


 
 

ABSTRACT 

Plasmonic Nanostructures for Enhanced Solar Cells and Colorimetric 

Spectroscopy Techniques 

by 

Nicholas Sun King 

Nanostructures that support plasmon resonances, the collective oscillations 

of conduction electrons in metallic systems, are a driving force in nanophotonic 

technologies. The ability to manipulate and confine electromagnetic fields below the 

diffraction limit of light has resulted in an explosion of nanoscale optical devices, 

ranging from single molecule chemical sensors to solid state optoelectronic 

spectrometers. The orientation, geometry, size, dielectric materials and 

environment determine the wavelength dependent scattering and absorption of a 

plasmon resonance. Efficiently designing a nanostructure for a specific application 

relies entirely upon understanding the effect of each of these aspects on the overall 

optical response of the system.  

This thesis presents two different plasmonic nanostructures for enhancing 

two popular technologies: thin film solar cells and optical dielectric/environmental 

sensors. In the first half of this thesis, I use an asymmetric three-dimensional 

nanocup antenna to demonstrate the importance of dipole orientation for 

directional scattering applications. The nanocup (a gold semi-shell supported by a 

dielectric core particle) can couple normal incidence light into a dielectric substrate 



 
 

or planar device. Tilting the orientation of a nanocup, and consequently the dipole 

moment of the plasmon mode, out of the plane of the substrate greatly increases the 

coupling efficacy. This process can directly improve the photon capture efficiency of 

planar thin film silicon solar cells, which are weak absorbers in the near infrared 

regime. Both the electric and magnetic dipole moments of the gold nanocup are 

shown to redirect light into the substrate and the relative contributions are 

quantified using a simple dipole model.  

The second half of this thesis focuses on aluminum nanocluster geometries 

for optical sensing applications. Aluminum is an increasingly popular plasmonic 

material that complements the properties of gold and silver, which are well 

established plasmonic metals. The material properties of aluminum provide a 

greater resistance to oxidation than silver; the tunable range of aluminum 

continuously spans ultraviolet and visible wavelengths whereas gold is limited by 

interband transitions. The sensitivity of aluminum plasmon resonances at visible 

wavelengths can be exploited to create highly responsive optical sensors based 

upon the chromaticity (hue and saturation) of the scattered light. I present Fano 

resonant nanoclusters capable of producing chromaticities throughout the visible 

regime. Modifying the geometric scale and Dn group symmetry of the nanocluster 

changes the interaction of the superradiant and subradiant plasmon modes of the 

Fano resonance. The chromaticity of the Fano lineshape is very sensitive to localized 

surface plasmon resonance (LSPR) shifts induced by changes to the dielectric 

environment. This change can be differentiated by the naked eye or basic RGB 

capable cameras, providing a simple, low-cost means of monitoring the local 



 
 

environment of the nanostructure (e.g., changes in solution concentration, analyte 

degradation, molecular binding events, etc.).  

These two nanostructures illustrate how flexible plasmonic geometries can 

be focused and refined to improve the efficacy of targeted applications. Together 

with demonstrations of plasmonic tuning, these nanostructures and design 

principles will facilitate continued advancement in plasmonically enhanced 

technologies. 
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Chapter 1 

Introduction 

The number of nanophotonic applications utilizing plasmon resonances, the 

collective oscillations of conduction electrons in metallic nanostructure, continues 

to grow in number and variety. Plasmonic nanoparticles/nanoantennas strongly 

couple with electromagnetic radiation and possess wavelength dependent 

absorption and scattering resonances. From these two basic interactions with light, 

a plethora of optical techniques have grown out of studying different plasmonic 

nanostructures. Light absorbed by plasmonic nanoparticles can decay through 

different mechanisms to generate hot electrons1–5 or increase the temperature of 

the local environment.6–9 Plasmonically scattered light can generate intense local 

electric fields and distinct radiation profiles that enhance optical techniques such as 

fluorescence microscopy10–16 and Raman spectroscopy.17–23 

This thesis focuses on basic attributes of plasmonic scattering relevant to 

energy and sensing technologies. Plasmonic nanoparticles can enhance thin film 



 2 

solar cells by concentrating and scattering light into the photoactive region of the 

device.24–28 Efficiently coupling into the device requires a thorough understand of 

the scattering characteristics of a nanoparticle-substrate system. Similarly, sensing 

applications require strong scattered fields to interact with the local 

environment/analyte. An ideal plasmonic system generates strong field 

enhancements at a desired wavelength and remains sensitive to dielectric changes. 

This thesis presents several plasmonic nanostructures used to study and 

demonstrate each of these traits. 

Chapter 2 provides background information on the various optical processes 

and plasmon characteristics discussed throughout this thesis. First, this section will 

describe the various decay mechanisms of a plasmon resonance, with an emphasis 

on scattering, the radiative decay channel. An analytical point dipole model will be 

presented as a simple representation for nanoparticles with dipolar plasmon 

resonances. A dielectric interface is included in the model to capture the effects of a 

supporting dielectric substrate, a common feature in many nanoparticle systems. 

Next, the nanocup geometry will be introduced along with a discussion of the 

electric and magnetic dipole moments of its transverse plasmon mode. Lastly, the 

concept of a Fano resonance, a complex interaction of two coupled energy states, 

will be described in the context of plasmonic nanocluster geometries.  

Chapter 3 presents the microscopy techniques and equipment used to 

characterize the plasmonic nanostructures in this thesis. Presented first is an 

experimental technique to measure a spatial (angle-dependent) scattering profile 
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within a substrate supporting plasmonic nanoparticles. Next, the design of a 

hyperspectral dark field microscope to simultaneously study the spectral, rather 

than spatial, scattering response of many individual particles is described. Lastly, 

the concept of chromaticity is explained and I define one of the common metrics 

used to quantify it, the CIE 1931 standard color space. 

In chapter 4, the spatial scattering profile and coupling strength of plasmonic 

nanoparticles on a dielectric substrate are studied. Symmetric and asymmetric 

nanoparticle geometries are used to understand how the radiated fields of a 

plasmon resonance couple into a nearby dielectric substrate. The nanocup 

geometry, an asymmetric gold semi-shell supported by a silica core, is shown to 

exhibit greater control and coupling strength compared to a symmetric nanoshell. 

The particle orientation and electric/magnetic induced dipoles of the nanocup are 

used to maximize the light coupled into a planar substrate. 

Chapter 5 examines aluminum as plasmonic material for ultraviolet and 

visible wavelengths using a simple nanodisc geometry. The optical properties of this 

simple aluminum nanostructure are studied while noting the effects of particle size 

and aluminum purity. Theoretical modeling and experimental measurements are 

used to distinguish the effects of the surface oxide, dielectric substrate, and bulk 

material oxidation on the plasmonic scattering. Using these tools, a simple optical 

means of detecting high quality aluminum nanostructures is presented. 

In chapter 6, aluminum nanocluster geometries that support optical 

frequency Fano resonances are presented. Tuning the Fano lineshape across the 
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visible regime is demonstrated by scaling the size and symmetry of the nanocluster 

geometry. The optical response of each nanocluster is characterized by the 

chromaticity (hue and saturation) of the scattering spectrum. The chromaticity is 

shown to be highly responsive to localized surface plasmon resonance (LSPR) shifts 

induced by changes in the local dielectric environment. 
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Chapter 2 

Plasmonics Background 

This chapter introduces concepts related to the general field of plasmonics as well as 

specific topics discussed throughout the following chapters of this thesis. 

2.1. Decay mechanisms 

Plasmonic nanoparticles have enhanced a wide variety of nanophotonic 

technologies (e.g. photothermal ablation of cancer cells,7–9 fluorescence 

enhancement,10,12,13,15,29 flat metamaterial lenses,30–32 etc.) via the absorption and 

scattering of photons. The non-radiative (absorbing) and radiative (scattering) 

decay channels of plasmon resonances are used to create dichroic glass in one of the 

oldest examples plasmonics, the cup of Lycurgus, shown below in Figure 2.1.33  By 

coupling to the oscillating electric fields of photons, plasmonic nanoparticles 

efficiently harness electromagnetic energy. Controlling the two decay channels of a 

plasmonic system is the key to focusing this energy into a functional application. 
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Figure 2.1 | The Lycurgus cup, an ancient glass goblet permeated with gold and 

silver colloidal nanoparticles. The plasmon resonances of the nanoparticles 

selectively absorb and scatter green wavelengths. a) When a white light 

source is placed behind the glass, the red and blue wavelengths that do not 

interact with the plasmonic particles transmit through to the observer. b) 

When placed in front of the glass, only the scattered green photons are seen by 

the observer.  

Non-radiative plasmon decay mechanisms are used to convert the energy of 

exciting photons into localized heat or energetic electrons. As the conduction 

electrons move through the metal nanoparticle, they scatter off of each other 

(electron-electron interactions) and the positive ion background lattice (electron-

phonon interactions). The dissipated energy will heat up the nanoparticle and its 

local environment.6,8,7,9 With a low efficiency, plasmons can also decay by 

transferring the energy of the collective plasmon into a single “hot” electron.1,2,34  
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This thesis will highlight applications that use the radiative decay channel to 

scatter electromagnetic fields into the near-field and far-field regions around 

plasmonic nanoparticles. Perturbing the electron cloud of a metallic nanoparticle 

with an external electric field causes a buildup of charge density on the nanoparticle 

surface. Concentrating charge to nanoscale dimensions generates high intensity 

near-fields that decay exponentially around the nanoparticle. These near-fields 

interact strongly with the local environment (Figure 2.2, r < λ), potentially with 

orders of magnitude greater efficiency than the original electric field used to perturb 

the electron cloud. Near-field scattering amplifies the effects of optical radiation by 

focusing it down to the nanoscale.  

 

Figure 2.2| Near-field and far-field regions of a dipole source.  

In a reciprocal manner, plasmonic scattering can also transfer nanoscale 

information, such as nanoparticle orientation and shape, back to the macroscopic 

realm. As the surface charge distributions accelerate across the nanoparticle, they 

radiate propagating waves into the far-field region (Figure 2.2, r > 2λ). In the 

simplest case, an oscillating dipolar plasmon mode will radiate energy with a cos2θ 
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angular dependence with respect to the nanoparticle dipole moment. Higher order 

plasmon modes can be approximated with a combination of orthogonal multipolar 

modes, each with their own radiation amplitudes and patterns that are governed by 

the nanoparticle charge distribution. 

In addition to the angular distribution of scattered light, the wavelength of 

the scattered light also reveals information about the local environment of the 

nanoantenna. A plasmon mode has an initial resonant wavelength in air, but placing 

dielectric materials around the nanoparticle will partially screen the charge 

distribution of plasmon modes and redshift the resonant wavelength. This localized 

surface plasmon resonance (LSPR) shift of the scattering spectrum is used for 

various sensing and spectroscopy applications.35–38 

2.2. Dipole scattering model 

Dipolar plasmon resonances have the strongest dipole moment to couple to 

light, and therefore are the best system to study for gaining insight about the 

directional scattering properties of a plasmonic nanoparticle. The separation of 

positive and negative charges on opposite sides of a plasmonic antenna will create a 

dipole moment along the axis of separation. The acceleration of charges back and 

forth along this axis produces the familiar cos2θ dipole radiation pattern in free 

space (see Figure 2.3). The radiation is polarized along the plane formed by the 

vector of propagation and electric dipole axis. Using these two concepts, a few 

simple scattering measurements with a polarizer can quickly determine the 
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orientation of a plasmonic nanoparticle. Conversely, a specific scattering profile can 

be reproduced by fabricating a nanoantenna with a specific orientation and exciting 

it with an appropriate polarization of light. 

 

Figure 2.3 | Dipolar plasmon mode and radiation pattern in free space. a) The 

electric field of light polarizes the metal nanoparticle by shifting the 

conduction electron cloud relative the ion background. As the light propagates 

past the particle, the electron cloud oscillates back and forth under the 

influence of the electric fields and the restoring force of the ion background. 

b) The dipole moment created by the charge separation oscillates along the 

axis of polarization, producing in a cos2θ far-field radiation with respect to the 

particle orientation. 

In most applications, the scattering profile is not so simplistic because 

controlling the orientation of a plasmonic nanoantenna requires a supporting 

structure that creates an inhomogeneous dielectric environment. Lithographically 

fabricated particles require a planar substrate for patterning of resist masks; 

chemically synthesized particles are drop cast or spun onto substrates to perform 

single particle measurements; colloidal lithography requires particles to be 
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deposited on a substrate to act as a mask. Each of these fabrication techniques 

produces plasmonic nanoparticles that are in contact with a dielectric substrate. 

Using effective medium approximations in numerical simulations can successfully 

predict the redshift of the plasmon energy due to dielectric screening from the 

substrate. However, the lack of a dielectric interface in these simulations will not 

correctly simulate the spatial dependence of the radiated fields.  

Forgoing hyper-accurate computational modeling, a simple point dipole 

model near a dielectric interface39,40 can provide valuable insight into the scattering 

characteristics of this system. The Fresnel equations determine the reflection and 

transmission amplitudes of the radiated fields at the interface for a given angle of 

incidence and polarization. It is helpful to decompose the radiated fields into 

evanescent and propagating waves which behave differently when interacting with 

the dielectric interface. In this following description, it is assumed a dipole source 

radiating 800 nm light is positioned in air (n = 1), 30 nm above a dielectric substrate 

(n = 1.5). 
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Figure 2.4 | Scattering profiles of electric dipoles in homogeneous and 

inhomogeneous environments. In free space (a and b), an electric dipole 

radiates according to a cos2θ pattern. Introducing a dielectric interface (c and 

d) strongly alters the radiation pattern and pulls more light into the substrate. 

Reflection and refraction of photons at the interface change the cos2θ pattern 

far-field scattering pattern of the propagating electromagnetic waves in a 

homogeneous medium (Figure 2.4a and b). Propagating waves that reflect off of the 

higher index substrate obtain a 180° phase shift and interfere constructively and 

destructively with photons directly radiated into the air side of the space. The 
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destructive interference creates dark regions (gray regions, Figure 2.4c) in the 

angular scattering profile near the substrate where no information about the source 

can be obtained in the far-field. Within the substrate, refraction condenses the 

propagating waves into a conical region bounded by the critical angle of the 

dielectric interface (Figure 2.4c and d, blue data points).  

 

Figure 2.5 | Exponential decay of near-field interaction strength. As the dipole 

moves away from the substrate (b-f), the strength of the evanescent fields 

reaching the interface decays exponentially. The radiation coupled into the 

critical region of the substrate (red points) decays while the propagating 

waves in the non-critical region (blue points) remain unaffected. 

