


 
 

ABSTRACT 

Plasmonic Properties of Aluminum Nanostructures 

by 

Lifei Liu 

The plasmonic properties of metallic nanoscale systems have been widely 

investigated. However the plasmon resonances of the most common plasmonic 

materials, like gold and silver, are challenging to be tuned into the ultra-violet (UV) 

region due to their inherent limitations.  

Recently, aluminum has attracted increasing attention because its plasmon 

resonances can be extended from the whole visible spectrum into UV region. Also 

aluminum is a low-cost material of the compatibility to manufacturing process 

including complementary metal-oxide-semiconductor (CMOS), which allows 

aluminum to serve as an alternative plasmonic material for commercial 

applications. In this thesis, measuring the scattering spectra of aluminum 

nanostructures has been performed, which confirms the tunability of aluminum 

plasmon resonances. We also directly image the local density of optical states 

(LDOS) of aluminum nanostructures. Furthermore, the dependence of aluminum 

plasmon resonances on oxide fractions within the system has been investigated. 

Finally we demonstrate the feasibility of a promising application of aluminum 

nanorods for plasmonic-based full-color display.  
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Chapter 1 

Introduction 

Plasmon, which is a collective oscillation of the conductive electron within 

the metal, has been studied for many years because of its unique optical properties. 

These effects can be used in various applications, including photocatalysis, [1-7] 

active optoelectronics, [8-12] biological and chemical sensing [13-18], surface 

enhanced spectroscopies, [19-23] nonlinear plasmonics, [24-27] and plasmon-

enhanced light harvesting. [28-31] The plasmon resonances in these systems, which 

are made of the most common plasmonic metals gold and silver, are easy to be 

tuned from the entire visible regions of spectrum into the infrared regions. However 

it is significantly challenging to tune plasmon resonances into the ultra-violet (UV) 

regions.[16, 32-35] 



 2 

 

Figure 1.1: Comparison of plasmon tuning behaviors of Au, Ag and Al. 

 

Recently aluminum has attracted much interest for plasmonic applications 

because the plasmon resonances of aluminum nanostructures can be extended from 

the whole visible spectrum into the ultra-violet regions, unlike silver and gold with 

their inherent limitations shown in Figure 1.1. Also aluminum, as the third most 

abundant element in the earth’s crust after oxygen and silicon, is a low-cost metal 

material. Furthermore the compatibility to manufacturing process including 

complementary metal-oxide-semiconductor (CMOS) allows aluminum to serve as an 

alternative plasmonic material for real-world applications. [13-15, 18, 24, 30, 31, 

36-42] So far plasmonic properties of many Al nanostructures have been 

investigated, for example, spheres,[43-45], rods [24, 37], discs, [15, 39, 41] and 

triangles [17, 40], arrays of holes [46-48] and crosses [49]. 

In our work, the aluminum nanostructures were fabricated in two following 

ways: electron beam lithography and wet chemical synthesis. Aluminum 

nanostructures are easily encapsulated by a self-limiting oxide shell when exposure 
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to the atmosphere.[39] Moreover lithographically-fabricated aluminum 

nanostructures get oxidized in situ during the deposition process, which leads to the 

reduction of the metal percentages of aluminum nanostructures.  

We have investigated the physical properties of aluminum nanostructures, 

including the tunability of plasmon resonances from the whole visible regions into 

the UV spectral regions numerically calculated by finite difference time domain 

(FDTD) and experimentally measured by Hyperspectral UV Dark-field 

Microspectroscopy. We also have examined the local density of optical states (LDOS) 

with energy-resolved cathodoluminescence (CL) method. All the experimental 

results are in a close agreement with the theoretical calculations. 

The plasmonic behaviors of aluminum nanoparticles are found tremendously 

sensitive to the purity of the aluminum. Therefore it is a challenge to model the 

optical responses of oxidized aluminum nanoparticles in the theoretical predictions. 

Here we have demonstrated a feasible approach to model the dielectric response of 

the Al/Al2O3 composite based on Bruggeman effective medium theory. The 

calculated plasmon resonances of the Al/Al2O3 binary system using this dielectric 

function model along with FDTD method find good agreement with the 

experimentally measured data. The optical response of the Al/Al2O3 binary 

composite provides a straightforward way to estimate the degree of oxidation 

within the aluminum nanostructures lithographically fabricated under different 

deposition conditions, which are confirmed by the results of X-ray photoelectron 

spectroscopy (XPS).   
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Equipped with fundamental understanding of aluminum plasmonic 

properties, we have demonstrated the feasibility of the following application: full-

color aluminum plasmonic pixels, i.e., to design a plasmon-based full-color display 

using periodic aluminum nanorod arrays. Our design can conquer the limitations of 

broad and damped spectral response of individual aluminum nanostructures, [50, 

51] owing to the contributions from far-field diffractive coupling effect. Therefore 

monochromatic coloration with narrow plasmon linewidth can be obtained as well 

as strong enhancement of scattering intensities of Al plasmonic pixels under p-

polarized excitations.  

The thesis is organized in the following way:  In Chapter 2 we use FDTD 

method to investigate the electronic and optical properties of aluminum nanorods, 

nanodisks and nanocrystals (NC), all of which find good agreement with the 

experimental results. Chapter 2 is written based on the papers “Aluminum 

plasmonic nanoantennas” by Mark W. Knight, Lifei Liu, Yumin Wang, Lisa Brown, 

Shaunak Mukherjee, Nicholas S. King, Henry O. Everitt, Peter Nordlander, Naomi J. 

Halas [38], “Aluminum for plasmonics” by Mark W. Knight, Nicholas S. King, Lifei 

Liu, Henry O. Everitt, Peter Nordlander, Naomi J. Halas [52] and “Aluminum 

Nanocrystals“ prepared for the submission by Michael J. McClain, Andrea E. 

Schlather, Emilie Ringe, Nicholas S. King, Lifei Liu, Alejandro Manjavacas, Mark W. 

Knight, Ish Kumar, Kenton Whitmire, Henry O. Everit, Peter Nordlander, Naomi J. 

Halas. In Chapter 3, we demonstrate the dependence of dielectric responses on the 

percentage of metal oxidation using FDTD simulations combined with Bruggeman 

effective medium theory. Chapter 3 is written based on the paper “Aluminum for 
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plasmonics” by Mark W. Knight, Nicholas S. King, Lifei Liu, Henry O. Everitt, Peter 

Nordlander, Naomi J. Halas. [52] In Chapter 4, we show a promising application of 

aluminum nanorods for plasmonic-based full-color display, which is written based 

on the paper “Vivid, full-color aluminum plasmonic pixels” by Jana Olson, Alejandro 

Manjavacas, Lifei Liu, Wei-Shun Chang, Benjamin Foerster, Nicholas S King, Mark W 

Knight, Peter Nordlander, Naomi J Halas, Stephan Link. [53] Lastly, conclusions of 

the thesis are given in Chapter 5.   
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Chapter 2 

Plasmonic Properties of Aluminum 

Nanostructures 

In this chapter, we have investigated the physical properties of aluminum 

nanostructures, including the high tunability of plasmon resonances from the whole 

visible regions into the deep UV spectral regions numerically by finite difference 

time domain (FDTD) simulations and experimentally by Hyperspectral UV Dark-

field Microspectroscopy measurements.  

We have also examined the resonances of aluminum nanorods and aluminum 

nanocrystals including dipolar and quadrupolar modes by directly imaging their 

local density of optical states (LDOS) with energy-resolved cathodoluminescence 

(CL). The measured radiative modes are in good agreement with the calculated CL 

maps by FDTD.  
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2.1. Fabrication of Aluminum Nanostructures 

The aluminum nanostructures used in our work were fabricated in two 

following ways: electron beam lithography and wet chemical synthesis. Aluminum 

nanostructures get encapsulated easily by a self-limiting oxide shell when exposure 

to the atmosphere. [39] Moreover lithographically-fabricated aluminum 

nanoparticles are oxidized in situ during the deposition process before the 

formation of native oxide shell and thus the metal percentages of aluminum 

nanoparticles are reduced due to the bulk oxidation.  

We apply electron beam lithography method to fabricate aluminum 

nanorods and aluminum nanodisks, respectively. Meanwhile aluminum 

nanocrystals (NC) are synthesized by wet chemical synthesis method. 

2.1.1. Electron Beam Lithography 

2.1.1.1. Fabrication of Aluminum Nanorods 

Lightly doped (1−10Ω·cm) n-type silicon substrate with 30 nm of thermal 

oxide is coated with a 70 nm thick PMMA resist (poly(methyl methacrylate), 950 

wt). After patterned with electron beam lithography, pure aluminum is deposited by 

electron beam evaporation at the rate (1.5 Å/s). The thickness of deposited Al films 

is 30 nm, which is determined by a quartz crystal microbalance (QCM). Unlike gold 

or silver nanostructures that require Ti or Cr adhesion, there is no additional 

adhesion layer in the aluminum nanostructure because of the strong adhesion 
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between silica and aluminum. [54] The experimental geometries of Al samples are 

confirmed by associated scanning electron microscopy (SEM) images, given 

measurement error ((±2nm). 

2.1.1.2. Fabrication of Aluminum Nanodisks 

Instead of the substrate used in the study of aluminum nanorods, in this 

work, silica are chosen as the substrate and then coated with a 70 nm thick PMMA 

950 resist. After exposure and development, pure aluminum is deposited by 

electron-beam evaporation with the rate (1 Å/s). Applying a quartz crystal 

microbalance, all the deposited aluminum films are 35 nm thick. Following a rinse 

using an isopropyl alcohol, we obtain the Al nanodisks by the liftoff using acetone at 

room temperature. 

Lithographically-fabricated aluminum nanostructures exhibit a strong 

dependence of plasmon resonances on bulk oxidation that redshift and damp. [52] 

2.1.2. Wet chemical synthesis 

Wet chemical methods of aluminum nanoparticles have reports the issues of 

size and shape control. [55-63] Unlike these approaches, faceted aluminum 

nanocrystals with highly regular shapes have been synthesized in our work, which 

can realize the size control of NC diameters from 70 nm to greater than 200nm.   



 9 
 

2.1.2.1. Fabrication of Aluminum Nanocrystals  

Aluminum nanocrystals are synthesized by the reaction scheme shown in 

Figure 2.1 (a), where the ratio of tetrahydrofuran (THF) to 1,4-dioxane contributes 

to the size control of the NCs. The transmission electron microscopy (TEM) images 

of NCs synthesized in a THF/1,4-dioxane solution with the THF ratio of 0, 0.5, 0.6, 

and 0.8 in Figure 2.1 (b, left to right) show that the diameters of the aluminum 

nanocrystals are 55 ± 11 nm, 117 ± 11 nm, 152 ± 35 nm, and 223 ± 32 nm in a 

mixture of various shapes.  Among these nanocrystals, there are approximately 10% 

icosahedra, 30% octahedra, 30% truncated trigonal bipyramids, and 30% mixed 

irregular crystal. The self-terminated surface oxide layer allows the stability of 

aluminum nanocrystals for weeks. 

