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Abstract 

Optical Properties of Plasmonic Heterodimers and 
Nanoantennas for Surface-Enhanced Infrared Absorption 

 
by 

 
Lisa V. Brown 

 
 

Electromagnetic interactions in nanoscale systems are a driving force of research in the 

field of nanophotonics. The basic properties of these systems set the groundwork for 

understanding complex optical phenomena useful for the development of new 

technological devices. Metallic nanospheres are among the most simple and canonical 

structures that produce plasmon resonances, which are collective oscillations of valence 

electrons excited by the electric field component of an incident light wave. Much like 

electron orbitals in molecules, plasmon resonances hybridize to form new modes when 

two or more structures combine. If a broad and narrow mode overlap in energy, they will 

interfere to produce a Fano resonance indicated by an asymmetric line shape in the 

extinction spectrum. Hybridized modes can also focus light into subwavelength volumes 

with intensities several orders of magnitude greater than that of the incident beam. These 

strong near-field enhancements can be used to detect extremely small quantities of 

molecules in a variety of chemical sensing methods, even at the single-molecule level.  

 

The goals of this thesis are to explore the optical properties of asymmetric nanoparticle 

systems and to design antennas with strong near-field enhancements for infrared 
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molecular spectroscopy. The first part will discuss plasmonic heterodimers composed of 

Au nanoparticles differing in size and shape. These simple geometries give rise to a 

remarkably rich set of properties. For incident polarization parallel to the dimer axis, the 

hybrid plasmon modes produce a Fano resonance and demonstrate avoided crossing 

behavior. For incident polarization perpendicular to the dimer axis, the structure exhibits 

an optical nanodiode effect, where the scattering profile changes depending on the 

direction of the incident beam. The second part of this thesis will introduce two Au 

nanoantenna designs having strong near-field intensities in the mid-infrared range. 

Zeptomole quantities of molecules are detected through Surface-Enhanced Infrared 

Absorption (SEIRA), in which a Fano resonance exists between the antenna plasmon 

mode and the molecular vibration of interest. The first structure, called a cross antenna, 

consists of four nanorods oriented perpendicularly with a common junction, such that all 

polarizations of light are simultaneously absorbed. The second structure, called a fan 

antenna, incorporates a semicircular portion on the outer end of each rod that increases 

both the overall scattering cross section and the near-field enhancement at the junction. 

Further enhancement is achieved by placing the antenna above a Au mirror to maximize 

constructive interference between the incident and scattered light. Using these designs, 

we demonstrate enhanced detection of several classes of analytes, and we approach the 

limit of sensitivity for conventional spectroscopic methods in combination with standard 

lithographic techniques. Such findings are essential for gauging the conditions required 

for single-molecule infrared spectroscopy and for furthering the development of near-

field chemical sensing.  
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Chapter 1 

 

 

Introduction 
 
 

 

Metallic nanostructures encompass an impressively wide range of modern technological 

research, spanning from biomedicine to energy harvesting and defense applications. The 

unique ability of these devices to confine optical light at subwavelength scales1-4 has 

opened several avenues of uncharted territory in the rapidly growing field of 

nanophotonics. There is strong interest toward enhancing signal intensity for chemical 

spectroscopies, where molecules on the surfaces of metallic nanostructures experience 

several orders of magnitude more light than in standard measurements. Extremely high 

sensitivities have been achieved though these methods, even to the point of single-

molecule detection.5-9 Such capabilities are possible through the controlled engineering of 

plasmon resonances, which are collective oscillations of valence electrons at frequencies 

determined by the size, shape, and environment of the structure.10-13 Interactions between 

plasmon modes can unveil a vast array of features through endless combinations of 

geometries. Much like the adaptive behavior of atomic electron clouds to form hybridized  
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molecular orbitals, plasmon resonances can combine to form hybridized modes with 

energy levels that depend on the coupling strength of the constituent modes.14-16 Another 

class of interactions called Fano resonances has been receiving strong interest for 

coupling dipole-active (“bright”) plasmon modes to non-dipole-active (“dark”) modes17-19 

as well as to excitons20-22 and molecular energy transitions.23-25 These resonances give 

rise to asymmetric absorption lineshapes and antiresonances, which can serve as 

narrowband transparency windows in metamaterials.26-27 Fundamental investigations of 

plasmon resonances are therefore crucial for unleashing the full potential of metallic 

nanostructures toward many important applications, such as refractive index sensing,17,28-

29 optical waveguiding,4,30-31 solar energy conversion,32 and photocatalysis.33-35 

 

The goals of this thesis are to explore the optical properties of asymmetric nanoparticle 

systems and to design antennas with strong near-field enhancements for infrared 

molecular spectroscopy. First, an overview of relevant topics will be discussed to provide 

the reader with sufficient context. A summary of each chapter is given below: 

 

Chapter 2 gives a review of background information that pertains to concepts presented 

throughout this thesis. The first section includes a description of plasmon hybridization 

and Fano resonances in plasmonic systems. Following this is an introduction to basic 

concepts of vibrational spectroscopy and motivations toward surface-enhanced infrared 

absorption (SEIRA). Then the reader is presented with an overview of different SEIRA 
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substrates, and the signal enhancement mechanism is explained to occur through Fano 

resonances. 

 

Chapter 3 demonstrates a systematic investigation of six heterodimer structures 

composed of two Au nanoparticles with different shapes and sizes. The dimers were 

synthesized by a wet chemistry method in which the particle surfaces were partially 

neutralized to induce spontaneous migration on glass substrates. Scattering spectra of 

individual dimers were measured by dark-field microspectroscopy. Incident light 

polarized parallel to the dimer axis resulted in a Fano resonance between hybridized 

dipole and quadrupole modes, whereas perpendicular polarization resulted in a surprising 

dependence of the scattering cross section on the direction of excitation. 

 

Chapter 4 introduces a cross-shaped antenna for enhanced infrared detection of 

octadecanethiol and hemoglobin on ZnSe optical windows. Consisting of four rods 

oriented perpendicularly, this tunable structure is excitable by all angles of incident 

polarization to reach |E/Eo|2 factors up to 104. Standard processes for electron beam 

lithography and infrared microspectroscopy were used for fabrication and analysis, 

making it a widely accessible characterization tool. Ultra-small quantities of molecules 

were detected through Fano resonances between the antenna plasmon modes and the 

chemical vibrations of interest. The spatial distribution of near-field enhancement was 

characterized by depositing patches of SiO2 in selected areas to confirm that a majority of 

the vibrational signal originated from the junction region.  
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Chapter 5 improves upon the cross antenna design in two ways. Large semicircular 

portions were added to the outer ends of the antenna rods, increasing the amount of 

surface charge to provide larger field enhancements in the junction. Additionally, the 

structures were prepared on reflective substrates with dielectric spacer layers to induce 

constructive interference of incident and scattered light. The thickness of the spacer layer 

as well as the lateral parameters of the antennas were optimized to four different mid-

infrared frequencies to demonstrate the three-dimensional tunability of this system. 

Compared to the cross antennas, the |E/Eo|2 factor increased by an order of magnitude, 

and much smaller quantities of molecules could be detected because functionalization 

took place on the Au antenna surfaces only. Our results indicate that single-molecule 

analysis of small species such as alkanethiols requires an |E/Eo|2 factor of at least 109 

when using standard measurement techniques. 
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Chapter 2 

 

 

Background Information 
 
 

 

2.1     Localized Surface Plasmon Resonances 

In bulk metals, surface plasmon resonances consist of propagating electric waves at the 

interface between the metal surface and its surrounding dielectric medium.  These waves 

can be confined by reducing the size of the material to less than half the wavelength of 

incident light, such that the wave becomes a dipolar oscillation of charge density. This 

oscillation is called a localized surface plasmon resonance (LSPR), and one of the 

simplest examples can be described in the form of a metallic sphere. Gustav Mie derived 

a theory based on Maxwell’s Equations to calculate the electrodynamic properties of a 

homogeneous sphere in a homogeneous medium.36 These formulas can determine the 

scattering and absorption properties of fundamental dipolar resonances as well as higher 

order modes, and they were later extended to calculate similar properties for spherical 

core-shell geometries.37 For structures that are not spherically symmetric, other 

computational methods must be utilized, such as the Finite Different Time Domain 
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(FDTD) method and the Finite Element Method (FEM). Arbitrary shapes can be 

simulated with these tools through the discretization of geometrical elements, allowing 

for a straightforward and accurate comparison to structures that are fabricated 

experimentally. For an understanding of plasmon resonances in systems involving 

combinations of shapes or particles, we can use an intuitive method called plasmon 

hybridization.14-16 

 

2.1.1     Plasmon Hybridization 

Plasmon hybridization uses classical electrodynamics to provide analytical solutions for 

mixtures of plasmon modes in adjacent or combined metallic structures.16 The electron 

cloud is modeled as an incompressible fluid against a rigid lattice of positively charged 

ion cores.15 The mixture of plasmon modes is based on the fundamental concepts of 

molecular orbital theory, where atomic orbitals combine to form hybridized molecular 

orbitals with bonding and antibonding energy levels. Hybrid plasmon modes demonstrate 

similar energy splitting behavior, where the low-energy “bonding” modes have 

symmetric charge distributions, and the high-energy “antibonding” modes have 

antisymmetric charge distributions. The modes are identified by spherical harmonics 

according to the angular momentum index l, where l = 1 corresponds to the dipole mode, 

and l = 2 is the quadrupole mode, etc.  
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An example of plasmon hybridization can be observed in a nanoshell, which is a 

spherical particle that consists of a dielectric core covered by a thin Au shell.38 The 

plasmon resonances of a nanoshell are considered to be the combination of those in a 

solid spherical Au particle and a spherical cavity in a bulk Au medium (Figure 2.1).16,31 

In this spherically symmetric structure, the angular momenta are orthonormal, and 

hybridization occurs only between modes with the same l.  

 

 

Figure 2.1 | Plasmon hybridization of a nanoshell. A nanoshell is a combination of a 
metallic sphere (left) and a spherical cavity in a bulk metallic medium (right). Hybrid 
energy modes have higher and lower energies than their constituent modes. The bonding 
mode (lower energy) has a symmetric charge distribution, and the antibonding mode 
(higher energy) has an antisymmetric charge distribution.  
 

The bonding mode has a dipolar charge distribution and is therefore excitable by light, 

making it a “bright” or “superradiant” mode. This resonance experiences a significant 
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amount of radiative damping which increases the size of the bandwidth.39-41 The 

antibonding mode does not have a dipolar charge distribution, and it is called a “dark” or 

“subradiant” mode because it cannot be excited by light. As a result, it does not 

experience radiative damping and has a narrow bandwidth. 

 

 

Figure 2.2 | Plasmon hybridization of a nanoparticle dimer. In this non-spherically 
symmetric system, the angular momenta are not orthogonal, and all of the modes in one 
particle can hybridize with all of the modes in the adjacent particle. As a result, the 
bonding and antibonding energy levels become lower in energy at small gap separations.  
 

Another example of a hybrid plasmonic system is a nanoparticle dimer, which consists of 

two spherical particles with a coupling strength that is inversely proportional to the 

separation distance (Figure 2.2).14,42-43 Unlike the nanoshell, this structure is not 

spherically symmetric, which means that the angular momenta of its plasmon modes are 

not orthonormal. As a result, hybridization occurs between all modes in both particles, 

such that the lowest energy bonding mode is not purely dipolar, but it includes 

l!=!∞ 

l!=!1 

l!=!2 
: 

l!=!∞ 

l!=!1 

l!=!2 
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Charge Distribution Reveals Fano Resonance 

13 

Continuum Discrete State 

Fano Resonance 

E
ne

rg
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Ground State 

characteristics of the quadrupole, octupole, and other higher order modes. At small gap 

distances, the coupling strength increases, and the energy splitting between the bonding 

and antibonding modes becomes larger. Since all of the modes hybridize, both the 

bonding and antibonding modes, especially for lower l values, experience a redshift in 

energy at these smaller gap sizes.14 

 

2.1.3     Fano Resonances in Plasmonic Systems 

In the examples of plasmon hybridization discussed above, the plasmon modes of simple 

nanostructures combine to form new resonances at different energy levels. However, 

when two or more excitations occur at the same energy but with different bandwidths, the 

resulting spectrum has a characteristically asymmetric lineshape. Ugo Fano studied this 

phenomenon in the 1930s for autoionization in atoms, where discrete energy states 

interfere with continuum states above the lowest ionization threshold.44 A basic diagram 

 

 

 

 
 
 
 
 

 
Figure 2.3 | Excitation of a discrete state and a continuum at the same energy level. 
This configuration occurs during autoionization and several other processes. Interference 
between the excitation pathways results in an asymmetric spectral lineshape. 
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illustrating the energy states is shown in Figure 2.3. By the early 1960s, advances in 

technology had led to a renewal of interest in the field, and Fano derived a formula to fit 

the asymmetric lineshapes of experimental autoionization spectra.45 His model has since 

been applied to several types of energy transitions, and this general effect is now known 

as a Fano resonance.25,46 The spectral profile is described as follows:  

 σ ℇ  = (ℇ + q)2

ℇ2 + 1
 (2.1) 

where q is the excitation probability ratio between the discrete and continuum states, and 

ℇ is the reduced energy, which depends on the energy E of the incident light, the 

excitation energy Ed of the discrete state, and the linewidth Γd of the discrete state:  

 ℇ  = 2(E  -  Ed)
Γd

 (2.2) 

The parameter q determines the lineshape of the spectrum according to three general 

cases. When the excitation probability of the discrete state is high (q → ∞), the spectrum 

resembles a Lorentzian peak with a linewidth Γd. When the excitation probability of the 

continuum state is high (q → 0), the discrete state appears as a symmetric antiresonance. 

In the third case where the incident energy is split between the two states, the spectrum 

has a characteristic asymmetric lineshape. For systems with quasi-continua (i.e., broad 

excitations with finite bandwidth), the asymmetry of the Fano lineshape changes 

depending on the relative amplitude and frequency of the constituent modes.25 

 

Fano resonances can also occur between plasmon modes in metallic nanostructures.47 

One such example is a nanoparticle heptamer, which consists of a single metallic 
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nanoparticle surrounded by six particles of similar size.18 The continuum state is the 

bright dipolar mode, and the discrete state is a dark mode in which the surface charge 

distribution of the center particle is antisymmetric with respect to those of the outer 

particles. As the overall size of the heptamer increases, the bright mode shifts and 

experiences substantial radiative broadening, while the dark mode experiences a smaller 

shift and less broadening. The resulting change in the relative positions of the modes 

reveals the expected transformation of the Fano lineshape from an asymmetric signal to a 

nearly symmetric antiresonance. In Chapter 2, we perform a similar investigation of Fano 

resonances in a smaller aggregate consisting of two Au nanoparticles. 

 

2.2     Surface-Enhanced Infrared Absorption 

A very important property of metallic nanostructures is their ability to focus light into 

extremely small volumes, such that the electric field intensity is several orders of 

magnitude greater than that of the incident beam. Located at the surface of the metal, 

these enhancements are said to be within the “near field” of the structure and can be 

exploited to induce strong signal enhancements in several chemical sensing techniques. 

Infrared absorption spectroscopy is widely used for identifying the chemical composition 

of a sample based on oscillations of molecular bonds at characteristic excitation 

frequencies. High detection sensitivities can be obtained through surface-enhanced 

infrared absorption (SEIRA), where a molecule is placed on the surface of a metallic 

nanostructure and experiences strong near-field enhancements. In the following sections, 
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we will discuss the basic principles of vibrational spectroscopy and motivations for 

improving SEIRA techniques. Then we will present a brief overview of SEIRA substrates 

and the detection mechanism for SEIRA spectroscopy. 

 

2.2.1     Basic Principles and Motivation 

In vibrational spectroscopy, energy transitions can be probed in two ways: (1) infrared 

absorption, and (2) Raman scattering. In infrared absorption, vibrational modes are 

directly excited at their mid-infrared frequencies. In Raman scattering, vibrations are 

indirectly probed through the detection of energy shifts in inelastically scattered light, 

usually in the visible or near-infrared range. These techniques are complementary in that 

different types of vibrations are excitable based on the symmetry of the molecule. 

Vibrations that induce dipole moments are “IR-active,” those that are polarizable are 

“Raman-active,” and those that have both characteristics can be probed by both methods. 

 

When a molecule is placed within the strongly enhanced near field on the surface of a 

metallic film or nanostructure, there is a drastic increase in its vibrational signal intensity. 

An extensive amount of research has been devoted toward surface-enhanced Raman 

scattering (SERS). This method can easily detect single molecules having large scattering 

cross sections because the enhancement of the Raman signal is proportional to |E/Eo|4, 

where E is the field intensity at the metal surface, and Eo is the incident field intensity.7,48-

50 Recently, single-molecule detection was also demonstrated with surface-enhanced 
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coherent anti-Stokes Raman scattering (SECARS), where the signal enhancement is 

proportional to |E/Eo|8. Surface-enhanced infrared absorption (SEIRA) has yet to reach 

the single-molecule level because of a few important limitations. First, very strong field 

enhancements are necessary because the signal increase is proportional to |E/Eo|2 in 

accordance with the quantum mechanical probability of a dipolar absorption.51 Second, 

the broadband light sources typically used for infrared spectroscopy have substantially 

less power per wavelength than the continuous wave and pulsed lasers used for Raman 

spectroscopy.  

 

Despite these setbacks, there has been an increasing amount of interest toward improving 

the sensitivity of SEIRA because not only does it complement SERS, but it also provides 

some notable advantages. For example, the UV-Vis-NIR measurements in SERS often 

produce large fluorescence signals that must be removed from the data, but because 

SEIRA uses MIR excitation, fluorescence is not an issue. Moreover, the absorption cross 

sections of individual vibrations are consistent across all classes of compounds, whereas 

Raman intensities vary widely according to the scattering cross section of a given 

molecule. The most obvious benefit of SEIRA is that it makes an entire category of 

energy transitions—dipole-active vibrations—available at our disposal. These transitions 

complement the polarizable vibrations in SERS measurements, and the inherent 

consistency in their signal intensities could make high-sensitivity vibrational 

spectroscopy in general more accessible for a greater variety of compounds. The design 
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and implementation of devices that can produce strong near-field enhancements in the 

infrared range are essential for accomplishing these goals. 

 

2.2.2     Development of SEIRA Substrates 

The earliest example of a SEIRA substrate was a metallic island film prepared by 

Hartstein et al. in 1980.52 Since then, there has been a continued interest toward 

examining the effects on SEIRA measurements with variations in film composition, grain 

size, and angle of incidence.53-58 These substrates have particularly found use in 

combination with attenuated total reflection (ATR) for analyzing dry compounds,55-56 

biological samples53 and the oscillatory electro-oxidation of organic species by cyclic 

voltammetry.54 An important advantage of using metallic island films for SEIRA is their 

broadband near-field enhancement across the entire mid-infrared range, where typical 

enhancement factors are about 102-103. The islands tend to have irregular shapes and 

random hot spots, such that the enhanced measurement is an average over a large area of 

the sample. Also, sample reproducibility depends on the deposition method, which can 

vary between conditions and instrumentation. In these ways, metallic island films are 

limited to moderate enhancement levels, poor spatial resolution, and qualitative analyses. 