Evanescent waves, while normally restricted to the near-field region of a 

radiating source, can propagate into the far-field regime by coupling to a dielectric 

interface. When the particle is close enough to the interface, evanescent waves with 

sufficient amplitude and a proper k-vector will refract into the critical region of the 

substrate (θtrans > θcrit). The refraction at the interface changes this radiation from an 

exponential decaying field to a propagating wave (Figure 2.4c and d, red data 
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points). Controlling dipole orientation and distance with respect to the interface 

determines the amount of light extracted from the near-field of the dipole and 

radiated into the substrate. This is an important effect in nanophotonic systems 

where subwavelength separations between a source and interface are common. For 

macroscopic systems, this effect is completely absent as the evanescent fields decay 

before reaching the interface (Figure 2.5f). 

2.3. Nanocup plasmon modes 

Nanocups are metallic semi-shells supported by a polystyrene or silica 

dielectric cores. These nanoparticles are also referred to as “Janus” particles due to 

the asymmetric metal coating on either side of the core, similar to the Roman god 

with two faces. Nanocups are fabricated by etching half of the metal from nanoshell 

geometry using physical plasma etch,41,42 or by directional deposition of a metal film 

onto dielectric cores supported by a substrate.43–46 The cylindrical symmetry of the 

particle supports two fundamental dipolar plasmon modes: the axial mode 

polarized along the axis of symmetry, and two degenerate transverse modes 

polarized transverse to the axis of symmetry (Figure 2.6b). 
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Figure 2.6 | Nanoshell and nanocup plasmon resonances. a) The nanoshell 

geometry possesses spherical symmetry, leading to a three-fold degenerate 

dipolar plasmon mode. b) The reduced symmetry of the nanocup geometry 

generates two different dipolar plasmon resonances, an axial mode and a 

transverse mode. Inset: Finite element method simulations of the charge 

distributions of each plasmon mode. 

 Unlike the spherically symmetric nanoshell case (Figure 2.6a), the nanocup 

plasmon modes have an absolute orientation with respect to the nanoparticle 

geometry. A nanoshell has the same spectral response regardless of the illumination 

conditions. The orientation of the nanocup with respect to the polarization vector of 

incident light determines the relative excitation of the axial and transverse plasmon 

modes. When the nanocup axis is aligned with the k-vector of incident light (Figure 

2.7), the axial mode cannot be excited because its orientation is orthogonal to the 

polarization vector. If the nanocup is slightly tilted, a small component of the 

polarization vector is aligned with the nanocup axis and the axial plasmon mode will 

be weakly excited (Figure 2.7b).  
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Figure 2.7 | Tilted nanocups “bend” light out of incident beam path. a) Aligning 

the nanocup axis with the incident k-vector creates a scattering profile 

dominated by forward- and back-scattering. b) Tilting the nanocup reorients 

the both the axial and transverse modes to scatter light away from the 

incident beam path. 

Tilting the nanocup also has the interesting effect of decoupling the electric 

dipole moment of nanocup plasmon modes from the incident polarization vector. By 

orienting the particle to partially excite both the axial and transverse modes, the 

two induced dipole moments will scatter light out of the beam incident beam 

path.42–44 Based upon the dipole scattering model presented in Sub-Chapter 2.2, 

each plasmon modes will scatter light according the cos2θ pattern but in different 

directions ( 
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Figure 2.7b). The two orthogonal scattering patterns will also have different 

wavelength dependence due to the different resonant energies of the axial and 

transverse modes.  

 

Figure 2.8 | Electric and magnetic dipole moments of the nanocup transverse 

plasmon mode. a) The transverse plasmon mode is defined by the distribution 

of electric charge (color map on nanoparticle surface) with respect to the 

nanocup symmetry axis. b) The flow of electrons (quiver plot on nanoparticle 

surface) from the plasmon resonance induces a magnetic dipolar resonance 

90° out of phase with the electric dipole moment. 

A unique feature of asymmetric plasmonic nanoparticles like the nanocup is 

the ability to support magnetic resonances. The electric dipole moment of the 

transverse plasmon mode (Figure 2.8a) oscillates back and forth under the driving 

force of the exciting optical electric fields generating a current in the metal semi-

shell. The flow of electrons will induce magnetic fields around the particle according 

to the Biot-Savart Law. The current at the top of the nanocup (Figure 2.8b) has no 

symmetric counterpart to nullify the induced magnetic field, resulting in a net 

magnetic dipole moment. The magnetic dipole is 90° out of phase and orthogonal to 
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the electric dipole moment, but oscillates at the same frequency. To accurately 

model the scattering response of the transverse plasmon mode, an electric dipole 

and a non-zero orthogonal magnetic dipole are required. 

2.4. Fano resonance 

A Fano resonance is a general interaction observed in systems with broad 

and narrow resonant modes that overlap in energy. When the system is driven by an 

external source in this region of overlap, the broad and narrow modes can interfere 

with each other resulting in a characteristic spectral lineshape described by Dr. Ugo 

Fano in 1961.47 This spectral lineshape can resemble a strong peak, dip, or 

asymmetric feature depending on the nature of the interaction of the two modes. 

The original description of the Fano resonance was limited to atomic physics, but 

the same interaction phenomenon and spectral lineshape has been expanded to 

many other systems including chemical aggregates,48 systems of coupled springs,49 

and of course plasmonics.10,19,38,50–56  

Plasmonic Fano resonances occur in nanostructures that support 

overlapping superradiant and subradiant plasmonic modes. A commonly used 

geometry is the nanocluster, a collection of closely coupled nanodiscs.19,38,52–55,57,58 

The collective structure supports a “bright” plasmon mode where the induced 

electric dipole of each nanodisc is co-aligned, allowing it to strongly scatter light. 

The radiative damping from the scattering gives this mode a large spectral 

linewidth.  A Nanocluster can also support a “dark” plasmon mode with anti-aligned 
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dipole moments. With a very weak net dipole moment, this mode cannot scatter 

light efficiently and has a narrow linewidth. 

 

 

Figure 2.9 | Plasmonic nanoclusters support Fano resonances. 

When the nanocluster is illuminated, only the superradiant mode is directly 

excited by incident photons. The strong coupling between the modes causes energy 

from the superradiant mode to transfer over and excite the subradiant mode in the 

region of spectral overlap. When energy transfers back to the superradiant mode, 

the phase delay picked up from the two step exchange introduces a strong 

interference effect into the spectral response. Typically, the Fano resonance 

manifests as a strong destructive interference dip in the scattering spectrum. 

Depending on the relative energies of the two modes and the nature of the coupling, 
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the Fano dip may only be close to, and not directly align with, the position of the 

subradiant plasmon mode.10  
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Chapter 3 

Microscopy Techniques 

This chapter describes the experimental apparatuses and data collection techniques 

used to characterize the plasmonic nanostructures discussed in this thesis. 

3.1. Angle resolved dark field spectroscopy 

Measuring the angular scattering profile of an ensemble of nanoparticles as a 

function of wavelength, incident polarization, and nanoparticle orientation requires 

a custom microscope configuration. Light from a halogen lamp (Edmund MI-150) is 

fiber-coupled into the system and collimated to provide broadband illumination of a 

nanoparticle covered substrate. An incoherent light source is necessary to eliminate 

interference generated by the phase offset between different scattering sources 

across the beam spot. After passing through a linear polarizer, the light is focused 

down to a 1 mm beam spot on the sample with normal incidence using a Mitutoyo 

20x objective. To limit the number of photons with non-normal incidence, an iris is 
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placed directly in front of the objective to reduce the numerical aperture to an 

approximate value of 0.11. 

 

Figure 3.1 | Angular scattering profile microscope schematic.  

Each sample, glass cover slip substrate functionalized with nanoparticles, is 

optically bonded to an N-BK7 cylindrical lens (ThorLabs, LJ1622L1) with index 

matching oil. Centering the planar sample surface within a rotational stage allows 

the scattered light to exit the substrate perpendicular to the curvature (see 

schematic in Figure 3.1). This prevents refraction from distorting the scattering 

profile. A fiber-coupled collection lens sweeps along the bottom curvature in 2° 

increments to a maximum of 70° on both sides of the exciting beam of the structure 

to capture the undistorted angular distribution of light. At each angular position, the 
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scattered light exiting the hemi-cylindrical substrate is fiber coupled to a 

spectrometer (Ocean Optics USB4000-VIS-NIR) for analysis.  

Each spectrum is fitted with Gaussian line-shapes, in energy units, 

corresponding to each excited dipole plasmon resonance in the nanoparticle sample. 

A Gaussian line-shape is required to account for the inhomogeneous broadening of 

the Lorentzian plasmon resonance due to the ensemble measurement. The 

amplitude of the fitted peak, not the photon count of the peak wavelength, is plotted 

to remove contributions from other plasmon modes. A small angular region of 

approximately 10° around the optical axis is saturated by the transmission of the 

incident beam, forcing the data to be removed from the final analysis. 

3.2. Hyperspectral microscopy 

Frequency scan hyperspectral microscopy allows the spectral response of 

many nanoparticles to be investigated simultaneously. The unpolarized output of a 

continuum light source (Energetiq LDLS) is passed through a monochromator with 

a 1200 g/mm UV grating to select a narrow frequency band. As shown in Figure 3.2, 

the output slit of the monochromator is reimaged onto the sample surface using two 

UV-enhanced aluminum mirrors (one planar and one concave for focusing) in a z-

fold configuration. The incident beam illuminates an approximately 500 x 500 

micron region of the sample at an angle of 65° in a dark field configuration.  



 23 

 

Figure 3.2 | Frequency scan hyperspectral dark field microscope. 

Scattered light from the region of interest (ROI) is collected using a 15×, 0.50 

NA finite conjugate Schwarzschild-type objective (Edmund Optics, UV ReflX). The 

image of the ROI is focused onto a UV-enhanced CCD array (Princeton Instruments) 

without passing through any refractive optical elements, preventing any chromatic 

distortions. The strong absorption bands of oxygen and ozone below 300 nm can 

also interfere with the scattering measurements in the ultraviolet regime. To 

mitigate these effects, all measurements are performed within a dry nitrogen 

environment with less than 1% oxygen (Vernier) and 20 ppb ozone (Ozone 

Solutions).  
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Figure 3.3 | Analysis of frequency scanned hyperspectral data cube.  

Monochromatic images of the region of interest are obtained in 5 nm 

increments from 200 to 700 nm with a uniform exposure time controlled by an 

automated LabVIEW program. The images form a spectral data cube that contains 

the scattering response of all nanostructures within the field of view. Integrating the 

pixels corresponding to a single nanostructure in each image (Figure 3.3, inset white 

boxes) builds a raw scattering spectrum. The raw spectrum is corrected for the 

spectral dependence of light source and camera using a UV-grade white calibration 

standard (Labsphere, Spectralon). 

3.3. Chromaticity 

The Commission Internationale de l’Eclairage (CIE, or in English, the 

International Commission on Illumination) is an internal organization overseeing 
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standards and metrics for optical color applications. Over the past century, the CIE 

has established several useful metrics for accurately describing the concept of color 

in an objective manner. While not the most current standard available, the CIE 1931 

color space59 is a widely used and recognized tool for defining the chromaticity (hue 

and saturation) of a perceived color. The three color matching functions shown in 

Figure 3.4 define the relationship between the visible wavelengths of light and 

physiological response of the three types of color receptors in the average human 

eye.60,61  

 

Figure 3.4 | CIE 1931 color matching functions.  

Integrating the color matching functions with the spectral response of a 

plasmonic nanoparticle determines the chromaticity of the nanoparticle. The CIE 
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chromaticity coordinates x, y, z are calculated using Equations 1 - 6 to convolve the 

plasmonic scattering spectrum with the color matching functions. 

              
   

   
   Equation 1 

              
   

   
   Equation 2 

              
   

   
   Equation 3 

                Equation 4 

                Equation 5 

                Equation 6 

The x and y coordinates correspond to a position on the CIE 1931 color space shown 

in Figure 3.5 (the z coordinate contains redundant information). The points on the 

curved portion of the perimeter highlighted with a black line correspond to pure 

wavelengths (spectral power distribution is a Dirac function). The rest of the 

colored region includes every color and mixture of color that can be perceived by 

the human eye. The perfect blend of all colors (spectral power distribution is the 

unity function) corresponds to the white point. 
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Figure 3.5 | CIE 1931 chromaticity diagram. 

Research into integrating plasmonic nanoparticles into color filter,62–68 LCD 

displays,69–71 and sensor technologies is on the rise. Inks, fluorophores, and organic 

pigments used in these technologies have a finite lifetime, succumbing to 

photobleaching and other forms of degradation over time. Properly fabricated and 

protected, plasmonic metal nanoparticles have an effectively infinite application 

lifetime. Reproducing the standard RGB color gamut (Figure 3.5, gray triangle) and 

evermore vivid colors approaching the boundary of human perception remains an 

ongoing goal for plasmonic researchers.  
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Chapter 4 

Orienting Nanoantennas in Three 

Dimensions to Control Light Scattering 

Across a Dielectric Interface 

This chapter focuses on the use of particle orientation to optimize the spatial 

distribution of scattered light into a dielectric substrate. The light scattering 

properties of hemispherical resonant nanoantennas can be used to redirect normal 

incidence light to propagate within a thin film or thin film-based device, such as a 

solar cell, for enhanced efficiency. While planar nanoantennas are typically fabricated 

as simple nanoparticles or nanostructures in the film plane, here I show that a 

hemispherical nanoantenna with its symmetry axis tilted out of the plane 

accomplishes this task with far greater efficacy. The amount of light scattered into an 

underlying dielectric by the electric and magnetic dipole response of oriented 

nanocups can be more than three times that achieved using symmetric structures. 

Reproduced with permission from Orienting Nanoantennas in Three Dimensions To 
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Control Light Scattering Across a Dielectric Interface. Nicholas S. King, Mark W. 

Knight, Nicolas Large, Amanda M. Goodman, Peter Nordlander, and Naomi J. Halas. 

Nano Letters 2013 13 (12), 5997-6001. DOI: 10.1021/nl403199z. Copyright 2013 

American Chemical Society. 