 

Figure 2.1: Synthesis of aluminum nanocrystals. (a) Reaction scheme for the 

synthesis of Al nanocrystals. (b) Associated TEM images of nanocrystals 
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synthesized in a THF/1,4-dioxane solution with the varying THF ratio of 0, 0.5, 

0.6, and 0.8 (from left to right). The scale bar is 100nm.   

2.2. Plasmon Modes of Aluminum Nanostructures 

2.2.1. Background: Cathodoluminescence 

Cathodoluminescence has been used as a powerful characterization tool for 

the study of surface plasmon resonance where a focused energetic electron beam 

incident on the sample excites all the plasmon modes with a non-zero local density 

of optical states. [64-69] Then CL equipment collects the emitted photons from the 

radiative modes, which forms an optical excitability image of the nanostructures.  

Since the electron beam is highly spatially focused, the images of plasmon 

modes are of high spatial resolution, which can be in nanometer-scale.[70] Another 

advantage of CL mapping method is that it does not damage the local dielectric 

environment when applied to measure the optical and electromagnetic properties of 

nanostructures. 
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2.2.2. Plasmon Modes of Aluminum Nanorods 

 

Figure 2.2: Length-dependent CL images of individual Al nanorod. (a) 

Measured CL excitability images for the photon energy collection window 2.5 – 

3.0 eV. (b) Corresponding SEM images of the Al nanorods. (c) FDTD 

calculations of electromagnetic field distributions for the identical Al 

nanorods to the experimental samples. Scale bars = 100 nm. 

 

Measuring the radiative LDOS for several Al nanorod antennas of varying 

aspect ratios for the energy range 2.5−3.0 eV allows a direct observation of the 

geometric dependence of their plasmon modes (Figure 2.2): the nanorod mode 

shifts from a degenerate dipolar response to a longitudinal dipole, and then a 
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multipolar resonance. Associated scanning electron microscopy (SEM) images of the 

Al nanorods are shown in Figure 2.2 (b).   

The ring-like radiative LDOS image of 40 nm × 50 nm nanorod (Figure 2.2, 

top horizontal row) is due to the degenerated longitudinal and transverse modes. As 

the length of the nanorod is increased to 100 nm, the degeneracy breaks. And a 

strong longitudinal dipole mode appears at the photon energy collection window 

because the radiation of longitudinal mode dominates. When the antenna length 

continues to be increased, the longitudinal dipolar resonance redshifts to lower 

energy regions, which are outside the photon energy collection window. Extending 

the length of nanorod to 300nm, a longitudinal quadrupolar mode is shown at CL 

excitability image for the photon energy collection window (Figure 2.2, bottom 

horizontal row). The apparently radiative quadrupolar mode expected to be 

nonradiative in the quasistatic regime; however, here the mode can be observed in 

CL map due to phase retardation effect. Phase retardation effect within Al 

nanostructures cannot be overlooked because their plasmon resonances are at 

region for high energy. More specifically, here Al nanorod lengths are 250nm and 

300nm respectively (Figure 2.2, two bottom panels), which are comparable to their 

plasmon resonances at the wavelength of 300- 500nm and therefore result in phase 

retardation effect.  

Here we use the finite difference time domain method (FDTD) to calculate 

the CL maps of pure Al nanorods without the surface oxide. The nanorods of the 

same geometries as the nominal dimensions specified during e-beam lithography 
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are positioned on top of an infinite silica substrate. All exposed edges of Al nanorods 

are rounded with a 5 nm radius of curvature. The dielectric responses of both 

aluminum and silica are simulated using Palik data. [71] Due to the computationally 

consuming using exact evaluation method of CL maps, therefore here pure Al 

nanorods are excited using a single plane wave incident at 75° off normal and then 

the near-field maps are calculated 5 nm above the surface. The simulations can be 

approximately treated as the radiative LDOS because radiative decay probabilities 

have close relationship with optical scattering cross sections. 

The experimentally measured CL excitability images are in excellent 

agreement with the calculated LDOS maps. The presence of the Al2O3 surface oxide 

and metal oxidation within the Al core may be responsible for the slight difference 

of the relative emission intensity at the ends of Al nanorods between the 

experimental and theoretical CL images because plasmon resonance, charge 

distribution and dielectric response could be influenced; while here we use the 

dielectric function of pure bulk aluminum in FDTD calculations of the Al nanorods. 

The different simulation setup may also give rise to this small discrepancy where 

the in-plane total field enhancement is collected 5 nm above the surface excited by 

plane wave. This is approximately treated as the radiative LDOS, while in 

experimental CL measurements the Al samples are incident by electron beam.  
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Figure 2.3: (a) SEM images associated with normalized CL excitability maps of 

Al nanorods of the varying length from 40 nm to 150 nm (from top to down) 

across four energy collection windows: 2.1−2.4 eV, 2.5−3.0 eV, 2.9−3.3 eV, and 

3.3−3.8 eV, respectively (from left to right). (b) Integrated emission intensity 

from the normalized CL images as a function of Al nanorod length at the 

energy range: 2.1−2.4 eV (I), 2.5−3.0 eV (II), 2.9−3.3 eV (III), and 3.3−3.8 eV 

(IV). (c) Scattering intensities for each nanorod at the energy 2.4 eV (I), 3.0 eV 

(II), 3.3 eV (III), and 3.8 eV (IV) calculated using FDTD, where dotted lines 

represent the relative contribution from longitudinal mode and solid lines 

indicate the transverse contributions. 

 

The CL images of Al nanorods with the same lengths as the samples in Figure 

3 measured across four energy collection windows covering the energy range of 2-4 
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eV (Figure 2.3). For Al nanorod with the geometry 40 nm × 40 nm, a ring-shaped CL 

map is obtained for each energy collection windows due to the degenerate of 

longitudinal mode with transverse one (Figure 2.3 (a)). The increase of emission 

intensity is observed as the increase of photon energy range. Extending the length of 

nanorods, the degeneration breaks and therefore we obtain the separate 

longitudinal and transverse modes. Only emission from the longitudinal dipolar 

mode is collected in CL map for the energy collection window of 2.1 –2.4 eV (Figure 

2.3 (a), first vertical column), while LDOS images for the other three energy 

collection windows show a significant evolution from longitudinal mode to 

transverse mode with the increased nanorod length. A CL excitability image of a 

nanorod of a particular geometry with the maximized emission intensity is observed 

for each energy collection range. 

The emission intensity (Figure 2.3(b)) integrated from the normalized CL 

images of each nanorod allows the comparison of scattering intensity between the 

experimental trends with the calculations shown in Figure 2.5. Given size variation 

among four individual nanorods for each identical length, standard deviation of each 

experimental data is represented by the error bars. 

Distinct length-dependent tuning behavior of the scattering response is 

observed when measuring the emission intensity across four energy collection 

windows (Figure 2.3(b)). For the energy collection window of 2.1 –2.4 eV (Figure 

2.3(b), I), the Al nanorod of the geometry 100 × 40 nm exhibits the maximized 

scattering intensity due to the overlap of its dipolar mode with this photon energy 
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collection window. The weaker emission intensity for the shorter Al nanorod gives 

rise to the asymmetric lineshape of the scattering intensity of individual Al nanorod 

with the varying length. The scattering feature is captured by the plot of scattering 

cross section of dipolar mode against nanorod length calculated using FDTD (Figure 

2.3(c), I).  

The peak of emission intensity shifts from 100 nm to 60 nm nanorods for the 

energy collection windows with higher energy ranges (Figure 2.3(b, c), II−IV) 

because the plasmon resonance of nanorod blueshifts when the length of nanorod 

decreases (also shown in Figure 2.5(a)). Given the effects of the increased radiation 

and changing ratio of the emission intensities of longitudinal and transverse 

resonance, the emission intensities of longer nanorods relatively increase (Figure 

2.3(c)).  

For low photon energy window (I), the contribution on emission intensity 

from transverse mode can be neglected given the deposition of relative contribution 

from longitudinal (dotted lines) and transverse components (solid lines) of 

theoretical scattering intensity, while a increase of the contribution from the 

transverse mode is observed for higher energy ranges (II, III). The same emission 

intensity of the transverse resonance as the longitudinal resonance is obtained for 

the highest energy collection window (3.3−3.8 eV) (IV).  

For the highest energy range (Figure 2.3(b, c), IV), the longitudinal mode 

gives rise to a peak at 60 nm and longer nanorods lead to a second increase at the 
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measured CL intensity. This second broad peak corresponding to the transverse 

mode visualized in CL images (Figure 2.3 (a)) is only shown as a slow increase of 

scattering intensity in the calculations.  This discrepancy may be resulted from the 

surface effects, such as the Al2O3 surface oxide layer or metal oxidation within the Al 

core. Also measurement error regarding the lower photon count rate at 3.3 – 3.8 eV 

bandpass may give rise to this difference at higher energy. 

2.2.3. Plasmon Modes of Aluminum Nanocrystals 

 

Figure 2.4: Cathodoluminescence excitability images of Al NCs reveal three-

fold symmetry modes. (A) SEM images of 70 nm and 155 nm icosahedra, 65 
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nm and 155 nm truncated trigonal bipyramids (left to right). (B) Measured CL 

excitability images of Al NCs in parallel with SEM images. (C) Corresponding 

calculated CL maps using a single dipole excitation.  Scale bar = 100 nm. 

 

Cathodoluminescence excitability images of Al NCs of varying shapes and 

sizes show that both the truncated trigonal bipyramids and icosahedra with SEM 

images (Figure 2.4(a)) exhibit a three-fold symmetric dipolar mode (Figure 2.4(b)).  

The theoretical simulations shown in Figure 2.4(c) support the measured CL maps. 

Here we use the finite difference time domain method (FDTD) to calculate the CL 

maps of pure Al nanocrystals, which are put on top of an infinite silica substrate. The 

dielectric responses of both aluminum and silica are simulated using Palik data. The 

nanocrystals are excited by a single dipole source located at 5 nm above the 

nanocrystals. The dipole source scans over different positions above the 

nanocrystals and then we calculate the corresponding far-field emission.  
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2.3. Tunable Plasmon Resonances in Aluminum Nanostructures 

2.3.1. Tunability of Aluminum Nanorods 

 

Figure 2.5: Calculated scattering spectra of Al nanorods of the varying length 

from 40 nm to 150 nm using normal incident light with (a) longitudinal and 
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(c) transverse polarization. (b) SEM images of the corresponding Al nanorods. 

Scale bar = 100 nm. 

 

Here we use the finite difference time domain method (FDTD) to model the 

scattering spectra of pure Al nanorods of increasing length excited by a normal 

incidence plane wave shown in Figure 2.5. The nanorods without the surface oxide 

of the same geometries as the nominal dimensions specified during e-beam 

lithography are positioned on top of an infinite silica substrate. All exposed edges of 

Al nanorods are rounded with a 5 nm radius of curvature. The dielectric responses 

of both aluminum and silica are simulated using Palik data.[71] 

When the length of nanorod increases from 40 nm to 150 nm, the 

longitudinal dipole mode redshifts to nearly 2 eV and the peak narrows, and high 

energy multipolar modes begin to appear (Figure 2.5 (a)). However the transverse 

resonance is at a nearly fixed energy, which means weak dependence on nanorod 

length (Figure 2.5 (c)). The scattering intensities increase with nanorod length for 

both longitudinal and transverse polarization.  