 

As the field of plasmonics has emerged, new efforts to design effective SEIRA substrates 

with controllable geometries have been motivated by the expanding knowledge of near-

field enhancement mechanisms, nanoparticle syntheses, and top-down fabrication 
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methods. Ordered arrays and multilayer films consisting of spherical particles have 

demonstrated reproducible signal enhancements for both SERS and SEIRA with |E/Eo|2 

factors around 103-104.59-61 Recently, there has been a rapidly growing interest toward 

using specially designed and lithographically fabricated nanoantennas as SEIRA 

substrates with enhancement factors up to 105.62-73 In many cases, these structures have 

rod-like shapes to utilize the well-known lightning-rod effect in which strong field 

enhancements are obtained through spatial confinement by sharp tips and large size 

ratios.74-75 Split-ring resonators and log-periodic antennas have also been studied,64,67-68 

as well as collective enhancement effects in periodic arrays of rod antennas.70,76 

Capacitive coupling has become a relevant topic for SEIRA, where two antenna 

components in very close proximity generate exceedingly high field intensities within the 

central gap.64,69,77 This type of coupling has been shown to generate broadband 

enhancement that scales by the ratio between the length of each component to the gap 

distance.61,66 In parallel with the development of these antenna designs, detailed 

investigations have been performed to study the dependence of the SEIRA signal 

intensity on the spatial proximity of the analyte with respect to the hot spot or metal 

surface.65,71 The pressing motivation for many of these works has been to achieve higher 

detection sensitivities for relevant chemical analyses and to expand a practical toolset for 

infrared spectroscopic measurements. 
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2.2.3     SEIRA Detection Mechanism: Fano Resonances 

In essentially all of the SEIRA analyses mentioned above, the spectroscopic lineshape of 

the vibrational resonances is consistently asymmetric in contrast to the symmetric 

Lorentzian distribution that is typically observed for harmonic oscillations. When SEIRA 

measurements began in the early 1980s, Ryberg and Persson conducted several 

investigations to study the lineshape of CO vibrations on Cu and Ni surfaces.78-79 The 

authors proposed that the molecular dipole moment was influenced by charge oscillations 

between the 2π* orbital of CO and the metal. Langreth later predicted that the molecules 

experienced energy transfer through electron-hole damping.80-81 In the late 1990s, Pucci 

et al. correlated changes in the lineshape of CO with the shifting curvature of the 

transmission spectrum of Fe island films.82 Later, the authors described this as a Fano-

type effect,72,83-84 and other researchers have generally come to adopt this 

explanation.25,62,64,68  Still, in 2008, an alternative model was given by Su et al., where 

effective medium theory was used to describe the influence of the volume fraction of 

metal in Pt island films on the degree of asymmetry in the CO spectrum.85 

 

A very elegant description of Fano-type coupling in SEIRA antennas is presented by 

Giannini et al.25 The authors start with Fano’s original formula that describes the 

interaction between a continuum and a discrete mode, and they modify it to accommodate 

for the finite bandwidth and relative frequency of a plasmon mode. Their simulations 

support experimental data showing a reversal in the positive and negative features of the 
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lineshape as the plasmon mode is tuned across the molecular vibration. In a different 

work, Rau gave general perspectives on the Fano formula,86 and more recently, Ott et al. 

presented an approach for transforming a Lorentzian lineshape into a Fano profile.46 

 

Fano-type interactions can occur in many different types of systems. Fano’s original 

derivation and a large number of studies in atomic and solid state physics involve 

interferences between atomic transitions.45-46 In Section 2.1.3, examples were given for 

Fano resonances between plasmon modes, and here, we have discussed Fano resonances 

between plasmon modes and molecular vibrations. In yet another case, the asymmetric 

lineshapes of plasmon-exciton coupling have also been attributed to Fano resonances.20-21 

While these different energy transitions certainly have unique characteristics, striking 

similarities in their interactions can be explained by a common and simple model of 

interfering modes. 
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Chapter 3 

 

Heterodimers: 

Plasmonic Properties of Mismatched Nanoparticle Pairs 
 
 

 

3.1     Introduction 

The electron oscillations in metallic nanoparticles, known as surface plasmons, dominate 

the optical response of individual particles. When two metal particles are placed in close 

proximity to each other, the properties of their surface plasmons are dramatically 

modified.43,87-90 This configuration of nanoparticles is known as a “dimer”, since the 

surface plasmons of the individual nanoparticles mix and hybridize in direct analogy with 

the molecular orbital theoretical description of the quantum states of diatomic 

molecules.14 Also in analogy with diatomic molecules, nanoparticle pairs can be formed91 

from nanoparticles with indistinguishably identical properties—homodimers—or pairs of 

metallic nanoparticles with differing properties—heterodimers. The homodimer has been 

studied extensively.14,42-43,88,92-102 In this structure, the plasmon coupling increases with 

decreased interparticle spacing, resulting in redshifted energies of the hybridized 

modes14,42,99 until the quantum regime is obtained, where electron tunneling between the  
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adjacent nanoparticles alters the classical response.103-104 This structure is of extreme 

interest for surface enhanced Raman spectroscopy applications due to the high-intensity 

“hot spot” formed in the junction between nanoparticles when light polarized along the 

interparticle axis excites the dimer plasmon.105-113 

 

In contrast, the plasmonic heterodimer is not nearly as well studied or understood. We 

can anticipate that this structure would give rise to new physical effects not seen in 

matched nanoparticle pairs. While plasmonic nanostructures can support both bright and 

dark modes,114 symmetry-breaking relaxes selection rules and enhances coupling between 

all the plasmon modes of a nanostructure.115-116 In the case of two adjacent, mismatched 

nanoparticles, this allows modes with different characteristics, such as angular 

momentum or lineshape, to interact strongly with each other. These interactions can be a 

strong function of interparticle distance, resulting in energy shifts and avoided crossings 

of the plasmon modes as the constituent nanoparticles coalesce into the dimer structure. 

Interactions between broad and narrow resonant modes can occur, resulting in a Fano 

resonance with its characteristically asymmetric lineshape. While first observed in atomic 

systems, Fano resonances have recently become evident in a wide range of optical media, 

including excitonic systems, metamaterials, and plasmonic structures.18,21,45,117-120 Fano 

resonances in plasmonic media are of particular interest, since they are extraordinarily 

sensitive to their local dielectric environment. This sensitivity may be exploitable in the 

development of ultrasensitive chemical or biological nanosensors that show large optical 

effects in response to individual molecular binding events. The low scattering intensities 
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associated with Fano resonances make these modes of interest also in plasmonic 

waveguide applications. Another property specific to heterodimers is the “optical 

nanodiode” effect.121 For two different, closely adjacent nanoparticles excited with 

optical polarization transverse to the interparticle axis, the optical response of the 

nanoparticle pair may differ depending upon the direction of incident light. This effect 

results from the asymmetric excitation of the pair of nanoparticles in series, where the 

incident field exciting the second nanoparticle arises both from far field incident light and 

from the near field response of the first nanoparticle. The asymmetry, which is 

characteristic feature of heterodimers, may enable the design of nanoscale photonic 

diodes.  

 

Size and shape variations of nanoparticles or nanostructures that occur naturally within 

typical fabrication methods provide sufficient structural variation to result in frequent 

occurrences of mismatched nanoparticle or nanostructure pairs. The assembly of 

heterogeneous pairs of plasmonic nanoparticles with detuned resonant properties offers a 

practical and systematic method to explore this regime in experimentally realizable 

nanostructures. In this article we describe a series of studies of the optical properties of 

individual plasmonic heterodimers. Two types of heterodimer structures were studied: (1) 

dimers consisting of two solid Au nanoparticles where the relative nanoparticle size was 

varied, and (2) dimers consisting of one solid Au nanoparticle in close proximity to a 

silica-Au nanoshell, where the solid Au nanoparticle size was varied. The heterodimers 

were assembled using an electromigration method developed for this purpose, which 
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results in the coalescence of isolated, individual nanoparticle pairs on a dielectric 

substrate. The heterodimers were studied using polarization-dependent dark field 

microspectroscopy, correlated with scanning electron microscopy images of each dimer. 

This combination of physical measurements allows us to study, in a systematic manner, 

how heterodimer properties such as Fano resonances and the optical nanodiode effect 

depend on the geometric properties of the heterodimer and its constituent nanoparticles. 

 

3.2     Methods 

3.2.1     Dimer Synthesis: Electrostatic Surface Migration 

The dimers fabricated and utilized in this study consisted of solid Au spherical 

nanoparticles (NPs) and Au nanoshells (NSs).15-16 NPs with radii of 25, 50, and 75 nm 

were purchased from Ted Pella, Inc. To remove excess surfactant molecules, the colloidal 

suspensions were centrifuged and resuspended in deionized water. Silica nanoparticles 

with radii of 60 nm (Precision Colloid, 50 wt%) were used as cores for NSs, which were 

fabricated by a previously reported method where CO was used as the reducing agent for 

chemical deposition of the metallic shell.38,122 The NSs were then rinsed by centrifugation 

and resuspended in deionized water. 

 

The dimer synthesis procedure is illustrated schematically in Figure 3.1. Combinations of 

NP and NS suspensions, which ultimately determined the composition of the 

heterodimers, were mixed in 1:1 volumetric ratios. Each mixture was deposited onto a 
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Figure S1: SEMs showing surface migration 
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glass coverslip functionalized with 3-aminopropyltriethoxysilane (APTES). After 

deposition, the substrate-bound nanoparticles still remained predominantly discrete, due 

to the electrostatic repulsion of their charged surfaces. The nanoparticles were then  

 

	  

	  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 | Synthesis procedure for nanoparticle heterodimers. Each panel shows an 
illustration and SEM image for different stages of the synthesis procedure. Blue circles 
indicate dimers having NPs with radii of 25 and 75 nm. (A) NPs deposited onto a glass 
coverslip coated with APTES. (B) NPs and dimers functionalized with MUOH. (C) 
Closer view of (B) showing small particles tucked underneath larger particles. (D) 
Functionalized NPs and dimers deposited on a glass coverslip coated with PVP. 
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functionalized with 11-mercaptoundecanol (MUOH), which partially neutralized their 

surface charge. Following MUOH functionalization, the nanoparticles coalesced on the 

substrate. After 8-24 hours, the nanoparticles had migrated along the substrate, having 

formed dimers and other small aggregates similar those reported in a recent study by 

Khatri et al.123 Their distribution on the substrate, however, was too dense for dark field 

microspectroscopy on individual aggregate structures. Therefore, all particles were 

removed from the substrate by sonication in deionized water, which resulted in a very 

stable suspension of dimers and other aggregates. The particles were redeposited onto a 

glass coverslip that was functionalized with poly(4-vinylpyridine) (PVP) and patterned 

with alignment markings. These markings allowed us to determine the exact location and 

orientation of individual dimers by using environmental scanning electron microscopy 

(ESEM, FEI Quanta 400). Further details and discussion of the dimer synthesis procedure 

are given in Appendix A. 

 

High resolution ESEM images of the specific dimers studied are shown below in Figure 

3.2. These consist of three NP-NP heterodimers (Figure 3.2(A-C)) and three NP-NS 

heterodimers (Figure 3.2(D-F)). In both sequences, the size of a Au nanosphere (particle 

1) is varied while the size of the adjacent nanoparticle (particle 2) is essentially held 

constant. In sequence A-C, particle 2 is a solid nanosphere; in sequence D-F particle 2 is 

a silica-Au nanoshell. Although dimer C is technically a homodimer, we will refer to 

these nanostructures collectively as heterodimers A-F in the subsequent discussion of 

their properties. 
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Figure 3.2 | ESEM images of six individual dimers discussed in this study.  Dimers 
are on PVP-functionalized glass. Nanoparticles (NPs) are identified by facets and 
uniform contrast. Nanoshells (NSs) are identified by nonuniform contrast due to the thin 
Au shell.  (A-C) NP-NP heterodimers; (D-F) NP-NS heterodimers. See Table 3.1 for 
specific dimensions of the nanoparticles used in FDTD simulations. 

 

3.2.2     Dark Field Microspectroscopy 

Spectroscopic analysis of each dimer was performed using an inverted dark field 

microscope equipped with a polarizing filter and a spectrometer.42 The incident beam 

consisted of s-polarized white light from a halogen lamp, and the angle of polarization 

parallel to the plane of the sample was adjusted by rotating the sample stage. Scattering 

spectra were obtained with light polarized parallel and perpendicular to the dimer axis. 

For each polarization angle, two measurements were obtained, with the k-vector of the 

Figure 2: Dimers in this Paper 
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incident light oriented in opposite directions, resulting in a total of four polarized 

scattering spectra for each dimer. 

 

3.2.3     Simulations 

Scattering spectra of the heterodimers studied experimentally were calculated using the 

finite difference time domain (FDTD) method. In each simulation, the nanoparticles in 

each dimer were surrounded by a 2-nm dielectric layer with ε = 2.25, corresponding to 

the MUOH layer adhering to each structure. To achieve the closest possible agreement 

between our simulations and the experimentally obtained spectra, a realistic dielectric 

function for Au was used (JC).124 The heterodimers were simulated on a dielectric 

substrate125 with ε = 2.25, with the dimer axis parallel to the dielectric surface. All 

nanoparticles were assumed to be spheres, except particle 2 in heterodimer A, which was 

modeled as a prolate spheroid, in agreement with the ESEM image of this structure 

(Figure 3.2A). This adjustment was necessary because the scattering spectrum of a 

prolate particle is broader and more redshifted than that of a spherical particle when the 

incident light is polarized parallel to the major axis (Figure 3.3). Such changes in 

geometry will similarly affect the scattering properties of a dimer. 

 

The interparticle gap of each heterodimer was determined by the geometry resulting in 

the best agreement between the experimentally obtained and calculated dimer spectra. As 

the size of the gap decreases, the scattering spectrum redshifts when the incident light is 
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Figure 3.3 | FDTD scattering spectra for heterodimer A using different particle 
shapes and gap sizes. (A) Schematic diagram of heterodimer A defining the gap size, D, 
and the radii Rx and Ry for particle 2, which are parallel and perpendicular to the dimer 
axis, respectively. (B) Backscattering spectra for a single spherical Au nanoparticle 
(solid) with a radius of 76 nm and a prolate Au nanoparticle (dashed) with radii of 76 and 
90 nm, where the incident light is polarized parallel to the major axis of the particle. (C, 
D) Backscattering spectra for heterodimer A, where particle 1 has a radius of 24 nm, and 
particle 2 has varying radii [Rx, Ry], with the incident light polarized parallel (C) and 
perpendicular (D) to the dimer axis. Changes in shape have the greatest effect on the 
spectra when the incident light is polarized parallel to the major axis of particle 2. (E) 
Backscattering spectra of heterodimer A with different gap sizes, where the dimer is 
composed of spherical particles with radii of 24 and 76 nm. Negative values represent 
distances over which the edges of the particles overlap. 

 

polarized parallel to the dimer axis.14,101 With extremely small gaps and touching 

particles, many plasmon modes can be identified.101 In this study, touching particles can 

be excluded because each particle is coated with a layer of MUOH molecules, and the 

experimental spectra agree with simulations in which the interparticle gap is 2-4 nm 

(Figure 3.3). Table 1 lists the specific dimensions used for heterodimers A-F. 
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Table 3.1 | Dimensions of heterodimers in FDTD simulations. 

Dimer Particle 1 Particle 1 
Radius (nm) Particle 2 Particle 2 

Inner Radius (nm) 
Particle 2 

Outer Radius (nm) 
Gap 
(nm) 

A NP 24 NP - 76, 90* 2 
B NP 50 NP - 76 4 
C NP 75 NP - 76 2 
D NP 24 NS 66 84 2 
E NP 50 NS 66 84 4 
F NP 76 NS 66 84 2 

*Minor and major axes, respectively 

 

To simulate the optical excitation and collection geometries in our experiments, the 

incident light in our simulations was s-polarized with the k-vector parallel to the 

substrate, where the incident polarization angle was adjusted slightly to achieve optimal 

agreement between experimental and theoretical spectra. Scattered light from the 

simulations was collected in a 64° angular cone above the nanostructure, corresponding 

to the experimental collection angle defined by the dark field objective (N.A. = 0.9). 

 

Surface charge plots were calculated by the Finite Element Method (FEM, COMSOL 

Multiphysics). The dimer geometries were identical to those used in FDTD with the 

exception of all dielectric materials, including the MUOH passivation layer, the PVP 

layer, and the substrate. These were removed to avoid computational difficulties due to 

small mesh elements. To accommodate for the resulting blueshift in the scattering and 

absorption spectra, the charge plots were acquired at the shifted peak positions to ensure 

accurate qualitative correlation to the FDTD spectra. 
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3.3     Results and Discussion 

3.3.1     Longitudinal Excitation 

When the incident beam is polarized parallel to the dimer axis, the plasmon modes of the 

constituent particles hybridize, forming bonding and antibonding126 heterodimer plasmon 

modes. The longitudinal scattering spectra for heterodimers A-F are shown in Figure 3.4. 

 

 

Figure 3.4 | Experimental and theoretical scattering spectra for heterodimers A-F 
with longitudinally polarized incident light. Because the spectra for opposing k-vectors 
are identical due to symmetry, theoretical spectra include only one direction of 
propagation. Dimensions for each dimer simulation are given in Table 1.   
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It is immediately apparent upon comparison of these spectra that the plasmonic properties 

of a solid nanosphere coupled to either a second nanosphere (A-C) or to a nanoshell (D-

F) are remarkably similar. This striking resemblance indicates that the plasmon modes of 

particle 1 couple primarily with the plasmon modes associated with the outer surface of 

particle 2. In each spectrum, two main features can be identified: a large, broad peak 

between 800-1000 nm in wavelength and a smaller peak appearing at a wavelength of 

nominally 600 nm. As the size of particle 1 is increased, the larger peak broadens and 

redshifts, while the smaller peak essentially retains its spectral location at or near 600 nm. 

Because of the strong similarity among these spectra, a more detailed analysis of the 

plasmonic properties heterodimer A will provide the essential information to describe the 

plasmon mode behavior in all these structures. 

 

3.3.1.1     Plasmon Modes of Heterodimer A 

Heterodimer A consists of two adjacent Au nanospheres with one nanosphere (particle 1) 

significantly smaller than the other (particle 2). This size asymmetry provides the 

essential physical mechanism for plasmon hybridization in these structures: the dipole 

plasmon of the much smaller nanoparticle can couple efficiently to both the dipole and 

higher multipolar plasmons of the larger nanoparticle. 

 

To obtain accurate mode assignments for heterodimer A, a systematic comparison must 

be performed between the experimentally observed spectral features and the hybridized 
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plasmon modes of the heterodimer in the quasistatic limit. This is because plasmon 

hybridization theory, necessary for rigorous mode assignments, only applies to 

nanostructures in the quasistatic limit. This comparison is accomplished by first obtaining 

FDTD spectra that agree quantitatively with the experimental spectra, then by scaling 

down the nanoparticle sizes in the FDTD simulations to the quasistatic limit. The scaled-

down FDTD simulations then agree quantitatively with the plasmon hybridization model 

and enable accurate mode assignments. Good agreement between FDTD simulations and 

experimental data has already been shown in Figure 3.4. To simplify our analysis for the 

identification of plasmon modes, we will adjust the geometry of heterodimer A from that 

reported in Table 1 to a dimer composed of two spherical NPs with radii of 24 and 76 nm 

and a gap size of 2 nm. 

 

To simulate this structure in the quasistatic regime, we reduce its dimensions by 90%, 

such that the particles have radii of 2.4 and 7.6 nm and a gap size of 0.2 nm. In Figure 

3.5A, we compare the absorption spectrum of this reduced geometry calculated by FDTD 

(solid line) with that calculated by the plasmon hybridization method (dashed line), 

where we have used an artificially small damping parameter to more easily identify peak 

positions. Excellent agreement between these two approaches is obtained. This close 

correspondence enables us to rigorously identify the plasmon modes of heterodimer A.  
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Figure 3.5 | Plasmon modes of heterodimer A in the quasistatic limit. (A) Absorption 
spectra for heterodimer A with dimensions scaled down to 10% the actual size, having 
spherical NPs with radii 2.4 and 7.6 nm and a gap of 0.2 nm; (solid) absorption calculated 
by FDTD using JC dielectric data; (dashed) absorption calculated by the plasmon 
hybridization method using a Drude fit of the JC data with an artificially small damping 
parameter of δ = 0.01 eV. Plasmon modes are: bonding dipole-dipole (ΦBDD, dark blue), 
antibonding dipole-dipole (ΦADD, green), bonding dipole-quadrupole (ΦBDQ, red), 
antibonding dipole-quadrupole (ΦADQ, light blue) and bonding dipole-octupole (ΦBDO, 
yellow). (B) Energies of the adiabatic plasmon modes of heterodimer A as a function of 
interparticle gap size. Avoided crossing behavior between modes Ψ 2 and Ψ3 and between 
Ψ4 and Ψ5 are apparent. (C, D) Plasmon hybridization diagrams for large (C) and small 
(D) gap sizes. In these diagrams, the dipolar energies of particles 1 and 2 are the same 
because the particles are in the quasistatic limit. 

 

In a homodimer, the inversion symmetry results in plasmon modes that can be classified 

as symmetric or antisymmetric. For longitudinal polarization, the symmetric modes are 

bonding modes and redshift with decreasing dimer separation; conversely, the 
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antisymmetric modes are antibonding modes and blueshift with decreasing dimer 

separation. Since the bonding and antibonding modes belong to different irreducible 

representations, the modes remain distinct for all interparticle separations and can cross 

each other. The lack of a mirror plane in a heterodimer reduces the symmetry of the 

structure and introduces coupling between all modes. To understand the plasmon modes 

responsible for the absorption spectrum of heterodimer A, we analyze the evolution of the 

plasmon modes with respect to interparticle separation, as shown in Figure 3.5B.  