4.1. Introduction 

The field of plasmonics has established many promising new ways to utilize 

metallic nanoparticles as subwavelength antennas at optical frequencies.73,74 One 

application of particular interest is the enhancement of thin film photovoltaic device 

efficiencies, accomplished by the integration of plasmonic nanoparticles or 

nanostructures onto or into the device. By engineering the scattering response of 

optical frequency nanoantennas, incident light can be routed into a waveguide or 

evanescent mode of a film or planar device, or captured via total internal reflection 

(TIR) instead of being lost to transmission.75,27,76,77 Here, we examine the light-

directing properties of three-dimensional optical frequency nanoantennas into a 

dielectric substrate by reducing symmetry and by tilting the nanoantenna out of the 

plane of the underlying dielectric. In all cases, we observe a significant increase in 

light scattering into the waveguide or TIR regime relative to a spherical 

nanoparticle. A point dipole model40 describes this process and allows us to 

delineate the relative contributions of the electric and magnetic dipoles to the 

observed enhancement in light direction into the substrate. 
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Utilizing the strong plasmonic response of metallic nanoparticles is 

potentially a promising strategy for enhancing efficiencies in the newest generation 

of thin film solar cells.78,26,79 The photoactive regions of these devices can be 

substantially thinner than their absorption depth, particularly at red or near-

infrared wavelengths, where many photovoltaic media already have low-absorption 

efficiencies.25 Scattering normal incidence photons beyond the critical angle for total 

internal reflection will redirect the light to propagate in the plane of the device; this 

substantially increased photon flux should result in increased device efficiencies by 

increasing photocarrier generation. Thus far, the use of metal island 

films,28,80,24 individual particles,81–86 or textured metallic back contacts87,88 to 

enhance the coupling of light into photoactive media has shown increasing promise. 

Here we examine this problem as a nanoscale analog of the Sommerfeld 

problem,89 a dipole radiating over a ground plane. This approach enables us to 

examine the effects of symmetry, orientation, and position of an optical frequency 

nanoparticle antenna near a dielectric interface. These results can be applied 

generally to the design of nanoantenna-integrated planar devices to substantially 

enhance light-coupling efficiencies. 

4.2. Methods 

4.2.1. Nanocup fabrication and orientation preserving transfer process 

Sacrificial silicon substrates were cleaned with a “piranha solution” (30% 

H2O2, 70% H2SO4) and functionalized with a nanoscale poly(4-vinylpyridine) 
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(PVP) layer to promote nanoparticle adhesion.90 The substrates were then 

submerged in a dilute solution of 120 nm diameter silica cores (grown using the 

Stöber method) for 4 hours to produce a submonolayer of nanoparticles cover the 

whole substrate. The excess particles rinsed away and the nanoparticle substrates 

dried under flowing nitrogen. The samples were then mounted at various angles (0°, 

30°, and 45°) in electron beam evaporator. An adhesion layer of titanium and then a 

35 nm of gold film were deposited at a base pressure of 2e-6 Torr. The highly 

directional nature of the metal deposition produces an ensemble of oriented 

nanocups surrounded by a perforated metal film.  

A cellulose acetate butyrate (CAB) solution was made by dissolving cellulose 

acetate butyrate (average MW = 70,000, Sigma-Aldrich) in ethyl acetate at a 30 

mg/mL ratio.91 To promote adhesion to the gold surface of the nanocups, 0.1% 

volume of 1-dodecanethiol was also added as a coupling agent to the CAB solution. 

Several drops of the solution were deposited over a desired region of nanoparticles 

and allowed to air dry for approximately one minute. The film solidified and 

encapsulated the nanocups, preserving the orientation. A water bath was used to 

separate this hydrophobic CAB-nanoparticle film from the sacrificial fabrication 

substrate. The weak binding between the poly (4-vinylpyridine) and the silica core 

of the nanocup releases easily, allowing the CAB film to efficiently separate the 

nanocups from the surrounding gold film. The titanium adhesion layer keeps 

surrounding gold film firmly attached to the substrate while the CAB-nanoparticle 

film is lift away. Evaporating gold at angles higher than 45° fuses the gold nanocups 

to the surrounding film and drastically lowers the transfer yield. 
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Figure 4.1 | Fabrication and transfer of 3D oriented nanocups to a pristine 

substrate. a) A polymer adhesion layer on a sacrificial substrate immobilizes 

silica nanospheres in a disperse sub-monolayer. b) Evaporation of a Ti/Au 

film at a well defined angle creates oriented nanocups surrounded by a gold 

film. c), Depositing and drying a cellulose acetate butyrate (CAB) solution over 

the sample secures the bulk orientation of the nanocups in a polymer film. d) 

The CAB-nanoparticle film is delaminated from the sacrificial substrate, 

leaving behind the surrounding gold film. e), f) After depositing the CAB-

nanoparticle film onto the new substrate and dissolving the CAB, the nanocups 

retain their original orientation with respect to the surface normal vector of 
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the new substrate. g) Scanning electron microscopy confirms uniform 

orientation over large working areas. Scale bar is 1 micron. 

The new substrate is submerged in the water bath, positioned beneath the 

film, and lifted directly up to redeposit. Using capillary action from an absorptive 

wipe to remove the small amount of water remaining between the new substrate 

and the film promotes a smooth, wrinkle free application. Gently and thoroughly 

rinsing with ethyl acetate dissolves the CAB transfer film and leaves the 

nanoparticles on the new substrate with the same surface density and surface 

orientation as on the original (see Figure 4.1). 

4.2.2. Finite element method (FEM) modeling 

All FEM simulations were performed using the COMSOL 4.2 RF module 

(commercial FEM software) with light incident normal to the substrate. A spherical 

simulation space was modeled as air with a dielectric value of εair = 1.00. To best 

simulate this fabrication technique, a nanocup was modeled as half of an Au prolate 

spheroid (65 nm and 95 nm minor and major radii) with a spherical silica core (60 

nm radius) at the center of the simulation space. The optical constants of the Au 

outer shell were described using experimental values92 and the silica core as an 

isotropic dielectric with εcore = 2.04. Charge plots were generated by applying 

Gauss’s Theorem at the surface of the particle. The difference between the 

orthogonal component of the electric field immediately above and below the surface 

was calculated to obtain the surface charge density. The current flow within the Au 

shell was shown by plotting the current density on a cross-sectional plot of the 
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nanocup geometry in the x-z plane. The phase of the incident wave was adjusted to 

find the maximum amplitude of the charge and current oscillations of the transverse 

plasmon mode. 

4.3. Results and discussion 

The reduced-symmetry metallic nanocup, or semishell, is an ideal geometry 

for this study, as it provides control over the dipole orientation in three 

dimensions.42–44,93 The transverse nanocup mode, known as the “beta”93 or 

“magnetic”43 mode, generates both electric and magnetic dipole moments that are 

explicitly linked to the orientation of the nanocup. Controlling the orientation of the 

nanocup during fabrication dictates the dipole orientation and therefore controls 

the scattering response of the system.42,44 
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Figure 4.2 | Light scattering from a dipolar nanoparticle antenna into a 

dielectric substrate. (a) Schematic of the scattering detection system. A glass 

substrate functionalized with nanoparticles was optically bonded to a 

cylindrical lens using index-matching oil. Incoherent white light from a 

halogen lamp (550–900 nm) polarized parallel to (red, 0°) or perpendicular to 

(blue, 90°) the plane of detection was focused down to a 1 mm diameter spot 

on the sample. A fiber-coupled collection system measures the far-field 

radiation pattern generated within the substrate. Inset: A typical scattering 

spectrum from the nanoshell sample showing the excited dipole plasmon 

mode, centered at 675 nm. (b) Experimental scattering amplitudes from the 

dipole plasmon mode of a nanoshell. The blank region around 0° corresponds 

to saturation of the detector by transmission of the incident beam through the 

substrate. Noncritical region, white; critical region, green. (c) The analytical 

case of a point dipole in close proximity to a dielectric interface. 

To measure the angular scattering into a dielectric substrate, each type of 

nanoantenna was deposited with a specific orientation91 on a glass cover slip and 

optically bonded to a cylindrical lens with index matching oil. The combined 



 36 

elements form a glass hemi-cylindrical substrate with an ensemble of oriented 

nanoparticles covering the flat surface (Figure 4.2). The polarized input beam is at 

normal incidence on the substrate in the same manner that photovoltaics are 

oriented directly at the sun to maintain the highest energy density over the device 

area. The scattered photons do not refract upon exiting the curved bottom surface of 

the substrate, preserving the angular distribution of light transmitted into the 

surrounding air medium and into the optical fiber input of the detector. 

A pair of oscillating point dipoles is the simplest model for approximating a 

quasistatic dipole plasmon resonance. An electric and a magnetic dipole mimic the 

net oscillating charge density and the net current loop of a plasmon resonance, 

respectively. In a uniform medium, the far-field radiation pattern of a dipole exhibits 

a cos2 θ profile with cylindrical symmetry along the axis of the dipole moment. 

Nanoparticle fabrication techniques often rely upon an underlying substrate for 

support, placing the dipole moment of a plasmonic nanoparticle very close to a 

dielectric interface. The analytical solution for the far-field scattering profile of a 

point dipole can be modified to account for the presence of this dielectric 

interface.40 

Both propagating and evanescent waves generated by the radiating dipoles 

contribute to the angular scattering profile of the light into the substrate. Below the 

critical angle, θc = 41.8°, scattering is determined by the plane wave radiation, 

slightly modified by refraction at the interface. Evanescent waves that reach the 

surface will also refract, but do not propagate energy into the far field in this region. 
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In the region beyond the critical angle (in the following referred to as the critical 

region) scattered radiation is exclusively due to evanescent waves that refract into 

the substrate as homogeneous plane waves. This process can be interpreted as the 

inverse of frustrated total internal reflection (FTIR) or attenuated total reflectance 

(ATR), where light trapped in an optical waveguide can escape by a coupling 

mechanism at the interface.40 

The scattering amplitude within the critical region is controlled both by the 

orientation of the radiating dipole and its proximity to the substrate. The orientation 

of the dipole determines the angular distribution of light waves that successfully 

couple into the critical region as propagating waves. As the dipole moment tilts out 

of the plane of the interface, a larger fraction of the evanescent field couples into the 

critical region. The strongest scattered signal is achieved by a dipole oriented along 

the surface normal (Figure 4.3a). Moving the dipole closer to the interface increases 

the strength of these fields at the interface and also increases the coupling of light 

into the critical region26,88 (Figure 4.3b). 
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Figure 4.3 | Integrated scattering into the critical region as a function of dipole 

orientation and position. a, A point dipole in close proximity to a dielectric 

interface couples into the critical region of total internal reflection (TIR) more 

efficiently as it is tilted away from the plane of the interface (0°) and toward 

the surface normal vector (90°). The integrated scattering intensity beyond 

the critical angle is plotted as a function of the tilting dipole orientation and 

normalized to the untilted geometry. b, As the point dipole is translated closer 

to the dielectric interface, the coupling efficiency exponentially increases with 

the stronger interaction of near-field radiation of the dipole and the interface. 

The integrated scattering intensity is plotted as a function of the dipole 

position and normalized to the coupling intensity at an initial position of 200 

nm above the interface. 

The scattering profile of a spherically symmetric nanoantenna, in this case an 

Au nanoshell ([r1, r2] = [60, 78] nm, with a dipole plasmon resonance centered at 
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675 nm), is predicted with great accuracy by the simple point dipole model, as seen 

above in Figure 4.2. Although a nanoshell is not a quasi-static antenna (the 

wavelength of scattered light on resonance is just over 4× the diameter of the 

nanoparticle), the point dipole model clearly describes the scattering characteristics 

of a spherical nanoantenna extremely well. 

In contrast to the spherically symmetric nanoshell, the reduced-symmetry 

nanocup or semishell provides a geometry where a localized surface plasmon with 

an electric dipole moment normal to the interface plane can be excited by normal 

incidence light. We have previously shown that nanocups can be fabricated with a 

well-controlled angular tilt (ranging from 0° to 45°) and deposited onto a substrate 

while maintaining this predetermined angular orientation.42,43 Increasing the tilt 

angle increases in a controlled manner the component of the electric dipole normal 

to the interface for normal incidence illumination. In addition, the optical frequency 

magnetic response of the nanocup also increases the scattering into the critical 

region. The Biot-Savart law dictates that the flow of electrons in this hemispherical 

structure, in this case stimulated by the plasmon resonance, will generate an 

induced optical frequency magnetic field. In a nanoshell, contributions from the 

current flow in opposing sides of the shell cancel, producing no net-induced 

magnetic field at optical frequencies. However, the current flow through the top 

portion of the nanocup has no opposing current flow. The reduced symmetry results 

in a nonzero-induced magnetic field transverse to the electric dipole moment. The 

nanocup becomes a three-dimensional analog of a two-dimensional split ring 

resonator.94,95 
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Figure 4.4 | Electric and magnetic dipole contributions to scattering profile of 

a nanocup under normal incidence resonant illumination (750 nm 

wavelength). (a) Surface charge density (red/blue) and current density (black 

arrows) of the transverse nanocup plasmon mode are plotted as a function of 

phase. The nanoparticle electric dipole moment, created by the surface charge 

density, is 90° out of phase with the nonzero magnetic dipole moment created 

by the asymmetric current density. (b, c) The scattering from the 

corresponding electric point dipole orientation and magnetic point dipole 

orientation, respectively. Noncritical region, white; critical region, green. (d) 

The 90° phase relation of the two dipole moments permits the linear 

combination of the two scattering profiles without interference terms. 

Experimental data, black; two dipole model with magnetic to electric dipole 

ratio of 0.275, magenta curve. (e) A typical scattering spectrum from the 

nanocup sample shows the transverse mode centered around 750 nm. 
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The dipole model for a nanocup therefore consists of a linear combination of 

a point electric dipole and a point magnetic dipole located at the centroid of the 

nanocup (Figure 4.4). Finite element method (FEM) simulations of a nanocup using 

a spherical dielectric core (60 nm radius) covered by half of a gold prolate spheroid 

(65 and 95 nm minor and major radii, respectively), using experimental dielectric 

values96 (Figure 4.4a), verify that the electric and magnetic dipoles oscillate 90° out 

of phase. When the incident electric field polarizes the nanoparticle, it creates the 

maximum electric dipole moment (Figure 4.4a, Δϕ = 0°), but no net current flow. As 

the electrons oscillate with the driving field, the current flow, and therefore the 

magnetic dipole moment, is maximized at the midpoint of the oscillation (Figure 

4.4a, Δϕ = 90°). This gives rise to two non-interfering electric and magnetic dipoles 

in this antenna structure. 