2.3.2. Tunability of Aluminum Nanodisks  

To investigate the optical response of pure aluminum single nanodisk, we use 

a custom-built hyperspectral UV Dark-field microspectroscopy where the 

unpolarized continuum light source passes through a monochromator and is 

uniformly focused onto the sample at the incidence angle of 500. The darkfield 
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scattered light is collected using a 15x finite conjugate objective (NA = 0.28) and 

imaged every 5 nm from 200nm to 700 nm, which forms a spectral datacube 

containing a complete scattering spectrum. To minimize the artificial effects on the 

spectral response, all the measurements are done in a dry nitrogen environment. 

 

Figure 2.6: Diameter-dependent plasmonic tuning behavior of Al nanodisks 

from UV to visible region. (a) Measured dark-field scattering spectra of 



 22 
 

individual Al nanodisk with the diameter D = 70, 80, 100, 120, 130, 150, 180 

nm, respectively. (b) SEM images of the corresponding Al nanodisk. Scale bar = 

100nm. (c) Scattering spectra calculated using FDTD of corresponding Al 

nanodisk with a 3nm oxide shell sitting on a SiO2 substrate. 

            

Measured darkfield spectra of individual nanodisk as a function of disk 

diameter are shown in Figure 2.6, which exhibit that the plasmon resonance of Al 

nanodisk can be tuned from UV into the entire visible range. The scattering spectra 

of small Al nanodisks show a dipolar resonance of the Lorentzian shape at the deep 

UV range. But for the large nanodisks, the plasmon resonance redshifts and broaden 

due to the phase delay within the nanodisks. Also high energy multipolar modes 

emerge at the spectra response. To confirm the effect of self-protection regarding 

the native aluminum oxide, we repeat the dark-field measurement of these samples 

that are exposure to the atmosphere for three weeks. These experimental dark-field 

spectra are identical.  

Here we use the finite difference time domain method to model the 

scattering intensities of pure Al nanodisks with the increasing diameter excited by a 

normal incidence plane wave shown in Figure 2.6(c). The nanodisks with a 3 nm 

surface oxide of the same geometries as the nominal dimensions specified during e-

beam lithography are positioned on top of an infinite SiO2 substrate. All Al nanodisks 

are 35 nm thick and rounded with a 5 nm radius of curvature on all edges. The 

dielectric responses of aluminum, aluminum oxide, and silica are simulated using 
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Palik data. [71] The FDTD simulations of pure Al nanodisk are consistent with the 

experimental dark-field spectra despite the minor discrepancies in nanodisk 

geometries between SEM images and simulation models, as well as the different 

excitation conditions.  
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Chapter 3 

Influence of Bulk Oxidation on 

Aluminum’s Plasmonic Properties 

Aluminum nanostructures get easily encapsulated by a self-limiting oxide 

shell when exposure to the atmosphere. Moreover lithographically-fabricated 

aluminum nanoparticles are oxidized in situ during the deposition process before 

the formation of native oxide shell and thus the metal percentages of aluminum 

nanoparticles are reduced due to the bulk oxidation.  

The plasmon resonances of aluminum nanoparticles are found tremendously 

sensitive to the purity of the aluminum within the Al/Al2O3 composite. Therefore it 

is a challenge to model the optical responses of oxidized aluminum nanoparticles in 

theoretical predictions. Here we have demonstrated a feasible approach to model 

the dielectric response of the Al/Al2O3 system based on Bruggeman effective 

medium theory. The calculated plasmon resonances of the Al/Al2O3 binary 
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composite using this dielectric function model along with FDTD method find good 

agreement with the experimentally measured values. The optical response of the 

Al/Al2O3 binary composite provides a straightforward way to estimate the degree of 

oxidation within the aluminum nanostructures lithographically fabricated under 

different deposition conditions, which are confirmed by the results of X-ray 

photoelectron spectroscopy (XPS).   

3.1. Influence of Bulk Oxidation  
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Figure 3.1: Spectral and dielectric response of aluminum nanodisks as a 

function of oxide fraction. (a) Spectral response of Al nanodisks of the 

diameter D=100nm with varying percentage of oxide. Solid lines represent the 

calculated spetra of Al nanodisks with a 3 nm Al2O3 surface shell sitting on a 

SiO2 substrate. Dotted lines correspond to the measured dark-field scattering 

spectra of three Al samples fabricated under different deposition conditions, 

where the oxide fraction within Al is 9% (green), 19% (blue), and 27% 

(orange) respectively. (b) Experimental dielectrics from ellipsometrical data 

of the three associated Al nanodisks. (c) Calculated dielectric response using 

Bruggeman model for Al nanodisks of the varying oxide content: 0% (black), 

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

 

For an Al nanodisk of the fixed geometry, increasing the oxide fraction of the 

aluminum damps and redshifts the plasmonic response (Figure 3.1).  More 

specifically we fabricate three nanodisk samples in three different deposition 

chambers using the same e-beam lithographic steps. The deposition chambers are 

on the following states: pristine, recently “contaminated”, and cleaned following 

“contamination”, respectively. First, we deposit Al films in a clean deposition 

chamber with the pressure of 10-7 Torr. Then we prepare a sample of Al film in a 

deposition chamber contaminated by a SiOx thick layer at the pressure of 10-5 Torr, 

where the partial pressure of oxygen is released from the walls of deposition 

chamber. Following the clean of the chamber by Ti getter and keeping the pressure 
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of deposition chamber <10-5 Torr for 1 week, we deposit the third sample also at 10-

5 Torr. 

Measuring the scattering spectra of individual nanodisks fabricated from 

these different deposition chambers shows that plasmonic properties of Al 

nanodisks are significantly sensitive to the deposition conditions. For the nanodisks 

of the fixed diameter D=100nm, the nanodisk fabricated in the pristine chamber 

gives rise to the plasmon resonance at ~405 nm (Figure 3.1(a), green points). 

However the dipolar mode of the nanodisks grown in recent “contaminated” 

chamber redshifts to ~465 nm (orange points) and broadens. After cleaning the 

“contaminated” chamber, we fabricate the nanodisk of which plasmon resonance 

shifts back to ~417 nm (blue points). The scattering spectra shows that the 

contaminated chamber by SiOx deposition damps the plasmonic response of Al 

nanodisks compared with the spectral response of nanodisks fabricated in pristine 

chamber (green points). 

Here we employ spectroscopy ellipsometry on Al films deposited under the 

identical conditions to the fabrication of these three Al nanodisks to examine the 

dielectric response of Al films with varying oxidation degrees for the measured 

wavelengths range 300~700 nm under an incident angle of 70o (Figure 3.1(b)).  

Applying the Drude model to fit the experimental ellipsometric values, we 

obtain the dielectric function εAl of three films assumed as an infinite Al substrate 

with a thin Al2O3 layer of dielectric function of εAl2O3
 on top (Figure 3.1(b)). 
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Equation 3.1: Drude model 

where ωp is plasma frequency,   is the damping factor, and    is the relative 

permittivity at infinite frequency. Given experimental uncertainties, all films of 

different qualities measured by spectroscopy ellipsometry have similar surface 

oxide thicknesses (2-6 nm) and Drude parameters (  ≈ 0.9-1.3 eV and    ≈ 3-4), 

while the bulk plasmon frequency ωp  decreases as a function of increased trace SiOx 

exposure with ωp = 15.8 eV (green), 14.9 eV (blue), and 12.5 eV (orange), 

respectively. 

To better model the dielectric response of oxidized Al nanodisk, we apply the 

effective medium approximation for the nanodisk formed by oxide inclusions within 

the aluminum as the host. The Bruggeman and Maxwell-Garnett effective medium 

theories are the most widely used. Here we find that the Bruggeman model gives 

rise to more accurate modeling of oxidized Al nanodisk than Maxwell-Garnett 

theory (details seen in Section 3.2). The dielectric function ε of the mixture Al/Al2O3 

based on Bruggeman model is calculated in the following formula:[71, 72] 

    
     

      
         

        

         
     

Equation 3.2: Bruggeman effective medium approximation 
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where nAl  is the volume fraction of aluminum of dielectric function     while        

is oxide fraction of dielectric function       . Calculated permittivities of the binary 

material (Figure 3c) agree with the ellipsometrically measured dielectric functions. 

Varying metallic granularity on different deposition conditions or the method of 

extracting experimental dielectrics from ellipsometrical data based on the Drude 

model may account for the small discrepancies arising in the imaginary part of 

permittivity.[73]  

To examine the degree of metal oxidation quantitatively, we directly apply 

experimental dielectric function fitted by a Drude model with the dielectric function 

calculated by Bruggeman theory to obtain Al fractions within three composite 

samples, which correspond to nAl = 91% (green), 81% (blue), and 73% (orange) 

respectively. The measured dark-field spectra are closely reproduced by the 

calculated spectra of three Al nanodisks, where the dielectric responses of the core 

metal are modeled applying the Bruggeman Al/Al2O3 dielectrics while the 3nm shell 

is assumed to be pure aluminum oxide (Figure 3.1(a)). We can conclude that high 

quality Al nanostructures with less than 10% oxide fraction can be fabricated within 

a clean deposition chamber. 
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3.2. Comparisons of Maxwell-Garnett and Bruggeman Effective 

Medium Theories            

For each fixed oxide percentage, we calculate dielectric functions of the 

binary mixture of Al/Al2O3 applying both the Maxwell-Garnett and Bruggeman 

theories for the comparison with experimental results (Figure 3.2).  

Maxwell-Garnett theory: 

 
     
      

         
          

           
    

Equation 3.3: Maxwell-Garnett effective medium theory 

Bruggeman theory: 

    
     

      
         

        

         
    

Equation 3.4: Bruggeman effective medium theory 

in which nAl  is the volume fraction of Al of dielectric response     and        is oxide 

fraction with dielectrics       . The Palik data of     and        are applied to these 

equations (Equation 3.3, 3.4). 
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3.2.1. Dielectric Responses of Aluminum with Varying Oxide Fraction 

 

Figure 3.2: Experimental and theoretical dielectric functions of bulk 

aluminum with the varying oxide fraction as a function of wavelength. (a) 

Experimental dielectric response from ellipsometrical data fitted by a Drude 

model. (b) Real and (c) imaginary parts of the complex permittivity calculated 

using Bruggeman theory (solid lines) and the Maxwell-Garnett theory (dashed 

lines), respectively.   

 

These two theories give rise to almost identical dielectric response of the 

binary system containing small oxide content (nox < 10%). However with more 

aluminum oxidized, more discrepancies between the two models emerge. A 

significant decrease appearing at the real component of dielectrics       calculated 

by Bruggeman model, while       using Maxwell-Garnett theory does not agree with 

the decrease trend of experimental-measured       well. Although experimental 

values from ellipsometry using a simple Drude fit do not show the increase of 
 

3

asymmetry (Eqn. 1); when the oxide and aluminum dielectrics are exchanged in the equation, 

along with the related volume fractions, a different homogenized dielectric results. Given this 

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

better agreement with the Bruggeman model (Eqn. 2), which is a symmetric formulation. 

