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Abstract 

The basis of plasmonic sensors is the resonant coupling between the oscillations of 

free electrons, called plasmons, and incident visible light waves. By confining these 

oscillations within a nanostructure, the coupling efficiency is enhanced by the 

creation of localized surface plasmon resonant (LSPR) states. The frequency at which 

these oscillations occur is dependent upon a number of factors, one of which is the 

proximity of another plasmonic nanoparticle. The relationship between the 

frequency of the LSPR oscillations and the distance separating the nanoparticles is 

called the plasmon nanoruler (PNR). This phenomenon is highly distance dependent 

- a measurement of the LSPR for a plasmonic nanoparticle allows a researcher to 

calculate the interparticle separation for length scales well beneath the diffraction 

limit for visible light. However, even with the enhanced coupling between the 

nanoparticle and incident light, the signal from a single nanoruler is very dim, and 

adequate control over many nanorulers is difficult to achieve. 

 The purpose of the work presented in this thesis is to develop the nanoparticle-on-

mirror (NPOM) architecture, which overcomes some of the challenges facing 

plasmonic nanosensors today by combining the advantages of both top-down and 

bottom-up synthesis methods. I found that simple optical measurements of large 

ensembles of nanoparticles in an NPOM device can be understood through theoretical 

models for plasmon nanorulers, and I was able to detect nanoparticle separations on 

the order of a single nanometer. Furthermore, I was able to quantify changes in the 

conformation of thin films of polyelectrolytes induced by solution pH, and identify the 

individual components responsible. Lastly, by combining all of the lessons learned in 

the development and construction of these devices I suggest a general form for a 

NPOM nanosensor, and offer a brief guide for future researchers on how they might 

be able to apply this architecture in their own research. 
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Chapter 1: Introduction 

  

Nanotechnology is the study of objects which fall into the nanometer regime, or 

objects of sizes between 10-9 and 10-6 meters. When matter is reduced from its bulk, 

macroscopic material into objects that fall within this regime, novel and fascinating 

properties begin to emerge. Arguably “beginning” with the discovery of fullerenes in 

1985 by Kroto and colleagues1, the last three decades have seen an explosion in the 

amount of research in nanoscience. As the technology required for synthesis, control, 

and characterization of materials at this scale has advanced, the field of 

nanotechnology has seen tremendous growth.  

Figure 1.1 enumerates the accelerating size of the field of nanotechnology – the 

number of journals publishing in the field has increased by over an order of 

magnitude since 1985, and increased threefold over the five year period 2005 – 2010! 

If the 20th century was dominated by the discoveries and advancements of “big” 

physics by Einstein, then there is ample evidence that the 21st century will be the 

reign of the “small” physics of the nanoscale. As Richard Feynman famously predicted 

in his 1959 address, “there’s plenty of room at the bottom”.2 This work intends to 

describe and advance one small corner of this burgeoning field – nanoplasmonics. 
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Figure 1.1: Chart displaying the proliferation of journals in journals in the 
“nanoscience and nanotechnology” field over the previous two and a half decades. 
Adapated from Grieneisen et al.3 

 

As the name implies, nanoplasmonics is the study of plasmon resonance that occurs 

within nanostructures. To fully understand this phenomenon, a detailed treatment of 

plasmonics is required and will be covered later. In brief, the free electrons in a metal 

can be excited by the presence of an external electromagnetic (EM) field. This EM field 

displaces the electrons from their neutral orientation with respect to the fixed 

positive nuclei, and the resulting coulombic restorative force causes the electron 

cloud to oscillate at the system’s natural frequency, called the plasmon resonance 

frequency (PRF)4. For most bulk metals the PRF is in the ultraviolet range; however 

when this electron oscillation is confined within a nanoparticle of a few 100 metal 

atoms it can instead fall within the visible spectrum. This strong interaction between 

plasmonic nanoparticles and visible light is what causes nanoparticle ensembles to 
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exhibit their distinctive, vibrant colors. Many works of art owe their existence to this 

phenomenon, though they were constructed long before a scientific understanding 

was developed. Stained glass (Figure 1.2), for example, gets its beautiful colors from 

plasmonic nanoparticles embedded within.   