Analyzing these two dipole amplitudes independently allows us to determine 

the relative contribution of the electric and the magnetic dipole to the 

experimentally observed scattering profile. The electric point dipole excited by 0°-

polarized light (Figure 4.4b) has a large scattering lobe centered in the noncritical 

region of the substrate and zero amplitude at the critical angle. In contrast, the 

induced magnetic point dipole (Figure 4.4c) scatters light predominantly into the 

critical angle and region. Theoretically, we find the relative amplitude of the 

magnetic dipole with respect to the electric dipole95 to be 0.26 for this geometry. A 

least-squares fitting algorithm of the experimental data (Figure 4.4d, black points) 

yields a ratio of magnetic to electric dipole strengths of 0.275 (Figure 4.4d, magenta 

curve), in close agreement with theory. The linear combination of the electric and 
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magnetic dipole responses from this single plasmon mode (Figure 4.4e) allows the 

nanocup to scatter more efficiently into the critical region of the substrate than a 

spherically symmetric nanoparticle. 

 

Figure 4.5 | Angular scattering profiles of oriented nanocups illuminated with 

resonant light (750 nm) at normal incidence into the critical region of the 

substrate. Theoretical results utilizing a combined electric and magnetic point 

dipole system (top) are compared to experimental measurements for normal 

incidence light (bottom) of oriented nanocups with (a) 0° tilt, (b) 30° tilt, and 

(c) 45° tilt. For both 0 (red) and 90° (blue) polarized incident light, the two 

dipole model captures the scattering behavior of the oriented nanocups. The 

nanocup orientation controls both the dominant scattering direction within 

the noncritical region (white) and the scattering amplitude into the critical 

region (green). 

The light scattering profile within the substrate can be manipulated by tilting 

the nanocup with respect to the surface normal (Figure 4.5). Under normal 

incidence light, the electric dipole moment lifts out of the plane of the interface as 

the nanocup is tilted. This reorientation directs the scattered light out of the 



 43 

forward beam path and toward one side of the noncritical region. The scattering 

signal in the critical region increases as the component of the electric dipole along 

the interface normal increases with larger tilt angles.39 The experimental scattering 

profiles for nanocups oriented at 0°, 30°, and 45° (Figure 4.5a-c, respectively) 

accurately reflect these trends and demonstrate the ability to shape the scattering 

profile into specific regions of the substrate. 

 

Figure 4.6 | Influence of nanoparticle orientation and position on scattering 

intensity of resonant light (750 nm) at normal incidence into the critical 

region of the substrate. The electric dipole moment of the nanoshell geometry 

(blue circles) allows the particle to couple light into the critical region of the 

substrate. The nanocup geometry (green triangles) uses both the electric and 

magnetic dipole moments of the transverse plasmon mode to couple 2.3× 

more light into the critical region. Tilting the nanocup by 30 and 45° (dashed 

light green triangles) rotates the electric dipole moment into an increasingly 

more efficient orientation for scattering light into the critical region, 
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scattering 3× and 3.6× more light than the spherically symmetric 

nanoparticle, respectively. Partially embedding an untilted nanocup system in 

an index-matched photoresist (ZEP, Zeon Corporation) brings the dipole 

moment closer to the interface. This increases the TIR coupled light 2.3× 

relative to nanoshell scattering, but in this case the light is refracted further 

into the critical region. All measurements were performed with incident light 

normal to the substrate. All amplitudes are normalized relative to the 

maximum scattering intensity of the nanoshell sample, the control case with a 

single nanoparticle orientation and position. 

These results clearly indicate that control of the three-dimensional geometry 

and orientation of a nanoantenna can increase normal incidence-scattered light 

beyond the critical angle of an underlying substrate or film quite significantly. In 

Figure 4.6, we quantify this increase, which is identical in both the positive and 

negative critical regions, relative to the symmetric nanoparticle, for the cases we 

have studied. Compared to the spherically symmetric nanoshell case (Figure 4.6, 

blue circles), the nanocup under normal incidence illumination (Figure 4.6, green 

triangle) increases the maximum scattering amplitude by more than a factor of 2 

(2.3×) into the critical region of the substrate. Tilting the nanocup by 30° and 45° 

(Figure 4.6, green dashed lines) increases the maximum amplitude even further, by 

factors of 3 and 3.6, respectively. 

The dipole model also predicts that the nanocup antenna can further 

enhance scattering when its effective height is lowered toward the dielectric 

interface. To verify this experimentally, we spun a thin layer of photoresist (ZEON 

Corporation, ZEP520-A) over the nanocup sample, creating an approximately 36 nm 

thick polymer film that was index matched to the glass substrate. This additional 
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film layer effectively reduced the particle-substrate separation and increased the 

coupling efficiency. For the ZEP-coated nanocups (Figure 4.6, orange diamonds), the 

maximum scattering amplitude remained at 2.3× that of the symmetric particles, but 

rather the angular distribution of the scattered light was refracted at an even 

greater angle into the critical region of the substrate. This indicates that additional 

geometric modifications and index-matching strategies may enhance the coupling of 

light between nanoantennas and substrate films, structures, or devices even further. 

4.4. Conclusions 

In summary, the ability to orient a nanoantenna in three dimensions 

provides an important means for optimizing light scattering into a planar substrate. 

The general strategy followed here allows for customized scattering profiles to 

ideally match the nanoantenna scattering characteristics with the geometry and 

material of an underlying device. This study indicates that placing the scattering 

dipole as close to the interface as possible and with the largest angular tilt possible 

will maximize scattering into the critical region of a planar device. These principles 

can be straightforwardly expanded to thin film devices, such as waveguides or 

photovoltaic cells, where only specific electromagnetic modes are supported by the 

Fabry–Perot interference inside the dielectric film.75,77 The nanoparticle orientation 

can be optimized such that the plasmonic scattering coincides with the angular 

regimes that support the propagating modes of a given device thickness and 

refractive index. These conditions can be readily achieved by accurately tailored 
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nanoparticles, and may be a critically important strategy for enhancing thin film 

solar cell efficiencies. 
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Chapter 5 

Aluminum for Plasmonics 

This chapter presents a collaborative investigation (Dr. Mark W. Knight, equal 

contribution) of the spectral scattering response of simple aluminum plasmonic 

nanoparticles. Unlike gold, aluminum has material properties that enable strong 

plasmon resonances spanning much of the visible region of the spectrum and into the 

ultraviolet. This extended response, combined with its natural abundance, low cost, 

and amenability to manufacturing processes, makes aluminum a highly promising 

material for commercial applications. Fabricating Al-based nanostructures whose 

optical properties correspond with theoretical predictions, however, can be a 

challenge. In this work, the Al plasmon resonance is observed to be remarkably 

sensitive to the presence of oxide within the metal. For Al nanodiscs, we observe that 

the energy of the plasmon resonance is determined by, and serves as an optical 

reporter of, the percentage of oxide present within the Al. Reproduced with permission 

from Aluminum for Plasmonics. Mark W. Knight, Nicholas S. King, Lifei Liu, Henry O. 
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Everitt, Peter Nordlander, and Naomi J. Halas. ACS Nano 2014 8 (1), 834-840. DOI: 

10.1021/nn405495q. Copyright 2014 American Chemical Society.  

5.1.  Introduction 

Plasmonics is known to hold tremendous potential for transformative 

applications in optics-based technologies at infrared and optical frequencies. In 

recent years, there have been significant advances in plasmon-enhanced light 

harvesting,73,98–100 photocatalysis,2–5,101–103 surface-enhanced spectroscopies,20,104–

107 optics-based sensing,11,12,23,74,108,109 nonlinear optics,110–113 and active 

optoelectronic applications and devices.1,114–117 While plasmons in nanoscale 

systems can be readily tuned across the visible and into the infrared regions of the 

spectrum, extending plasmonic properties into the UV has been significantly more 

challenging because of inherent limitations in the most common plasmonic metals 

Au and Ag (Figure 5.1a).18,74,118,119,29 Interband transitions introduce a dissipative 

channel for Au plasmon resonances at wavelengths shorter than 550 nm; Ag 

supports resonances down to 350 nm but suffers from rapid oxidation that 

degrades plasmonic properties. Aluminum has recently been suggested as an 

alternative plasmonic material in the UV and visible regions of the spectrum.11,99,120–

127 Its attractive properties include low cost, high natural abundance, and ease of 

processing by a wide variety of methods including CMOS. 
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Figure 5.1 | Aluminum as a plasmonic material. a) Plasmon tuning ranges of 

the most common plasmonic materials, Au and Ag, compared with Al. b) 

Calculated spectra for a 35 nm thick, 50 nm diameter Al nanodisc: (i) a pure, 

isolated Al nanodisc (black line); (ii) an isolated Al nanodisc with a 3 nm 

surface oxide (green); and (iii) the same Al nanodisc on an infinite 

SiO2 substrate (orange). 

To date, however, the experimental optical response of Al nanoparticles has 

appeared inconsistent relative to calculated spectra, even for well-characterized 

geometries. Some studies have shown quantitative agreement between experiment 

and theory, including for high-purity Al nanodisks.120,123 Other studies, however, 

have reported discrepancies between experimental and calculated plasmon 

resonance energies (Δλ > 50–100 nm), especially at ultraviolet 
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energies.109,121,125 Where discrepancies exist, the experimental resonances are 

consistently red-shifted relative to values calculated using the tabulated dielectric 

response of aluminum. 

Here we show how the energy of localized surface plasmon resonances 

depends sensitively on the presence of oxide within the bulk metal. We measure the 

optical properties of individual Al nanodiscs as a function of both measured oxide 

content and diameter and develop a general approach for modeling their optical 

response. These results provide a method for estimating the metallic purity of 

aluminum nanoparticles directly from their optical response. 

5.2. Methods 

5.2.1. Nanodisc fabrication 

Silica substrates were sonicated in acetone for 5 min, rinsed with isopropyl 

alcohol (IPA), and coated with a 70 nm thick layer of PMMA 950 resist (MicroChem). 

Following exposure and development (3:1 IPA/MIBK), 99.999% pure Al (Kamis) 

was deposited using electron-beam evaporation at a rate of ∼1 Å/second. All films 

were 35 nm thick, as measured by a quartz crystal microbalance. Liftoff to expose 

the nanodiscs was performed at room temperature using acetone, followed by an 

isopropyl alcohol rinse.  
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5.2.2. Theoretical calculations 

Modeling was performed using the finite difference time domain method 

(FDTD, Lumerical) with nanodiscs defined by a diameter D, a thickness of 35 nm, 

and a 5 nm radius of curvature on all exposed edges. The scattering efficiency, which 

is the ratio of the scattering cross section to the nanodisc area, was calculated for a 

normal incidence plane wave, and the optical responses of Al, Al2O3, and SiO2 were 

specified using tabulated dielectric functions.92 

5.2.3. Effective medium approximations 

Effective medium approximations allow the calculation of the dielectric 

response ε for a material comprised of small inclusions in a host medium, assuming 

both the host and inclusion dielectric responses are already known. The Bruggeman 

and Maxwell-Garnett models are the most commonly employed:128 

Maxwell-Garnett Model 

 
     

      
      

       

        
                         Equation 7 

Bruggeman Model 

    
     

      
      

     

      
             Equation 8 

where nAl and nox are the volume fractions of aluminum and oxide comprising the 

material, respectively. 
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For identical oxide fractions we can compare calculated dielectric responses 

for an Al/Al2O3 composite to experimental values, using both the Bruggeman and 

Maxwell-Garnett models (Figure 5.2). Experimentally tabulated values for εAl and εox 

were employed for these calculations.92 In the limit of a small nox, where less than 

10% of the composite is oxide, both models yield nearly identical results. As the 

volume fraction increases, however, the two theories diverge. The Bruggeman 

model shows a significant decrease in real part of the dielectric response, with a 

corresponding rise in the imaginary component at short wavelengths. The simple 

Drude model used to fit the experimental values during ellipsometry omits the 

increase of εimag in the UV; however, near the plasmon resonance at λ= 450 nm all 

three experimental curves match the Bruggeman dielectric response well. 

 

 

Figure 5.2 | Dielectric responses for bulk Aluminum with aluminum oxide 

inclusions. a) Experimental dielectrics from ellipsometry characterized using 

a Drude fit. Calculations showing b), the real, and c), imaginary components of 

the complex permittivity for both the Bruggeman effective medium 
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approximation (solid lines) and the Maxwell-Garnett approximation (dashed 

lines). 

The magnitude of the experimental decrease in εreal is not reproduced in the 

Maxwell-Garnett model, which is only valid for small volume fractions.128 The failure 

of the Maxwell-Garnett model for higher volume fractions of oxide can also be seen 

in the underlying mathematically asymmetry (Equation 7); when the oxide and 

aluminum dielectrics are exchanged in the equation, along with the related volume 

fractions, a different homogenized dielectric result. Given this weakness of the 

Maxwell-Garnett model for large oxide fractions, it is unsurprising that we find 

better agreement with the symmetric Bruggeman model (Equation 8). 

Figure 5.3 | Experimental and calculated spectra for 100 nm Al discs. a) The 

measured dark field response of nanodiscs shows a redshift and damping with 

increasing oxide fractions. This response is best captured by b), the 

Bruggeman effective medium approximation. c), The Maxwell-Garnett 

calculations less accurately reproduce the experimentally observed redshifts 

and damping. 

To examine the performance of the two effective medium approximations 

relative to our experimental results, calculations were performed for nanodiscs 100 
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nm in diameter (Figure 5.3). While both approaches reasonably estimate the peak 

positions for our experimental range of 9% < nox < 27%, there are significant 

differences. The experimental measurements show a damped quadrupolar 

resonance at 9% oxide that is completely absent for higher fractions (Figure 5.3a). 

This measured effect is reproduced by the Bruggeman calculations (Figure 5.3b), 

while the Maxwell-Garnett calculations continue to exhibit a distinct quadrupolar 

shoulder over this range (Figure 5.3c). The experimental spectra also show 

significant damping with increased oxide fraction, in excess of the possible 

experimental error due to optical realignment for each sample. The presence of 

significant damping is captured in the Bruggeman calculations, but is almost 

completely absent for the spectra calculated using the Maxwell-Garnett dielectrics. 

Due to the quantitative agreement with our experimental results in calculating 

plasmon energies and linewidths, and qualitative agreement in amplitude, we 

choose to apply the Bruggeman model in the primary manuscript when calculating 

the dielectric response of homogenized Al/Al2O3.  