 

In this asymmetric dimer, the smaller particle 1 can couple to the dipolar and higher 

energy multipolar modes of the larger particle 2. From low to high energy, the hybridized 

modes that contribute to the spectrum are denoted Ψ1 to Ψ4. Due to the reduced 

symmetry, the microscopic composition of some of these states will change with 

interparticle separation due to avoided crossings. We first consider the plasmon modes 

for large dimer separations. In this limit, hybridization is relatively weak, and the bonding 

and antibonding plasmon modes are formed as illustrated in Figure 3.5C. The modes are: 

(ΦBDD)  the bonding dipole-dipole (BDD) mode, resulting from symmetric 

hybridization between the dipolar plasmon of particle 1 with the dipolar 

plasmon of particle 2 (dark blue); 

(ΦADD)  the antibonding dipole-dipole (ADD) mode, resulting from asymmetric 

hybridization between the dipolar plasmon of particle 1 with the dipolar 

plasmon of particle 2 (green); 
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(ΦBDQ)  the bonding dipole-quadrupole (BDQ) mode, resulting from symmetric 

hybridization between the dipolar plasmon of particle 1 with the 

quadrupolar plasmon of particle 2 (red); 

 (ΦADQ)  the antibonding dipole-quadrupole (ADQ) mode, resulting from the 

asymmetric hybridization between the dipolar plasmon of particle 1 with 

the quadrupolar plasmon of particle 2 (light blue); 

(ΦBDO)  the bonding dipole-octupole mode (BDO), resulting from the symmetric 

hybridization between the dipolar plasmon of particle 1 with the 

octupolar plasmon of particle 2 (yellow). 

 

In Figure 3.5B and 3.5D, we see how the hybridized plasmon modes of the heterodimer 

are modified as the distance between the two nanoparticles is decreased. The gap-

dependent interactions between modes determine the energy of the hybridized modes in 

the intact heterodimer. This behavior is quite complex: in particular, we see that several 

of the antibonding plasmon modes exhibit avoided crossings with the bonding modes. A 

more detailed analysis of the eigenstates is necessary to interpret the exchange between 

plasmon mode amplitudes that gives rise to this behavior.  

 

Because the modes interact very strongly, the Hamiltonian matrix for this system is not 

diagonal. In the present plasmon picture, each adiabatic plasmon mode (eigenvector) can 

be represented as a linear combination of the diabatic plasmon modes:127  

  



Heterodimers: Plasmonic Properties of Mismatched Nanoparticle Pairs 34 

    (3.1) 

where Ci are the separation dependent expansion coefficients of the Φi modes and the 

sum of the amplitudes, |Ci |2 (probabilities of Φi), is normal. The adiabatic energy 

trajectories shown in Figure 3.5B correspond to linear combinations of the plasmon 

eigenvectors, each denoted by a different color. The avoided crossing behavior observed 

in this calculation arises due to the strong dependence the coefficients of these modes 

have on interparticle separation. 

 

In Figure 3.6 below, the avoided crossing that occurs between Ψ2 and Ψ3 seen in Figure 

3.5B is examined in greater detail. In Figure 3.6A, the adiabatic states Ψ2 and Ψ3 and 

dashed green and red curves with approximate values corresponding to the diabatic ΦADD 

and ΦBDQ modes, respectively, are shown. At small gap sizes, Ψ3 has less energy than the 

ΦADD mode because it also interacts with higher modes. Figure 3.6B gives the squares of 

the expansion coefficients Ci for Ψ3. For large gap sizes, |CBDQ|2 is equal to 0.9996, and 

|CBDD|2 and |CADD|2 are almost zero. As the nanoparticles approach each other, Ψ3 

gradually transitions from the ΦBDQ mode to the ΦADD mode with a crossover point at a 

gap of 0.7 nm. When the gap reaches 0.4 nm, |CADD|2 begins to decrease due to 

contributions from |CBDD|2, |CBDQ|2, and other higher-order modes. At 0.2 nm, |CADD|2 is 

still the largest, with a value of 0.39. These data give clear evidence that the peak at 2.64 

eV in Figure 3.5A corresponds to the ΦADD mode. Note that the sum of these 

probabilities does not equal 1.0 because the remaining ~35% is attributable to other terms 

€ 

Ψn = CBDD
n ΦBDD + CADD

n ΦADD + CBDQ
n ΦBDQ + CADQ

n ΦADQ + CBDO
n ΦBDO
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in the linear combination that are not shown. The amplitudes Ci for the diabatic modes 

contributing to Ψ2 are given in Figure 3.6C. At large separations, |CADD|2 dominates with 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 3.6 | Avoided crossing between plasmon modes of heterodimer A. (A) Solid 
curves are the adiabatic eigenstates Ψ2 and Ψ3 with respect to gap size, as plotted in 
Figure 3.5B.  Dotted curves are the diabatic Φ2 (green) and Φ3 (red) states. (B) |CBDD|2 
(blue), |CADD|2 (green), and |CBDQ|2 (red) calculated by the plasmon hybridization method 
for Ψ3. |CADD|2 decreases at small gap sizes due to contributions from |CBDD|2, |CBDQ|2, and 
higher-order modes not shown. (C) The same coefficients in (B) calculated for Ψ2. 
|CBDQ|2 decreases at small gap sizes in (C) due to contributions from |CBDD|2 and higher-
order modes. 
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a value of 0.9996, and |CBDQ|2 is almost zero. With decreasing gap size, the modes begin 

to mix, resulting in a decrease of |CADD|2 and an increase of |CBDQ|2. Unlike the case for 

Ψ3, |CBDD|2 also becomes larger because the ΦBDD mode experiences significant coupling 

with the ΦBDQ mode. At about 0.5 nm, the contributions from ΦBDD, ΦADD, and ΦBDQ are 

similar in magnitude, and for smaller separations the ΦBDD mode begins to dominate Ψ2. 

At 0.2 nm, |CBDQ|2 is 0.023, which is greater than that for |CADD|2 at 1.97 × 10-5. 

Therefore, we can assign the peak at 2.56 eV in Figure 3.5C to the ΦBDQ mode.  

 

 

Figure 3.7 | Probabilities of the diabatic plasmon modes. (A) Energy as a function of 
gap size for adiabatic eigenstates of heterodimer A in the quasistatic regime, where the 
dimer has particles with radii of 2.4 and 7.6 nm.  Colors correspond to the plasmon 
modes that give the largest contribution to each adiabatic state at a given gap size. (B-E) 
Probability as a function of gap size of the ΦBDD (dark blue), ΦADD (green), ΦBDQ (red), 
ΦADQ (light blue), and ΦBDO (yellow) modes in (B) Ψ1, (C), Ψ2, (D) Ψ3, and (E) Ψ4. 

Figure S4: All five coefficients for first four 
adiabatic states plus spaghetti plot 
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Similar avoided crossings exist for the higher-order adiabatic eigenstates. As the states 

become closer at higher energies, they experience increasingly complex avoided 

crossings, where many exchanges between plasmon modes can occur for a single 

eigenstate. For example, in addition to the exchange of modes already indicated between 

Ψ4 and Ψ5, closer inspection of Figure 3.5B reveals that Ψ5 undergoes an additional 

avoided crossing with Ψ6 at a gap of 0.3 nm. Similarly, Ψ4 undergoes additional 

interactions with Ψ3 at 0.3 nm, which is why Ψ3 decreases in energy below the diabatic 

ΦADD state indicated in Figure 3.6A. 

 

An understanding of these mode assignments allows us to better interpret the relative 

peak amplitudes in the spectrum in Figure 3.5A. In the quasistatic limit, the peak 

amplitudes are proportional to the strength with which each mode couples to the incident 

light field, which is in turn determined by the square of the overall dipole moment of that 

mode. One would expect the Ψ1 mode to have the highest intensity. However, in the 

plasmon hybridization spectrum, the Ψ3 mode is the most intense, followed by the Ψ2 and 

Ψ1 modes, with the Ψ2 mode having a slightly higher intensity than the Ψ1 mode. 

Although the Ψ3 mode is primarily a combination of the dipole modes of particles 1 and 

2, it also contains significant contributions from higher-order modes of particle 2, which 

enhance the strength of the overall dipole moment for Ψ3. These contributions are 

included in the remaining ~35% of the eigenstate probabilities in Figure 3.6B.  
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As can be seen from the properties of heterodimer A, which consists of a smaller particle 

adjacent to a larger one, a size disparity between particles results in significantly more 

complex plasmon mixing behavior than in the case of a homodimer. For small gap sizes, 

the dipole mode in the smaller particle induces a localized charge on the larger particle 

(Figure 3.8). The charge distribution in the larger particle is therefore altered such that it 

 

	  
Figure 3.8 | Localized charge in heterodimer gaps. Each plot is a 3D surface charge 
distribution for heterodimer A calculated by FEM with an incident wavelength of 525 nm 
and polarization parallel to the long axis of the dimer. The plot is tilted to visualize the 
localized charge: (A) The dimer is tilted back to view a positive (red) charge region on 
the small particle. (B) The dimer orientation is not tilted. (C) The dimer is tilted forward 
to view a negative (blue) charge region on the large particle. 

 

is no longer purely dipolar. As a result, higher-order modes in the larger particle couple 

more strongly to the dipole mode in the smaller particle. This is the physical mechanism 

behind the changes in the diabatic eigenstate probabilities (Figure 3.6B,C). Also, it means 

that contributions from higher-order modes in a given eigenstate increase the net dipole 

moment of the entire structure, allowing it to couple more strongly to the incident field. 

This is evident in the peak amplitudes of the quasistatic spectrum (Figure 3.5A).  

 

 

Figure S5: Angular views of longitudinal 
charge plots for Dimer A 

A B C 
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3.3.1.2     Fano Resonance in Heterodimer A 

With the plasmon modes of heterodimer A identified, we examine the plasmonic 

properties of the heterodimer A acquired in our experimental studies, where size-

dependent phase retardation effects are very important. Our starting point is to rescale the 

size of the quasistatic geometry back to the experimental regime. Figure 3.9A and 3.9B  

 

 

Figure 3.9 | Size scaling of heterodimer A. (A) Absorption and (B) scattering spectra 
calculated by FDTD for heterodimer A scaled to different sizes. The bottom spectra 
correspond to the quasistatic structure, which has spherical NPs with radii of 2.4 and 7.6 
nm and a gap size of 0.2 nm. In each subsequent spectrum, the size is scaled up by a 
factor of 0.1 until the experimental size is reached, in which the dimer has NPs with radii 
24 and 76 nm and a gap size of 2 nm.  Dashed lines indicate the redshifting of the ΦBDQ 
(red) and ΦBDD (blue) modes. 
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give a series of absorption and scattering spectra, respectively, for different sizes of 

heterodimer A, calculated by FDTD. The bottom spectrum in each panel corresponds to 

the quasistatic geometry previously introduced, and in each subsequent spectrum, the 

dimensions are increased incrementally until the experimental dimensions (two 

nanospheres of radii 24 and 76 nm with an interparticle gap of 2 nm) are reached (top 

spectra). As the dimensions of heterodimer A are increased, retardation effects cause all 

modes to shift to lower energies. The dashed blue and red lines represent the spectral 

shifts of the ΦBDD and ΦBDQ modes, respectively. With increasing heterodimer size, the 

ΦBDQ mode redshifts to a greater extent than the ΦBDD mode. In the full-size structure, the 

ΦBDQ mode overlaps the ΦBDD mode in energy sufficiently to produce a Fano resonance, 

indicated by a dip in the scattering spectrum.  

 

Figure 3.10 illustrates how the hybridization of the ΦBDD and ΦBDQ modes gives rise to 

the Fano resonance of heterodimer A in greater detail, by comparing the spectra of the 

individual constituent nanoparticles with that of heterodimer A. Panels 7A and 7C show 

the dipole modes of particles 1 and 2 at 2.61 and 2.35 eV, respectively; the quadrupole 

resonance of particle 2 is at 2.63 eV. When the interparticle gap is 2 nm, (Figure 3.10B), 

the plasmon modes hybridize and redshift in energy. The dipole resonances hybridize 

into the ΦBDD mode (blue), and the dipole of particle 1 and the quadrupole of particle 2 

hybridize into the ΦBDQ mode (red). The ΦBDD and ΦBDQ modes couple strongly to each 

other in the quasistatic limit (Figure 3.6C). In the full-size structure (Figure 3.10B), the 
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Figure 7: Plasmon Hybridization & Charge Plots 
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Figure 3.10 | Plasmon hybridization diagram for heterodimer A. Included are 
extinction spectra of a NP with a radius of 24 nm (A), a NP with a radius of 76 nm (C), 
and a dimer consisting of each of the nanoparticles in (A) and (C) with a gap of 2 nm (B). 
(A) and (C) were calculated with Mie Theory using unpolarized incident light and the 
Drude model for the permittivity of Au. (B) was calculated by FDTD using longitudinally 
polarized light. Blue and red lines correspond to the ΦBDD and ΦBDQ modes, respectively. 
(i-iii) Surface charge distributions calculated by the finite element method. The plot in (i) 
contains localized charge regions within the junction (see Figure 3.8). 
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energy shifts of these modes due to phase retardation cause an increasing energy overlap, 

allowing them to couple to an even greater extent, resulting in a Fano resonance. 

 

Surface charge plots of heterodimer A at 2.44, 2.28, and 2.09 eV provide a local field 

picture of the Fano resonance (Figure 3.10 (i-iii)). The charge distributions at 2.44 and 

2.09 eV are consistent with the ΦBDD mode. However, in the spectral minimum at 2.28 

eV, particle 1 exhibits a dipolar pattern while particle 2 exhibits a quadrupolar pattern. 

This charge distribution corresponds to the ΦBDQ mode. This provides strong local 

evidence that the ΦBDQ mode is narrow in comparison to the ΦBDD mode, and that the 

coupling between these two modes is what gives rise to the Fano resonance.  

 

3.3.1.3     Plasmon Modes of Heterodimers B-F 

Following the identification of the plasmon modes in heterodimer A, similar mode 

assignments can be made for heterodimers B-F. The plasmon hybridization schemes for 

heterodimers B and C are comparable to the scheme of heterodimer A, except that as the 

size of particle 1 increases, the ΦBDD mode redshifts and the ΦBDQ mode retains its 

location (Figure 3.4). This occurs due to changes in the amount of coupling between the 

modes of the individual nanoparticles. The progressively larger cross section of particle 1 

results in a larger dipole moment closer in energy to that of particle 2. Therefore, stronger 

coupling exists between the dipole modes of the constituent particles, causing a redshift 

in the ΦBDD mode. However, now the coupling between the dipole mode of particle 1 and 
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the quadrupole mode of particle 2 is weaker because these modes are further apart in 

energy. This should cause the ΦBDQ mode to blueshift but does not because it is balanced 

by the redshifted dipole mode of the larger size particle 1. 

 

A similar argument can be made when comparing the scattering spectra of heterodimers 

A-C to those of heterodimers D-F (Figure 3.4). These spectra are virtually the same not 

only because plasmon coupling occurs primarily at the surfaces of the nanoparticles, but 

also, when particle 2 is a nanoshell, the effective plasmon coupling weakens due to the 

differences in energy of the plasmon resonances of the two nanoparticles. This should 

cause a blueshift in the ΦBDD and ΦBDQ modes, but it does not because it is balanced by 

the initially lower energy of the dipole resonance of the nanoshell. As a result, the ΦBDD 

and ΦBDQ modes in heterodimers D-F have nearly the same energy as those in 

heterodimers A-C. 

 

3.3.1.4     Fano Resonances in Heterodimers B-F 

Because the plasmon hybridization schemes for all heterodimers are quite similar, they 

all support Fano resonances similar to the one described for heterodimer A. Figure 3.11 

shows the surface charge distribution for each structure and its corresponding scattering 

spectrum calculated by FEM. As with heterodimer A, both peaks in the spectrum 

correspond to the ΦBDD mode, and the dip corresponds to the ΦBDQ mode. However, 

when the size of particle 1 is increased and the ΦBDD mode is redshifted, the two modes 



Heterodimers: Plasmonic Properties of Mismatched Nanoparticle Pairs 44 

Sc
at

te
rin

g 
(a

.u
.)

700600500400
Wavelength (nm)

A 

525 nm 575 nm 625 nm 

1 2 3 1 

2 

3 

Sc
at

te
rin

g 
(a

.u
.)

900800700600500
Wavelength (nm)

B 

515 nm 560 nm 700 nm 

1 2 3 

1 

2 

3 

Sc
at

te
rin

g 
(a

.u
.)

800700600500
Wavelength (nm)

C 

580 nm 635 nm 835 nm 

1 2 3 

1 

2 

3 

Sc
at

te
rin

g 
(a

.u
.)

1000800600400
Wavelength (nm)

D 

605 nm 665 nm 800 nm 

1 2 3 

1 

2 

3 

Sc
at

te
rin

g 
(a

.u
.)

800700600500
Wavelength (nm)

F 

610 nm 650 nm 865 nm 

1 2 3 

1 
2 

3 

Sc
at

te
rin

g 
(a

.u
.)

900800700600500
Wavelength (nm)

G 

590 nm 645 nm 810 nm 

1 2 3 

1 
2 

3 

Sc
at

te
rin

g 
(a

.u
.)

1000800600400
Wavelength (nm)

E 

625 nm 710 nm 880 nm 

1 2 3 

1 

2 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 | Scattering spectra and surface charge plots for heterodimers A-F and a 
nanoshell homodimer (G). All data were calculated by FEM using longitudinal polarization. 
Dimensions for (G) were the same as in reference 42. All were in vacuum except D and E, 
which had dielectric media (ε = 2.25) in the junction only. Nanoshells had cores with ε = 
2.25. Localized charge regions are present in the junction of all dimers at wavelength 1. 
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overlap less and the Fano resonance weakens. When this happens, particle 1 assumes a 

quadrupolar charge distribution due to phase retardation. Replacing the solid nanoparticle 

in Dimers A-C with a nanoshell in Dimers D-F does not significantly alter the Fano 

resonance because the plasmon energies of the corresponding structures are nearly equal. 

 

Dimer C is unique in that it is a homodimer with a Fano resonance, while the rest of the 

structures are heterodimers. The presence of a Fano resonance in the spectrum of this 

structure shows that strong asymmetry is not always necessary to produce a Fano 

resonance in a plasmonic nanostructure. Here, Fano resonances are possible simply 

because dark modes of higher multipolar composition overlap with the bright continuum 

of the ΦBDD mode.14 The nanoparticles do not need to have different sizes for this to 

occur. Therefore, other plasmonic homodimers consisting of spherical nanoparticles are 

expected to exhibit Fano resonances, as long as the bright ΦBDD and dark ΦBDQ modes 

overlap sufficiently in energy. For example, nanoshell homodimers studied in a previous 

work42 also show this behavior (Figure 3.11G). Although the nanoshells were slightly 

smaller than those used in the present study, the spectrum for longitudinal excitation of 

the strongly interacting dimer was strikingly similar to the spectra for Dimers C and F in 

Figure 3.4. It is therefore quite likely that the spectra of the nanoshell dimers previously 

reported contain Fano resonances. 

 

We have seen here that although the experimental geometries in Figure 3.2 show 

deviations from ideal shapes, the theoretical fitting and assignment of plasmon modes is 
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possible. In an arbitrarily selected dimer, typical abnormalities in the geometry of the 

individual particles might include rough surfaces, facets, or prolate shapes. For incident 

polarization in the longitudinal direction, such deviations will affect the scattering spectra 

primarily when they are in the junction region of the dimer or along the dimer axis. In our 

experiment, the particles had sufficiently spheroidal shapes, that an adequate theoretical 

fitting and assignment of modes could be performed satisfactorily.  

 

3.3.2     Transverse Excitation 

Excitation of plasmonic dimers with polarization transverse to the interparticle axis has 

received far less attention than the case of longitudinal excitation, because the field 

enhancement and plasmon coupling are far weaker for this case. In heterodimers 

composed of a solid Au nanosphere (NP) and a Au nanoshell (NS), however, polarization 

in the transverse direction gives rise to a striking asymmetry in the scattering properties, 

depending on the direction of propagation of incident light. 

 

Experimental and theoretical scattering spectra of heterodimers A-F for transversely 

polarized incident light are shown in Figure 3.12. Conditions for all spectra are the same 

as those used to obtain the data in Figure 3.4, except the angle of polarization is now 

perpendicular to the dimer axis and parallel to the substrate with the k-vector parallel to 

the dimer axis. Heterodimers A-C have similar spectra, with a single prominent peak 

appearing at nominally 600 nm. This feature for heterodimer A is slightly redshifted and 
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Figure 3.12 | Experimental and theoretical scattering spectra for heterodimers A-F 
with transversely polarized light. The theoretical spectrum for heterodimer C includes 
only one direction of propagation due to symmetry. The theoretical spectra for opposing 
k-vectors in heterodimers A and D are nearly identical. 

