR-512, Ocean Optics) using a bifurcated fiber (QBIF400-VIS-NIR, Ocean 

Optics). The normalized spectrum, for each region, was obtained by subtracting the 

spectrum of a blank ultraflat film from the sample’s spectrum and dividing it by the white 

light source spectrum. Figure 2(c) shows the combined normalized scattering spectrum of 

the sample with a plasmonic resonance at 774 nm. It is important to note that there is no 

plasmonic resonance observed in the fundamental region as well as the THG region (within 

the limits of our detection system). 

 Figure 3(a) shows the schematic of the nonlinear measurement setup and a schematic 

of the sample at top left. A 532 nm pump beam of 10 Hz repetition rate and 22 ps pulse 

width (Ekspla PL2241A) was used to generate a tunable p-polarized beam of 1200–

1850 nm through a travelling wave parametric optical generator (Ekspla PG501). A 

longpass filter was used to remove the pump beam. A 10 nm gold substrate was used to 

split the beam to two portions, 40% of the beam was directed into a laser energy meter 

(Field MaxII-TOP, Coherent) and 60% was focused onto the sample (the accurate 

percentage of the transmitted and reflected beam was measured for each wavelength 

separately). The source beam was aligned off-center of a 50× microscope objective 

(0.85 NA, Melles Griot), focusing onto the sample, with the angle of incidence covering 

45–58º. The spot size was estimated to be 30±8 µm2; therefore, there were approximately 

9±3 nanoparticles on average measured at a time. The scattered beam was directed to the 

same visible and near-IR spectrometers that used in the linear measurement. While it was 

possible to observe SHG, three photon photoluminescence and THG (as shown in Fig. 

3(b)), at each wavelength and for each location on the sample, the setup was adjusted to 
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maximize the THG signal (also shown in Fig. 3(b)). Optimizing the setup was done by 

adjusting the distance of the microscope objective from the sample and using the near-IR 

and visible spectrometers. The energy of the  

 

Fig. 3. (a) A schematic of the nonlinear measurement setup where LPF is longpass filter, Au-

MR is 10 nm Au substrate used as beam splitter, MO is microscope objective, EM is energy 

meter, MR is mirror, L is lens, C is collimator, OF is optical fiber, NIR-SPEC is near-IR 

spectrometer, and VIS-SPEC is visible spectrometer. Top left is a schematic of the sample, 

gold nanoparticles-over-gold film separated by a SAM. (b) Spectrum of nonlinear conversion 

showing with black curve THG, SHG and a broad three photon photoluminescence. Red 

curve shows optimized THG where THG signal is maximized by adjusting the focus. Grey 

curve shows signal from the film only with no clear THG but some three photon 

photoluminescence. Background counts are subtracted from the curves. (c) Spectrum of the 

fundamental beam that was the source of the nonlinear spectrum shown in (b) after 

maximizing the THG signals (red curve). (d) The power-law dependence of THG signal, 

measured on one spot for incident energy varying between 14 µJ per pulse and 28 µJ per 

pulse, gives a slope of 3.2±0.2 on a log-log plot. 
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incident beam was set to be between 14 and 35 µJ per pulse at the sample spot, 

depending on the strength of the THG signal. In setting the energy of the incident beam for 

each wavelength, special care was taken to avoid damaging the sample. The fundamental 

signals were collected at the near-IR spectrometer with 500 ms acquisition time, averaged 

5 times (shown in Fig. 3(c)). The corresponding THG signals were collected on the visible 

spectrometer CCD, with the same adjustment. Figure 3(d) shows the power-law 

dependence of THG signal characterized for one spot on the sample with varying the 

incident powers and noting the changes in the THG, giving a slope of 3.2±0.2 on a log-log 

plot, which is close to the expected value of 3 for THG. 

3. Results and Discussion 

Figure 4(a) shows the THG response as a function of wavelength. The counts per pulse 

have been normalized to the pulse energy cubed and calibrated using a black-body source 

of known temperature (LS1, Ocean Optics). For each wavelength, the standard deviation 

indicated by the error bar was obtained from measurements at several different locations 

on two separate samples. The THG response of both samples showed the same response as 

a function of wavelength. The greater standard deviation around the peak is expected due 

to the third power dependence of THG on the local field intensity. The THG shows peaks 

in the range of 470 nm to 550 nm. There are also smaller peaks (at 413 nm, 433 nm and 

600 nm), which may also contain contributions from the interband transitions. The average 

value of the largest peak is  
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Fig. 4. (a) Normalized THG response as a function of wavelength. Counts per pulse have been 

normalized to the pulse energy cubed and calibrated using a black-body source of known 

temperature. The THG shows peaks in the range of 470 nm to 550 nm, which we attribute to 

the interband transition enhancements. For each wavelength, the standard deviation was 

obtained from measurements at different locations on two separate samples. (b) Normalized 

THG response calculated using a simple linear-polarization model for the third order 

susceptibility. 