 

 

Figure S1 | Dielectric responses for bulk Aluminum with aluminum oxide inclusions. a, 

Experimental dielectrics from ellipsometry characterized using a Drude fit. Calculations showing 

a, the real, and b, imaginary components of the complex permittivity for both the Bruggeman 

effective medium approximation (solid lines) and the Maxwell-Garnett approximation (dashed 

lines).  

 

 

 

Figure S2 | Experimental and calculated spectra for 100 nm Al discs. a, The measured darkfield 

response of nanodisks 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. 
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imaginary part       at short wavelength which appear at the curve of Bruggeman 

dielectrics, three experimental dielectrics are in close agreement with dielectric 

responses calculated using Bruggeman theory near the dipolar mode λ = 450 nm.  

To explain the discrepancy of Maxwell-Garnett model (Equation 3.3) from 

experimental dielectric function mathematically, we find that Maxwell-Garnett 

theory only works for a system comprised of a small fraction of inclusion, because 

the two components Al and Al2O3 are not treated symmetrically. Unlike Maxwell-

Garnett model with a limited range of inclusion fraction, Bruggeman theory 

(Equation 3.4) yields a better agreement with experimental dielectric response.  

3.2.2. Scattering Spectra of Aluminum Nanodisks  

To further investigate the comparison of these two effective medium theories, 

we calculate the spectral response of nanodisks with the diameter of 100nm 

modeled using both Maxell-Garnett and Bruggeman theories, respectively (Figure 

3.3). For Al nanodisks of oxide fractions 9% < nox < 27%, while the resonance peaks 

calculated applying these two models closely match the experimental dark-field 

peak positions, significant discrepancies between two approaches emerge at their 

optical response. 
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Figure 3.3: Measured and calculated spectral responses of Al nanodisks of the 

diameter D = 100nm. (a) Experimental darkfield spectra of Al nanodisks damp 

and red-shift as a function of oxide fraction (b) Corresponding calculated 

scattering spectra using FDTD combined with the Bruggeman dielectrics. (c) 

Associated scattering spectra calculated using the Maxwell-Garnett dielectric 

function with FDTD.  

 

A damped quadrupolar mode observed in the dark-field spectra of Al 

nanodisk with oxide fraction of 9% disappears for the nanodisk of further increased 

oxide (Figure 3.3(a)). This optical feature is obtained in the calculations using 

Bruggeman model (Figure 3.3(b)), while the Maxwell-Garnett theory cannot 

reproduce the damping properties of the quadrupolar resonance (Figure 3.3(c)).  

Given the experimental error, significant damping of the dark-field scattering 

spectra is observable when the percentage of oxide within the sample is increased. 

This spectral feature is shown in the calculations using Bruggeman dielectric 

 

3

asymmetry (Eqn. 1); when the oxide and aluminum dielectrics are exchanged in the equation, 

along with the related volume fractions, a different homogenized dielectric results. Given this 

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

better agreement with the Bruggeman model (Eqn. 2), which is a symmetric formulation. 

 

 

Figure S1 | Dielectric responses for bulk Aluminum with aluminum oxide inclusions. a, 

Experimental dielectrics from ellipsometry characterized using a Drude fit. Calculations showing 

a, the real, and b, imaginary components of the complex permittivity for both the Bruggeman 

effective medium approximation (solid lines) and the Maxwell-Garnett approximation (dashed 

lines).  

 

 

 

Figure S2 | Experimental and calculated spectra for 100 nm Al discs. a, The measured darkfield 

response of nanodisks 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. 
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function, while the Maxwell-Garnett calculations almost miss this trend. Therefore 

we prefer the Bruggeman theory for the modeling of dielectric functions of the 

binary material Al/Al2O3. 

3.3. X-ray Photoelectron Spectroscopy Results 

The optical response of the Al/Al2O3 binary composite provides a 

straightforward way to estimate the degree of oxidation within the aluminum 

nanostructures lithographically fabricated under different deposition conditions, 

which are confirmed by the results of X-ray photoelectron spectroscopy (XPS) when 

we measure aluminum films of three different qualities fabricated on the same 

conditions as the Al nanodisks in Figure 3.1.  
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Figure 3.4: X-ray photoemission spectroscopy (XPS) of the Al 2P spectrum of 

the deposited Al films with oxide fraction of 9% (green), 19% (blue), and 27% 

(orange): metallic state (73.5 eV) and the oxidized state (75.7eV) (75.7 eV) at 

the surface of Al film (a) and within the bulk Al film (b). (c) Schematic 
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illustrating the corresponding XPS scanning locations. (d) Percentage of oxide 

during depth profiling calculated from XPS measurements.  

 

X-ray photoelectron spectroscopy (XPS, PHI Quantera) in an ultrahigh 

vacuum environment is performed to quantitatively examine the elemental 

composition of individual aluminum film grown on different conditions, which are 

the same as those in Figure 3.1. Here we measure the spectra of all elements, Al 2p 

(68-80 eV), O 1s (526-538 eV), Si 2p (97-109 eV), and C 1s (280-292 eV), which are 

composed of our film/substrate system. The response measured by XPS is produced 

by the elements within 10nm volume from the exposed surface due to the Al K  X-

ray source.  After taking the relative sensitivity factors dependent on the instrument 

and material into account, we acquire the elemental composition of Al samples 

within the range of probe through integrating XPS line shapes. The two peaks in Al 

2p spectrum are the oxidized state (75.7 eV) and metallic state (73.5 eV), 

respectively. Considering the effective attenuation lengths λAl = 2.92 nm and λAl2O3 = 

2.39 nm related to Al 2p photoelectron emission,[74] the ratio of peak amplitudes of 

Al and Al2O3 can be employed to estimate oxide fractions of three samples within 

the range of penetration depth ~3λAl. These ratios of peak intensities show that the 

degrees of metal oxidation within the three samples are greatly different (Figure 

3.4(a)). 
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Here we employ XPS measurements along with in situ repeated cycles of Ar+ 

ion etching (3 kV, 3  3 mm area, 12s increments) to measure the elemental 

composition beneath the exposed surface just after etching as a function of the Al 

film depth.  

Significant peaks of Al and Al2O3 obtained by XPS measurements enables us 

to quantitative analysis the distribution of oxidized aluminum during depth 

profiling. In addition, XPS spectrum of the samples indicates that the element C and 

Si contribute insignificantly, where carbon as surface contaminant is only detected 

on the unetched surface and silicon emerges only after the removal of the entire Al 

film from the substrate and no Al 2p peak. Thus, during the depth profiling process, 

the response from only Al and O elements can be observed, where O appears in the 

same stoichiometric ratio with Al as the measured aluminum oxide. Through several 

cycles of etching, the peak intensity of Al2O3 decreases rapidly, which indicates that 

self-terminated native surface oxide has been removed (Figure 3.4(d)). In the 

following etching cycles, XPS spectrum shows that oxidation is constant within the 

rest of bulk material (Figure 3.4(b)). 

The Al atomic fractions of the three different films are 75% (orange), 82% 

(blue), and 92% (green) respectively, which closely match the volume fractions of Al 

in the corresponding samples 73%, 81%, and 91% extracted from ellipsometrical 

data combined with the Bruggeman approximation. The slight difference may be 

due to atomic fraction used in the XPS counts while Bruggeman theory using volume 

fraction. Also considering the experimental uncertainties, the oxide fraction may be 
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underestimated when we directly fit the ellipsometrically-measured data to the 

Bruggeman theory. 

The consistency supports the conclusion that aluminum is simultaneously 

oxidized during the deposition process due to trace oxygen in the deposition 

chamber before the growth of the surface oxide layer.  

We can also estimate the thickness of the native surface oxide from the 

measurements of surface XPS spectrum. [74, 75] Assuming 92% aluminum film 

approximately as a quasi-infinite depth (thickness> 10 λAl) pure Al substrate, we 

estimate that the thickness of the surface oxide layer is 3.0 0.1 nm based on XPS 

spectrum (Figure 3.4(d), green) along with appropriate dielectrics.[74] The 

agreement of this result with ellipsometrical measurements and reports from the 

literature regarding the thickness of surface oxide shell is excellent.[39] In fact, the 

value of 3 nm concerning aluminum surface oxide coating is ubiquitous, while the 

core oxide fraction within Al material is dependent on the different deposition 

conditions as previously discussed. 
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Chapter 4 

Aluminum Nanostructures for 

Plasmonic-based Full-color Display 

The properties of abundance in nature, low cost, CMOS-compatibility along 

with plasmonic tuning behavior across the whole visible range of spectrum allow 

aluminum to be a promising chromatic material for full-color display technologies. 

Here we demonstrate vivid, polarization-selective, [76, 77] plasmonic-based pixels 

for full-color red-green-blue (RGB) displays, which are composed of periodic arrays 

of oriented aluminum nanorods with varying geometries. Our design of aluminum 

periodic arrays can conquer the limitations of broad and damped spectral response 

when using aluminum as chromatic material, [50, 51] due to far-field diffractive 

coupling effect resulting in the narrow of the plasmon linewidth. Therefore 

monochromatic coloration can be obtained as well as strong enhancement of 

scattering intensities of Al plasmonic pixels under p-polarized excitations.  
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4.1. Fabrications of Aluminum Plasmonic Pixels 

 

Figure 4.1: Design of an Al plasmonic pixel. (a) Unit cell of an Al pixel. The 

parameters l, w, h, Γ in the schematic represent the length, width, height, and 
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edge-to-edge spacing of the pixel. (b) SEM image of individual 5 × 5 μm Al pixel 

composed of nanorods with the parameters of l=80nm, w=40nm, h=35nm, Dx 

=270nm, and Dy = 300 nm. Scale bar = 1 μm. Inset: zoom-in SEM image of the 

Al pixel lower right corner, where a white dotted line represents the unit cell 

of the pixel with the periods of Dx and Dy. Scale bar = 250nm.  (c) Al plasmonic 

pixels excited by p-polarized white light incidence from the glass substrate 

side employing an equilateral triangular prism. 

 

A glass substrate with 120 nm thick of indium tin oxide (ITO) is coated with a 

PMMA resist. After patterned with electron beam lithography, pure aluminum is 

deposited by metal evaporation. The thickness of deposited Al films is 35 nm. 

Following the procedures of lift-off and rinse, the pixels with aluminum periodic 

patterns are coated with a polyimide (PI) layer of 50-60 nm thick, which protects Al 

pixels against additional degradation in ambient air,[39, 42, 52] further enhance the 

far-field diffractive coupling by providing a relatively homogeneous surroundings 

with an uniform refractive index,[78] along with smoothing the substrate to 

minimize the background scattering.  