 

broader than for heterodimers B and C. This appears to be because particle 2 in 

heterodimer A is prolate with a larger radius in the transverse direction. Heterodimers D-

F have spectral features that are redshifted relative to the spectra of heterodimers A-C due 

to the initially lower energy of the NS resonance. Also, heterodimers D-F have noticeably 

different spectra with increasing particle 1 size, particularly when light is directed onto 

particle 1 first (green curves).  
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3.3.2.1     Transverse Excitation of Heterodimer F 

This asymmetric scattering behavior may be understood by examining heterodimer F in 

detail, since this heterodimer shows the most prominent asymmetry of the heterodimers 

studied. With transverse excitation, plasmon coupling is relatively weak, and therefore, 

the hybridized modes have nearly the same energies as the modes of the constituent 

nanoparticles (Figure 3.13A). In heterodimer F, the higher-energy mode is closer to the 

dipolar resonance of the NP and the lower-energy mode is closer to the dipolar resonance 

of the NS. These modes are the transverse symmetric (ΦTS) and transverse antisymmetric 

(ΦTA) dipole resonances, respectively.  

 

 

Figure 3.13 | Directional dependence of the transverse modes in heterodimer F. (A) 
Schematic plasmon hybridization diagram of heterodimer F. (B,C) Schematic 
polarization of the dimer when transversely polarized incident light first encounters the 
NP (B) and NS (C). (D,E) Electric field enhancement plots calculated by FDTD of the 
dimer when transversely polarized incident light first encounters the NP (D) and the NS 
(E) at λ = 571 and 675 nm, respectively. 
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Using the plasmon hybridization method, we can mathematically express the dipolar part 

of the ΦTS and ΦTA modes as linear combinations of the dipolar resonances of the 

nanosphere (φNP) and the nanoshell (φNS):  

 

   (3.2) 

   (3.3) 

where ζ is a constant that depend on the relative energies of the NP and NS modes and 

their interaction strength. In these expansions, the φNP, φNS, ΦTS and ΦTA modes are 

orthonormal. Given that the ΦTS mode is closest in energy to the φNP mode, we can 

conclude that φNP will have a significantly larger contribution than φNS to the ΦTS mode. 

Similarly, φNS will have a larger contribution than φNP to the ΦTA mode. In Equations 

(3.2) and (3.3), this condition is satisfied when . 

 

The asymmetric scattering behavior of the heterodimer is caused by retardation effects, 

i.e., the finite speed of light. To understand the dependence of the scattering spectra of 

the direction of excitation we generalize the argument put forward in an application to 

metallic nanorings.128 For the case where the incident light front first encounters the 

dimer only the NP will be polarized (Figure 3.13B). The instantaneous polarization of the 

NP is equivalent to a superposition of both the ΦTS and ΦTA modes. Since the ΦTS is 

more NP-like, left-handed incidence will result in a stronger excitation of ΦTS. This can 

€ 

ΦTS = ζ φNP + 1−ζ 2( ) φNS

€ 

ΦTA = − 1−ζ 2( ) φNP + ζ φNS

€ 

ζ >> 1−ζ 2
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be seen in the electric field enhancement shown in Figure 3.13D, calculated for 571 nm, 

the wavelength of excitation of the ΦTS mode. The nanoparticle, on the left side of the 

figure, clearly has a greater enhancement at its surface, indicating that it is coupling more 

strongly to light than the nanoshell. In the opposite case, where the incident light first 

encounters the nanoshell, the instantaneous polarization of the NS (Figure 3.13C) results 

in a stronger excitation of the ΦTA mode. Again, this is evident in the near field plot 

(Figure 3.13E), where the nanoshell provides a higher amplitude than the nanoparticle at 

675 nm, the wavelength of excitation for the ΦTA mode. 

 

These data suggest that when a certain particle is excited more than the other, the 

corresponding hybridized mode is excited. We can examine this mathematically by 

rearranging Equations (3.2) and (3.3) to solve for the φNP and φNS modes: 

  (3.4) 

 
  (3.5) 

These expressions clearly show that a transient polarization of the NP or the NS is 

equivalent to a coherent superposition of both the ΦTA and ΦTS modes. Using the 

condition that , it is evident that a transient polarization of the NP is 

equivalent to a predominant excitation of the ΦTS mode, while a transient polarization of 

the NS results in a predominant excitation of the ΦTA mode. 

 

€ 

φNP = ζ ΦTS − 1−ζ 2( )ΦTA

€ 

φNS = 1−ζ 2( )ΦTS + ζ ΦTA

€ 

ζ >> 1−ζ 2
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A more detailed numerical investigation of the scattering properties of heterodimer F is 

presented in Figure 3.14. In panel A we compare the scattering spectra of the dimer with 

the scattering spectra of the individual NP and NS under the same simulation conditions. 

When light incident on the heterodimer encounters the NS first, the ΦTA mode has a 

much higher intensity than the higher-energy ΦTS mode, which appears as a weak 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 3.14 | Comparison of heterodimer scattering to individual particles and 
angular distributions. (A) FDTD scattering spectra of a NP with a radius of 75 nm 
(dashed green), a NS with an inner radius of 66 nm and an outer radius of 84 nm (dashed 
yellow), heterodimer F with transversely polarized incident light incident on the NP first 
(solid green), and heterodimer F with transversely polarized incident light incident on the 
the NS first (solid yellow). (B) FDTD scattering distribution of heterodimer F with 
transversely polarized incident light incident on the NP first (green) and the NS first 
(yellow). The blue shaded region represents the solid angle corresponding to collection of 
scattered light from the structure. Both distributions in (B) were calculated at λ = 675 nm. 
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shoulder. However, when the excitation direction is reversed and light incident on the 

heterodimer encounters the NP first, both modes decrease in intensity, and the ΦTS mode 

is somewhat more prominent. These numerical findings are in excellent agreement with 

the qualitative picture according to Equations (3.2) and (3.4). 

 

The angular distribution of the scattered light also varies due to the direction of 

heterodimer excitation. The scattering distributions for light of wavelength 675 nm 

incident on the NS first (yellow) and on the NP first (green) are shown in Figure 3.14B. 

The shaded region between 26 and 154 degrees represents the solid angle defined by the 

numerical aperture of the dark field objective used to collect the experimental spectra. 

Since the cone angle encompasses a larger portion of the NS-first case (yellow pattern) 

than the NP-first case (green pattern), more light is collected in the case of NS-first 

excitation, which agrees with our experimental observation that the scattering spectrum 

for the NS-first case is significantly higher in intensity than that of NP-first excitation. 

Such a prominent dependence of the scattering behavior on the direction of incidence of 

light suggests potential application of these structures as photonic nanodiodes. 

 

3.3.2.2     Transverse Excitation of Heterodimers A-E 

The transverse excitation scattering properties of the heterodimer are primarily 

determined by the relative sizes of the scattering cross sections of each constituent 

nanoparticle. In heterodimer F, the NS has a larger scattering cross section than the NP 
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(Figure 3.14A). In any dimer, if the scattering cross section of one nanoparticle is 

significantly larger than that of the adjacent nanoparticle, then the larger nanoparticle will 

dominate the scattering properties regardless of which nanoparticle gets excited first. For 

example, heterodimer F has the most noticeable difference in scattering spectra (Figure 

3.12). Heterodimer E, however, has only a slight asymmetry, and heterodimer D has 

virtually no asymmetry at all. For heterodimer D, the NS dominates the scattering 

properties of the dimer. In this case, the much smaller NP has no effect on the scattering 

properties of the much larger NS. Heterodimer E has a slight scattering asymmetry 

because the scattering cross section of the NP is large enough to have an effect on the 

overall scattering properties of the heterodimer. This effect is even greater in heterodimer 

F, where the scattering cross section of the NP is even larger. 

 

Heterodimers A, B and C exhibit only a very small scattering asymmetry depending on 

the direction of incident excitation (Figure 3.12). In these three cases, both nanoparticles 

are solid nanospheres, and the dipolar plasmons of the constituent nanoparticles are 

extremely close in energy for transversely polarized excitation. In these cases, the 

symmetric and antisymmetric modes have a much smaller difference in energy than for 

longitudinal polarization excitation, and they cannot be distinguished in the scattering 

spectra. We do observe, however, that the overall scattering distribution does change 

shape when the two nanospheres become more equal in size. Although heterodimer C 

was simulated as a homodimer, resulting in identical theoretical spectra, deviations in the 

experimental geometry caused asymmetric scattering profiles (Figure 3.12). We speculate 
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that when particle 2 is excited first, the scattering intensity is larger because the particle is 

slightly prolate (Figure 3.2C).  

 

3.4     Conclusions 

Individual plasmonic heterodimers assembled by an electrostatic surface migration 

method have been studied using polarization dependent dark field microspectroscopy. 

Analyzing our experimental observations of these structures using a combination of 

plasmon hybridization and FDTD, we are able to provide a universal picture for 

understanding several of the unique optical properties of these structures. Avoided 

crossing behavior, Fano resonances, and asymmetric scattering of heterodimer structures 

are all examined, and the dependence of nanoparticle size and resonant energy to these 

effects has been studied in detail. It is remarkable that such a simple structure, consisting 

of two adjacent metallic nanoparticles of mismatched size and resonant energy, gives rise 

to this range of properties. As studies of plasmonic structures extend to more complex 

geometries, it is likely that these, or analogous, effects will be observable in the 

properties of more structures. 

 

 
This work has been published under the following citation: 

Lisa V. Brown, Heidar Sobhani, J. Britt Lassiter, Peter Nordlander, and Naomi J. Halas. 
Heterodimers: Plasmonic Properties of Mismatched Nanoparticle Pairs. ACS Nano 2010, 
4, 819-832. 
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Chapter 4 

 

SEIRA Part I: 

Cross Antennas on ZnSe Substrates 
 
 

 
4.1     Introduction 

Vibrational spectroscopies provide important information concerning the structure, 

composition, and orientation of molecules.  Infrared spectroscopy is one of the most 

universal methods for determining molecular composition and structure, where the 

“chemical fingerprints” of functional groups can be obtained by directly exciting dipole-

active molecular vibrations with resonant infrared light. There is currently an intense and 

growing interest in enhancing infrared spectroscopy to obtain this level of vibrational 

information from extremely small quantities of molecules. Surface-Enhanced Infrared 

Absorption (SEIRA) strategies have utilized metallic substrates, such as roughened or 

metal island films, or more recently, fabricated arrays of small metallic antennas, where 

molecules are located on or near the structure (see Section 2.3.2). The structures provide 

an intense, local, infrared frequency field enhancement when illuminated, and convey the 

resulting molecular response effectively to the far field, where it is detected. The 
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enhancement of infrared vibrational modes scales as |E|2 of the local field.24,51,61,84,129 Its 

better-known complement, Surface-Enhanced Raman Scattering (SERS), has greatly 

benefited by this approach, which has resulted in single molecule SERS 

sensitivities.112,130-131 Since the selection rules of these two spectroscopies are 

complementary, there is a substantial motivation to enhance the sensitivity of SEIRA to 

similar single-molecule or few-molecule sensitivities.  

 

The strong local fields at illuminated metal structures responsible for SEIRA and SERS 

enhancements are due to excitation of the collective oscillations of the metal electrons of 

the structure, known as surface plasmons.24,105 The size, shape and composition of the 

met-al structure determine its resonant frequencies, which can be tuned across specific 

frequency ranges of the electromagnetic spectrum.132-133 If a metallic antenna structure 

has a plasmon resonance at the same frequency as a molecular vibration, the metal and 

molecule systems can couple, resulting in spectral features with Fano lineshapes24-

25,70,84,129 characteristic of a coupling between broad and narrow energy states (see 

Sections 2.1.2 and 2.3.3).45,134-140 

   

For SEIRA, simple antenna structures such as nanorods can provide enhanced IR 

vibrational signals,84 however, a high-intensity tunable light source, such as a 

synchrotron, is then required for adequate signal intensity.135,140 For conventional IR 

sources, large arrays of nanoscale antennas are required to provide a sufficiently strong 

signal for detection. 
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An ideal solution for making SEIRA more widely accessible would be to create an 

antenna structure that can provide single-antenna hot-spot sensitivity using standard, 

widely available IR spectrometers and sources. In this study, we develop such an IR 

antenna and use it to detect zeptomolar quantities of molecules. The antenna has a cross 

geometry141-143 consisting of four rods oriented at right angles with a small gap at the 

central junction. The inner tips of the rods are tapered to maximize local field 

enhancements and to reduce the gap spacing. This geometry enables efficient coupling of 

the antenna to unpolarized IR light. By varying the dimensions of the nanoantenna, it can 

be tuned to address and detect specific molecular vibrations. We demonstrate this 

property by tuning the antenna to the C-H stretches of an octadecanethiol SAM and to the 

amide vibrations of hemoglobin. We also tune the antenna to the Si-O stretch of SiO2, 

and use this vibrational mode to experimentally probe the enhancement properties of 

specifically selected regions of the antenna structure. 

 

4.2     Methods 

4.2.1     Antenna Fabrication and Design 

Au cross antennas of several different sizes were prepared by electron beam lithography 

on circular ZnSe optical windows (12 × 1 mm, ISP Optics) according to the fabrication 

procedure in Appendix B. To ensure that all residual organic material was removed at the 

end of the process, the samples were plasma cleaned for 5 minutes (50 W, 36 mTorr, 

25% O2 balanced with Ar). 
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The antennas consist of four identical “arms” oriented at right angles. Each arm has a 

width of 50 nm and a total length L that ranges between 575–1800 nm. Toward the center 

of the antenna, the width tapers down to a tip with a curvature radius of 5–10 nm. The 

distance between opposing tips is approximately 35 nm. 

 

4.2.2     Functionalization with Octadecanethiol 

Antenna samples with L = 575 nm were placed in a 1 mM solution of octadecanethiol 

(ODT, Sigma Aldrich) in anhydrous ethanol at room temperature for 12+ hours. After 

incubation was complete, the samples were rinsed with ethanol and dried with nitrogen 

gas. A blank ZnSe sample underwent the same procedure to serve as a reference sample 

without antennas. 

 

4.2.3     Functionalization with Hemoglobin 

Lyophilized bovine hemoglobin was obtained from Sigma Aldrich and dissolved in 

phosphate buffered saline (PBS, Pierce) with 3 mM ethylenediaminetetraacetic acid 

(EDTA, Sigma Aldrich) to a final concentra-tion of 15 µM. Then 5 mL of the protein 

solution was combined with 4 mL of 45.4 mM Traut’s reagent (Pierce) and incubated for 

1 hour. This reaction converted primary amine groups to sulfhydryl groups for binding 

the proteins to the Au cross antennas. After the reaction was complete, excess Traut’s 

reagent was removed using a Thermo Scientific Zeba Spin Desalting Column (Pierce).  
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Antenna samples with L = 1200 nm were placed in the solution at room temperature and 

incubated overnight. Afterwards, the samples were rinsed with deionized water and dried 

with nitrogen gas. To prepare a reference sample without antennas, a concentrated 

solution of hemoglobin was dropped onto a clean ZnSe substrate and let dry in air. 

 

4.2.4     SiO2 Deposition 

Antenna samples with L = 1800 nm were prepared using electron beam lithography as 

described in Appendix B. Following this, a second step of lithography was performed 

with PMMA A4 resist (MicroChem) and Espacer. After development, 2 nm of Ti and 50 

nm of amorphous SiO2 were deposited by electron beam evaporation. Deposition areas of 

SiO2 over portions of antennas were circular with a radius of 150 nm. Deposition areas 

over entire antennas were circular with a radius of 3 µm.  

 

4.2.5     Infrared Spectroscopy 

Infrared spectra were acquired as described in Appendix C using unpolarized light. For 

octadecanethiol and hemoglobin analyses, which had five antennas or less, automated 

stage movement facilitated the repetition of background and sample measurements for 

taking an average of 100 (or 80) spectra each with 100 (or 250) scans. The background 

measurement for these acquisitions was 40 µm away from its corresponding antenna 

measurement. For SiO2 analyses, which had nine antennas, spectra were acquired by 

averaging 10 spectra each with 100 scans, where the background area was 70 µm away 
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from each antenna pattern. Each background measurement consisted of a SiO2 pattern 

identical to the one used in the corresponding antenna measurement. Antennas in all 

patterns were spaced 10-15 µm apart to avoid collective effects. Reference spectra for 

octadecanethiol and SiO2 were acquired with the microscope using the same 

measurement parameters as the antenna spectra unless otherwise noted. The hemoglobin 

reference spectrum was acquired with the spectrometer only. A separate blank ZnSe 

substrate was used to take a background measurement for octadecanethiol and 

hemoglobin. 

 

4.2.6     Simulations 

The Finite Difference Time Domain (FDTD) method (Lumerical Solutions software) was 

used to calculate extinction and near-field enhancement data for cross antennas on an 

infinitely large ZnSe substrate. The optical constants for the materials were taken from 

tabulated data.144 The substrate was in the x-y plane, and the light wave was propagating 

in the positive z direction with circular polarization. The antenna geometry was the same 

as that described in the electron beam lithography fabrication, and the central tips of the 

antenna were rounded with a curvature radius of 6 nm. All near-field enhancement data 

was normalized to the electric field intensity transmitted through a bare ZnSe substrate. 

 

The Finite Element Method (FEM) was used to calculate extinction and field 

enhancement data in the far-infrared and terahertz regimes. The antenna geometry was 
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the same as that for the FDTD simulations except with different L values and no 

substrate. The light source was linearly polarized parallel to one of the rod axes. 

 

4.3     Results and Discussion 

4.3.1     Antenna Tunability 

By changing the arm length L, the resonance frequency of the cross antenna can be tuned 

across the IR region. In Figure 4.1A, we compare theoretical far-field extinction spectra 

(top) with measured FTIR absorbance spectra (bottom) for antennas with arm lengths 

ranging between 600–1800 nm. As L is increases, the antenna resonance shifts to lower 

wavenumbers and increases in intensity. The inset shows a typical scanning electron 

microscope (SEM) image of a cross antenna with L = 575 nm. This arm length was 

chosen so the antenna resonance would over-lap with the C-H stretches of 

octadecanethiol (Figure 4.1B). Similarly, antennas with L = 1200 and 1800 nm were 

designed and fabricated to overlap with the amide bands of hemoglobin and the Si-O 

phonon modes of SiO2, respectively. 

 

Simulated SEIRA enhancements (|E/Eo|2) for the antenna structures are shown in Figure 

4.1C. In each simulation, the incident light was circularly polarized to model the 

unpolarized light used in the experimental measurements. The enhancement values were 

obtained in the antenna junction at a position 2 nm away from one of the antenna tips to  
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Figure 4.1 | Properties of mid-infrared cross antennas. (A) Calculated (top) and 
measured (bottom) FTIR absorbance spectra of antennas with lengths L=600-1800 nm. 
Inset: top view SEM image of antenna with L = 575 nm. (B) Bulk analyte spectra (black) 
and corresponding antenna spectra for ODT (i), hemoglobin (ii), and SiO2 (iii). Antennas 
have lengths of L = 575, 1200, and 1800 nm, respectively. Bulk spectra were obtained 
from a KBr pellet in (i) and ZnSe substrates in (ii) and (iii). (C) Theoretical SEIRA 
enhancement spectra (|E/Eo|2) for antennas with lengths L = 600-1800 nm. Spectrum 
colors match those in (A). Field intensities were taken from a point 2 nm away from one 
of the central tips. Inset: Map of SEIRA enhancement for L = 1200 nm at 1486 cm-1 over 
a 40 × 40 nm area in the junction region. (D) Wavenumber and wavelength (inset) for 
maximum absorbance (blue), extinction (red) and field enhancement (green) of the cross 
antenna as a function of length L. Plots are fit to reciprocal and linear curves for 
wavenumber and wavelength, respectively.  
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avoid regions of the structure where quantum effects would reduce the induced electric 

fields.145 As L is increases, the maximum field enhancement also increases from 50–120. 

The peaks are slightly redshifted from the extinction spectra in Figure 4.1A, which is a 

universal phenomenon in finite plasmonic structures.146 At lower energies, the 

enhancement does not reduce to zero, but instead saturates at a constant value due to a 

phenomenon known as the “lightning-rod effect,” which has been observed previously in 

systems relevant to SERS and SEIRA.61,147 

 

The inset in Figure 4.1C shows a spatial plot of the SEIRA enhancement in the junction 

of an antenna with L = 1200 nm. The largest enhancement is located near the tip of each 

arm. At a point 2 nm away from the tip, this value is about 8200, while the central area is 

about 5200. Enhanced fields also exist at the opposite end of each arm (not shown) but 

are substantially smaller. All areas with field enhancements will contribute to vibrational 

signals of adsorbed molecules. Here, we focus on the areas near the tips to emphasize the 

highest possible enhancements that can be produced by these structures. 