5.3. Results and discussion 

The plasmonic response of aluminum nanostructures should depend 

sensitively on both the presence of a surface oxide layer and the presence of a 

substrate (Figure 5.1b). For a pure, isolated Al nanodisc with a D = 50 nm diameter, 

the scattering spectrum exhibits a single dipolar resonance at 210 nm (i). The 

addition of a 3 nm surface oxide—a characteristic thickness of the native Al oxide—

red shifts the resonance by 15 nm and decreases its amplitude (ii). Placed on a 
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dielectric substrate (e.g., SiO2), the nanodisc plasmon resonance red shifts and 

weakens further, with the dipolar surface plasmon resonance (SPR) shifting to 255 

nm and a quadrupolar shoulder appearing as a distinct plasmon resonance at 

shorter wavelengths (iii). 

The spectral response of pure individual Al nanodiscs (Figure 5.4a), 

fabricated on UV-grade fused silica substrates using e-beam lithography (Figure 

5.4b), was measured as a function of increasing disk diameter using a custom-built 

hyperspectral UV–visible microscope. For small nanodiscs, the deep UV plasmon 

resonance exhibits the characteristic Lorentzian resonance of a dipolar oscillator. As 

the nanodisc diameter is increased, phase delay across the nanoparticle causes the 

plasmon resonance to redshift and broaden and introduces higher order, multipolar 

resonances. These experimental spectra remained unchanged when measured 

following 3 weeks of atmospheric exposure, confirming that the self-terminating 

native Al oxide very effectively passivates the nanostructures. 
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Figure 5.4 | UV–vis tuning of aluminum plasmons. a) Experimental dark-field 

spectra of individual nanodiscs with D = 70, 80, 100, 120, 130, 150, 180 nm. b) 

SEM micrographs of the corresponding nanodisc structures. Scale bar is 100 

nm. c) FDTD simulations of the nanodisc spectra, assuming a 3 nm surface 

oxide and a SiO2 substrate. 

Pure Al nanodisc spectra calculated using the finite difference time domain 

(FDTD) method (Figure 5.4c) agree well with the experimental dark-field 

observations. The small geometrical defects in nanodisc geometry apparent in the 
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SEM images (Figure 5.4b) do not produce significant deviations from the theoretical 

spectra, which assume perfect disks (Figure 5.4c). Also, while the excitation 

conditions are different (see Methods), the finite numerical aperture of the objective 

(NA = 0.28) limits the dark-field spectrum to modes that radiate nearly 

perpendicular to the substrate.129 This eliminates experimental contributions from 

out-of-plane plasmonic modes, giving good agreement with the simulated spectra. 

Nominally identical Al nanodiscs exhibit substantial variations in their 

plasmon response due to the presence of oxides in the bulk metal (Figure 5.5). To 

study this effect systematically, three nanodisc samples were prepared using 

identical lithographic steps, but with three different deposition chamber conditions: 

pristine, recently “contaminated”, and cleaned following “contamination”. First, 

films were deposited in a dedicated deposition chamber at 10–7 Torr. Next, a sample 

was prepared after contaminating the deposition chamber with a thick layer of SiOx. 

Aluminum was deposited at 10–5 Torr; outgassing from the chamber walls created a 

partial pressure of oxygen within the chamber. The chamber was subsequently 

“cleaned” by depositing titanium as a getter and sustaining vacuum levels of  

<10–5 Torr for 1 week. Finally, a third sample was prepared, also at a pressure of  

10–5 Torr. 
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Figure 5.5 | Aluminum dielectric response. a) Scattering spectra of 100 nm 

diameter nanodiscs with varying metal oxide fractions. The calculated spectra 

(solid lines) assume a 3 nm pure surface oxide and a SiO2 substrate. The 

experimental dark-field spectra (dotted lines, scaled for clarity) correspond to 

evaporations performed under exposure to varying trace levels of oxygen, 

producing 9% (green), 19% (blue), and 27% (orange) metal oxide content. b) 

Ellipsometrically measured dielectric functions for the three deposited Al 

purities. c) Bruggeman dielectric functions for Al oxide fractions of 0% 

(black), 9% (green), 19% (blue), 27% (orange), 40% (gray), and 50% (light 

gray). 

The dark-field plasmon response of individual nanodiscs fabricated from 

these films (Figure 5.5) shows significant spectral effects as a result of the three 

deposition conditions. For D = 100 nanodiscs prepared under pristine conditions, 

the plasmon peak occurs at ∼405 nm (Figure 5.5a, green points). Immediately 
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following contamination, the plasmon resonance was shifted to 465 nm (orange 

points), while after cleaning the plasmon shifted back to 417 nm (blue points). Both 

samples prepared following SiOx deposition showed a decrease in amplitude of the 

scattered light relative to nanodiscs grown under pristine conditions (green points). 

To measure the dielectric response of Al for all three deposition conditions, 

spectroscopic ellipsometry was performed on smooth films deposited 

simultaneously with the plasmonic nanodiscs for wavelengths between 300 and 700 

nm and an incident angle of 70° (Figure 5.5b). The Al dielectric function for each 

film was derived from the ellipsometric data assuming a bilayer composed of a thin 

dielectric Al2O3 layer (εox = εAl2O3) coating an infinitely thick metallic Al substrate 

characterized by a modified Drude response (Figure 5.5b) 

       
  

 

      
    Equation 9 

in which ωp is the bulk plasmon frequency, Γ is the damping constant, and ε∞ is the 

high-frequency response. To within experimental uncertainties, all films exhibited 

similar surface oxide thicknesses (2–6 nm) and metallic Drude damping (Γ ≈ 0.9–1.3 

eV) and ε∞ (3–4) parameters. However, the bulk plasmon frequency was observed 

to decrease as trace SiOx exposure increased, with ωp = 15.8 eV (green), 14.9 eV 

(blue), and 12.5 eV (orange). 

The observed dependence of the experimental dielectric response on the 

degree of metal oxidation was modeled as an effective medium composed of oxide 

inclusions within the host aluminum. The Bruggeman effective medium 
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approximation was found to reproduce the observed behavior more accurately than 

Maxwell–Garnett theory (see Effective medium approximations). The Bruggeman 

model permits the calculation of a composite Al/Al2O3 dielectric function ε by 

mixing the tabulated values of pure Al and Al2O3 as.92,128 Dielectric functions for the 

composite metal calculated using this approach (Figure 5.5c) closely match the 

experimentally measured permittivities. Slight discrepancies appearing in the 

imaginary permittivity may arise from either metallic granularity, which varies 

depending on deposition conditions, or deviations from the Drude model used 

during ellipsometry to extract the experimental dielectrics.130 

The Al fractions used to calculate the effective dielectric function for each 

composite metal film were obtained by fitting the ellipsometrically measured Drude 

dielectric functions with the Bruggeman dielectric function, yielding nAl = 0.91 

(green), 0.81 (blue), and 0.73 (orange). Calculated nanodisc spectra using these 

composite Al/Al2O3 dielectric functions for the core metal and 3 nm of pure Al2O3 for 

the shell agree quite closely with the measured spectra (Figure 5.5a). 

The elemental composition of each film was confirmed under ultrahigh 

vacuum conditions using X-ray photoelectron spectroscopy (XPS, PHI Quantera). 

Spectra were acquired for all elements present in the film/substrate system: Al 2p 

(68–80 eV), O 1s (526–538 eV), C 1s (280–292 eV), and Si 2p (97–109 eV). Using an 

Al Kα X-ray source, the XPS measurements yielded a response limited to elements 

present within 10 nm of the exposed sample surface. The elemental composition 

within the probe volume was obtained from the integrated XPS line shapes after 
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accounting for instrument- and material-dependent relative sensitivity factors. The 

Al 2p spectrum contains two peaks corresponding to the oxidized and metallic 

states (75.7 and 73.5 eV).131,132 Given effective attenuation lengths of λAl = 2.92 nm 

and λox = 2.39 nm, which are specific to Al 2p photoelectron emission,131 the ratio of 

the integrated Al and Al2O3 peak intensities estimates the relative fractions of 

oxidized and metallic aluminum within the penetration depth (∼3 λAl) of the 

exposed surface. These relative intensities indicate significant differences in oxide 

content between the three Al samples (Figure 5.6a). 

 

Figure 5.6 | High-purity aluminum deposition. X-ray photoemission 

spectroscopy (XPS) of the Al 2P peak (73.5 eV) and corresponding oxide peak 

(75.7 eV) at a) the surface and b) within the deposited aluminum film. The 

films are the same as in Figure 5.5: 9% (green), 19% (blue), and 27% (orange) 

metal oxide content. All spectra are normalized to the Al peak for clarity. c) 

Schematic drawing denoting scan locations within the film. d) Fraction of 

oxidized aluminum within the bulk material is calculated from the relative 
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XPS peak intensities as the film is etched in situ, with approximate depths 

indicated from c). 

To determine the compositional depth profile of the film, in situ Ar+ etch 

cycles (3 kV, 3 × 3 mm area, 12 s increments) and XPS measurements were 

performed iteratively to estimate the fractional composition just below each freshly 

exposed surface. Significant aluminum and aluminum oxide peaks were observed 

(Figure 5.6a), allowing the depth profile of oxidized Al to be measured 

quantitatively. In addition, the samples exhibited a minor contribution from 

carbon—a surface contaminant only observed on the unetched films—and silicon, 

which only appeared when the etching process had completely removed the 35 nm 

Al film from the Si substrate and the Al 2p peak had disappeared. Otherwise, the 

only elements detectable during depth profiling were aluminum and oxygen, with 

the oxygen appearing in a stoichiometric ratio with aluminum consistent with the 

measured Al2O3. During the first several etch cycles, a rapid decrease in the 

Al2O3 peak was recorded, corresponding to the removal of the passivating surface 

oxide (Figure 5.6d). Once the surface oxide layer was removed, the rest of the film 

exhibited a constant bulk oxide fraction (Figure 5.6b). For the three different 

samples, these correspond to unoxidized atomic fractions of 75% (orange), 82% 

(blue), and 92% (green) Al, in close agreement with the values 73, 81, and 91% Al 

deduced from ellipsometry and the Bruggeman model. (The XPS counts correspond 

to atomic fraction, rather than volume fraction, used in the Bruggeman model. 

Direct application of these data to the Bruggeman model slightly underestimates the 

oxidized volume, which we estimate to be within our experimental error.) This 
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agreement confirms that Al oxidation beneath the native oxide surface coating 

occurred in situ during deposition from the low levels of trace oxygen present 

during film growth. 

The thickness of the native oxide surface coating may also be estimated from 

the surface XPS spectrum.131,132 Approximating the ∼92% Al film as a pure Al 

substrate of quasi-infinite depth (film thickness >10 λAl), XPS measurements (Figure 

5.6d, green lines) and appropriate dielectric constants131 estimate a surface oxide 

thickness of 3.0 ± 0.1 nm, in close agreement with the native oxide thicknesses 

measured by ellipsometry and reported in the literature.123 Indeed, this 3 nm thin 

native oxide is a ubiquitous and significant characteristic of Al, separate from the 

deposition-dependent core metal oxidation discussed above. The native oxide 

strongly affects the plasmonic performance of Al nanodiscs because of their high 

surface-to-volume ratio. For example, the native oxide shell covering a nanodisc 

with D = 100 nm comprises ∼27% of the total nanodisc volume. For smaller 

nanodiscs, this percentage increases rapidly, exceeding 50% for D < 27 nm. The total 

oxide fraction of an Al nanostructure must therefore include both the volume 

fraction of the native oxide shell and the fractional composition of the composite 

metal/oxide core. 

The close agreement obtained between the experimental and theoretical 

scattering spectra of the Al nanodiscs in Figure 5.5 reveals that the plasmon energy 

depends sensitively on the fraction of Al2O3 in the core metal. In other words, for Al 

nanostructures of the same geometry with the same native oxide shell, the core 
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Al2O3/Al fraction is a primary determinant of the optical response. These findings 

indicate that a requirement for reproducible Al-based UV plasmonic nanostructures 

is fabrication in a pristine environment to minimize the deleterious effects of the 

bulk metal oxide. Conversely, the optical scattering spectrum of an Al nanodisc can 

serve as a reporter of Al purity. This is illustrated in Figure 5.7, where the calculated 

and measured peak scattering energies for a D = 100 nm Al nanodisc are plotted as a 

function of core oxide fraction. For equivalent nanodiscs calculated using the 

Bruggeman model dielectric function, increasing the core oxide fraction induces a 

red shift in the dipole resonance peak from 3.1 eV (400 nm) to 2.0 eV (620 nm) 

(Figure 5.7). This reporter functionality is confirmed by the measured resonance 

energies (Figure 5.5) for three different nanostructure sizes (Figure 5.7, circles). 

Selecting alternate reporter geometries shifts and changes the shape of this 

calibration curve (see Figure 5.7, D = 75 and 150 nm), suggesting that the smallest 

diameter nanodiscs are the best reporters because their peak energies depend most 

sensitively on the fraction of bulk oxide present in the nanostructure. 
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Figure 5.7 | Determining oxide fraction from Al nanodisc scattering spectra. 

Solid: Calculated plasmon peak energies as a function of core oxide fraction 

for D = 75, 100, and 150 nm nanodiscs assuming a 3 nm pure oxide shell. 

Points: experimentally measured values for 9% (green), 19% (blue), and 27% 

(orange) oxide content with D = 75 nm (triangles), 100 nm (circles), and 150 

nm (squares). The error bars indicate typical standard deviations of peak 

energies for five nominally identical nanodiscs (vertical axis) and the 

maximum difference between the XPS and ellipsometrically measured Al 

fractions (horizontal axis). 