 

35× larger than the smallest value over the range. This is a considerable enhancement 

since we are probing the nearly instantaneous nonlinear response resulting in THG signal. 

However, the non-instantaneous nonlinear response can result in three-four orders of 

magnitude enhancement in χ(3) but not THG signal [29,44,45]. Also, it should be mentioned 

that nonlinear measurements of bare gold film, without nanoparticles, did not show THG 

signal, even for much higher incident energies. Using the nanoparticles-over-film system 

allows for picosecond excitation and efficient generation without damaging the sample 

since there is not broad area heating. 

To understand this discrepancy, we applied a simple theory to model wavelength 

dependence χ(3) of gold using the linear susceptibility χ(1) to estimate the interband 

transition response (Ref. 21, Eq. 1.4.53): 
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𝜒(3)(ω) =
𝑏𝑚

ε0𝑁3𝑒4
[(𝜒(1)(ω))

3

𝜒(1)(𝜔THG)]  (1) 

where b is a parameter that characterize the strength of the nonlinearity, m is the electron 

mass, N is the electron density, and e is the electron charge. The fundamental wavelength 

(λ=2πc/ω) varies from 1200 nm to 1840 nm. We use an analytic model for the interband 

transition contributions to the linear response [30,50]: 
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) 

 (2) 

where A1=0.94 and A2=1.36 are the critical point amplitudes, λ1=468 nm and 

λ2=331 nm are the interband transition wavelengths, and γ1=2300 nm and γ2=940 nm are 

broadening factors (parameters taken from Ref. 30). It should be noted that the critical 

point amplitudes of this model provide a more accurate description of the asymmetric 

lineshape at the bandedge than the typical Lorentzian oscillator models used.  

Relatively good agreement is seen between the peak location and relative amplitude of 

this simple model and the observed THG, without any additional fitting parameters, as 

shown in Fig. 4(b). This supports the claim that the enhancements maybe attributed to the 

interband transition in gold and that the response amplitude is governed by the 

electromagnetic transition dipole in that regime. It is interesting to note, however, that the 

experimental observations show more structure than the simple model predicts. For 
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example, there is an abrupt reduction in THG in the range from 470 nm to 460 nm and 

an unexpected minimum around 520 nm. We have ensured that these are bona fide features 

of the sample and not related to the source or other absorptions in the setup. These features 

suggest that THG is sensitive to subtle variations in the interband transition strength and 

possibly dispersion of electron/hole scattering rates (e.g., hotter carriers may relax faster 

[51-54]). This is of obvious interest for future comprehensive theory development, which 

is beyond the scope of this experimental work. 

The observed response is of practical interest for applications seeking to use THG of 

plasmonic particles as a local probe, for example, in deep-tissue imaging where the long 

fundamental wavelength can penetrate deeper without scattering. In particular, this work 

shows that while enhancement is found at standard telecom wavelengths of 1550 nm where 

inexpensive femtosecond sources are abundant, the greatest enhancement would require 

excitation closer to 1500 nm. On the other hand, working at ~1640 nm may be preferred to 

avoid heating from water [55]. 

3. Conclusions 

We investigated the wavelength dependence of THG from gold nanoparticles over a 

metal film with a thin spacer gap, for the situation where the fundamental beam energy was 

approximately one-third of the interband transition energy, i.e., the resonant case. We 

found that the THG is enhanced by an order of magnitude by the interband transition (as 

compared to the non-resonant case). This significant enhancement for gold is of interest 

for applications where fiber-optic technology can be coupled to nonlinear plasmonics using 

gold. This is not limited to the system studied here of NPs over an ultraflat film; for 

example, this may be applied to deep tissue imaging using isolated metal nanoparticles as 
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local probes [26,27]. For such applications, optimization of the plasmonic resonances 

should be used to maximize the signal, which can be both at the fundamental and third 

harmonic wavelengths. For example, there are nanorods with the longitudinal resonance 

around 1500 nm and the transverse resonance around 500 nm [56]. 
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