The physical size of individual Al pixel is 5 × 5 μm, which is smaller than the 

pixels used in common display technologies by two orders of magnitude. Due to 

length- and polarization-sensitivity of nanorods plasmon resonances, we choose 

nanorods as the basic repeat cell forming hexagonal arrays with the varying Dx and 

Dy [79-81] instead of those nanoparticles of more symmetries giving rise to weak-
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polarized spectral response, for example nanodisks and nanospheres. SEM image of 

Al plasmonic pixel (Figure 4.1(b)) shows the way of Al nanorods patterned with the 

periods Dx and Dy in each unit (Figure 4.1(b), Inset). The widths w of all nanorods 

are nominally identical to be 40 nm, and the heights of individual nanorod are 35 

nm respectively. Here, the table shows the values for l, Dx and Dy used in our design 

of Al plasmonic pixels: 

 

  a b c d e f 
1 length(nm) 

Dx(nm) 
Dy(nm) 
 (nm) 

# of rods 

155 
180 
290 
140 
459 

135 
180 
270 
140 
486 

105 
180 
240 
140 
540 

95 
180 
230 
140 
540 

90 
180 
225 
140 
594 

85 
180 
220 
140 
594 

2 length(nm) 
Dx(nm) 
Dy(nm) 
 (nm) 

# of rods 

155 
210 
320 
170 
345 

135 
210 
300 
170 
368 

105 
210 
270 
170 
414 

95 
210 
260 
170 
437 

90 
210 
255 
170 
437 

85 
210 
250 
170 
460 

3 length(nm) 
Dx(nm) 
Dy(nm) 
 (nm) 

# of rods 

155 
240 
350 
200 
280 

135 
240 
330 
200 
300 

105 
240 
300 
200 
320 

95 
240 
290 
200 
340 

90 
240 
285 
200 
340 

85 
240 
280 
200 
340 

4 
 

length(nm) 
Dx(nm) 
Dy(nm) 
 (nm) 

# of rods 

155 
270 
380 
230 
234 

135 
270 
360 
230 
234 

105 
270 
330 
230 
270 

95 
270 
320 
230 
270 

90 
270 
315 
230 
270 

85 
270 
310 
230 
288 

5 length(nm) 
Dx(nm) 
Dy(nm) 
 (nm) 

# of rods 

155 
300 
410 
260 
192 

135 
300 
390 
260 
192 

105 
300 
360 
260 
208 

95 
300 
350 
260 
224 

90 
300 
345 
260 
224 

85 
300 
340 
260 
224 

6 length(nm) 
Dx(nm) 
Dy(nm) 
 (nm) 

# of rods 

155 
330 
440 
290 
165 

135 
330 
420 
290 
165 

105 
330 
390 
290 
180 

95 
330 
380 
290 
195 

90 
330 
750 
290 
195 

85 
330 
370 
290 
195 
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7 length(nm) 
Dx(nm) 
Dy(nm) 
 (nm) 

# of rods 

155 
360 
470 
320 
130 

135 
360 
450 
320 
143 

105 
360 
420 
320 
143 

95 
360 
410 
320 
156 

90 
360 
405 
320 
156 

85 
360 
400 
320 
156 

Table 1: The parameters length l, period along x-direction Dx, period along y-

direction Dy, edge-to-edge spacing Γ, and number of nanrods for all the pixels 

imaged in Figure 4.2. 

4.2. Scattering Images of Aluminum Plasmonic Pixels 

Al plasmonic pixels are excited by p-polarized white light incidence from the 

side of glass substrate into the Al nanorods plane using an equilateral prism (Figure 

4.1(c)). Due to the occurrence of total internal reflection at the PI-air boundary, an 

evanescent wave created by the coupling of prism strongly minimizes background 

scattering at the PI-air interface. By installing a digital single-lens reflex (DSLR) 

camera (Canon EOS Rebel T3) to the microscope eyepiece, we can collect the 

scattering images of Al pixels. Scattering spectra are measured by passing the signal 

from each pixel to a spectrometer (Acton SP2150i; Princeton Instruments) equipped 

with a CCD camera (PIXIS 400BR; Princeton Instruments). 

4.2.1. Scattering Images of Aluminum Oriented-nanorods-array Pixels 
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Figure 4.2: Scattering images of Al oriented-nanorods-array pixels taken by 

the DSLR camera. (a) Scattering images of an array composed of 6   7 “on 

state” Al pixels as a function of nanorod length l from 155 nm (left) to 85 nm 

(right) (horizontal row) and edge-to-edge spacing Γ from 140 nm (top) to 320 

nm (bottom) (vertical column) with a polarizer oriented along y-direction. 

White boxes represent red, green and blue pixels investigated in Figure 4.4. 

(b) Scattering images of the identical array measured in (a) with a polarizer 
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oriented along x-direction, switching to the “off state”. (c) Unpolarized 

scattering image of the identical Al pixels with the varying nanorod length l 

(horizontal axis) and the ratio of periods Dy/Dx (vertical axis). Images 

collected employing a 50x objective with a DSLR camera of N.A. =0.8 and ISO = 

100. The exposure time is set to be 10 s (a), 10 s (b), and 5 s (c), respectively. 

 

In our design of each aluminum pixel, here we employ the length-dependent 

tunability of longitudinal plasmon resonance of nanorods to obtain RGB colors. And 

far-field diffractive coupling is applied to narrow the plasmon linewidth, which is 

determined by nanorods spacing Dx and Dy. The dependence of the pixels colors on 

the aspect ratio of nanorods is observed, i.e., the pixels colors shift to blue range 

when the nanorods length decreases (left to right in Figure 4.2(a)).[76, 82, 83] 

Meanwhile, the colors of pixel redshift when extending the edge- to-edge spacing   

(top to bottom in Figure 4.2(a)), which indicate the edge-to-edge spacing 

dependence and therefor the dependence on Dy and Dx                 due 

to far-field diffractive coupling. More specifically, the interaction between the 

diffractive grating orders controlled by Dx and Dy with the plasmon resonance of 

individual Al nanorod shifts and narrows the spectral features of Al periodic arrays, 

as well as increases the intensity of the peaks.[78, 79, 84-88] Scattering images of Al 

pixels (Figure 4.2) shows that pixels of vivid RGB colors covering the entire visible 

spectrum have been realized. 



 46 
 

Scattering images of the pixels indicate strong dependency on the light 

polarized direction due to the polarization-selective optical properties of aluminum 

nanorods as the basic components of pixels, which give rise to the order of 100:1 

contrast ratios. When a polarizer of the orientation along y-axis is put in the 

detection path, we obtain the “on state” of Al pixel (Figure 4.2(a)). But with a 

polarizer oriented along x-direction, the identical Al pixel switches to the “off state” 

(Figure 4.2(b)). Contrast ratio is defined as the sum intensity of RGB channels for 

the “on state” Al pixel divided by the sum of intensity values for the “off state” Al 

pixel. The averaged contrast ratio of the sample shown in Figure 4.2 is 81:1, while 

we can obtain the highest contrast ratio for one individual Al pixel to 139:1. An 

unpolarized DSLR camera image of the same Al pixels as those measured in Figure 

4.2(a) shows the pixel color and brightness as a function of nanorod length l 

(horizontal axis) and the ratio of periods Dy/Dx (vertical axis) in Figure 4.2(c). While 

larger ratio of Dy/Dx yields brighter Al pixels, the pixels with different geometries of 

nanorod length l and spacing ratio Dy/Dx can produce the nearly same color due to 

far-field diffractive coupling. For example the color yellow can be yielded by the 

pixels of the parameters l = 105 nm, Dy/Dx = 1.25, and l = 135 nm, Dy/Dx = 1.42, 

while both pixels of the geometries l = 105 nm, Dy/Dx = 1.29, and l = 135 nm, Dy/Dx = 

1.50 produce the color cyan.  
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4.2.2. Scattering Images of Aluminum Randomly-distributed-nanorods 

Pixels 

Scattering DSLR camera images of Al pixels composed of randomly-

distributed oriented nanorods under both s and p-polarized light excitation are 

obtained for comparisons, to further investigate the diffractive coupling effect 

induced by the design of Al periodic patterns (Figure 4.3). Tuning behavior of color 

owing to the scatterer density is limited for the Al pixels composed of random-

distributed nanorods due to the lack of strong enhancement from diffractive 

coupling effect. Moreover scattering images of two randomly-distributed-nanorods 

samples both exhibit mosaic color patterns. 

 

S6 

 

 

Fig. S3.  Polarized DSLR camera images of pixel arrays prepared with randomized nanorod 

positions rather than well-ordered arrays, excited under both p- and s-polarized light propagating 

along the yz plane.  (A) y-polarized image of 5  μm  x  5  μm  pixels where the nanorods within each 

pixel are positioned by first creating a square array, and then perturbing the x and y positions of 

each nanorod by a random amount.  No nanorods are allowed to come within 30 nm of each 

other to prevent near-field coupling.  Nanorod lengths are 155 nm (column a), 130 nm (column 

b), and 105 nm (column c), and the number of nanorods in each pixel is 144 nanorods (row 1), 

196 nanorods (row 2), 225 nanorods (row 3), 289 nanorods (row 4), 324 nanorods (row 5), and 

400 nanorods (row 6). The DLSR camera exposure time is 4 seconds. (B) Same pixel design as 

defined in Table S1, but with 10% of the nanorods in each pixel randomly shifted in the y 

direction by no more than the length of the nanorod.  The DLSR camera exposure time is 5 

seconds.  Both of these images, taken with comparable exposure times, demonstrate that pixels 

with randomized nanorod positions are not as bright as well-ordered arrays.  Although the pixels 

in (A) and (B) seem to have some color tunability with variations in the nanorod density, both 

examples show mosaic-like patterns instead of homogeneously distributed colors like the well-

ordered arrays.  
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Figure 4.3: Scattering DSLR camera images of Al pixels composed of randomly-

distributed oriented nanorods under both s and p-polarized light excitations. 

(A) Scattering images of a pixel composed of square array whose x and y 

positions randomly shift but avoid being close to the neighboring nanorods by 

the limit of 30nm with a polarizer oriented along y-direction. The lengths of 

nanorods are 155nm, 130nm, and 105 nm, respectively. (from left to right). 

There are 144, 196, 225, 289, 324, and 400 nanorods in each pixel (from top to 

bottom). Exposure time = 4s. (B) Al pixels of the same physical parameters 

shown in Table 1, but shifting 10% of the Al nanorods along the y-direction by 

a random value (< nanorod length). The exposure time is set to be 5 s.  

 

Unlike Al pixels composed of nanorods with random distributions, the 

hexagonal periodic arrays of Al oriented-nanorods can narrow the linewidth of 

scattering spectra to minimize the issue of broad spectra response of individual Al 

nanorod, and also increase the scattering intensity of each Al pixel. Meanwhile the 

peak of the scattering spectra can shift compared to the plasmon resonance of single 

Al nanorod. 

4.3. Influence of Far-field Diffractive Coupling 

To investigate theses effects of far-field diffractive coupling systematically, 

here we choose three RGB pixels marked in Figure 4.2 with their spectral peaks at 

the wavelength of 635 nm (red), 535 nm (green) and 435nm (blue), which are 
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equivalent to the values of standard RGB colors and compare their theoretical 

scattering spectra with the corresponding experimental measurements. 