 

5.4. Conclusions 

We have demonstrated the potential for Al as a high-quality nanoplasmonic 

material in the UV/visible spectral regions, showcasing the critical importance of Al 

purity in achieving reproducible plasmonic properties. This requires careful control 

of oxide contamination during the deposition process. Conversely, an estimation of 
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the oxide fraction may be achieved by matching the spectrum of a known plasmonic 

nanostructure with spectra calculated using the Bruggeman effective medium 

approximation. These findings pave the way to develop Al nanostructures for novel 

UV and visible range plasmonic applications, ultimately enabling high-area, low-

cost, CMOS-compatible plasmonic devices and applications not currently possible 

with noble and coinage metals. 
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Chapter 6 

Fano Resonant Aluminum 

Nanoclusters for Colorimetric Sensing 

Technologies 

This chapter presents aluminum nanocluster geometries capable of tuning Fano 

resonance with a significantly enhanced sensitivity to the local dielectric environment, 

ideal for localized surface plasmon resonant (LSPR) sensing. Here I examine aluminum 

Fano resonant nanoclusters, with resonances that can be tuned from the near-UV to 

the visible region of the spectrum. These nanoclusters can be designed with specific 

chromaticities throughout the visible region of the spectrum. Although Al 

nanostructures possess an ultrathin, self-terminating oxide surface layer, they 

nonetheless demonstrate a substantial sensitivity of the Fano resonance to changes in 

the local dielectric environment of the nanostructure, with the potential for chemical 

sensing applications with simple, visualizable color changes. Reproduced  with 
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permission from Nano Letters, submitted for publication. Unpublished work copyright 

2015 American Chemical Society. 

6.1. Introduction 

Aluminum is an excellent material for plasmonics, with greater oxidation 

stability than silver and functional range of plasmon resonant tunability across the 

ultraviolet and visible regime.57,69,70,97,122,123,125,126,133  Furthermore, it is an 

abundant, sustainable material with the potential to transition laboratory-based 

research into practical applications and commercial products. Simple geometries, 

such as discs,70  holes,63 rods,69 and crosses,62 have been fabricated and studied, 

showing localized plasmon tuning, for optical filters and other colorimetric 

applications.  

 The Fano resonance is a general physical phenomenon found in systems 

with a broad continuum of energy levels and a narrow band of states at the same 

energy, such as coupled mechanical oscillators, coupled resonant circuits,49 or 

plasmon-exciton complexes.48 In purely plasmonic systems, a bright, superradiant 

plasmon mode that spectrally overlaps a dark, subradiant plasmon mode gives rise 

to a Fano resonance: incident light couples to the bright mode, which is coupled to 

the dark mode through its near field.  Scattered light obtains a phase shift with 

respect to the incident light wave. 

A sharp and narrow dip in the scattering spectrum results from the 

interference of the directly scattered and phase shifted light. Plasmonic Fano 

resonances have previously been demonstrated with Au nanoclusters of various 
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geometries, with Fano resonances in the near infrared (NIR) region of the spectrum.  

These include systems consisting of several directly adjacent, coupled 

nanodisks,19,38,52–55,58,134 2D and 3D assemblies of nanoclusters,51,134 and 

multilayered Au-SiO2 core-shell nanoparticles.10,56 Here we examine 2D Fano 

resonant plasmonic nanoclusters consisting of coupled planar nanodisks, fabricated 

in Aluminum.  Aluminum nanoclusters possess Fano resonances at significantly 

higher energies than previously studied Au systems, with strong Fano resonances in 

the blue-green region of the visible spectrum extending into the ultraviolet range. 

Interband transitions at energies corresponding to the red region of the spectrum 

are observed to strongly modify the plasmon resonant behavior of these 

nanostructures.  Accessing this region of the visible spectrum, where the eye is most 

sensitive to color variation, potentially provides a new chemical sensing platform, 

where chemical detection corresponding to changes in sensor coloration can be 

directly detectable by visualization. 

The visible color gamut perceived by the human eye spans wavelengths from 

nominally 400 – 700 nm. Monochromatic light is perceived as a pure saturated 

color, while a broader spectrum of wavelengths give rise to weaker, pastel colors.  

Since dipolar plasmons typically scatter a range of wavelengths, they give rise to a 

relatively weak color response. Recent efforts have shown that far-field diffraction 

effects, when combined with plasmon resonant nanostructures in an array 

geometry, can greatly improve the chromaticity of plasmonic systems, resulting in 

bright, vivid colors suitable for flat-panel displays.69 Here we observe that in 

aluminum-based nanoclusters with Fano resonances, the color response of the 
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plasmonic system can be improved at the individual nanostructure level.  The Fano 

dip can be tuned from the UVA region (300 – 400 nm) through the visible regime by 

increasing the geometric scaling of the nanocluster. The spectral lineshape and 

chromaticity of the scattered light is further controlled by varying the nanocluster 

geometry.  Tuning both the Fano resonance and the chromaticity using these two 

principles enables colorimetric applications with both wavelength specific tuning 

and vivid color scattering from the reduced widths of the Fano lineshape. 

6.2. Methods 

6.2.1. Nanocluster fabrication 

Silica substrates were cleaned by sonication in acetone for 5 minutes, rinsing 

in IPA, and drying under flowing, dry nitrogen. A 70 nm thick resist layer (PMMA 

950, Microchem) and a conductive ESPACER layer (Showa Denko) were spin coated 

onto the substrates prior to electron beam patterning (FEI Quanta 650). The 

resulting patterns were developed in a 3:1 solution of IPA:MIBK to create a mask of 

the nanocluster geometries. 99.999% pure aluminum (Kamis) was deposited onto 

the mask to a thickness of 35 nm by electron beam evaporation at a base pressure of 

2e-7 Torr. The samples were then submerged in a room temperature acetone bath 

overnight. Liftoff of the surrounding film was performed by briefly sonicating the 

substrate the acetone bath. The substrates were extracted from the bath under 

flowing acetone, rinsed with IPA, and finally dried under flowing nitrogen. 
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6.2.2. Theoretical calculations 

The Al nanoclusters are simulated on the top of a semi-infinite SiO2 substrate. 

All Al discs are cylinders sized to nominal experimental diameters and heights. Each 

disc includes 3 nm aluminum surface oxide layer and a 5 nm radius of curvature on 

all the exposed edges. The dielectric responses of surface oxide and silica substrate 

are simulated using data from Palik.92 The dielectric function of the bulk Al material 

was calculated by mixing the pure Al (91%) and Al2O3 (9%) values based on the 

Bruggeman effective medium aproximation.97,92 The Al nanoclusters were excited by 

the P- or S- polarized light of 50o oblique incident angle from the air side of the 

sample. Given the numerical aperture of the objective (NA = 0.28), scattering spectra 

were calculated using the finite difference time domain (FDTD) method by 

integrating the far-field intensity towards the upper space over a 16o half angle 

collection cone. 

In the LSPR simulations, the air upper space was replaced by the semi-

infinite medium of the varying refractive index (n=1.3, 1.4, 1.5, and 1.6). The Al 

nanoclusters were excited by the P- or S- polarized light at an oblique incident angle 

of38.68o from the silica side of the sample. Light scattered into the substrate region 

was collected within a cone corresponding to the objective numerical aperture (NA 

= 0.28). 
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6.3. Results and discussion 

The nanocluster geometry, a core disc surrounded by a series of N satellite 

discs as seen in Figure 6.1a, supports a subradiant and superradiant mode to 

generate a Fano resonance.58,81 The surface charge plot of the subradiant mode in 

Figure 6.1b has anti-aligned satellite and core dipole moments, resulting in a weak 

net dipole moment for the overall structure. The superradiant mode has a strong net 

dipole moment from the co-aligned satellite and core dipole moments, shown in 

Figure 6.1c. These overlapping modes generate a Fano resonance when small inter-

particle gaps strongly couple the individual nanodiscs together.53 Alone, the core 

disc generates a single broad superradiant scattering peak (Figure 6.1d, red).97 The 

introduction of satellite particles produces a Fano resonance and results in two 

narrower and stronger scattering peaks (Figure 6.1d, black). 
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Figure 6.1 | Fano-resonant aluminum nanocluster. a) An SEM micrograph of an 

N = 8 nanocluster structure (dsat = 50 nm, dcore = 90 nm) with identical spacing 

(gap = 15 nm) between each element. Scale bar is 100 nm. b) The subradiant 

mode of the Fano resonance is characterized by the anti-alignment of satellite 

dipoles with the core dipole moment. c) All the dipole moments are aligned for 

the superradiant mode. The destructive interference of these two modes at 

the Fano frequency generates a dip in the scattering spectrum. d) 

Experimental (black dotted) and theoretical (black solid) scattering spectra 

for the nonamer cluster demonstrate a Fano resonance in the UV regime. 

Removing the satellite particles leaves only the superradiant dipole mode of 

the core disc (red curves). 

The nanocluster geometry, generally defined by the geometric relationship in 

Equation 10, has two primary methods of tuning. First, the size scaling of the 
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nanocluster can be varied while keeping the number of satellite particles fixed. As 

the core and satellite nanodiscs change size, the inter-particle spacing must remain 

at a small fixed value in order to maintain strong coupling between the subradiant 

and superradiant modes. For this tuning method, the core diameter, dcore, is defined 

as a function of the satellite diameter, dsat, while keeping the xgap and N (number of 

satellite particles) variables constant. 

         
         

      
    
 

 
 

    

 
        Equation 10 

A nanocluster with a small satellite diameter generates a Fano resonance 

deep in the UVA region around 325 nm (Figure 6.2a, bottom). Most of the scattered 

light is ultraviolet and invisible to the human eye. The tail of the low energy side of 

the Fano resonance will give the structure a blue hue with strong saturation, as the 

other colors in the visible spectrum contribute weakly to the calculated chromaticity 

(see Microscopy Techniques chapter). Increasing the size of the nanocluster, shown 

in Figure 6.2a, tunes the Fano dip all the way across the visible regime. The 

chromaticity of the nanostructure is calculated by convolving the scattering 

spectrum with the color matching functions59,60 of the human eye (see Figure 3.4). 

The calculated color of each nanocluster is plotted on the CIE 1931 chromaticity 

diagram in Figure 6.2b. 
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Figure 6.2 | Tunable Fano resonance from the UV through the visible. a) 

Experimental (left) and theoretical (right) scattering spectra of the 

nanocluster Fano resonance tuning from 325 nm to 650 nm. Center, 

chromaticity of the scattered light and an SEM micrograph for each iteration of 

the N = 8 nanocluster geometry. Scale bar is 200 nm. b) The chromaticity of an 

aluminum nanocluster is highly sensitive to the diameter of the satellite 

particle (dsat, inset numbers in nm), resulting in a progression of colors that 

spans the sensitivity of the human eye. c) The position of the Fano resonance 

is tuned by increasing the diameters of the satellite and core nanodiscs in a 

fixed relation while maintaining a small, identical gap between all elements of 

the nanocluster to promote strong coupling. 
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Tuning the chromaticity of the nanocluster independently from the position 

of the Fano dip is achieved by adding satellite particles to modify the dihedral group 

symmetry of the nanocluster. Obeying the geometric constraints defined by 

Equation 10, the core diameter must increase with the growing number of satellite 

particles. The larger core diameter produces a broader superradiant mode that 

includes the longer wavelengths of the visible regime as shown in Figure 6.3. The 

increased contribution of red wavelengths, which were weak in the initial N = 8 

nanocluster geometry, produces more orange and red hues in the N = 10-12 

geometries. Maintaining a constant satellite diameter of 40 nm immobilized the 

Fano dip in the UV region during these changes in group symmetry and scattering 

chromaticity. 
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Figure 6.3 | Stationary UV Fano resonance with tunable visible scattering 

response. a) Experimental and b) theoretical scattering spectra of single 

nanoclusters with an increasing number of satellite particles, N = 8 – 12. The 

increasing core diameter tunes the red side of the Fano resonance lineshape 

in visible regime (chromaticity inset in particle geometry). Maintaining a 

constant satellite diameter (dsat = 40 nm) and inter-particle spacing (gap = 15 

nm) during these changes immobilizes the Fano resonance in the UV regime. 

The combined effect of the size and symmetry tuning demonstrates the 

flexibility of the nanocluster geometry for colorimetric applications. Moving the 

Fano dip across the visible produces a series of colors that circumnavigate the white 

point of the CIE 1931 chromaticity diagram in Figure 6.2b. This cycle in chromaticity 

from blue to green to violet and back to blue demonstrates that the Fano lineshape 

can reproduce any hue in the visible spectrum. The symmetry of the nanocluster 

controls the relative weighting of the red and blue peaks of the Fano lineshape. 
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These two peaks can even produce the range of purples by scattering both blue and 

red light from a single nanocluster, rather than placing isolated red and blue 

scattering elements within a diffraction limited space.  

Plasmonic sensors largely function on the principle of a localized surface 

plasmon resonance (LSPR) shift induced by changes in the local dielectric 

environment: the binding of a chemical/biological agent, change in solution 

concentration, etc. A local dielectric change screens the charge distribution of the 

surface plasmon and lowers the energy of the plasmon resonance. The redshift of a 

spectral feature, typically the peak scattering wavelength of a broad dipolar 

plasmon mode, is then reported as a function of the dielectric material. While this is 

a valid and common metric with gold plasmonics, it requires a separate 

spectrometer to track small shifts in resonances in the near infrared which cannot 

be directly observed. The higher sensitivity of the Fano lineshape to LSPR shifts and 

the visible scattering response of aluminum plasmonics offer an opportunity to 

simplify this detection technique. 
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Figure 6.4 | Color detection of refractive index using localized surface plasmon 

resonance shift. a) Experimental and b) theoretical spectra of N = 10 

nanocluster in an air, n=1.0, polydimethylsiloxane (PDMS), n = 1.4, polymethyl 

methacrylate (PMMA), n=1.5, and diphenyl ether, n = 1.6, environments. The 

chromaticity of each scattering spectra is depicted to the right of each plot. c) 

Visible color change from the LSPR shift of the nanocluster scattering is 

plotted on CIE 1931 chromaticity space. d) Schematic of the simple fluid cell 

detector geometry used for refractive index sensing. 

The human eye or color filtered cameras can detect a local change in the 

dielectric environment with high resolution using the chromaticity change of the 

visible LSPR shift. Changing the environment around an N = 10 nanocluster from air 

(n = 1.0) to polymethyl methacrylate (PMMA, n = 1.5) dramatically changes the 

scattered light from a blue-green color to an orange color. These complementary 

colors are easily contrasted by eye and can be readily discerned by a color camera in 
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the standard RGB color space. Dissolving the PMMA and replacing it with 

polydimethylsiloxane (PDMS, n = 1.4), representing a small relative change to the 

dielectric environment, changes the scattering to a yellow color distinct from both 

the blue-green and orange cases (see Figure 6.4c). 

 

Figure 6.5 | Aluminum nanocluster stability. An N = 6, dsat = 35 nm nanocluster 

exhibits a strong UV Fano resonance in an air environment (dark blue curve). 

When encapsulated in a polymer (PMMA) film, the Fano resonance redshifts to 

the shoulder of the superradiant peak (light blue curve). Thorough rinsing in 

acetone strips the polymer film and restores the original spectrum (dashed 

black curve) without degrading the material quality or geometry of the 

aluminum nanocluster. 