 

The highly tunable nature of the cross antennas is illustrated in Figure 4.1D, where we 

have plotted the wavenumbers and wavelengths for the maximal absorbance, extinction, 

and field enhancement as a function of L. These graphs can serve as a guide to determine 

the necessary antenna length needed for analyzing any specific molecular vibration of 

interest in the mid-infrared range. 
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4.3.2     Octadecanethiol Detection 

First, self-assembled monolayers (SAMs) of octadecanethiol (ODT) were formed and 

examined using cross antennas with L = 575 nm. The metal structures were fabricated in 

patterns of one to five antennas, where the spacing between the antennas was 10–15 µm 

to avoid coupling. Figure 4.2A shows the FTIR absorbance spectra for bare antennas. The 

absorbance intensity increases linearly with the number of antennas in each pattern. After 

functionalizing the sample with ODT, the antenna peaks broadened, red-shifted, and 

increased in intensity (Figure 4.2B). This red-shift indicates a change in the dielectric 

environment of the antennas,133 and it confirms that ODT formed a uniform SAM. 

 

 

Figure 4.2 | FTIR absorbance of octadecanethiol. (A) Cross antennas with L = 575 nm 
without octadecanethiol (ODT). (B) The same antennas as in (A) but with ODT. (C) 
Comparison of five antennas with ODT and a bulk spectrum of ODT obtained from a 
self-assembled monolayer on ZnSe. (C) is scaled for clarity. 

 

The C-H stretch modes are clearly visible as sharp dips within the antenna peaks in the 

spectral region near 3000 cm-1 (Figure 4.2B). Even a single antenna produces an intense 

molecular IR signal that descends to the signal baseline. The modes of the analyte are 
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identified in Figure 4.2C, in which a 5-antenna spectrum is compared to a spectrum 

obtained from an ODT SAM on a blank ZnSe sample. Three modes are identified: the 

symmetric CH2 stretch (2850 cm-1), the asymmetric CH2 stretch (2919 cm-1), and one of 

the Fermi-resonant asymmetric CH3 stretches (2957 cm-1).148 Detection of the CH3 

terminal group tests the sensitivity of the antennas, since there is only one CH3 group for 

each molecule compared to seventeen methylene groups. The peak positions and relative 

intensities of the molecular modes closely match those in the ODT spectrum as well as a 

previous study of alkanethiol monolayers on ZnSe.149 

 

 

Figure 4.3 | Variation of octadecanethiol signal intensity. FTIR absorbance spectra of 
antennas with L = 575 nm and functionalized with ODT. The number of antennas in each 
pattern is indicated in the graph headings. All antennas had similar dimensions. Spectra 
are shifted for clarity. 
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D

B

C

A

Additional measurements of similar antenna patterns showed random variations in the 

intensities of the vibrational modes (Figure 4.3). Such variations could be caused by 

subtle differences in the antenna junction geometries or by differences in the specific 

orientations of the ODT molecules with respect to the polarization of the enhanced near 

field (Figure 4.4). Similar principles of orientation dependence have been discussed in  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 | Near-field enhancement (E/Eo) for polarized incident light. (A) Linear 
polarization at 0°. (B) Linear polarization at 90°. (C) Linear polarization at 45°. (D) 
Circular polarization. All data was obtained by FDTD simulations at 1486 cm-1 for an 
antenna with L = 1200 nm. These plots show that different regions of near-field 
enhancement are sensitive to specific polarizations of incident light. If the incident light 
is circularly polarized (or unpolarized), all regions are enhanced simultaneously. 
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SERS studies.150-151 In either case, the Fano coupling could be stronger or weaker for 

different antennas, producing variations in signal intensity.  

 

After this work was published,66 it was brought to our attention that ZnSe experiences 

substantial etching in the presence of sulfide functional groups, resulting in a greater 

surface area to which the ODT molecules can adhere.149,152 Therefore, a third—and quite 

likely—explanation for the variation in ODT signal intensity is that the ZnSe substrate 

was etched non-uniformly in the vicinity of the antennas, causing different quantities of 

molecules to experience near-field enhancement. Some additional molecules may have 

collected on substrate areas near the antennas and experienced moderate enhancement, 

while others may have collected underneath the metallic antenna edges and experienced 

strong enhancement. Roughened metallic substrates are well-known in SERS studies for 

providing greater signal enhancements in addition to larger surface areas for chemical 

binding.153 In the present work, the roughening of the ZnSe substrate magnified our 

detection capabilities by increasing the number of molecules present within the near field 

of the antenna. A similar effect was later demonstrated for SEIRA measurements of 

protein bilayers using Au rings on dielectric nanopedestals.154 

 

4.3.3     Hemoglobin Detection 

Antennas with a length of 1200 nm were used to analyze the amide I and amide II 

vibrations of hemoglobin. Figure 4.5A shows the absorbance spectra of one, two, and 
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four antennas prior to attaching the protein. As seen in the previous ODT example, there 

is a linear increase in the peak intensity according to the number of antennas. 

 

After covering the sample with hemoglobin, the antenna resonance peaks did not show a 

noticeable shift or increase in intensity (Figure 4.5B). This suggests that the molecules 

were dispersed across the sample with submonolayer coverage. In each spectrum, the 

vibrational signals of the amide bonds appear as dips within the antenna peaks, and again, 

are clearly observable from the single antenna pattern. 

 

 

Figure 4.5 | FTIR absorbance of hemoglobin. (A) Cross antennas with L = 1200 nm 
without Hb. (B) The same antennas as in (A) but with Hb. (C) Comparison between four 
antennas with Hb and a bulk spectrum of Hb obtained from a concentrated solution dried 
on ZnSe. (C) is scaled for clarity.  

 

In contrast to the variations in signal intensity between different antennas observed for 

ODT, the intensities for hemoglobin are more consistent. This observation suggests that 

the amide bonds experienced consistent levels of near-field enhancement. Hemoglobin is 

significantly larger than ODT and may not bind as easily to the interstices of the junction, 
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where antenna-to-antenna variations in field enhancement are most likely to occur. Also, 

unlike the uniform arrangement of the C-H bonds in the ODT SAM, the amide bonds 

within each hemoglobin molecule have different orientations. This would reduce or 

eliminate variations in signal strength due to orientation dependence of the amide 

vibrational modes relative to the antenna arms. In Figure 4.5C, we compare a 4-antenna 

spectrum to a separate measurement taken from a concentrated hemoglobin solution 

drop-dried on ZnSe. The amide I and amide II modes are clearly identifiable in the 

antenna spectrum at 1662 and 1540 cm-1, respectively. The linewidths are much broader 

than the C-H modes in Figure 4.2C because the amide groups vary in orientation and 

have several different chemical environments in the hemoglobin molecule. 

 

4.3.4     Spatial Characterization using SiO2 

Thus far, we have shown that single-antenna infrared detection of ODT and hemoglobin 

can be achieved. In both cases, the molecules were deposited over the entire sample. 

Since the antennas possess localized regions of near-field enhancement, the analyte signal 

intensity is likely to vary, depending on the location of the molecules on the structures. 

 

To determine the spatial origin of the vibrational signals, we deposited SiO2 patches in 

selected regions on the antennas and com-pared the FTIR signal intensity of the Si-O 

phonon modes for each area. Three different spatial arrangements of SiO2 patches were 

examined: (1) in the junction of the antenna (Figure 4.6A,D), (2) at the four outer ends of 
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the rods (Figure 4.6B,E), and (3) over the entire antenna (Figure 4.6C,F). Antennas with 

rod lengths of L = 1800 nm were chosen so the antenna plasmon peak overlapped with 

the Si-O modes around 1100 cm-1. For each pattern, the SiO2 patch layer was 

approximately 50 nm thick, and an identical pattern of SiO2 was prepared in a blank area 

on the same sample to serve as a background measurement.  

 

 

Figure 4.6 | ESEM images of antennas with SiO2. (A,D) SiO2 deposited in the junction 
region only. (B,E) SiO2 deposited on the outer ends of the rods. (C,F) SiO2 deposited 
over the entire antenna. The ESEM stage tilt angle was 0° in (A), (B), and (C) and 75° in 
(D), (E), and (F). The thickness of the SiO2 layer is approximately 50 nm. 

 

Below, Figure 4.7A, 4.7D, and 4.7G show tilted SEM images of the full antenna 

structures with SiO2 patches deposited in each specified region. The corresponding FTIR 
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absorbance spectra (Figure 4.7B, 4.7E, and 4.7H) and theoretical extinction spectra 

(Figure 4.7C, 4.7F, and 4.7I) are given to the right of each image. The data includes  

 

 

Figure 4.7 | Spatial characterization of antennas using SiO2. (A,D,G) ESEM images at 
a 75° stage tilt showing SiO2 patches deposited in the junction (A), on the ends of the 
rods (D), and over the entire structure (G) for antennas with L = 1800 nm. (B,E,H) FTIR 
absorbance spectra for 3 × 3 arrays of antennas with SiO2 (red) and without SiO2 (blue) 
for spatial arrangements shown in (A), (D), and (G), respectively. A spectrum of SiO2 
without antennas (black) is included in (H) but not in (B) and (C) because the signal 
intensity was below the noise level. (C,F,I) FDTD extinction spectra for antennas with 
SiO2 (red) and without SiO2 (blue) and for SiO2 without antennas (black) for spatial 
arrangements shown in (A), (D), and (G), respectively. SiO2 spectra in (C) and (F) are 
scaled by a factor of 100. 
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antennas without SiO2 (blue), antennas with SiO2 patches (red), and SiO2 patches only 

(black). An experimental SiO2 spectrum was not obtained for the first two cases because 

the SiO2 absorbance intensity was below the noise level. 

 

The slight discrepancy in the lineshapes between the calculated SiO2 spectra in Figure 

4.7I and the measured spectra in Figure 4.7H is due to our simplified model for the SiO2 

permittivity which only includes the most prominent 1080 cm-1 phonon mode and not the 

lower intensity shoulder from the nearby other SiO2 phonon modes.155-156  

 

The thickness of the SiO2 patch in the antenna junction and at the rod ends was reduced 

to 17 nm in the calculations to provide good agreement with the FTIR data. We suspect 

that this lower effective thickness was necessary to accommodate for experimental 

discrepancies in the thickness, density, disorder, and/or composition of the SiO2 that may 

have occurred while depositing the material within such a small area. For the third case 

with the large SiO2 patch covering the entire antenna structure, a thickness of 50 nm 

provided good agreement between the experimental and theoretical data. 

 

In the first case, where the SiO2 patch is in the junction, the Si-O vibration is strongly 

enhanced compared to the spectrum of SiO2 only, which has been scaled by two orders of 

magnitude (Figure 4.7C). In the second case, where the SiO2 patches are located on the 

ends of the rods, the signal is less intense, and when the entire antenna is covered with 

SiO2, there is substantially more signal than in the previous two analyses. 
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The large increase in intensity for the third case is expected because the effective 

thickness of the SiO2 layer is here more than twice as large as in the first two patterns. If 

we use simulations to examine the same spatial arrangements for a SiO2 thickness of 17 

nm in all three cases, the contribution from the junction to the Fano resonance is 45% of 

the result from covering the whole antenna (Figure D.1 and D.2). The rod ends provide 

20%, and the rest of the antenna is responsible for the remaining 35%. Additional 

simulations in which small areas of SiO2 are placed on or within the vicinity of the 

middle of the rods show negligible signal (Figure D.3). These results clearly indicate that 

the Si-O vibrational signal predominantly originates from the junction. 

 

4.3.5     SEIRA Enhancement Factor 

By comparing the Fano resonance intensity with the signal of the analyte in Figure 4.7C, 

we found that the junction area has a signal enhancement of approximately 750 (Figure 

D.4). We also calculated |E/Eo|2 factors to estimate the SEIRA enhancement.51 Figure 

4.8A shows the near-field enhancement (E/Eo) over a 170 × 170 nm area around the 

junction for a bare cross antenna with L = 1800 nm. The white dashed circle corresponds 

to the area covered by the SiO2 layer in Figure 4.7C. By integrating |E/Eo|2 over the 

volume of the SiO2 patch, we obtained the average SEIRA enhancement as a function of 

excitation wavelength (Figure 4.8B, blue curve). At the peak absorbance of the SiO2 

phonon (1080 cm-1), the enhancement is approximately 1100, which is similar to the 

signal enhancement of 750 derived in Section D.1.   
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Figure 4.8 | SEIRA enhancement factor. (A) Map of SEIRA enhancement (|E/Eo|2) for 
a bare antenna with L = 1800 nm at 1080 cm-1 over an area of 170 × 170 nm in the 
junction region at a height of 17 nm above the substrate. (B) Comparison of SEIRA 
enhancement for the antenna in (A) at a point 2 nm away from one of the tips (red) and 
over a volume average of the circular area indicated in (A) with a height of 17 nm (blue). 
All data were obtained by FDTD calculations. 

 

Much larger enhancement factors are found in the immediate area surrounding the tips of 

the antenna rods. The red curve in Figure 4.8B shows the SEIRA enhancement spectrum 

at a point 2 nm away from one of the antenna tips. The enhancement at 1080 cm-1 is 

about 12,000, and the peak enhancement value is about 13,500. 

 

4.3.6     Molecular Quantification 

The high sensitivity of the present cross antennas to molecules in the junction 

demonstrated for SiO2 patches is also expected to apply in the ODT and hemoglobin 
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measurements. By comparing the amount of space taken up by each molecule112,157 with 

the total surface area used to define the regions of the junction and rod ends, 65% of the 

Fano resonance signal intensity for a single antenna accounts for about 5 attomoles of 

ODT and less than 40 zeptomoles of hemoglobin. Of this, nearly 70% comes from 

approximately 1 attomole (560,000 molecules) and less than 10 zeptomoles (5,600 

molecules) of ODT and hemoglobin, respectively (see Section D.2). 

 

4.3.7     Far-Infrared and Terahertz Properties 

Our antenna structures exhibit even stronger enhancements in the far-infrared (FIR) and 

terahertz (THz) regimes. Figure 4.9A shows extinction spectra calculated by the Finite 

Element Method (FEM) for cross antennas with lengths ranging from 600 nm to 13 µm. 

As the length increases, the extinction intensity continues to increase monotonically. An 

antenna with L = 13 µm has an extinction nearly two orders of magnitude larger than that 

for an antenna with L = 600 nm. The near-field enhancement also increases up to a factor 

of about 800 for L = 13 µm (Figure 4.9B), which corresponds to a SEIRA enhancement 

of more than 105. As in Figure 4.1, the enhancement spectra do not reduce to zero but 

saturate at a constant values due to the lightning-rod effect.61,147 For a perfect metal, the 

lightning rod enhancement is (2L+D)/D and is shown with dashed lines in Figure 4.9B. 

At longer wavelengths, the antenna spectra have slightly lower intensity because the 

structures are composed of Au, which is an imperfect conductor. The broad field 

enhancement from the lightning-rod effect is highly advantageous for spectroscopic 
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Figure 4.9 | Far-infrared and terahertz properties. (A) Extinction spectra for antennas 
with L = 0.6-13 µm. (B) Field enhancement spectra for the same antennas as in (A) taken 
from a point 2 nm away from one of the central tips. Dashed lines represent (2L+D)/D, 
which corresponds to the enhancement from the lightning-rod effect for perfect 
conductors. All data were obtained by FEM calculations. 

 

studies since the signal is enhanced across the entire spectrum rather than for just a short 

range of frequencies. The cross antenna structure presented here should therefore be 

useful for vibrational and rotational spectroscopy in the FIR and THz ranges.158-160 
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4.4     Conclusions 

We have shown that individual cross antennas illuminated with a conventional IR source 

can be used for high sensitivity SEIRA spectroscopy. The antennas can be 

straightforwardly tuned to overlap vibrational modes within a broad spectral range from 

the near IR into the Terahertz.  With this approach, we observed both the C-H stretching 

modes of octadecanethiol in a self-assembled monolayer around the antenna and also the 

amide vibrational modes of hemoglobin in the mid-IR spectral range. By combining 

controlled deposition of SiO2 dots on selected positions of the antenna and SEIRA 

measurements of a SiO2 vibrational mode, we have shown that the SEIRA signal 

predominantly originates from molecules within a small junction at the center of the 

antenna. The predicted SEIRA enhancement factors for our structures are approximately 

four orders of magnitude but are expected to become even larger in the far-IR and 

terahertz regimes. 

 

 
This work has been published under the following citation: 

Lisa V. Brown, Ke Zhao, Nicholas King, Heidar Sobhani, Peter Nordlander, and Naomi 
J. Halas. Surface-Enhanced Infrared Absorption Using Individual Cross Antennas 
Tailored to Chemical Moieties. J. Am. Chem. Soc. 2013, 135, 3688-3695. 
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Chapter 5 

 

SEIRA Part II: 

Fan Antennas on Reflective Substrates 
 
 

 
5.1     Introduction 

The development of new antennas and substrates that can achieve strong near-field 

enhancement factors is critical for advancing surface-enhanced infrared absorption 

(SEIRA) to the single-molecule level. Chapter 4 introduced a cross antenna with a peak 

|E/Eo|2 factor ranging between 103-104. This structure and several other antenna designs 

are capable of detecting ultra-small quantities of molecules through Fano-type 

interactions between the antenna plasmon modes and vibrational energy transitions.62-72 

Single-molecule detection remains a challenge for SEIRA because of the extremely large 

field enhancements that are required, especially for the broadband light sources used in 

conventional measurement techniques. To effectively design new antennas with greater 

near-field enhancements, an emphasis must be placed on the geometrical characteristics 

that most strongly influence the enhancement factor. 
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Many SEIRA antennas investigated thus far are based on a rod-shaped geometry that 

exploits the “lightning-rod effect” in the mid-infrared region of the spectrum.63,65,69,71,161-

164 Antenna designs that include split ring resonators,67,165 asymmetric metamaterials,166 

and log-periodic antennas64 have been demonstrated. In general, the largest field 

enhancements are obtained through capacitive coupling between adjacent 

structures.64,69,167 The bowtie antenna, another widely used design, improves the 

localization of near-field intensity, but the enhancement in the gap is smaller than for the 

rod-shaped antenna due to losses in the wider part of the structure.168-169 To overcome 

this problem, a fan-rod antenna geometry was introduced, consisting of two metallic rods 

with semicircular ends.170 This design combines the advantages of both the rod antenna 

and bowtie, having high spatial confinement and localization of the near field intensity. 

Its expansive charge reservoirs provide for a greater field enhancement in the gap, 

exceeding that for either of its constituents. 

 

The appropriate positioning of the structure above a metallic plane can enhance the 

antenna properties even further.  For SERS, recent efforts to improve sensitivity have 

featured reflective substrates in which antennas above a metallic plane experience 

additional enhancement through constructive interference of scattered waves.9,171 

Reflection-based analyses for infrared spectroscopy are commonly performed through 

attenuated total reflection (ATR), and in fact, this technique was used for the first 

observation of SEIRA in which backscattered light was measured from metal island 

films.52 Researchers later adapted ATR-SEIRA for in situ monitoring of electrochemical 
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reactions172-173 and molecular binding events.161,174-175 However, the nanostructures 

themselves served as the primary light scatterers, and the implementation of a reflective 

metallic plane to further increase SEIRA enhancement has not yet been demonstrated. 

 

In this work, we have adapted a fan-shaped antenna to the mid-infrared wavelength range 

of SEIRA, and positioned it above a Au mirror substrate with a SiO2 spacer layer, to 

exploit the additional enhancement of scattered-wave interference from the underlying 

structure. In comparison to our previous study with cross-shaped antennas,162 this novel 

design improves our spectroscopic sensitivity by nominally an order of magnitude, 

enabling us to detect an estimated 104 alkanethiol molecules (~20 zeptomoles) using a 

single antenna structure. We also investigate how the dimensions can be adjusted to 

controllably tune the system to frequencies corresponding to several important molecular 

vibrations of relevance for SEIRA characterization. 