 

Figure 4.4: Scattering spectra and chromaticity calculations of the RGB Al 

pixels. (A) Unpolarized theoretical spectra of red, green, and blue Al pixels 

(left, solid line) and their corresponding individual Al nanorod (left, dotted 

line) compared to the measured spectra of Al pixel samples (right). The 

physical parameters of red, green and blue Al pixels are (l = 135 nm, Dx = 270 

nm, and Dy = 360 nm), (l=95nm, Dx=240nm, and Dy=290nm), and (l=85nm,Dx 

=210nm,and Dy = 250 nm) (from top to bottom). (B) Colors of individual Al 

nanorods (left) and the corresponding pixel array (center) calculated 

theoretically by convolving their spectra with the CIE 1931 color matching 

functions in comparison with the pixels colors observed experimentally 

(right). (C) The CIE 1931 chromaticity diagram indicating the outline of sRGB 
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gamut (gray), the colors of individual Al nanorod (circles) and corresponding 

Al pixels (squares), respectively. 

 

Here we use a coupled dipole model to calculate the unpolarized scattering 

spectra (solid line) of each Al pixel with the same geometries as the nominal 

parameters specified in the samples measured experimentally (Figure 4.4(a), left). 

This couple dipole model is an approach that treats each Al nanorod as a point 

dipole of the corresponding anisotropic polarizability calculated through Finite 

Element Method (FEM) (COMSOL).[89, 90] Given a relatively homogenous 

environment of the mean refractive index n=1.55 along with the experimental 

uncertainty regarding the incident angle of light, incident angle used in the 

simulations is 53°. 

The measurements of the corresponding experimental unpolarized spectra 

(Figure 4.4(a), right) are performed using a p-polarized light excitation. The 

scattering spectra are measured from red Al pixel with the dimensions l = 135 nm, 

Dx = 270 nm, Dy = 360 nm, green Al pixel with the parameters l = 95 nm, Dx = 240 nm, 

Dy = 290 nm, and blue pixels of the geometries l =85nm,Dx =210nm,Dy =250nm 

respectively. (Figure 4.4(a) right, vertical column) All simulated spectra for three 

pixels closely match the experimental spectral response regarding the relative 

intensities and lineshape.  
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The comparisons of theoretical scattering spectra between Al pixel and the 

corresponding individual Al nanorod are also performed, which further confirms 

the dependence of spectral features on far-field diffractive coupling (Figure 4.4(a)). 

For example the peak of scattering spectra for green pixel blue-shifts by ~35 nm 

compared to the dipolar mode of single Al nanorod due to the diffractive coupling 

(Figure 4.4(a), middle) Also diffractive coupling effect gives rise to the narrow of the 

lineshape of Al pixel spectrum by over 100nm. And diffractive coupling effect can 

enhance the scattering cross section of whole Al pixel, compared with the sum of 

scattering cross section of non-interacting nanorods multiplied by the same number 

of nanorods as the corresponding Al pixel. 

To further examine the differences of optical responses between Al pixel 

array and individual Al nanorod, we convolve the spectra of these two systems with 

the Commission Internationale de l’Elcairage (CIE) 1931 color matching functions to 

obtain the corresponding colors, respectively (Figure 4.4(b)). For the individual Al 

nanorod, the color evaluated at the plasmon resonance become weak and pastel due 

to the relatively broad dipolar mode. The narrow peak, owing to far-field diffractive 

coupling of the periodic arrays in Al pixel, enables a more monochromatic 

coloration, which are confirmed by the scattering DSLR camera images of the 

corresponding Al pixels. The CIE 1931 chromaticity diagram outlined with the sRGB 

gamut (gray) marks the colors of individual Al nanorod (circles) and Al pixels 

(squares), respectively (Figure 4.4(c)). The weak and pastel red, green and blue 

colors of individual Al nanorods are close to the white point due to their broad 
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optical response, while the colors of the corresponding Al pixels approach to the 

outline of the sRGB gamut. More specifically, the blue color beyond the sRGB gamut 

cannot be realized in sRGB display technologies because of its saturated color.  
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Figure 4.5: l-, Dy- and Dx-dependence of calculated spectra of green pixels. (a) 

Scattering spectra of Dx = 240 nm and Dy = 290 nm Al nanorod when 



 54 
 

extending the length l from 60 nm (diamonds), 80 nm (squares), 95 nm 

(circles), 110 nm (triangles), to 120 nm (stars), respectively. (b) Calculated 

spectra of l = 95 nm and Dy = 290 nm Al nanorod with the varying Dx of 180 

nm (diamonds), 210 nm (squares), 240 nm (circles), 270 nm (triangles), and 

300 nm (stars), respectively. (c) Spectral response of l = 95 nm and Dx = 240 

nm Al nanorod while varying Dy from 350 nm (diamonds), 320 nm (squares), 

290 nm (circles), 260 nm (triangles), to 230 nm (stars), respectively. 

 

The asymmetric lineshapes of all spectra for the red, green, and blue 

aluminum pixels are observed in Figure 4.4, which are resulted from the combined 

effect of nanorod length l and spacing ratio Dy/Dx. Here a systematic investigation of 

these effects is performed on the green pixels (Figure 4.4(a), middle) with varying l, 

Dy, and Dx (Figure 4.5).  

The length of nanorod extended from 60 nm to 120 nm while rest 

parameters Dx and Dy kept identical (Figure 4.5(a)), scattering spectral peak initially 

redshifts until reaches the wavelength 560nm. Then the peak position stops shifting, 

and the gradual decrease of scattering intensity is observed until there is no 

noticeable spectra response over the wavelength of 600nm.  

Similarly by varying the value of Dx from 180 nm to 300 nm when keeping 

the same values l and Dy (Figure 4.5(b)), we observe the similar spectral feature 

related the cutoff wavelength observed when tuning the nanorod length l (Figure 
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4A), while here the intensity decreases more sharply partially because of the 

decrease of density of nanorods as the scatterers from Dx = 180 nm case containing 

357 nanorods to Dx = 300 nm case composed of 294 nanorods. 

Calculated pixel spectra as a function of Dy (Figure 4.5(c)) indicate significant 

dependence on Dy for Al pixels because Dy determines the cutoff wavelength under 

p-polarized light excitations. Extending Dy   by every 30nm increment, the critical 

threshold wavelength of each pixel red-shifts by every ~60nm (Figure 4.5(c)). 

This phenomenon can be explained by the phase difference of light scattered 

from the Al nanorods placed along y-axis. To examine the effect of phase difference 

quantitatively, here we derive the following equation assuming an Al pixel system 

with infinite periodic arrays, 

                     , 

Equation 4.1: Effect of phase difference due to far-field diffraction 

where λmax  is the cutoff wavelength over which there is no constructive 

interference, θi is the incident angle of light, and θo determined by the collection 

objective N. A. is the collection angle within which scattered light is collected.  

Here we assume a homogenous background medium of the mean refractive 

index n = 1.55 considering the ITO-coated glass substrate of n = 1.50 and PI coating 

of n = 1.65. Applying the values Dy  = 350, 320, 290, 260, and 230nm to Equation 4.1 

respectively, we obtain the calculated λmax at the wavelength of 704, 644, 583, 523, 
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and 462 nm, which closely match these theoretical spectra peaks in Figure 4.5(c). 

The scattering intensity of Al pixels of more nanorods drop drastically at the cutoff 

wavelength due to near the limit of infinite arrays, while a slower drop of intensity 

is observed for Al pixels with fewer nanorods. Therefore the cutoff wavelength 

paves the way for tuning the colors and scattering intensities produced by RGB 

pixels. 
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Chapter 5 

Conclusions 

In conclusion, we have shown the plasmonic properties of Al nanostructures 

that are fabricated in two following ways: electron beam lithography and wet 

chemical synthesis. Aluminum nanostructures get encapsulated easily by a self-

limiting oxide shell when exposure to the atmosphere. [39] Moreover, during the 

deposition in electron beam lithography way, the metal percentages of aluminum 

nanoparticles are reduced due to the bulk oxidation. 

We have examined the scattering spectra of aluminum nanostructures 

including aluminum nanorods and aluminum nanodisks, which exhibit the high 

tunability of aluminum plasmon resonances from the deep UV into the entire visible 

region. We also characterize the resonances of aluminum nanorods and aluminum 

nanocrystals including dipolar and quadrupolar modes by directly imaging their 

local density of optical states (LDOS) with energy-resolved cathodoluminescence. 
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The measured radiative modes are in good agreement with the calculated CL maps 

by FDTD.  

Furthermore, plasmonic properties of aluminum exhibit sensitively 

dependence on oxide fractions within the Al/Al2O3 system and we have 

demonstrated a feasible approach to model the dielectric response of the Al/Al2O3 

system using Bruggeman effective medium theory. Here the calculated plasmon 

resonances of the Al/Al2O3 binary composite simulated using Bruggeman dielectric 

function model along with FDTD method find good agreement with the 

experimentally measured values.  The optical response of the Al/Al2O3 binary 

composite provides a straightforward way to estimate the degree of oxidation 

within the aluminum nanostructures lithographically fabricated under different 

deposition conditions, which are confirmed by the results of X-ray photoelectron 

spectroscopy (XPS).   

The properties of plasmon tuning behavior, low-cost and CMOS-compatibility 

allows aluminum to serve as an alternative chromatic material for plasmonic-based 

full-color displays. Our design, i.e. aluminum periodic arrays composed of nanorods, 

can conquer the limits of broad and damped optical responses of single Al 

nanostructures, [50, 51] owing to the effect of far-field diffractive 

coupling. Therefore we observe the monochromatic coloration with narrow 

plasmon linewidth and strong enhancement of scattering intensities under p-

polarized excitations.  



 59 
 

Bibliography 

[1] S. Mukherjee, F. Libisch, N. Large, O. Neumann, L.V. Brown, J. Cheng, J.B. Lassiter, 

E.A. Carter, P. Nordlander, N.J. Halas, Hot electrons do the impossible: plasmon-

induced dissociation of H2 on Au, Nano letters, 13 (2012) 240-247. 

[2] Z. Liu, W. Hou, P. Pavaskar, M. Aykol, S.B. Cronin, Plasmon resonant enhancement 

of photocatalytic water splitting under visible illumination, Nano letters, 11 (2011) 

1111-1116. 

[3] I. Thomann, B.A. Pinaud, Z. Chen, B.M. Clemens, T.F. Jaramillo, M.L. Brongersma, 

Plasmon enhanced solar-to-fuel energy conversion, Nano letters, 11 (2011) 3440-

3446. 

[4] H.M. Chen, C.K. Chen, C.-J. Chen, L.-C. Cheng, P.C. Wu, B.H. Cheng, Y.Z. Ho, M.L. 

Tseng, Y.-Y. Hsu, T.-S. Chan, Plasmon inducing effects for enhanced 

photoelectrochemical water splitting: X-ray absorption approach to electronic 

structures, ACS nano, 6 (2012) 7362-7372. 