The refractive index of a static or dynamic unknown environment can be 

rapidly identified using this colorimetric sensing technique. The schematic in Figure 
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6.4d illustrates a sensor geometry with aluminum nanoclusters fabricated directly 

onto a fused silica observation window. As the analyte region changes, the beam 

path from the external optics above remain fixed and independent of the 

environmental changes. The aluminum nanocluster is protected by its oxide shell 

and does not degrade after exposure to organic solvents and polymer films (Figure 

6.4 and Figure 6.5). Changes occurring in the analyte region over time are reported 

by the changing chromaticity of the scattered light from the sensor window. 
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Figure 6.6 | Chromaticity changes due to LSPR shift in refractive media. a) 

Theoretical spectra of an N = 8 aluminum nanocluster deposited on fused 

silica and embedded in different refractive index environments, n = 1.0 – 1.6. 

Each spectrum is plotted in the chromaticity induced by the redshift of the 

spectrum. b) The chromaticity in each refractive index plotted on the CIE 1931 

chromaticity space generates a calibration curve for identifying the dielectric 

environment of the nanocluster. 

Real-time identification of the analyte refractive index can be achieved by 

comparing the measured chromaticity to a color calibration table. Computational 

methods, such as finite difference time domain, can simulate the scattering response 

of the nanocluster in a wide range of dielectric materials (see Figure 6.6).  Using the 

geometry described above, the only variable in the simulation space is the dielectric 

function of the analyte region. A series of simulations can be rapidly iterated 

without the need for constant adjustments to the excitation and collection geometry. 
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Figure 6.7 | Custom color indicators for refractive index sensing. Three 

different nanocluster geometries, N = 8-10, demonstrate unique reference 

colors in an air environment. When immersed in a refractive index (PMMA, n 

= 1.5) the unique color change can be immediately detected by the human eye 

or an RGB detector. 

Using the tuning parameters described earlier in the paper, this sensor can 

be designed to a custom color scheme. Figure 6.7 demonstrates how the reference 

color in an air environment changes by increasing the number of satellite particles 

in the nanocluster. When coated with a PMMA polymer film, the color reported by 

each nanocluster is different. The optimal nanocluster geometry for a given task will 

maximize the color difference between the reference and test cases. The M and L 

cones of the human eye and the RGB channels of modern sensors (in an effort to 

emulate their biological counterpart) are sensitive to the range of hues between 
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green and orange. Based on this sensitivity, the N = 10, dsat = 40 nm nanocluster 

geometry is properly tuned to generate the best colorimetric sensitivity for 

reporting the change from an air to a PMMA environment. 

6.4. Conclusions 

This chapter demonstrated ultraviolet and visible Fano resonances using 

plasmonic aluminum nanoclusters. The nanocluster geometry possesses the 

flexibility to tune the position of the Fano resonance and simultaneously engineer 

the far-field scattering response. Previously demonstrated in the NIR with gold 

structures, the Fano resonance and its associated characteristics (narrow line width 

peaks, high field enhancements, etc.) can now be extended to visible and ultraviolet 

wavelengths. Colorimetric applications in the visible regime benefit from the variety 

and purity of the colors scattered by the nanocluster system. The detection of 

dielectric environments with easy-to-read color indicators demonstrates the ability 

of aluminum to expand the scientific and technical applications of plasmonics. 
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Chapter 7 

Summary 

This thesis has described several different aspects of plasmonic 

scattering that can be used to improve the efficacy of nanophotonic devices 

and applications. 

First, the plasmonic nanocup was used as a nanoantenna to efficiently 

couple light into a planar substrate, a simple representation of a photovoltaic 

device. The orientation of the nanocup and the dipole moment of the 

transverse plasmon mode was controlled the by directional fabrication and 

transfer techniques. A simple dipole scattering model identified the electric 

and magnetic dipole contributions to the scattering profile of the nanocup 

transverse plasmon mode. Tilting the dipole moment out of the plane of the 

substrate was shown to drastically increase the amount of light coupled into 

a substrate. Combined with the scalable transfer technique, these oriented 
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nanocups show great promise for increasing the external quantum efficiency 

of thin film photovoltaic devices. 

Second, the scattering properties of plasmonic aluminum 

nanostructures were studied in the ultraviolet and visible regimes. Initial 

work focused on single nanodisc geometries to understand the influence of 

dielectric impurities and the functional tuning range of lithographic 

aluminum nanostructures. From there, more complex aluminum nanocluster 

geometries were used to demonstrate plasmonic Fano resonances in the 

visible and ultraviolet regimes. The chromaticity of these nanoclusters was 

shown to be very sensitive to LSPR shifts of the Fano resonance lineshape. 

This attribute makes the aluminum nanocluster an attractive candidate for 

integration into low-cost sensor technologies that can be interpreted by the 

naked eye or a simple color camera. 
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Appendix A – DesignCAD Express 16 

Pattern Scripting 

The Nanometer Pattern Generating System (NPGS) is commercial software 

product used to design nanoscale masks for electron beam lithography. This 

package includes a commercial computer aided design program, DesignCAD Express 

16 (or alternative versions), to create simple or complex geometries for patterning 

in a scanning electron microscope (SEM). Early plasmonics research focused on 

studying simple geometries, such as discs and rods, which were easy to model and 

understand. As plasmonics research progressed, more complex geometries were 

required: coupled particles (dimers and gap antennas), clustered systems 

(heptamers and n-mer clusters/chains), fractal system, and more.  

These advanced geometries are typically comprised of simple geometric 

shapes in a greater number and with a precise spatial arrangement. Manually 

generating these patterns can be a tedious exercise, fraught with human error. To 

aid the growing number of electron beam lithography users in our group, I have 

explored the basic scripting language of DesignCAD Express 16. From this, I have 

developed simple MATLAB functions to automate the pattern design process. This 

appendix is by no means complete, but the basic concepts presented here can be 
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modified to fit specific applications. The reader is assumed to have a basic 

understanding of pattern generation, which can be obtained by skimming the 

extensive NPGS manual found in the program’s help menu. 

DesignCAD Express 16 supports macros in a .d3m text file format. I have 

opted for using MATLAB functions to generate this file, as geometric relationships 

and repeated structures can be quickly tested with basic plotting in MATLAB 

beforehand. I have written a basic MATLAB function, NPGSmacro(), with various 

subfunctions that will create simple geometries which can be assemble into more 

complex structures. Subfunctions are immensely useful for highly repeated 

elements/geometries and I have included two basic examples here: macroCircle and 

macroBox.  

function macroCircle(xCenter, yCenter, diameter, start)  
radius = diameter/2; 
fprintf(fid, ['SYS(5) = 'num2str(radius)'/10 ''linetypescale\r\n']); 
fprintf(fid, '>CIRCLE\r\n'); 
fprintf(fid, '{\r\n'); 
fprintf(fid, ['  <POINTXYZ ' num2str(xCenter) ', ' num2str(yCenter) ', 

0\r\n']); 
fprintf(fid, ['  <POINTXYZ ' 

num2str(xCenter+radius*cos(deg2rad(start))) ', ' 

num2str(yCenter+radius*sin(deg2rad(start))) ', 0\r\n']); 
fprintf(fid, '}\r\n'); 
end 

 

The macroCircle subfunction creates a circle centered at the rectilinear 

location (xCenter, yCenter) and with the diameter (diameter) defined in the input 

arguments. The start argument determines where the serpentine trace of the circle 
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in NPGS will begin and end (relative to the +x-axis in degrees). The line type scale 

system variable, SYS(5), determines the length of the dashed lines in DesignCAD. 

This has no effect on the geometry to be patterned, but scaling it relative to the 

radius helps the user see that the proper line style has been used. The >CIRCLE 

command is initiated and two rectilinear points are defined: the origin of the circle 

and the starting point on the perimeter of the circle (calculated with basic 

trigonometry). 

function macroBox(xCenter,yCenter,width,height,rotation) 
rotation = deg2rad(rotation); 
fprintf(fid, ['SYS(5) = ' num2str(width) '/10 ''Set 

linetypescale\r\n']); 
fprintf(fid, '>Line\r\n'); 
fprintf(fid, '{\r\n'); 
fprintf(fid, ['  <POINTXYZ ' num2str(((-width/2)*cos(rotation)-(-

height/2)*sin(rotation))+xCenter) ', ' num2str(((-

width/2)*sin(rotation)+(-height/2)*cos(rotation))+yCenter) ', 

0\r\n']); 
fprintf(fid, ['  <POINTXYZ ' num2str(((width/2)*cos(rotation)-(-

height/2)*sin(rotation))+xCenter) ', ' 

num2str(((width/2)*sin(rotation)+(-

height/2)*cos(rotation))+yCenter) ', 0\r\n']); 
fprintf(fid, ['  <POINTXYZ ' num2str(((width/2)*cos(rotation)-

(height/2)*sin(rotation))+xCenter) ', ' 

num2str(((width/2)*sin(rotation)+(height/2)*cos(rotation))+yCente

r) ', 0\r\n']); 
fprintf(fid, ['  <POINTXYZ ' num2str(((-width/2)*cos(rotation)-

(height/2)*sin(rotation))+xCenter) ', ' num2str(((-

width/2)*sin(rotation)+(height/2)*cos(rotation))+yCenter) ', 

0\r\n']); 
fprintf(fid, ['  <POINTXYZ ' num2str(((-width/2)*cos(rotation)-(-

height/2)*sin(rotation))+xCenter) ', ' num2str(((-

width/2)*sin(rotation)+(-height/2)*cos(rotation))+yCenter) ', 

0\r\n']); 
fprintf(fid, '}\r\n'); 
end  

The macroBox subfunction creates a rectangular shape centered at the 

rectilinear location (xCenter, yCenter) and with width and height defined in the input 
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arguments. The rotation argument determines if the rectangle is rotated in the 

counterclockwise direction, measured in degrees. Again, the line type scale system 

variable is defined relative to the rectangle’s size to help the user see that the proper 

line style has been used. The >Line command is initiated and five rectilinear points 

are defined: one for each corner of the rectangle in counterclockwise order (the fifth 

point is a duplicate of the first, and closes the loop). After learning some basic 

geometry, this subfunction can easily be modified to draw arbitrary closed polygons. 

These, and any other subfunctions used, need to be included at the start of 

the NPGSmacro() function. Next, we define a filename with the location on the hard 

drive to save the new macro file. Use the fopen MATLAB command to generate the 

file, and designate it with the variable fid. The ‘wt’ modifier indicates that any file of 

with this exact location will be overwritten, so be careful naming files if you plan on 

making multiple variations.  

function NPGSmacro() 

% INSERT SUBFUNCTIONS HERE 
filename = 'C:\Users\Nick\Litho\nonamers.d3m'; 
fid = fopen(filename, 'wt'); 

 

The MATLAB command fprintf writes individual lines of text to the macro file 

identified by the variable fid. The start of each macro contains commands that 

prepared the DesignCAD environment for the specific requirements of NPGS’s 

importing process. Two single apostrophes ‘’ are used to comment the code, and I 

have labeled the purpose of some commands. DesignCAD system variables, SYS(n), 
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are stored in new variables before being changed. This allows the macro to restore 

the same system environment after the macro is executed. Most of this is general 

housekeeping, but the highlighted line is required for NPGS to correctly interpret 

the geometry later on. Setting the line type variable, SYS(4), to 1 will draw all shapes 

with a dashed line in DesignCAD and tells NPGS to fill all of the shapes rather than 

pattern an empty outline. This can be changed manually in DesignCAD later, but is 

more easily addressed here.  

fprintf(fid, 'SYS$(41) = "NPGS " ''Input window caption \r\n'); 
fprintf(fid, 'SYS$(42) = SYS$(41) \r\n'); 
fprintf(fid, 'COLOR 1,9   ''foreground black on gray background \r\n'); 
fprintf(fid, '\r\n'); 

  
fprintf(fid, 'SLTPYE = SYS(4)  ''Save LineType \r\n'); 
fprintf(fid, 'SLTS = SYS(5)  ''Save LineTypeScale \r\n'); 
fprintf(fid, 'SLWDTH = SYS(6)  ''Save LineWidth \r\n'); 
fprintf(fid, 'SYS(470) = 1  ''Prevent commands while macro runs\r\n'); 
fprintf(fid, '\r\n'); 

  

fprintf(fid, 'SHAIR = SYS(40) ''Save crosshair status\r\n'); 
fprintf(fid, 'SYS(40) = 0\r\n'); 
fprintf(fid, 'SRLINE = SYS(41) ''Save rubberband line status\r\n'); 
fprintf(fid, 'SYS(41) = 0\r\n'); 
fprintf(fid, 'SRBOX = SYS(43) ''Save rubberband box status\r\n'); 
fprintf(fid, 'SYS(43) = 0\r\n'); 
fprintf(fid, 'PRECISION 4\r\n'); 
fprintf(fid, '\r\n'); 

  
fprintf(fid, 'START:\r\n'); 
fprintf(fid, 'SYS(1) = 0\r\n'); 
fprintf(fid, 'SYS(80) = 0\r\n'); 
fprintf(fid, '\r\n'); 

  

fprintf(fid, 'SYS(36) = 1  ''set silent mode to avoid flash\r\n'); 
fprintf(fid, 'SYS(4) = 1 ''Set linetype\r\n'); 
fprintf(fid, 'SYS(6) = 0 ''Set linewidth\r\n'); 
fprintf(fid, 'SYS(24) = 0 ''Disable fill wide lines\r\n'); 

 

For this example, I will create a series of eight nonamers, the nanocluster structure 
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investigated in Chapter 6, with increasing sizes.  To locate the particles in the optical 

microscope, it is helpful to create a bright, large scattering feature relatively close to 

the system.  The macroBox subfunction will create a 2 micron wide square 100 

microns off to the left of the main pattern. 

macroBox(-100,0,2,2,0) 
diam = .035:.005:.070; 
gap = .015; 
x = -35:10:35; 
for i = 1:8 
    for y = -35:10:35 
        macroNmerGap(x(i),y,8,diam(i),gap) 
    end 
end 

 

The diam variable stores a range of eight diameters for the satellite disc, 

increasing in 5 nm increments (note DesignCAD and NPGS assume a micron unit 

scale). The gap size in this example is fixed at 15 nm. In order to locate, resolve, and 

indentify these particles in a microscope, they will be placed in a horizontal line, 10 

microns apart from each other in increasing size order. The x position is centered 

about the origin in order to maximize the SEM zoom and beam precision. The for 

loop then calls the macroNmerGap subfunction that calculates the diameter of the 

core disc and positions of each element in the nanocluster (remember subfunctions 

should be inserted at the start of the program, immediately after declaring the 

function in the first line).  

function macroNmerGap(xCenter,yCenter,N,diameterS,gap) 
side = diameterS + gap; 
ringRadius = side/2/sin(deg2rad(180)/N); 
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diameterC = (ringRadius - diameterS/2 - gap)*2; 
macroCircle(xCenter,yCenter,diameterC,180) 
for tempN = 0:360/N:360*(1-1/N) 
xLocal = xCenter + ((diameterC+diameterS)/2 + gap)*cos(deg2rad(tempN)); 
yLocal = yCenter + ((diameterC+diameterS)/2 + gap)*sin(deg2rad(tempN)); 
macroCircle(xLocal,yLocal,diameterS,tempN) 
end 
end 

 

The macroNmerGap subfunction involves a bit more geometry to locate each 

disc in the nanocluster. A nanocluster with N satellite discs is modeled after a 

regular polygon of N sides. The diameter of the satellite disc and the gap size 

determine the side length of the regular polygon.  