 

5.2     Methods 

5.2.1     Substrate Preparation 

The reflective substrates were prepared by using electron beam evaporation to 

successively deposit 3 nm of Ti, 200 nm of Au, 2 nm of Ti, and 300 nm of SiO2 on 

silicon wafers. Control samples were prepared by depositing 3 nm of Ti and 200 nm of 

Au on silicon wafers. Transmissive substrates consisted of circular infrared-grade quartz 

windows (12 × 1 mm, ISP Optics). 
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5.2.2     Antenna Fabrication and Design 

The antennas were fabricated by electron beam lithography as described in Appendix B. 

The geometrical parameters of the antennas and the reflective substrate are shown below 

in Figure 5.1. The rod antenna (Figure 5.1A) consists of two Au nanorods with a length l 

and a width w, which tapers to a tip with a radius of curvature of 5-10 nm at the central 

junction, where the rods are separated by a gap distance d. The tapering distance is 75 nm 

from each tip. The fan antenna (Figure 5.1B) similarly has two nanorod components with 

a length lo, width wo, gap do, and an additional semicircular portion with a radius r. The  

 

 

 

 

 

 

 

 

 

 

Figure 5.1 | SEIRA antennas on reflective substrates. (A,B) Top-view diagrams 
showing geometrical parameters of the rod antenna (A) and fan antenna (B). (C) Side-
view diagram showing the spacer thickness z, the incident angle θ, and electric field 
vectors for s- and p-polarization. (D,E) SEM images of a rod antenna (D) with l = 780 
nm, and a fan antenna (E) with (lo, r) = (330, 510) nm. (F) Three-dimensional illustration 
of the antenna-substrate geometry. 
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reflective substrate (Figure 5.1C) is a silicon wafer with a Au film 200 nm thick and a 

SiO2 spacer layer with thickness z. The antennas are excited at an angle θ using s and p 

polarization. SEM images of the fabricated antennas are shown in Figure 5.1D and 5.1E, 

and an illustration of the antenna-substrate geometry is given in Figure 5.1F. 

 

5.2.3     Functionalization with Octadecanethiol 

Following lithography, the antenna samples and Au film control samples were plasma 

cleaned for 5-6 minutes (50 W, 36 mTorr, 25% O2 balanced with Ar). This process 

oxidized the Au surfaces, so the samples were immersed in pure ethanol for about 15 

minutes for reduction.176 Then they were transferred to a 1 mM ethanolic solution of 

octadecanethiol (ODT, Sigma Aldrich) for 12-24 hours to form self-assembled 

monolayers (SAMs). The functionalized samples were transferred to pure ethanol and 

immersed in an ultrasound bath for a few seconds. Then they were dried with nitrogen 

and immediately analyzed. 

 

5.2.4     Infrared Spectroscopy 

Infrared spectra were obtained as described in Appendix C using polarized light. For 

analyzing ODT SAMs on Au films, we used a 15× grazing-angle objective (83° 

incidence) with p-polarized light and a 100 × 100 µm collection aperture. Automated 

stage movement facilitated the repetition of background and sample measurements for 

taking an average of 125 spectra each with 100 scans. For the antenna samples, the 
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background was taken on a blank area 30 µm away from each antenna pattern, and for the 

control samples, the background was taken on a separate sample with a clean Au film. 

 

5.2.5     Baseline Correction 

We extracted the molecular signal from the antenna spectra by performing a baseline 

correction method described by Huck et al.,69 which is an adaptation of the asymmetric 

least squares smoothing (AsLSS) approach by Eilers.177 This method iteratively 

calculates a fit curve for the antenna spectrum while omitting ranges corresponding to the 

molecular signal. The fit serves as a baseline, where the missing data points are recovered 

by interpolation. Three parameters are adjusted manually: a smoothing parameter λ, an 

asymmetry parameter p, and the ranges to be omitted from the fit. In our FTIR 

absorbance data, where the antenna-molecule interactions appear as dips, we divided the 

fit curve by the antenna spectrum to obtain the baseline-corrected molecular signal. 

 

5.2.6     Simulations 

To calculate the electromagnetic properties of this system, it is necessary to consider the 

optical path of the FTIR microscope. The 36× Schwarzschild objective and condenser 

have a numerical aperture of 0.5 and produce a hollow cone of light with an incident 

angle θ ranging between 15-30°. The azimuthal angle φ is 0-360° for transmission 

measurements and 90-270° for reflection. When a polarizing filter is placed in the 
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incident light path, the sample simultaneously experiences s- and p-polarized light, 

depending on the φ angle of the k-vector. 

 
In our simulations, we used the Finite Difference Time Domain method (FDTD, 

Lumerical Solutions, Inc.) with a plane wave at θ = 22.5°, which is the median angle for 

the FTIR objective. The φ angle of the k-vector was either parallel (φ∥ = 0° or 180°) or 

perpendicular (φ⊥ = 90° or 270°) to the long axis of the antenna. For longitudinal 

polarization, the beam was p-polarized for φ∥ and s-polarized for φ⊥. For transverse 

polarization, the reverse angles were used, and for unpolarized light, all angles were 

averaged. The radius of curvature for each antenna tip was 5.5 nm. The near-field 

 

 

 

 

 
 

 
 

 
Figure 5.2 | Comparison of normal and oblique incidence. Near-field enhancement 
spectra (A) and scattering spectra (B) for a fan antenna (blue) and a rod antenna (red) on 
a silica substrate calculated by FDTD with 0° incidence (solid lines) and 22.5° incidence 
(dashed lines). In all simulations, the electric field is polarized parallel to the antenna 
axis. The oblique simulations show the average values calculated for when the k-vector is 
parallel and perpendicular to the antenna axis for p- and s-polarization, respectively. The 
fan antenna has dimensions (lo, r, z) = (330, 530, 300) nm, and the rod antenna (l, z) = 
(820, 300) nm. The oblique incidence slightly decreases the enhancement and scattering 
intensities, but the qualitative comparison between the antennas is maintained. Normal 
incidence is therefore a good approximation for comparing antenna properties. 
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enhancement values were taken from a point 17.5 nm above the substrate and 2 nm away 

from one of the tips, which allowed us to avoid quantum effects that exist closer to the 

metal surface.65,145 To maintain a constant angle θ, each frequency was calculated 

separately across the measurement range. The mesh size was 5 nm, and the near field was 

interpolated to cover the entire gap region of the antennas. For calculations that 

demonstrated qualitative comparisons, normal incidence served as a sufficient 

approximation (Figure 5.2). 

 

5.3     Results and Discussion 

5.3.1     Antenna and Substrate Tunability 

In this three-dimensional system, the vertical thickness of the spacer layer is adjusted 

together with the lateral parameters of the antennas to achieve maximum field 

enhancement for chemical sensing throughout the mid-infrared spectrum. Using a fixed 

gap size d = do = 20 nm and rod width w = wo = 50 nm, we adjusted l, lo, r, and z to 

optimize the antenna-substrate geometry at 2920, 2108, 1720, and 1545 cm-1. These 

frequencies are characteristic of the strong vibrational modes of carbon chains, azides, 

carboxylic acids, and nitro compounds, respectively.  

 

The maximum SEIRA enhancement factor calculated at each spectral location is given in 

Figure 5.3A, and the corresponding dimensions of the antennas and spacer layer are  
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Figure 5.3 | Antenna and substrate tunability. (A-C) Theoretical SEIRA enhancements 
in the gap region (A), optimized l, lo, and r values (B), and optimized t values (C) for 
antenna-substrates tuned to different wavelengths. Brown points in (C) represent the case 
where no antenna is present. Lines are quadratic fits in (A) and linear fits in (B) and (C). 
The data were calculated at 22.5° with longitudinal p polarization. 
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plotted in Figure 5.3B and 5.3C. As the wavelength increases, the |E/Eo|2 factors increase 

exponentially, and the fan antenna shows a larger increase than the rod antenna. The ratio 

between their enhancement factors, |Efan/Erod|2, is larger than that for similar structures in 

vacuum (Figure E.1). With the use of a reflective substrate, the fan antenna appears to 

outperform the rod antenna by an even greater amount because its larger scattering cross 

section induces additional constructive interference from the Au mirror (Figure 5.2B). 

 

For the rod antenna design, the optimized l values show a positive correlation with 

respect to wavelength (Figure 5.3B). Deviations from the linear trend may be caused by 

changes in the refractive index of the SiO2 layer.75 The fan antenna exhibits a different 

behavior because it has two varying parameters, lo and r, each of which having a unique 

effect on the field enhancement in the gap. As r is increased, the magnitude of the 

oscillating charge that can accumulate on opposite sides of the gap is increased, leading 

to larger near-field enhancement.  However, this also redshifts the resonance frequency of 

the antenna.  As lo is decreased to maintain the same excitation wavelength, the charges 

experience less spatial confinement. When the antenna is positioned a distance z above a 

reflective plane, this third dimension influences its scattering cross section and the 

enhancement in an r-dependent manner. The optimum dimensions for the fan antenna 

plus metallic plane system is therefore a balance between these three parameters. Our 

simulations indicated that r must be adjusted more than lo to maintain the same excitation 

frequency and that the maximum achievable field enhancement was relatively insensitive 

to the lo/r ratio for constant z. For example, at an incident frequency of 1545 cm-1 (λ = 
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6.47 µm), the dimensions (lo, r, z) = (730, 1360, 640) nm resulted in |E/Eo|2 = 5.212 × 105, 

and the dimensions (lo, r, z) = (710, 1420, 640) nm resulted in |E/Eo|2 = 5.204 × 105. Over 

the spectral range we investigated, the best lo/r ratio was generally between 0.50-0.65 

both in the presence and the absence of the underlying reflective mirror. 

 

Optimization of the spacer layer thickness z depends on the optical properties of the 

dielectric film as well as the scattering cross sections of the antennas. For the case where 

no antenna is present, we can estimate the ideal thickness for maximum constructive 

interference according to basic principles for electromagnetic waves:178 

 zmax =  2 m + 1
2
· λ
4n cos θn

 – δ (5.1) 

where m is the mode order (0, 1, 2, …), λ is the incident wavelength, n is the refractive 

index of the spacer layer at λ, and θn is the angle of the incident beam within the spacer 

layer. Here, the term δ is included to represent the penetration depth of the reflecting 

material at λ. When m = 0, zmax can be derived according to an approximate quarter-

wavelength dependence for low-index films and small θ angles. The brown points in 

Figure 5.3C show zmax at each of the spectral locations listed above. Deviations from the 

linear trend are due to changes in n, θn, and δ (Figure E.2). 

 

When an antennas is present on the SiO2 film, the optimum thickness changes as a result 

of interference effects. The red and blue data points in Figure 5.3C represent zmax for the 

fan and rod antenna, respectively, where the antenna dimensions are the same as those in 
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Figure 5.3B. Compared to the case in which no antenna is present, zmax decreases 

substantially. We will compare these values with the term za/zo, where za and zo represent 

zmax with and without antenna a, respectively. For the four wavelengths we studied, the 

average ratios were zfan/zo = 0.44 ± 0.03 and zrod/zo = 0.57 ± 0.05.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4 | Spacer thickness dependence at a fixed wavelength. Field enhancement 
calculated at λ = 3.42 µm (2920 cm-1) at a location 17.5 nm above the substrate for 
different thicknesses of the SiO2 layer. (A) Enhancement for the case where no antenna is 
present. (B) Enhancement in the gap region of a fan antenna with (lo, r) = (330, 530) nm 
(red) and a rod antenna with l = 820 nm (blue). Pink markings indicate where the 
enhancement was calculated. Dashed lines indicate thickness values corresponding to 
maximum and minimum enhancement, where zmax = 300 nm is approximated for both 
antennas. The data were calculated at 22.5° with longitudinal p polarization. 

 

To better understand za, we will discuss the influence of the spacer thickness on the field 

enhancement at a fixed wavelength. Figure 5.4A shows the field enhancement calculated 

at λ = 3.42 µm (2920 cm-1) for a location 17.5 nm above the SiO2 surface with no antenna 

A B 
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present. As the SiO2 thickness is varied, the field enhancement has the expected 

sinusoidal trend with a maximum at zo = 610 nm and a minimum at z = 1250 nm (dashed 

lines). Figure 5.4B shows the spacer thickness dependence for a fan antenna with (lo, r) = 

(330, 530) nm and a rod antenna with l = 820 nm on a reflective substrate. The values 

were measured at a height 17.5 nm above the substrate and a lateral distance 2 nm from 

one of the antenna tips. The lineshape is asymmetric, and the approximate za value for 

both antennas (300 nm) is substantially lower than zo (610 nm). These variances could be 

attributed to a phase shift179 and/or interference effects due to the unique scattering cross 

sections of the antennas. The thickness resulting in minimum enhancement (z = 1230 nm) 

does not substantially change, which suggests that scattering effects caused by the 

antennas may depend primarily on the interference of the incident beam. Similar plots for 

antennas tuned to 2108, 1720, and 1545 cm-1 are given in Figure E.3. 

  

5.3.2     Influence of the Reflection Plane 

The advantages of including a reflective plane are most clearly demonstrated in Figure 

5.5, where the responses of each antenna with and without the presence of a reflective 

plane are compared. With the addition of the Au mirror, the maximum |E/Eo|2 value 

increases by a factor of 5.34 for the rod antenna (Figure 5.5A) and 6.26 for the fan 

antenna (Figure 5.5B). This observation agrees with the trend discussed above for Figure 

E.1, where the greater enhancement of the fan antenna can be attributed to its larger 

scattering cross section (Figure 5.2). 
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Figure 5.5 | Enhancement for reflective and transmissive substrates. SEIRA 
enhancement in the gap region of a rod antenna (A) and a fan antenna (B) on a reflective 
substrate (blue, red) and a quartz substrate (black). The dimensions are (l, z) = (820, 300) 
nm and l = 840 nm for the rod antenna, and (lo, r, z) = (330, 530, 300) nm and (lo, z) = 
(335, 550) nm for the fan antenna. The spectra were calculated by taking the average of s- 
and p-polarized light at 22.5° incidence with the electric field parallel to the antenna axis. 
For the black curves, the incident light propagated upward from underneath the antenna. 

 

The influence of the antenna scattering on the field enhancement becomes more apparent 

in Figure 5.6. The top two panels show the theoretical far-field scattering (black) at 22.5° 

incidence for the rod and fan antenna plotted alongside the ratio |ER/ET|2 (blue and red) 

where |ER/Eo|2 and |ET/Eo|2 represent the SEIRA enhancement for reflection (blue and red, 

Figure 5.5) and transmission (black, Figure 5.5), respectively. The antenna dimensions 

are the same as in Figure 5.5, and the reflective substrate has a spacer thickness of z = 

300 nm. As expected, the |ER/ET|2 spectra show a peak near 2920 cm-1 which corresponds 

to a similar peak in the scattering data. Additional features are present at higher 

frequencies. For the rod antenna (Figure 5.6A), the |ER/ET|2 spectrum shows an 

3002001000
Field Enhancement |E/Eo|

1400

1200

1000

800

600

400

200

0

Si
O

2 T
hi

ck
ne

ss
 (n

m
)

 Fan
 Rod

1.81.61.41.21.00.8
Field Enhancement |E/Eo|

1400

1200

1000

800

600

400

200

0

Si
O

2 T
hi

ck
ne

ss
 (n

m
)

 No antenna

1.4x105

1.2

1.0

0.8

0.6

0.4

0.2

0.0

SE
IR

A 
En

ha
nc

em
en

t |
E/

E o
|2

4800 4200 3600 3000 2400 1800 1200
Wavenumbers (cm-1)

8765432.5
Wavelength (µm)

1.4x105

1.2

1.0

0.8

0.6

0.4

0.2

0.0

SE
IR

A 
En

ha
nc

em
en

t |
E/

E o
|2

4800 4200 3600 3000 2400 1800 1200
Wavenumbers (cm-1)

8765432.5
Wavelength (µm)

Si 

SiO2
 

Au 

Si 

SiO2
 

Au 

* 

~ λ/4n 

~ λ/2n 
1400 1400

1200 1200

1000 1000

800 800

600 600

400 400

200 200

0 0

Si
O

2 T
hi

ck
ne

ss
 (n

m
)

1400 1400

1200 1200

1000 1000

800 800

600 600

400 400

200 200

0 0

Si
O

2 T
hi

ck
ne

ss
 (n

m
)

A B 



SEIRA Part II: Fan Antennas on Reflective Substrates  92 

8

6

4

2

SE
IR

A 
En

ha
nc

em
en

t R
at

io
 |E

R/
E T

|2 0.6

0.4

0.2

0.0

Scattering (a.u.)

 |ER/ET|2

 Scattering

5

4

3

2

1

SE
IR

A 
En

ha
nc

em
en

t R
at

io
 |E

R/
E T

|2

0.3

0.2

0.1

0.0

Scattering (a.u.)
10865432

Wavelength (µm)

 |ER/ET|2

 Scattering

4

3

2

1

0

SE
IR

A 
En

ha
nc

em
en

t |
E/

E o
|2

6000 5000 4000 3000 2000 1000
Wavenumbers (cm-1)

 300 nm SiO2
 610 nm SiO2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.6 | Influence of scattering on near-field enhancement ratios. Theoretical far-
field scattering and near-field enhancement |ER/ET|2 for a rod antenna (A) and a fan 
antenna (B), where |ER/Eo|2 and |ET/Eo|2 represent the SEIRA enhancement for antennas 
on a reflective substrate and a transmissive substrate, respectively. The antenna 
dimensions are the same as in Figure 5.5, and the reflective substrate has a spacer 
thickness z = 300 nm. The scattering spectra (black) were calculated for antennas on a 
reflective substrate only. (C) SEIRA enhancement spectra for a reflective substrate 
without antennas having a spacer thickness z = 300 nm and 610 nm. 
 

A 

B 

C 
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asymmetric feature near 5000 cm-1. The scattering spectrum shows a broad feature in this 

range which decreases toward higher wavenumbers. For the |ER/ET|2 spectrum of the fan 

antenna (Figure 5.6B), a strong feature exists near 4275 cm-1, and a small minimum can 

be identified near 5000 cm-1. The scattering spectrum for this structure has a strong peak 

near 4800 cm-1. Figure 5.6C shows the SEIRA enhancement at normal incidence for a 

reflective substrate with no antenna and a spacer thickness of z = 300 nm (solid) and z = 

610 nm (dashed). These spectra are expected to have similar profiles for 22.5° incidence. 

For z = 300 nm, the peak enhancement is near 5000 cm-1, which roughly corresponds to 

the frequencies of the |ER/ET|2 features in Figure 5.6A and 5.6B. Also, the broad decrease 

of the enhancement toward lower wavenumbers in Figure 5.6C is present in both |ER/ET|2 

plots with similar intensity over the same spectral range. The data in Figure 5.6 suggest 

that an interference between the scattered light from each antenna and the reflected light 

from the Au mirror backplane gives rise to the asymmetric features near 5000 cm-1 in the 

|ER/ET|2 spectra. Further insight toward the nature of this interference could be obtained 

by analyzing similar data for different spacer thicknesses and antenna dimensions. 

 

Spatial maps of the SEIRA enhancement for the fan antenna are shown in Figure 5.7A 

(full structure, log scale) and Figure 5.7B (gap region, linear scale). The strongest 

enhancement is localized in the gap between the antenna tips, and it is most intense at the 

metal surfaces. Note that for any antenna, including the ones discussed in this work, the 

orientation of the near-field vectors is predominantly normal to the metal surface.180 In 

vibrational spectroscopy, a chemical bond is detectable when its oscillation is parallel to 
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the electric field or, in this case, normal to the metal surface. Surface selection rules for 

both Raman and infrared spectroscopy must be considered to accurately interpret the 

relative peak intensities of vibrational modes for molecules in these systems.151,181 Self-

assembled monolayers of alkanethiols are therefore advantageous as analytes because the 

predictable orientation of the CH2 and CH3 vibrations148,182 can be used to confirm the 

electromagnetic properties of SEIRA substrates.  

  

 

 

 

 

 
 
 
 

 
 
 

 
 

Figure 5.7 | SEIRA enhancement plots for a fan antenna tuned to 2920 cm-1. (A) Full 
structure on a log scale. (B) Gap region on a linear scale. Dimensions are (lo, r, z) = (330, 
530, 300) nm. Both plots were calculated at 22.5° incidence using longitudinal 
polarization by taking the average of p-polarized light at φ = 180° and s-polarized light at 
φ = 90° and 270°. 
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5.3.3     Fan Antenna Plasmon Modes 

To confirm that the calculated SEIRA enhancement factors are valid approximations for 

molecular signal enhancement, a comparison must be made between the theoretical 

scattering spectra and the experimental FTIR data. We will focus on the fan antenna 

tuned to 2920 cm-1, which is in the frequency range of the aliphatic vibrations, 

particularly the strong asymmetric CH2 stretch. These modes comprise a majority of the 

infrared absorption by alkanethiols, making them well suited for proof-of-concept 

measurements on Au nanostructures. 