[5] S.C. Warren, E. Thimsen, Plasmonic solar water splitting, Energy & 

Environmental Science, 5 (2012) 5133-5146. 

[6] A.O. Govorov, H. Zhang, Y.K. Gun’ko, Theory of photoinjection of hot plasmonic 

carriers from metal nanostructures into semiconductors and surface molecules, The 

Journal of Physical Chemistry C, 117 (2013) 16616-16631. 

[7] S. Mubeen, J. Lee, N. Singh, S. Krämer, G.D. Stucky, M. Moskovits, An autonomous 

photosynthetic device in which all charge carriers derive from surface plasmons, 

Nature nanotechnology, 8 (2013) 247-251. 

[8] M.W. Knight, H. Sobhani, P. Nordlander, N.J. Halas, Photodetection with active 

optical antennas, Science, 332 (2011) 702-704. 

[9] R. Könenkamp, R.C. Word, J. Fitzgerald, A. Nadarajah, S. Saliba, Controlled spatial 

switching and routing of surface plasmons in designed single-crystalline gold 

nanostructures, Applied Physics Letters, 101 (2012) 141114. 

[10] S. Toroghi, P.G. Kik, Cascaded plasmonic metamaterials for phase-controlled 

enhancement of nonlinear absorption and refraction, Physical Review B, 85 (2012) 

045432. 



 60 
 

[11] H. Zhang, J. Zhou, W. Zou, M. He, Surface plasmon amplification characteristics 

of an active three-layer nanoshell-based spaser, Journal of Applied Physics, 112 

(2012) 074309. 

[12] Y. Chen, G. Song, J. Xiao, L. Yu, J. Zhang, Subwavelength polarization beam 

splitter with controllable splitting ratio based on surface plasmon polaritons, Optics 

express, 21 (2013) 314-321. 

[13] N. Mattiucci, G. D’Aguanno, H.O. Everitt, J.V. Foreman, J.M. Callahan, M.C. 

Buncick, M.J. Bloemer, Ultraviolet surface-enhanced Raman scattering at the 

plasmonic band edge of a metallic grating, Optics express, 20 (2012) 1868-1877. 

[14] A. Ono, M. Kikawada, R. Akimoto, W. Inami, Y. Kawata, Fluorescence 

enhancement with deep-ultraviolet surface plasmon excitation, Optics express, 21 

(2013) 17447-17453. 

[15]  .K. Jha, Z. Ahmed, M. Agio, Y. Ekinci, J.r.F.   f ler, Deep-UV surface-enhanced 

resonance Raman scattering of adenine on aluminum nanoparticle arrays, Journal of 

the American Chemical Society, 134 (2012) 1966-1969. 

[16] S. Lal, S. Link, N.J. Halas, Nano-optics from sensing to waveguiding, Nature 

photonics, 1 (2007) 641-648. 

[17] G.H. Chan, J. Zhao, G.C. Schatz, R.P.V. Duyne, Localized surface plasmon 

resonance spectroscopy of triangular aluminum nanoparticles, The Journal of 

Physical Chemistry C, 112 (2008) 13958-13963. 

[18] M.H. Chowdhury, K. Ray, S.K. Gray, J. Pond, J.R. Lakowicz, Aluminum 

nanoparticles as substrates for metal-enhanced fluorescence in the ultraviolet for 

the label-free detection of biomolecules, Analytical chemistry, 81 (2009) 1397-1403. 

[19] J.r. Bochterle, F. Neubrech, T. Nagao, A. Pucci, Angstrom-scale distance 

dependence of antenna-enhanced vibrational signals, ACS nano, 6 (2012) 10917-

10923. 

[20] R. Thomas, R. Swathi, Organization of metal nanoparticles for surface-enhanced 

spectroscopy: a difference in size matters, The Journal of Physical Chemistry C, 116 

(2012) 21982-21991. 

[21] L. Chuntonov, G. Haran, Maximal Raman Optical Activity in Hybrid Single 

Molecule-Plasmonic Nanostructures with Multiple Dipolar Resonances, Nano letters, 

13 (2013) 1285-1290. 



 61 
 

[22] C. D’Andrea, J.r. Bochterle, A. Toma, C. Huck, F. Neubrech, E. Messina, B. Fazio, 

O.M. Marago, E. Di Fabrizio, M. Lamy de La Chapelle, Optical nanoantennas for 

multiband surface-enhanced infrared and Raman spectroscopy, ACS nano, 7 (2013) 

3522-3531. 

[23] Y. Zheng, T. Thai, P. Reineck, L. Qiu, Y. Guo, U. Bach, DNA‐Directed 

Self‐Assembly of Core‐Satellite Plasmonic Nanostructures: A Highly Sensitive and 

Reproducible Near‐IR SERS Sensor, Advanced Functional Materials, 23 (2013) 1519-

1526. 

[24] M. Castro-Lopez, D. Brinks, R. Sapienza, N.F. van Hulst, Aluminum for nonlinear 

plasmonics: resonance-driven polarized luminescence of Al, Ag, and Au 

nanoantennas, Nano letters, 11 (2011) 4674-4678. 

[25] M. Hentschel, T. Utikal, H. Giessen, M. Lippitz, Quantitative modeling of the third 

harmonic emission spectrum of plasmonic nanoantennas, Nano letters, 12 (2012) 

3778-3782. 

[26] A. Grubisic, V. Schweikhard, T.A. Baker, D.J. Nesbitt, Coherent multiphoton 

photoelectron emission from single au nanorods: the critical role of plasmonic 

electric near-field enhancement, ACS nano, 7 (2012) 87-99. 

[27] G.F. Walsh, L. Dal Negro, Enhanced second harmonic generation by photonic–

plasmonic Fano-type coupling in nanoplasmonic arrays, Nano letters, 13 (2013) 

3111-3117. 

[28] H.A. Atwater, A. Polman, Plasmonics for improved photovoltaic devices, Nature 

materials, 9 (2010) 205-213. 

[29] S. Linic, P. Christopher, D.B. Ingram, Plasmonic-metal nanostructures for 

efficient conversion of solar to chemical energy, Nature materials, 10 (2011) 911-

921. 

[30] T.F. Villesen, C. Uhrenfeldt, B. Johansen, A.N. Larsen, Self-assembled Al 

nanoparticles on Si and fused silica, and their application for Si solar cells, 

Nanotechnology, 24 (2013) 275606. 

[31] T.F. Villesen, C. Uhrenfeldt, B. Johansen, J.L. Hansen, H.U. Ulriksen, A.N. Larsen, 

Aluminum nanoparticles for plasmon-improved coupling of light into silicon, 

Nanotechnology, 23 (2012) 085202. 

[32] J.B. Khurgin, A. Boltasseva, Reflecting upon the losses in plasmonics and 

metamaterials, MRS bulletin, 37 (2012) 768-779. 



 62 
 

[33] G.V. Naik, V.M. Shalaev, A. Boltasseva, Alternative plasmonic materials: beyond 

gold and silver, Advanced Materials, 25 (2013) 3264-3294. 

[34] J.M. McMahon, G.C. Schatz, S.K. Gray, Plasmonics in the ultraviolet with the poor 

metals Al, Ga, In, Sn, Tl, Pb, and Bi, Physical Chemistry Chemical Physics, 15 (2013) 

5415-5423. 

[35] Y. Yang, J.M. Callahan, T.-H. Kim, A.S. Brown, H.O. Everitt, Ultraviolet 

nanoplasmonics: A demonstration of surface-enhanced Raman spectroscopy, 

fluorescence, and photodegradation using gallium nanoparticles, Nano letters, 13 

(2013) 2837-2841. 

[36] G. Maidecchi, G. Gonella, R. Proietti Zaccaria, R. Moroni, L. Anghinolfi, A. Giglia, 

S. Nannarone, L. Mattera, H.-L. Dai, M. Canepa, Deep ultraviolet plasmon resonance 

in aluminum nanoparticle arrays, ACS nano, 7 (2013) 5834-5841. 

[37] Y. Ekinci, H. Solak, J. Löffler, Plasmon resonances of aluminum nanoparticles 

and nanorods, Journal of Applied Physics, 104 (2008) 083107. 

[38] M.W. Knight, L. Liu, Y. Wang, L. Brown, S. Mukherjee, N.S. King, H.O. Everitt, P. 

Nordlander, N.J. Halas, Aluminum plasmonic nanoantennas, Nano letters, 12 (2012) 

6000-6004. 

[39] C. Langhammer, M. Schwind, B. Kasemo, I. Zoric, Localized surface plasmon 

resonances in aluminum nanodisks, Nano letters, 8 (2008) 1461-1471. 

[40] A. Taguchi, Y. Saito, K. Watanabe, S. Yijian, S. Kawata, Tailoring plasmon 

resonances in the deep-ultraviolet by size-tunable fabrication of aluminum 

nanostructures, Applied Physics Letters, 101 (2012) 081110. 

[41] I. Zoric, M. Zach, B. Kasemo, C. Langhammer, Gold, platinum, and aluminum 

nanodisk plasmons: material independence, subradiance, and damping mechanisms, 

ACS nano, 5 (2011) 2535-2546. 

[42] J. Martin, J. Proust, D. Gérard, J. Plain, Localized surface plasmon resonances in 

the ultraviolet from large scale nanostructured aluminum films, Optical Materials 

Express, 3 (2013) 954-959. 

[43] T. Stöckli, J.-M. Bonard, P.-A. Stadelmann, A. Châtelain, EELS investigation of 

plasmon excitations in aluminum nanospheres and carbon nanotubes, Zeitschrift für 

Physik D Atoms, Molecules and Clusters, 40 (1997) 425-428. 



 63 
 

[44] M. Blaber, M. Arnold, N. Harris, M. Ford, M. Cortie, Plasmon absorption in 

nanospheres: A comparison of sodium, potassium, aluminium, silver and gold, 

Physica B: Condensed Matter, 394 (2007) 184-187. 

[45] T. Andersson, C. Zhang, M. Tchaplyguine, S. Svensson, N. Mårtensson, O. 

Björneholm, The electronic structure of free aluminum clusters: Metallicity and 

plasmons, The Journal of chemical physics, 136 (2012) 204504. 

[46] T. Xu, Y.-K. Wu, X. Luo, L.J. Guo, Plasmonic nanoresonators for high-resolution 

colour filtering and spectral imaging, Nature communications, 1 (2010) 59. 

[47] Q. Chen, D.R. Cumming, High transmission and low color cross-talk plasmonic 

color filters using triangular-lattice hole arrays in aluminum films, Optics express, 

18 (2010) 14056-14062. 

[48] D. Inoue, A. Miura, T. Nomura, H. Fujikawa, K. Sato, N. Ikeda, D. Tsuya, Y. 

Sugimoto, Y. Koide, Polarization independent visible color filter comprising an 

aluminum film with surface-plasmon enhanced transmission through a 

subwavelength array of holes, Applied Physics Letters, 98 (2011) 093113. 

[49] T. Ellenbogen, K. Seo, K.B. Crozier, Chromatic plasmonic polarizers for active 

visible color filtering and polarimetry, Nano letters, 12 (2012) 1026-1031. 