 

Figure A.7.1 | Geometric constraints of a generic nanocluster based upon Dn 

symmetric regular polygons. 

The circumradius, the distance from the center of the regular polygon to a vertex, 

can be defined in two ways: by the polygon side length or the two nanodisc 

diameters and gap size. By equating these two definitions for the circumradius, the 



 106 
 

 

diameter of the core nanodisc, diameterC, is defined in terms of the satellite 

diameter and gap size. MATLAB handles these tedious calculations and then 

repeatedly calls on the macroCircle subfunction to position each element. Note that 

tempN is used to position the start of each circle away from the core disc, ensuring a 

more accurate gap size during patterning. 

Lastly, the DesignCAD settings are restored to the original conditions saved 

from the start of the macro and the DesignCAD commands to end the script are 

inserted. The fclose MATLAB command will close the text file. The end command will 

conclude the MATLAB script. 

fprintf(fid, 'FINISH:\r\n'); 
fprintf(fid, 'SYS(36) = 0 ''unset silent mode to avoid flash\r\n'); 
fprintf(fid, 'SYS(1) = 0 ''Clear any set points\r\n'); 
fprintf(fid, 'SYS(80) = 0 ''Clear any selected points\r\n'); 
fprintf(fid, 'SYS(4) = SLTYPE ''reset linetype\r\n'); 
fprintf(fid, 'SYS(5) = SLTS ''reset linetypescale\r\n'); 
fprintf(fid, 'SYS(6) = SLWDTH ''reset linewidth\r\n'); 
fprintf(fid, 'SYS(40) = SHAIR '' Restore crosshair status\r\n'); 
fprintf(fid, 'SYS(41) = SRLINE ''Restore rubberband line status\r\n'); 
fprintf(fid, 'SYS(43) = SRBOX ''Restore rubberband box status\r\n'); 
fprintf(fid, 'REGEN\r\n'); 
fprintf(fid, 'END\r\n'); 
fclose(fid); 

end 
 

 
Start NPGS and start DesignCAD Express 16. Open the “Tools” menu, select 

“Macro Executable…”, and locate your saved .d3m macro file. The geometry will load 

into workspace for you to examine for any errors. All that remains is the standard 

steps for preparing your NPGS run file (setting layers, colors, etc.). If you want to 
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learn more about writing your own macros, explore the examples included with 

NPGS (typically found in “C:\NPGS\DC16Exp\Sample Macros”). 
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Appendix B – CIE 1931/RGB 

Chromaticity Analysis 

Aluminum plasmonics can access the visible spectrum, enabling us to use the 

color of the scattered light as a simple visual indicator. The sensitivity of plasmonic 

particles to geometry and dielectric environment mean that the exact chromaticity 

of the scattered light can be used as a metric for a wide variety of applications: 

fabrication problems, local refractive index changes, metal purity, etc. Below, is a 

MATLAB script I have written to take a dark field spectrum, SpecNM, and return 

both the CIE 1931 chromaticity coordinates and the RGB values of the scattered 

light [x, y, R, G, B]. The input SpecNM must be a two column MATALAB array of the 

form: [wavelengths, scattering intensity]. If you have data saved in terms of energy, 

apply the conversion formula 1 nm = 1239/1 eV before you run the function. 

Analyzing the chromaticity of a spectrum involves 3 steps: convolving the 

spectrum with the human eye response functions, calculating the CIE 1931 

chromaticity coordinates, converting the CIE 1931 coordinates into the sRGB 

standard. Each of these steps requires some straightforward matrix algebra which is 

readily handled by MATLAB. Because of the wide variety of standards for describing 

color, the exact values determined here may slightly differ from other type of 
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analysis. The results are dependent on what functions are used to approximate the 

human eye response, which version of the CIE and RGB standards are being used, 

and the white point is defined. These values can be re assigned in the MATLAB 

script to fit a new application if needed. 

function [done] = MyColor(SpecNM,scalerMax) 

 

%% Human eye response functions as a function of wavelength (nm) 
CIE = 

[390,0.00376964700000000,0.000414616100000000,0.0184726000000000;395,0.

00938296700000000,0.00105964600000000,0.0460978400000000;400,0.02214302

00000000,0.00245219400000000,0.109609000000000;405,0.0474298600000000,0

.00497171700000000,0.236924600000000;410,0.0895380300000000,0.009079860

00000000,0.450836900000000;415,0.144621400000000,0.0142937700000000,0.7

37882200000000;420,0.203572900000000,0.0202736900000000,1.0518210000000

0;425,0.248852300000000,0.0261210600000000,1.30500800000000;430,0.29182

4600000000,0.0331903800000000,1.55282600000000;435,0.322708700000000,0.

0415794000000000,1.74828000000000;440,0.348255400000000,0.0503365700000

000,1.91747900000000;445,0.341848300000000,0.0574339300000000,1.9184370

0000000;450,0.322463700000000,0.0647235200000000,1.84854500000000;455,0

.282664600000000,0.0723833900000000,1.66443900000000;460,0.248525400000

000,0.0851481600000000,1.52215700000000;465,0.221978100000000,0.1060145

00000000,1.42844000000000;470,0.180690500000000,0.129895700000000,1.250

61000000000;475,0.129192000000000,0.153506600000000,0.999178900000000;4

80,0.0818289500000000,0.178804800000000,0.755237900000000;485,0.0460086

500000000,0.206482800000000,0.561731300000000;490,0.0208398100000000,0.

237916000000000,0.409931300000000;495,0.00709773100000000,0.28506800000

0000,0.310593900000000;500,0.00246158800000000,0.348353600000000,0.2376

75300000000;505,0.00364917800000000,0.427759500000000,0.172001800000000

;510,0.0155698900000000,0.520497200000000,0.117679600000000;515,0.04315

17100000000,0.620625600000000,0.0828354800000000;520,0.0796291700000000

,0.718089000000000,0.0565040700000000;525,0.126846800000000,0.794644800

000000,0.0375191200000000;530,0.181802600000000,0.857579900000000,0.024

3816400000000;535,0.240501500000000,0.907134700000000,0.015661740000000

0;540,0.309811700000000,0.954467500000000,0.00984647000000000;545,0.380

424400000000,0.981410600000000,0.00613142100000000;550,0.44942060000000

0,0.989022800000000,0.00379029100000000;555,0.528023300000000,0.9994608

00000000,0.00232718600000000;560,0.613378400000000,0.996773700000000,0.

00143212800000000;565,0.701677400000000,0.990254900000000,0.00088225310

0000000;570,0.796775000000000,0.973261100000000,0.000545241600000000;57

5,0.885337600000000,0.942456900000000,0.000338673900000000;580,0.963838

800000000,0.896361300000000,0.000211777200000000;585,1.05101100000000,0

.858720300000000,0.000133503100000000;590,1.10976700000000,0.8115868000

00000,8.49446800000000e-

05;595,1.14362000000000,0.754478500000000,5.46070600000000e-

05;600,1.15103300000000,0.691855300000000,3.54966100000000e-



 110 
 

 

05;605,1.13475700000000,0.627006600000000,2.33473800000000e-

05;610,1.08392800000000,0.558374600000000,1.55463100000000e-

05;615,1.00734400000000,0.489595000000000,1.04838700000000e-

05;620,0.914287700000000,0.422989700000000,0;625,0.813556500000000,0.36

0924500000000,0;630,0.692471700000000,0.298086500000000,0;635,0.5755410

00000000,0.241690200000000,0;640,0.473122400000000,0.194312400000000,0;

645,0.384498600000000,0.154739700000000,0;650,0.299737400000000,0.11931

2000000000,0;655,0.227779200000000,0.0897959400000000,0;660,0.170791400

000000,0.0667104500000000,0;665,0.126380800000000,0.0489969900000000,0;

670,0.0922459700000000,0.0355998200000000,0;675,0.0663996000000000,0.02

55422300000000,0;680,0.0471060600000000,0.0180793900000000,0;685,0.0329

213800000000,0.0126157300000000,0;690,0.0226230600000000,0.008661284000

00000,0;695,0.0157541700000000,0.00602767700000000,0;700,0.010967780000

0000,0.00419594100000000,0;705,0.00760875000000000,0.00291086400000000,

0;710,0.00521460800000000,0.00199555700000000,0;715,0.00356945200000000

,0.00136702200000000,0;720,0.00246482100000000,0.000944726900000000,0;7

25,0.00170387600000000,0.000653705000000000,0;730,0.00118623800000000,0

.000455597000000000,0;735,0.000826953500000000,0.000317973800000000,0;7

40,0.000575830300000000,0.000221744500000000,0;745,0.000405830300000000

,0.000156556600000000,0;750,0.000285657700000000,0.000110392800000000,0

;755,0.000202185300000000,7.82744200000000e-

05,0;760,0.000143827000000000,5.57886200000000e-

05,0;765,0.000102468500000000,3.98188400000000e-

05,0;770,7.34755100000000e-05,2.86017500000000e-

05,0;775,5.25987000000000e-05,2.05125900000000e-

05,0;780,3.80611400000000e-05,1.48724300000000e-

05,0;785,2.75822200000000e-05,1.08000100000000e-

05,0;790,2.00412200000000e-05,7.86392000000000e-

06,0;795,1.45879200000000e-05,5.73693500000000e-

06,0;800,1.06814100000000e-05,4.21159700000000e-

06,0;805,7.85752100000000e-06,3.10656100000000e-

06,0;810,5.76828400000000e-06,2.28678600000000e-

06,0;815,4.25916600000000e-06,1.69314700000000e-

06,0;820,3.16776500000000e-06,1.26255600000000e-

06,0;825,2.35872300000000e-06,9.42251400000000e-

07,0;830,1.76246500000000e-06,7.05386000000000e-07,0;]; 

  
%% Get experimental wavelengths from input 
wavelen = Spec(:,1);  

  
% Interpolate CIE values for experimental wavelengths 
Zbar = interp1(CIE(:,1),CIE(:,4),wavelen);  
Ybar = interp1(CIE(:,1),CIE(:,3),wavelen); 
Xbar = interp1(CIE(:,1),CIE(:,2),wavelen); 

  
% Convolve experimental spectra with sensitivity curves 
Xtemp = Xbar.*Spec(:,2); 
Ytemp = Ybar.*Spec(:,2); 
Ztemp = Zbar.*Spec(:,2); 

  
% Remove bad data (NANs and INFs) 
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k = find(isnan(Xtemp))'; Xtemp(k) = 0; 
k = find(isnan(Ytemp))'; Ytemp(k) = 0; 
k = find(isnan(Ztemp))'; Ztemp(k) = 0; 
l = find(isinf(Xtemp))'; Xtemp(l) = 0; 
l = find(isinf(Ytemp))'; Ytemp(l) = 0; 
l = find(isinf(Ztemp))'; Ztemp(l) = 0; 

  
% Sum to calculate chromaticity values 
X = sum(Xtemp); 
Y = sum(Ytemp); 
Z = sum(Ztemp); 

  
%% Calculate CIE chromaticity coordinates x, y, z 
x = X/sum([X Y Z]); 
y = Y/sum([X Y Z]); 
z = Z/sum([X Y Z]); 

  
%% Convert CIExyz to RGB  

  
%   chromaticity gamut and white coordinates 
xr = .64;  yr = .33;  zr = 1 - ( xr + yr); 
xg = .30;  yg = .60;  zg = 1 - ( xg + yg); 
xb = .15;  yb = .06;  zb = 1 - ( xb + yb); 
xw = .3127; yw = .3291; zw = 1 - ( xw + yw); 

 
% Paper version 
rx = ( yg *  zb) - ( yb *  zg); 
ry = ( xb *  zg) - ( xg *  zb); 
rz = ( xg *  yb) - ( xb *  yg); 

  
gx = ( yb *  zr) - ( yr *  zb); 
gy = ( xr *  zb) - ( xb *  zr); 
gz = ( xb *  yr) - ( xr *  yb); 

  
bx = ( yr *  zg) - ( yg *  zr); 
by = ( xg *  zr) - ( xr *  zg); 
bz = ( xr *  yg) - ( xg *  yr); 

  
% white scaling factors 
rw = ((rx *  xw) + (ry *  yw) + (rz *  zw))/  yw; 
gw = ((gx *  xw) + (gy *  yw) + (gz *  zw))/  yw; 
bw = ((bx *  xw) + (by *  yw) + (bz *  zw))/  yw; 

  
% scale rgb to white 
rx = rx/rw; ry = ry/rw; rz = rz/rw; 
gx = gx/gw; gy = gy/gw; gz = gz/gw; 
bx = bx/bw; by = by/bw; bz = bz/bw; 

  
Jstar = [rx*x + ry*y + rz*z; gx*x + gy*y + gz*z; bx*x + by*y + bz*z;]'; 
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% if outside color gamut, add enough white to get inside 
if min([Jstar 0]) < 0 
    Jstar = Jstar - min([Jstar 0]); 
end 
 

% Scale according to strongest RGB value (saturate strongest channel) 
Jstar = Jstar/max(Jstar); 

 
% Plot spectrum and RGB color 
figure 
subplot(121) 
plot(Spec(:,1),Spec(:,2),'k-','LineWidth',3) 
xlabel('Wavelength (nm)') 
ylabel('Scattering (arb. u.)') 
xlim([min(Spec(:,1)) max(Spec(:,1))]) 
ylim([0 Inf]) 
subplot(122) 
plot(0,0,'Color',Jstar,'Marker','.','MarkerSize',500) 
title(['RGB: ' num2str(Jstar)]) 
axis off 

 

% Script outputs [CIE x, CIE y, R, G, B] values 
done = [x y Jstar]; 
return 

 