 

FTIR absorbance and theoretical scattering spectra for fan antennas on reflective 

substrates are shown in Figure 5.8A and 5.8B, respectively. The incident light was 

longitudinally polarized (blue), transversely polarized (red), or unpolarized (green). Here, 

the term “absorbance” refers to the experimental signal intensity according to the Beer-

Lambert law, A = -log[I/Io], where I refers to light collected from the antennas or control 

samples, and Io is from the background measurement (see Section 5.2.4). To indicate 

reflection (or transmission), we replace I/Io with R/Ro (or T/To). Figure 5.8B shows the 

average scattering spectra calculated by FDTD at oblique incidence for s- and p-polarized 

light at perpendicular φ angles of the k-vector (see Section 5.2.6).  

 

It is important to note that the dielectric properties of the substrate affect the resonance 

frequencies of plasmonic structures.125 The substrates in our experiments include films of 
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Figure 5.8 | Fan antenna scattering and plasmon modes. (A) FTIR absorbance for a 3 
× 3 array of fan antennas measured with longitudinally polarized light (blue), transversely 
polarized light (red), and unpolarized light (green). (B) FDTD scattering spectra for a fan 
antenna calculated with the same polarization angles as in (A). (C) Surface charge density 
for a fan antenna calculated with longitudinal (top) and transverse (bottom) polarization 
at 2920 cm-1 (right) and 4800 cm-1 (left), indicated by the dashed lines in (A) and (B). 
Dimensions in (A) are (lo, r, z) = (330, 510, 300) nm, and in (B,C), (lo, r, z) = (330, 530, 
300) nm. (B,C) were calculated at 22.5° using an average of s- and p-polarized light, 
where in (B), φ = 90° and 180°, and in (C), φ = 90°, 180°, and 270° (see Section 5.2.5). 
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amorphous SiO2, which is known to have varying properties depending on the conditions 

during which it is deposited.183-184 Therefore, we expect these films to differ slightly from 

those in our simulations, which used a standard dielectric function for monocrystalline 

SiO2.144 To accommodate for these differences, the experimental dimensions were 

reduced by 20-40 nm in order to tune the resonance peak to the desired frequency. These 

adjustments are small in comparison to the incident wavelength (3.42 µm), and therefore 

we believe there is good agreement between the data sets. 

 

The features in the scattering spectra correspond to surface plasmon modes identified by 

the charge distributions in Figure 5.8C. At 2920 cm-1, a dipole mode exists for both 

longitudinal and transverse polarization. At 4800 cm-1, a quadrupole mode also exists for 

both polarization angles, most clearly for longitudinal polarization. This mode produces 

negligible field enhancement in the gap (Figure 5.5B) because its charge symmetry 

reduces capacitive coupling (Figure E.4). The small features near 3700 cm-1 can be 

attributed to substrate effects with p-polarized light.125 

 

5.3.4     Octadecanethiol Detection 

We will now evaluate the sensitivity of this 3D SEIRA antenna structure for infrared 

detection of self-assembled monolayers (SAMs) of octadecanethiol (ODT). For analytical 

studies in which the orientation and quantity of molecules is important, careful 

consideration is essential regarding sample preparation. At the end of the antenna 
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fabrication procedure, PMMA is removed by incubating the sample in NMP followed by 

brief immersion in an ultrasound bath. After this step, residual PMMA is still present, 

especially in the antenna gaps and other interstices on the sample. Our antennas can 

detect the aliphatic vibrations of this residual PMMA (Figure 5.9), and proper cleaning is 

necessary before the sample is functionalized with the analyte. 

 

 

 

 

 
 
 
 
 
 
 
 

 
 
 
Figure 5.9 | Detection of residual PMMA. FTIR absorbance spectra showing residual 
PMMA or other carbon compounds on a 3 × 3 array of fan antennas on a reflective 
substrate. The red spectrum was acquired after the sample was plasma cleaned for 4 min. 
The data represents an average of 12 × 100 scans. The green and blue spectra were 
acquired from the same antenna pattern after the sample was plasma cleaned for an 
additional 1 min. The green spectrum represents an average of 12 × 100 scans and the 
blue spectrum 125 × 100 scans. The vertical dashed lines indicate frequencies for CH2 
and CH3 vibrational modes. The red spectrum shows molecular signals near 2920 and 
2850 cm-1, and after additional plasma cleaning, these features disappeared. The spectra 
in this figure were acquired before the sample was functionalized with ODT to ensure 
that the sample was clean. Spectra are shifted vertically for clarity. There is a slight blue 
shift due to a subtle increase in the antenna gap size. 
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Plasma cleaning removes organic residues while maintaining the high-resolution features 

of lithographic patterns. However, Au surfaces on the sample are oxidized, resulting in 

multilayer islands of alkanethiols.176 The Au can easily be reduced by immersing the 

sample in pure ethanol for at least 10 min before it is placed in the alkanethiol solution. 

To confirm that we could use this process to form uniform monolayers on the antennas, 

we prepared control samples of ODT SAMs on Au films and measured them with a 

grazing-angle objective over a 100 × 100 µm area. 

 

Note that a grazing-angle objective (θ = 83°) gives substantially higher signal-to-noise 

ratios than a Schwarzschild objective (θ = 15-30°) for SAMs on metallic films. In 

contrast to the vertical sidewalls of the antenna gaps, which experience the most near-

field enhancement at θ = 0°, a horizontal metallic film gives the most signal at θ = 90°.181 

Therefore, these control measurements were appropriate for our experiment because the 

difference in the incident angle was minimized with respect to the surface of interest. 

 

Three different types of patterns were analyzed for both the fan and rod antennas: 3 × 3 

arrays on a reflective substrate, individual antennas on a reflective substrate, and 3 × 3 

arrays on a quartz substrate. The antennas in each array were spaced 10 µm apart to avoid 

collective effects. The fan and rod antenna dimensions for the reflective substrate were 

(lo, r, z) = (330, 495, 300) nm and (l, z) = (780, 300) nm, respectively, and for the quartz 

substrate (lo, z) = (330, 570) nm and l = 820 nm, respectively. A full spectrum for each  
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Figure 5.10 | Detection of octadec-
anethiol SAMs. (A) Longitudinally 
polarized FTIR absorbance spec-
trum of a 3 × 3 array of fan 
antennas on a reflective substrate 
(black) with a baseline curve fit 
(red). (B) ODT SAM measured on a 
Au film using p-polarized grazing 
incidence over a 100 × 100 µm 
area. Shaded regions indicate ranges 
for which the baseline fit was not 
applied (see Section 5.2.4). (C-E) 
Baseline-corrected spectra of fan 
antennas (red) and rod antennas 
(blue). Each spectrum represents the 
fit curve divided by its 
corresponding antenna spectrum: 
(C) 3 × 3 arrays on a reflective 
substrate, (D) individual antennas 
on a reflective substrate, and (E) 3 × 
3 arrays on a quartz substrate. 
Dimensions for (A), (C), and (D) 
were (lo, r, z) = (330, 495, 300) nm 
for fan antennas and (l, z) = (780, 
300) nm for rod antennas. 
Dimensions for (E) were (lo, r) = 
(330, 570) nm for fan antennas and 
l = 820 nm for rod antennas. 
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analysis is given in Figure E.5. Individual antennas on a quartz substrate were also 

measured, but the ODT signal was below the noise level (Figure E.6). 

 

Figure 5.10A shows the peak absorbance for a 3 × 3 array of fan antennas functionalized 

with ODT on a reflective substrate, and a control measurement acquired from an ODT 

SAM on a Au film is shown in Figure 5.10B. The frequencies and relative peak 

intensities in this spectrum are consistent with those previously reported for alkanethiol 

monolayers.182,185 The dashed lines indicate peak positions of Lorentz fits for the five 

most prominent molecular vibrations: the asymmetric CH3 stretch (2964 cm-1), the two 

Fermi-resonant symmetric CH3 stretches (2937 and 2878 cm-1), the asymmetric CH2 

stretch (2919 cm-1), and the symmetric CH2 stretch (2850 cm-1).148 The antenna spectrum 

shows a Fano resonance near 2919 cm-1, and additional resonances are identified near 

2964, 2878, and 2850 cm-1. 

 

To extract the molecular signal, we used a smoothing algorithm to generate a baseline fit 

(red curve, Figure 5.10A). The baseline-corrected spectra are shown in Figure 5.10C, 

5.10D, and 5.10E for fan antennas (red) and rod antennas (blue). In each panel, the data 

were scaled such that the noise level in each spectrum was the same. Both of the CH2 

modes and the asymmetric stretch of the CH3 terminal group are present in all six spectra. 

The CH3 symmetric stretch at 2878 cm-1 is apparent in the spectrum for the 3 × 3 array of 

fan antennas on the reflective substrate (red curve, Figure 5.10C). Its corresponding mode 

at 2938 cm-1 may also be present alongside the intense signal for the CH2 stretch near 
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2919 cm-1. The peak locations in the baseline-corrected spectra do not precisely match 

those in the control spectrum because the signals exhibit asymmetric lineshapes which 

are characteristic of Fano resonances.45,72 In all spectra, the relative peak intensities are 

consistent with those in Figure 5.10B, giving evidence that the molecules were arranged 

in well-ordered monolayers. 

 

5.3.5     Experimental Signal Enhancement Factor 

An experimental signal enhancement factor can be determined by comparing the 

approximate number of molecules detected in each measurement. If we assume an area of 

0.2 nm2 for the ODT footprint,157 then the control spectrum in Figure 5.10B represents 

about 5 × 1010 molecules (~100 femtomoles), and each antenna gap contains about 

10,000 molecules (~20 zeptomoles). If we assume that the entire signal for ODT comes 

from the gap, then we can extrapolate the intensity for each molecule, and the ratio 

between the signals for the antenna and control measurements should be similar to the 

|E/Eo|2 values calculated above. 

 

We measured the ODT signal intensities by integrating the areas under the peaks for the 

vibrations at 2919 and 2938 cm-1 in Figure 5.10B and 5.10C. The data in Figure 5.10B 

was scaled to match the noise level of Figure 5.10C, and the peak areas were determined 

according to the Lorentz fits. In Figure 5.10C, the area under the largest signal was 

calculated by defining a baseline between the minima on either side of the peak. This 
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signal was attributed to the modes at both 2919 and 2938 cm-1. The fan antennas showed 

a signal enhancement factor of about 0.81 × 105 and the rod antennas 0.55 × 105. These 

values agree with the |E/Eo|2 values in Figure 5.3A (1.2 × 105 and 0.7 × 105). 

 

5.3.6     Verification of Antenna and Substrate Effects 

Both the antenna shape and the reflective substrate give rise to important effects in our 

experimental data. Changes in the ODT signal intensity should be directly proportional to 

changes in the |E/Eo|2 factor calculated for each antenna. However, in Figure 5.10 this 

trend is not immediately apparent. Our predictions indicate that when all of the antennas 

have 20-nm gaps, the signal should increase by ~60% for the fan antenna and by about a 

factor of 4 for the reflective substrate. Instead, we see a 2-fold increase from the substrate 

(Figure 5.11), and while the peak areas for Figure 5.10C roughly match our prediction, 

 

 

 

 

 

 

 
 
 
Figure 5.11 | Octadecanethiol signal intensity comparison. Baseline-corrected FTIR 
spectra for ODT SAMs on fan antennas (A) and rod antennas (B). This data is reproduced 
from Figure 5.10. 
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the fan and rod antennas in Figure 5.10D and 5.10E show nearly equal intensity. To 

determine the cause of these discrepancies, we took high-magnification SEM images of 

the antennas measured in Figure 5.10 to obtain more accurate values for their gap sizes. 

The average gap sizes were d = 14 ± 3 nm and do = 19 ± 4 nm on the reflective substrate, 

and d = 10 ± 1 nm and do = 15 ± 5 nm on the quartz substrate. Additional simulations 

were performed to compare the properties of antennas with these smaller gap sizes 

(Figure 5.12). The fan and rod antennas show nearly equal enhancement, and the 

reflective substrate yields a 2-fold increase over the transmissive substrate. These results 

are consistent with the observations in Figure 5.10 mentioned above. 

 

 

 
 
 
 

 

 

 
 
 
Figure 5.12 | Enhancement spectra for experimental gap sizes. SEIRA enhancement 
spectra calculated by FDTD using reflective substrates (A) and SiO2 substrates (B) for a 
fan antenna (red) and a rod antenna (blue) with gap sizes corresponding to the 
experimental measurements in Figure 5.10. In (A), (lo, r, z) = (330, 530, 300) nm and (l, 
z) = (820, 300) nm for the fan and rod antenna, respectively. In (B), (lo, r) = (335, 550) 
nm and l = 840 nm for the fan and rod antenna, respectively. These data were calculated 
at normal incidence with a mesh size of 1 nm to ensure convergence. Note that all other 
simulations in this chapter had a mesh size of 5 nm with interpolation. 
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The variations in the antenna gap size can easily be explained according to the basic 

principles of electron beam lithography. In our fabrication method, the designs we used 

to write the patterns all featured a gap of 20 nm, which could be narrowed to 10 nm by 

increasing the charge dose of the electron beam (µC/cm2). However, the Au mirror and 

the large semicircular portions of the fan antenna design both induced secondary electron 

exposure in the gap region. As a result, lower charge doses were required, and the gap 

sizes were slightly larger than those in similar patterns without the presence of the 

reflecting plane and the semicircular portions of the fan geometry. 

 

These observations emphasize the importance of understanding all aspects of the 

fabrication technique, and in this case, they demonstrate the large influence the gap size 

has on chemical signal enhancement. While a difference of a few nanometers might seem 

insignificant, especially being close to the spatial resolution limit of electron beam 

lithography, it has a profound effect on the field enhancement inside the gap region of 

metallic nanoantennas.64,69,77 If the gaps sizes for all structures in this study were adjusted 

to 20 nm, e.g., by changing the charge doses and/or design patterns, we predict that the 

ODT signal intensity may be reduced below the noise level for some measurements. 

 

The efficiency of the present antenna designs are close to the limits of sensitivity for 

conventional FTIR spectroscopy using dipolar nanoantennas fabricated with standard 

lithography methods. Higher signal intensities could be generated using a stronger light 
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source and/or all Au mirrors, and stronger field enhancements could be reached by using 

modified techniques to fabricate antennas with sub-10-nm gaps.186-189 

 

5.3.7     Alternative Designs: Bowtie and Disc Antennas 

Finally, we investigate two other common antenna designs, a bowtie antenna and a disc 

dimer. Figure 5.13 compares |E/Eo|2 spectra calculated at normal incidence for a rod 

antenna (blue), a fan antenna (red), a bowtie antenna (green), and a disc antenna (black) 

on a reflective substrate (Figure 5.13B) and a quartz substrate (Figure 5.13C). The gap 

size for all four structures is kept at 20 nm with rod widths w = wo = 50 nm. The rod 

antenna length is l = 820 nm for reflection and l = 840 nm for transmission. The fan 

antenna dimensions are (lo, r) = (330, 510) nm for reflection and (lo, r) = (335, 550) nm 

for transmission. The bowtie consists of two equilateral triangles with side lengths of 970 

nm for reflection and 947 nm for transmission, where the radius of curvature for each tip 

is 5.5 nm. Each component of the disc antenna is circular with a diameter of 760 nm for 

reflection and 720 nm for transmission. The SiO2 thickness values are zrod = 320 nm, zfan 

= 250 nm, zbowtie = 300 nm, and zdisc = 280 nm. 

 

The fan antenna shows the largest enhancement on both substrates, while the disc antenna 

shows the least. Figure 5.13C is consistent with previous studies in which the rod antenna 

showed greater enhancement than the bowtie antenna.190-191 However, when the reflection 

plane is added, the peak enhancement for the bowtie exceeds that of the rod antenna by 
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Figure 5.13 | Comparison of different antenna geometries. (A) Illustrations of 
antennas: rod (blue), fan (red), bowtie (green), disc (black). (B,C) SEIRA enhancement 
spectrum for each antenna on a reflective substrate (B) and a quartz substrate (C). See 
text for antenna dimensions. All data was calculated by FDTD with normal incidence and 
longitudinal polarization. Note that the y-axes are scaled by 105 in (B) and 104 in (C). 

 

about 33% (Figure 5.13B). These results can be explained by an effect similar to that 

described above, where there is an increased amount of constructive interference from the 

Au mirror due to the larger scattering cross section of the bowtie. The fan antenna still 

gives the largest enhancement because it combines the advantages of both the rod and 
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bowtie antennas, having a high field confinement in the gap and large semicircular ends 

that serve as charge reservoirs and strong scatterers. 

 

5.4     Conclusions 

We have demonstrated that a fan-shaped antenna with a reflective substrate can increase 

the enhancement factor in SEIRA by an order of magnitude compared to previous 

designs. These antennas reach an |E/Eo|2 enhancement factor of 105 and detect as few as 

10,000 molecules of octadecanethiol using conventional FTIR spectroscopy with a 

standard broadband light source. The structures can easily be tuned to frequencies 

throughout the mid-infrared range, giving larger enhancements at lower frequencies. 

Based on the data presented in this work, we predict that to enable conventional FTIR 

spectroscopy at a single-molecule level for vibrational modes such as the C-H stretches 

of alkanethiols, the enhancement factor must be boosted by another factor of 104 which 

may be possible using more precise lithography or different antenna designs. Our 

investigations have not only demonstrated the ability to detect extremely small quantities 

of molecules using standard FTIR but also identified which antenna parameters have the 

largest effect on the enhancement factors. Our results are important for the further 

optimization of optical antennas for single-molecule vibrational spectroscopy. 

 

The publication of this work is currently in preparation. Contributing authors are Lisa V. 
Brown, Xiao Yang, Ke Zhao, Bob Y. Zheng, Peter Nordlander, and Naomi J. Halas.  
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Chapter 6 

 

 

Summary and Outlook 
 
 

 

The work presented in this thesis has provided foundational insights for analyzing the 

plasmonic properties of simple nanoparticle aggregates, and it has demonstrated the 

implementation of new antenna designs for enhancing infrared spectroscopic signals. In 

the short time that has passed since the work in Chapter 2 was published,66 several more 

plasmonic Fano resonances have been identified in other systems, including asymmetric 

Au-SiO2-Au particles useful for in situ fluorescence enhancement,19,192 metamaterials 

with negative refractive indices,27 and quadrumers for the enhancement of coherent anti-

Stokes Raman spectroscopy.193 Single-molecule SEIRA is a goal yet to be reached. The 

antennas and analyses discussed in this thesis have taken important steps toward 

increasing near-field enhancements in the mid-infrared range and identifying the 

necessary conditions for single-molecule detection with standard spectroscopic methods. 

These findings can be utilized toward further development of devices for enhanced 

vibrational detection and extreme confinement of electric fields. 
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Appendix A 

 

 

Heterodimer Synthesis and Characterization 
 
 

 

A.1     Discussion of Surface Migration 

Surface migration of gold nanoparticles (NPs) is possible when the particles are weakly 

bound to a substrate.118 In this study, the adhesion layer, (3-aminopropyl)triethoxysilane 

(APTES), had positively charged primary amine terminal groups that electrostatically 

attached to the negatively charged NP surfaces. This attraction was strong enough for 

particle attachment but weak enough for particle mobility. During the initial deposition of 

NPs, the particles maintained their negatively charged citrate surface groups and 

sufficiently repelled each other to minimize aggregation upon contact with the substrate. 

When the particles were functionalized with 11-mercaptoundecanol (MUOH), the 

MUOH molecules replaced some of the citrate surfactant molecules. Therefore, the 

surface charge was partially neutralized, such that subtle attractions existed between 

neighboring particles. These attractions invoked the migration of particles along the 
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surface of the substrate, resulting in an increase in the overall particle density and the 

formation of dimers. 

 

Further evidence of surface migration is seen in Figure 3.1C, where in many 

heterodimers, the smaller particle was tucked underneath the larger one. If the particles 

came together during deposition, then a tucked configuration would have most likely 

occurred if the smaller particle landed on the substrate first, followed by the larger 

particle. This is unlikely because the larger particle has greater mass and should settle 

more quickly than the smaller particle due to gravity. Variations in deposition would then 

result in different dimer orientations. Instead, a significant number of dimers showed the 

smaller particle underneath the larger one, suggesting that surface migration took place. 