[50] S.J. Tan, L. Zhang, D. Zhu, X.M. Goh, Y.M. Wang, K. Kumar, C.-W. Qiu, J.K. Yang, 

Plasmonic color palettes for photorealistic printing with aluminum nanostructures, 

Nano letters, 14 (2014) 4023-4029. 

[51] J.S. Clausen, E. Højlund-Nielsen, A.B. Christiansen, S. Yazdi, M. Grajower, H. 

Taha, U. Levy, A. Kristensen, N.A. Mortensen, Plasmonic metasurfaces for coloration 

of plastic consumer products, Nano letters, 14 (2014) 4499-4504. 

[52] M.W. Knight, N.S. King, L. Liu, H.O. Everitt, P. Nordlander, N.J. Halas, Aluminum 

for Plasmonics, ACS Nano, 8 (2013) 834-840. 

[53] J. Olson, A. Manjavacas, L. Liu, W.-S. Chang, B. Foerster, N.S. King, M.W. Knight, P. 

Nordlander, N.J. Halas, S. Link, Vivid, full-color aluminum plasmonic pixels, 

Proceedings of the National Academy of Sciences, 111 (2014) 14348-14353. 

[54] T.G. Habteyes, S. Dhuey, E. Wood, D. Gargas, S. Cabrini, P.J. Schuck, A.P. 

Alivisatos, S.R. Leone, Metallic adhesion layer induced plasmon damping and 

molecular linker as a nondamping alternative, ACS nano, 6 (2012) 5702-5709. 



 64 
 

[55] S.W. Chung, E.A. Guliants, C.E. Bunker, D.W. Hammerstroem, Y. Deng, M.A. 

Burgers, P.A. Jelliss, S.W. Buckner, Capping and passivation of aluminum 

nanoparticles using alkyl-substituted epoxides, Langmuir, 25 (2009) 8883-8887. 

[56] A. Shahravan, T.G. Desai, T. Matsoukas, Passivation of Aluminum Nanoparticles 

by Plasma Enhanced Chemical Vapor Deposition for Energetic Nanomaterials, ACS 

applied materials & interfaces, (2014). 

[57] R.A. Zidan, S. Takara, A.G. Hee, C.M. Jensen, Hydrogen cycling behavior of 

zirconium and titanium–zirconium-doped sodium aluminum hydride, Journal of 

Alloys and Compounds, 285 (1999) 119-122. 

[58] V. Gavrilenko, L. Chekulaeva, L. Zakharkin, Decomposition of solvates of 

aluminum hydride and its derivatives in ethereal solutions under the influence of 

titanium compounds, Bulletin of the Academy of Sciences of the USSR, Division of 

chemical science, 26 (1977) 1131-1134. 

[59] N. Arora, B.R. Jagirdar, Monodispersity and stability: case of ultrafine 

aluminium nanoparticles (< 5 nm) synthesized by the solvated metal atom 

dispersion approach, Journal of Materials Chemistry, 22 (2012) 9058-9063. 

[60] R.J. Jouet, A.D. Warren, D.M. Rosenberg, V.J. Bellitto, K. Park, M.R. Zachariah, 

Surface passivation of bare aluminum nanoparticles using perfluoroalkyl carboxylic 

acids, Chemistry of materials, 17 (2005) 2987-2996. 

[61] W.K. Lewis, A.T. Rosenberger, J.R. Gord, C.A. Crouse, B.A. Harruff, K.S. Fernando, 

M.J. Smith, D.K. Phelps, J.E. Spowart, E.A. Guliants, Multispectroscopic (FTIR, XPS, 

and TOFM − TPD) Investigation of the Core−  hell Bonding in  onochemically 

Prepared Aluminum Nanoparticles Capped with Oleic Acid, The Journal of Physical 

Chemistry C, 114 (2010) 6377-6380. 

[62] M.J. Meziani, C.E. Bunker, F. Lu, H. Li, W. Wang, E.A. Guliants, R.A. Quinn, Y.-P. 

Sun, Formation and properties of stabilized aluminum nanoparticles, ACS applied 

materials & interfaces, 1 (2009) 703-709. 

[63] K.S. Fernando, M.J. Smith, B.A. Harruff, W.K. Lewis, E.A. Guliants, C.E. Bunker, 

Sonochemically Assisted Thermal Decomposition of Alane N, N-Dimethylethylamine 

with Titanium (IV) Isopropoxide in the Presence of Oleic Acid to Yield Air-Stable and 

Size- elective Aluminum Core−  hell Nanoparticles, The Journal of Physical 

Chemistry C, 113 (2008) 500-503. 



 65 
 

[64] M. Kuttge, E.J.R. Vesseur, A. Koenderink, H. Lezec, H. Atwater, F.G. de Abajo, A. 

Polman, Local density of states, spectrum, and far-field interference of surface 

plasmon polaritons probed by cathodoluminescence, Physical Review B, 79 (2009) 

113405. 

[65] S. Karaveli, R. Zia, Spectral tuning by selective enhancement of electric and 

magnetic dipole emission, Physical review letters, 106 (2011) 193004. 

[66] E.J.R. Vesseur, R. de Waele, M. Kuttge, A. Polman, Direct observation of 

plasmonic modes in Au nanowires using high-resolution cathodoluminescence 

spectroscopy, Nano letters, 7 (2007) 2843-2846. 

[67] R. Gómez-Medina, N. Yamamoto, M. Nakano, F.G. de Abajo, Mapping plasmons 

in nanoantennas via cathodoluminescence, New Journal of Physics, 10 (2008) 

105009. 

[68] J.B. Lassiter, H. Sobhani, M.W. Knight, W.S. Mielczarek, P. Nordlander, N.J. Halas, 

Designing and deconstructing the Fano lineshape in plasmonic nanoclusters, Nano 

letters, 12 (2012) 1058-1062. 

[69] P. Chaturvedi, K.H. Hsu, A. Kumar, K.H. Fung, J.C. Mabon, N.X. Fang, Imaging of 

plasmonic modes of silver nanoparticles using high-resolution cathodoluminescence 

spectroscopy, ACS nano, 3 (2009) 2965-2974. 

[70] F.G. De Abajo, Optical excitations in electron microscopy, Reviews of modern 

physics, 82 (2010) 209. 

[71] E.D. Palik, Handbook of optical constants;, Academic Press: San Diego, CA, 1998. 

[72] T.C. Choy, Effective medium theory: Principles and Applications, Oxford 

University Press: Oxford, UK, 1999. 

[73] N. Semaltianos, Thermally evaporated aluminium thin films, Applied surface 

science, 183 (2001) 223-229. 

[74] M. Alexander, G. Thompson, X. Zhou, G. Beamson, N. Fairley, Quantification of 

oxide film thickness at the surface of aluminium using XPS, Surface and interface 

analysis, 34 (2002) 485-489. 

[75] B.R. Strohmeier, An ESCA method for determining the oxide thickness on 

aluminum alloys, Surface and Interface Analysis, 15 (1990) 51-56. 



 66 
 

[76] R. Warmack, S. Humphrey, Observation of two surface-plasmon modes on gold 

particles, Physical Review B, 34 (1986) 2246. 

[77] B.J. Wiley, Y. Chen, J.M. McLellan, Y. Xiong, Z.-Y. Li, D. Ginger, Y. Xia, Synthesis 

and optical properties of silver nanobars and nanorice, Nano letters, 7 (2007) 1032-

1036. 

[78] E.M. Hicks, S. Zou, G.C. Schatz, K.G. Spears, R.P. Van Duyne, L. Gunnarsson, T. 

Rindzevicius, B. Kasemo, M. Käll, Controlling plasmon line shapes through diffractive 

coupling in linear arrays of cylindrical nanoparticles fabricated by electron beam 

lithography, Nano letters, 5 (2005) 1065-1070. 

[79] C.L. Haynes, A.D. McFarland, L. Zhao, R.P. Van Duyne, G.C. Schatz, L. Gunnarsson, 

J. Prikulis, B. Kasemo, M. Käll, Nanoparticle optics: the importance of radiative dipole 

coupling in two-dimensional nanoparticle arrays, The Journal of Physical Chemistry 

B, 107 (2003) 7337-7342. 

[80] L.K. Ausman, S. Li, G.C. Schatz, Structural effects in the electromagnetic 

enhancement mechanism of surface-enhanced Raman scattering: dipole reradiation 

and rectangular symmetry effects for nanoparticle arrays, The Journal of Physical 

Chemistry C, 116 (2012) 17318-17327. 

[81] R. Adato, A.A. Yanik, J.J. Amsden, D.L. Kaplan, F.G. Omenetto, M.K. Hong, S. 

Erramilli, H. Altug, Ultra-sensitive vibrational spectroscopy of protein monolayers 

with plasmonic nanoantenna arrays, Proceedings of the National Academy of 

Sciences, 106 (2009) 19227-19232. 

[82] L.S. Slaughter, W.-S. Chang, P. Swanglap, A. Tcherniak, B.P. Khanal, E.R. Zubarev, 

S. Link, Single-particle spectroscopy of gold nanorods beyond the quasi-static limit: 

varying the width at constant aspect ratio, The Journal of Physical Chemistry C, 114 

(2010) 4934-4938. 

[83] C.J. Murphy, N.R. Jana, Controlling the aspect ratio of inorganic nanorods and 

nanowires, Advanced Materials, 14 (2002) 80. 

[84] K. Carron, W. Fluhr, M. Meier, A. Wokaun, H. Lehmann, Resonances of two-

dimensional particle gratings in surface-enhanced Raman scattering, JOSA B, 3 

(1986) 430-440. 

[85] V. Kravets, F. Schedin, A. Grigorenko, Extremely narrow plasmon resonances 

based on diffraction coupling of localized plasmons in arrays of metallic 

nanoparticles, Physical review letters, 101 (2008) 087403. 



 67 
 

[86] G. Schider, J. Krenn, W. Gotschy, B. Lamprecht, H. Ditlbacher, A. Leitner, F. 

Aussenegg, Optical properties of Ag and Au nanowire gratings, Journal of Applied 

Physics, 90 (2001) 3825-3830. 

[87] A. Shahmansouri, B. Rashidian, Behavior of plasmonic nanoparticle array in 

near-and far-field coupling regimes for transverse electric and transverse magnetic 

polarizations, JOSA B, 30 (2013) 2286-2291. 

[88] J. Sung, E.M. Hicks, R.P. Van Duyne, K.G. Spears, Nanoparticle spectroscopy: 

Dipole coupling in two-dimensional arrays of L-shaped silver nanoparticles, The 

Journal of Physical Chemistry C, 111 (2007) 10368-10376. 

[89] L. Zhao, K.L. Kelly, G.C. Schatz, The extinction spectra of silver nanoparticle 

arrays: influence of array structure on plasmon resonance wavelength and width, 

The Journal of Physical Chemistry B, 107 (2003) 7343-7350. 

[90] F.G. De Abajo, Colloquium: Light scattering by particle and hole arrays, Reviews 

of Modern Physics, 79 (2007) 1267. 

 


	ThesisCover
	PhDThesis_LifeiLiu.pdf