 

Van der Waals forces and possibly hydrogen bonds between hydroxyl terminal groups of 

MUOH monolayers likely caused the particles to move toward each other on the 

substrate. A similar study involving the functionalization of NPs with 1-dodecanethiol 

(DDT) confirmed that DDT molecules replaced citrate surfactant molecules, but some 

citrate groups still remained on the particles.118 Similarly, if MUOH exhibited a partial 

functionalization in the present study, then a balance between competing attractive and 

repulsive forces could explain why the interparticle attraction was so subtle that relatively 

few larger aggregates formed. 
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A.2     Dimer Synthesis Procedure 

Au nanoparticles (NPs) and nanoshells (NSs) were prepared as described in Section 

3.2.1. Centrifugation speeds and final concentrations of all NP suspensions are given 

below in Table A.1. An extinction spectrum of each suspension was measured with a 

Varian Cary 5000 UV-Vis-NIR spectrometer (Figure A.1A). 

 

Table A.1 | Centrifugation parameters for particles purchased from Ted Pella Inc.* 

Radius 
(nm) 

Starting 
Vol (mL) 

Diluted  
Vol (mL) 

Tube Size 
(mL) 

Speed 
(RCF) 

Time 
(min) 

Suspension 
Vol (mL) 

Concentration 
(particles/mL) 

25 1 14 15 2800 20 1 4.7 × 1010 

50 3 45 50 1500 15 3 3.9 × 109 
75 3 45 50 1000 15 3 1.2 × 109 

*Centrifugation speeds for nanoshell synthesis were used according to a previous method.116 

 

 

Figure A.1 | Experimental extinction spectra for suspensions of particles and 
heterodimers. (A) NP and NS suspensions after centrifugation. (B) Extinction spectra of 
a suspension of dimers with NPs having radii of 25 and 75 nm. A spectrum was taken 
after each substrate was sonicated. The particles/mL concentration increased with the 
addition of each substrate. These spectra are different from the scattering spectrum for 
heterodimer A (Figure 3.3) because many individual particles were still in solution. (C) 
Long-term stability of heterodimers with NPs having radii of 25 and 75 nm. 

Figure S2: Experimental Extinction Spectra 
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Glass coverslips coated with (3-aminopropyl)triethoxysilane (APTES, Sigma Aldrich) 

served as substrates for the surface migration of NPs and NSs. Coverslips with 

dimensions of 22 × 22 mm with 1.5 thickness (Fisher) were plasma cleaned for 1.5 min 

(50 W, 36 mTorr, 25% O2 balanced with Ar) and then placed in an ethanolic solution of 

10% v/v APTES for 30 min. Then they were rinsed and sonicated in 200 proof ethanol 

for 5 min in a Teflon coverslip minirack (Invitrogen). Rinsing and sonication was 

repeated four times. Thorough cleaning of APTES-functionalized substrates is important 

for removing multilayers of APTES, which can cause aggregation of particles upon 

deposition. 

 

To ensure proper cross-linking of the APTES monolayer, the coverslips were laid flat in a 

glass dish and annealed at 120°C for 30 min. The substrates were cooled to room 

temperature and placed in the particle suspensions for 2 hours. Then they were quickly 

rinsed with ethanol and placed in an ethanolic solution of 1 mM 11-mercaptoundecanol 

(MUOH) overnight, during which time the particles underwent surface migration to form 

dimers. The substrates were rinsed with ethanol, let dry in a fume hood, and sonicated 

one-by-one in 5 mL of deionized water, resulting in very stable dimer suspensions. The 

particles/mL concentration of each suspension increased as more substrates were 

sonicated (Figure A.2B). After the desired concentration was reached, the solutions were 

stored in sealed containers at room temperature. These suspensions remained stable for 
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more than 8 months, requiring 10 min of sonication or less to redistribute the particles 

(Figure A.2C). 

 

Prior to dark-field scattering analysis, the dimers were mounted on glass substrates. Fresh 

glass coverslips were plasma cleaned for 1.5 min (50 W, 36 mTorr, 25% O2 balanced 

with Ar) and then placed in an ethanolic solution of 0.01 wt% poly(4-vinyl pyridine) 

overnight. Then they were rinsed with ethanol and dried with nitrogen gas. Indexed grids 

designed for transmission electron microscopy were attached to the substrates to serve as 

stencils to prepare alignment markings. An electron beam evaporator was used to 

evaporate a 2-nm adhesion layer of Ti, followed by a 20-nm layer of Au. The grids were 

removed, and a few drops of the fresh dimer suspensions were placed on the substrates 

for 15 min to 3 hrs. The coverslips were lightly rinsed with deionized water and dried in 

air in a fume hood. This resulted in substrate-bound dimers spaced far apart for adequate 

spectroscopic analysis without interference from neighboring particles. 

  

A.3     Dark Field Microspectroscopy 

The instrumentation for spectroscopic analyses of dimers was identical to that reported 

previously.89 Briefly, the sample was placed on a rotatable stage on a Zeiss Axiovert 200 

MAT inverted optical microscope equipped with a 100x dark field objective with a 

numerical aperture of 0.9 (Zeiss). A halogen lamp served as a white light source. A linear 
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polarizing filter (LPVIS 100, Thorlabs) was placed in the incident light path and rotated 

appropriately for s-polarization. To maintain s-polarized light at the sample plane, an 

aluminum disc with a small wedge-shaped cutout was placed next to the polarizing filter 

in order to block certain parts of the beam that would otherwise reflect off of an annular 

mirror to result in mixed polarization. This configuration not only ensured a fixed 

polarization angle with respect to the substrate but also a fixed direction of incidence. 

Therefore, the polarization angle and direction of incidence with respect to individual 

dimers could be adjusted by rotating the sample itself. Spectroscopic data were collected 

with an Acton Microspec 2150i spectrometer attached to a thermoelectrically cooled 

CCD camera (Princeton Instruments PhotonMax 512). 
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Appendix B 

 

 

Electron Beam Lithography 
 
 

 

The antennas described in Chapters 4 and 5 were prepared by electron beam lithography. 

Polymethyl methacrylate (950 PMMA A2, MicroChem) was applied to each substrate by 

spin coating at 3000 rpm, and then the samples were baked on a hot plate at 180°C for 5 min 

(Chapter 4) or 1.5 min (Chapter 5). Espacer 300Z (Showa Denko), a water-soluble 

conductive polymer, was applied by spin coating at 3000 rpm on top of the PMMA layer. 

Then an FEI Quanta 650 scanning electron microscope (SEM) with the Nanometer 

Pattern Generation System (NPGS) software was used to write the lithography patterns 

with a beam voltage of 30 kV, a beam current of 40 pA, and a working distance of 5 mm. 

The samples were then immersed in water to remove the Espacer, dried with nitrogen, 

and then immersed in 1:3 methyl isobutyl ketone:isopropanol (MicroChem) for 40 s 

(Chapter 4) or 50 s (Chapter 5) followed by rinsing with isopropanol and drying with 

nitrogen gas. A 2-nm adhesion layer of Ti and a 35-nm layer of Au were deposited onto the 

samples by electron beam evaporation. Note that the Ti adhesion layer has negligible  
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influence on the properties of nanoantennas at mid-infrared frequencies due to the largely 

negative dielectric constant of Au (Figure B.1 and B.2). The remaining PMMA was 

removed by incubation in N-methyl-2-pyrrolidone (NMP) at 60°C for 2+ hours followed by 

brief submersion in an ultrasound bath at room temperature. Upon removal from the NMP 

solvent, the samples were again rinsed with isopropanol and dried with nitrogen. 

 

 
 
Figure B.1 | Influence of Ti adhesion layer on near-field enhancement. FDTD 
simulations of near-field enhancement spectra for Au rod dimer antennas on a quartz 
substrate (see Chapter 5). The rods have a width of 50 nm, a gap 20 nm, and different 
lengths L indicated in the graph. Red curves indicate antennas having a 2-nm Ti adhesion 
layer (red) and no adhesion layer (blue) on a silica substrate. The Ti layer has less 
influence on the near-field enhancement at longer wavelengths. This effect is due to the 
increasingly negative dielectric constant of Au. 
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Figure B.2 | Influence of Ti adhesion layer on far-field scattering. FDTD scattering 
spectra for the same Au antennas as in Figure B.1. The change in scattering intensity 
becomes larger for longer antennas (0.0013, 0.0025, and 0.0046 for L = 100, 400, and 
800 nm, respectively). However, since the total scattering increases by a larger amount, 
these differences are negligible in the mid-infrared range. 
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Appendix C 

 

 

Infrared Spectroscopy 
 
 

 

All infrared spectroscopic measurements were performed using a Bruker Vertex 80v 

Fourier transform infrared (FTIR) spectrometer with a Hyperion 3000 microscope, a 

mercury cadmium telluride (MCT) detector, a KBr beamsplitter, and a SiC (globar) light 

source. The spectrometer and microscope were equipped with uncoated Al mirrors. Each 

spectrum was acquired with a scanner velocity of 20 kHz (0.64 cm/s) and a resolution of 

4 cm-1 (Chapter 4) or 2 cm-1 (Chapter 5) using a 36× Schwarzschild objective and a 30 × 

30 µm square collection aperture. A 36× Schwarzschild condenser was used for 

transmission measurements. The microscope was covered with a Plexiglas housing and 

purged with nitrogen or dry air, while the spectrometer was purged under vacuum. 
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Appendix D 

 

 

Derivations for SEIRA Part I 
 
 

 

D.1     Signal Enhancement Factor 

Throughout this study, we have examined chemical vibrational signals as Fano 

resonances that appear as dips within a broad antenna plasmon peak. The FTIR data in 

Figure 4.2, 4.3, 4.5, and 4.7 were obtained by including non-enhanced analyte in the 

background measurement of each spectrum, thus eliminating its contribution from the 

final analyses. If a blank ZnSe area were used in the background measurement, then the 

analyte would give a positive signal superimposed over the Fano dip in the antenna 

spectrum.  

 

We can now distinguish three important components of the data set: the absorbance of the 

antenna alone (AT), the analyte alone (AN), and the antenna with the analyte (ATN). These 

are directly comparable because all of them use a blank substrate as a background  
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medium. The Fano resonance intensity (AF) originates from near-field interactions 

between the antenna and the analyte, and therefore, it is present within ATN. An 

approximation of AF can then be obtained by 

AF = – (ATN – AT – AN) (D.1) 

where the negative value is taken so the spectrum appears as a positive peak. 

 

 

Figure D.1 | FTIR absorbance of Fano resonance components. (A) Absorbance 
spectra of antennas only (AT), SiO2 only (AN), and antennas with SiO2 (ATN) for a 3x3 
array of antennas completely covered with SiO2. (B) Difference spectra obtained from 
data in (A). (C) Comparison between absorbance spectrum of antennas with SiO2 in 
Figure 4.7H and component spectra in (A) and (B). 

 

The experimental spectra in Chapter 4 for antennas coated with analyte can be 

represented by ATN – AN. We can make this conclusion according to Figure D.1C, which 

shows good agreement between the FTIR absorbance spectrum for antennas with SiO2 in 
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Figure 4.7H and the difference spectrum obtained by ATN – AN. Subtle differences in 

spectral intensities arise from variations in background measurements in the experiment. 

These approximations are made with absorbance measurements, that is, A = -log (I/IZnSe), 

where I is the intensity of light transmitted through the sample, and IZnSe is the intensity 

of light transmitted through a blank ZnSe sample. The above relation can then be verified 

by ATN – AN = -log (ITN/IN). Here, we also consider the absorbance as an approximation 

of extinction when comparing experimental and theoretical data. 

 

Now that we have established a way to isolate the Fano resonance intensity (AF), the 

spatial origin of the signal can be determined theoretically by comparing AF for different 

regions of the antenna. Figure D.2 and D.3 show theoretical difference spectra of ATN – 

AN and AF for SiO2 in selected areas on antennas with L = 1800 nm. In Figure D.2, SiO2 

was placed in the same areas examined in the main text, which are (1) in the junction, (2) 

on the outer ends of the rods, and (3) over the entire antenna. Figure D.3 includes 

additional areas in which SiO2 is located on or near the middle of the rods. The thickness 

of the SiO2 layer in all simulations is 17 nm.  

 

The baseline for AF is distorted because the lineshape of AT broadens, redshifts, and 

increases in intensity when the antenna is covered with SiO2, just as in the discussion for 

octadecanethiol in the main text. Here, we used AT for a bare antenna to calculate the AF 

in each case. If a modified spectrum for AT were used to accommodate for changes in the 
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plasmon lineshape, then we expect the baseline for AF to be flat. Despite this, an 

approximation for AF can still be obtained with the existing baseline. 

 

 

Figure D.2 | FDTD extinction spectra comparing Fano resonance intensity for SiO2 
layers with the same thickness. (A) Exinction difference spectra representing (ATN – AN) 
for a cross antenna with SiO2 in the junction (red) on the ends of the rods (blue) and over 
the entire antenna (black). Data is comparable to Figure 3. (B) Extinction difference 
spectra representing AF for the same structures as in (A). According to the area integrated 
under each peak, the signal from the junction is 45.36% of that of the entire antenna. The 
signal from the rods is 19.80%, and the remaining 34.84% can be attributed to the rest of 
the antenna. All data was obtained by FDTD simulations. 

 

By integrating the area under each peak, where the boundaries are taken at the lowest 

minima, the AF signal of each arrangement of SiO2 can be quantified. We will consider 

the case in which the entire antenna is covered as the “total” signal and all other cases as 

portions of this total. The junction was found to constitute 45.36%, and the rod ends 

19.80% (Figure D.2). The remaining 34.84% can be attributed to the rest of the antenna, 
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which includes the areas surrounding the middle of the rods. Figure D.3 shows simulated 

data for four local areas within these regions. Areas on the middle of the rods constitute 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.3 | FDTD extinction spectra of antennas with SiO2 in regions of weak 
enhancement. (A) Schematic illustration depicting four small areas of SiO2 deposited 
near (left) and on (right) the middle of antenna rods with L = 1800 nm (not drawn to 
scale). Each area of SiO2 has a radius of 150 nm and a thickness of 17 nm. The areas 
near the rods are located at (x,y) positions (900, 0), (0, 900), (-900, 0), and (0, -900), and 
the areas on the rods are located at (900, 900), (900, -900), (-900, 900), and (-900, -900). 
(B) Extinction difference spectra representing (ATN – AN) for an antenna with L = 1800 
nm and no SiO2 (black), SiO2 near the middle of the rods (red), and SiO2 on the middle 
of the rods (blue). The inset shows detail of the peak intensities. (C) Extinction 
difference spectra representing AF calculated from spectra in (B). All data was obtained 
by FDTD simulations. 
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0.63% of the total signal (0.16% for each local area), while areas near the rods yield 

0.13% (0.03% for each local area). 

 

It is important to note that only the portions of the analyte that experience near-field 

enhancement will interact with the antenna to produce AF. When all of the analyte is 

located within the near field, AF represents the enhanced signal of the entire quantity. In 

this case, AF is comparable to AN, which consists of the non-enhanced analyte without the 

antenna. An approximation of the signal enhancement can then be made by simply 

dividing AF/AN. The junction region is ideal for making this comparison because it gives 

the highest signal intensity, and all of the analyte within this region experiences near-field 

enhancement. 

 

Figure D.4 shows extinction spectra for components of the Fano resonance intensity as 

well as AF for a circular layer of SiO2 in the junction with a radius of 150 nm and a 

thickness of 17 nm. The spectrum for AN is scaled by a factor of 100. By comparing the 

peak intensities of AF and AN, where the base extinction value is taken at the midpoint 

between the lowest minima, the signal enhancement ratio is approximately 800. By 

comparing the integrated area under each peak, the enhancement is approximately 750. 

These values are within reasonable agreement with the SEIRA enhancement factor of 

1100 for |E/Eo|2 reported in Chapter 4. 
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Figure D.4 | Theoretical derivation of signal enhancement according to Fano 
resonance intensity. (A) Extinction spectra for an antenna only (blue), SiO2 only 
(black, scaled by a factor of 100), and an antenna with SiO2 (red), in which the antenna 
has a length L = 1800 nm with SiO2 deposited in the junction region with a thickness of 
17 nm. (B) Fano resonance intensity (red) represented by AF = – (ATN – AT – AN) 
obtained from data in (A) and compared to the extinction spectrum for SiO2 only 
(black), reproduced from (A). The AF curve in (B) is reproduced from Figure D.2B. All 
data was obtained by FDTD simulations. 

 

D.2     Quantification of Octadecanethiol and Hemoglobin 

The surface area of the antennas was used to make a rough approximation for the number 

of octadecanethiol (ODT) and hemoglobin (Hb) molecules present in the junction region 

and at the ends of the antenna rods. The total surface area of the junction region was 

calculated to be about 112,000 nm2, which includes the surface area of the rods and the 

ZnSe substrate for a circular region with a radius of 150 nm. The total surface area for the 
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four regions at the ends of the rods was calculated to be about 335,000 nm2, where each 

also consisted of a circular region with a radius of 150 nm. 

 

The functionalization area of a single ODT molecule within a self-assembled monolayer 

was approximated as 20 Å2, and the area of a single Hb molecule 20 nm2. By dividing the 

functionalization area of each molecule by the total surface area of each region, the 

number of ODT molecules in the junction and at the ends of the rods is about 562,000 

and 1.7 million, respectively. This corresponds to about 0.93 and 2.8 attomoles. If we 

assume that Hb forms a close-packed monolayer, the number of Hb molecules present in 

the junction and at the ends of the rods can be approximated as less than 6,000 and 

17,000, which corresponds to 10 and 28 zeptomoles, respectively. 

 



 

 128 

Appendix E 

 

 

Supplementary Data for SEIRA Part II 
 
 

 

 
 

Figure E.1. Comparison of enhancement factor ratios. SEIRA enhancement ratios 
between the fan and rod antennas for oblique incidence with a reflective substrate (red) 
and normal incidence in vacuum (black). Each data point was calculated using the 
optimum geometry of each structure at the given wavelength. The red points correspond 
to the enhancement factors in Figure 5.3A. 
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Figure E.2 | Quarter-wavelength dependence of spacer layer without antennas. (A) 
Refractive index (n) of SiO2.144 (B) Optimum SiO2 thickness to on a Au mirror when no 
antenna is present (brown) compared to modified values, n*(to+δ)cosθn (black). Linear 
fits have slopes of 0.241 ± 0.019 (brown) and 0.238 ± 0.003 (black). These values are 
less than 0.25 due to the ~95% reflectance of Au in this wavelength range. 
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Figure E.3 | Optimum spacer thickness at different incident frequencies. Field 
enhancement vs. SiO2 thickness for fan antennas (solid color), rod antennas (dashed 
color), and no antennas (solid black, right axes) at 2920 cm-1 (A), 2108 cm-1 (B), 1720 
cm-1 (C), and 1545 cm-1 (D). All data was calculated using FDTD with 22.5° incidence. 
The field intensity was measured at a distance 2 nm away from one of the antenna tips 
and 17.5 nm above the substrate (half of the 35-nm antenna height). For simulations with 
no antennas, the field was measured at the same location. Note that the right axis in each 
panel has the same range, but the left and bottom axes have different ranges. The near 
field does not experience total interference (ranging between 0 and 2 for the case with no 
antenna) because the incident beam is not normal to the substrate. 
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Figure E.4 | Charge symmetry for the fan antenna quadrupole mode. Charge density 
plots for the longitudinal quardupole mode of the fan antenna calculated by FDTD at 
4800 cm-1 using normal incidence for different phases of the light wave: (A) 0, (B) π/4, 
(C) π/2, (D) 3π/4. The oscillatory nature of charges in the gap region suppresses 
capacitive coupling. 
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Figure E.5 | Full-range FTIR spectra for antennas with octadecanethiol. FTIR 
absorbance spectra corresponding to the baseline-corrected data in Figure 5.10. The 
legend indicates the array size, antenna type, and substrate. The data for the Au/SiO2 
substrate was obtained by reflection measurements and the quartz substrate by 
transmission. Spectrum features near 1100 cm-1 are due to the vibrational modes of the 
SiO2 spacer layer. The data for the quartz substrate ends at 2100 cm-1 because this is the 
bulk cut-off frequency with nearly 0% transmission at lower wavenumbers. All spectra 
represent raw data with no modifications. 
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Figure E.6 | FTIR spectra for single antennas on quartz. (A) FTIR absorbance spectra 
of an individual fan antenna (red) and rod antenna (blue) on a SiO2 substrate. (B,C) 
Closer view of the fan antenna (B) and rod antenna (C) compared to a self-assembled 
monolayer of ODT on a gold film with grazing incidence over a 100 × 100 µm area 
(scaled and shifted for clarity). In the antenna spectra, the ODT signal intensity is below 
the noise level. 
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