The specific wavelength at which this resonance occurs is a property which depends 

on a number of factors: the bulk PRF of the metal, the dielectric medium in which the 

structure is immersed, the particle’s size and shape, and any local EM fields.5 Control 

over these factors, and the strong coupling between plasmons and light, makes 

plasmonic nanoparticles a very flexible platform for a number of different 

applications; from photovoltaics,6,7 waveguiding,8 cancer therapeutics,9 bio- and 

chemi-sensing,10–13 all the way to art.14 The next three chapters will review the 

physical basis for plasmonics, as well as the relevant techniques used to synthesize, 

assemble, and characterize plasmonic sensors. 
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Figure 1.2: Image of the stunning stained glass “Rose Window” in the cathedral of 
Notre Dame. The brilliant colors arise from plasmonic nanoparticles embedded in the 
glass. (photo by Krysztof Mizera) 

  

 

 

 

  



5 
 

Chapter 2: Plasmons and Metal-Light Interaction 

 

2.1 Origin of Plasmonics 

The basic model for the electronic properties of a metal is the Drude model, which is 

based on the classical description of a metal as a crystalline lattice of fixed positive 

nuclei with a free electron “gas” that moves within it.4 This electron gas is uniformly 

distributed over the metal’s volume such that it neutralizes the positive charge 

defined by the lattice. Under this model, when the metal is exposed to an 

electromagnetic field, the resulting applied force on the electron gas displaces it from 

its previous uniform equilibrium distribution. The electric field created by this 

separation can be written as equation 2.1 through Gauss’s Law, where ρ is the free 

electron density in #/m3, e is the electric charge (1.6∙10-19 C), x is the displacement, 

and εo is the permittivity of free space (8.85∙10-12 F/m).  

 
𝐄 =  

−ρ 𝑒 𝐱

𝜀𝑜
 (2.1) 

The force created by this electric field is e ∙ E, and using Newton’s 2nd Law yield 2.2, 

where m* is the effective electron mass.  
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𝑒 ∙ 𝐄 = 𝑚∗ ∙

𝑑2𝒙

𝑑𝑡2
 

(2.2) 

 −ρ 𝑒2 𝐱

𝜀𝑜
= 𝑚∗ ∙

𝑑2𝒙

𝑑𝑡2
 

 

 𝑑2𝒙

𝑑𝑡2
+

ρ 𝑒2 𝐱

𝜀𝑜𝑚∗
= 0 

(2.3) 

 𝑑2𝒙

𝑑𝑡2
+ 𝜔2𝒙 = 0 

(2.4) 

By substituting the value of E from equation 2.1 into 2.2, the equation takes the form 

of a simple harmonic oscillator (equation 2.4).  By direct comparison of 2.3 and 2.4 

the natural frequency for this system, called the plasma frequency ωp, can be 

determined. This is the frequency at which the free electrons in a metal will naturally 

oscillate, as shown explicitly in eq. 2.5.  

 

𝜔𝑝 = √
ρ 𝑒2 

𝜀𝑜𝑚∗
 

(2.5) 

A quantum of this plasma oscillation is called a plasmon, and is created when light is 

incident upon the metal. This frequency only applies for plasmons existing in the bulk 

material, and is in the ultraviolet for most metals. For example, in silver ρ = 5.86E28 

and m* = 0.99∙me, which yields a plasma frequency of approximately 2,000 THz 

(~135 nm, well into the ultraviolet regime).15 
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2.2 Surface Plasmons 

Now consider the interaction of the bulk metal with an insulating material. If a 

plasmon is formed at the interface between the metal and the dielectric medium, it 

possesses different properties than those that are formed within the bulk material. 

This is illustrated schematically in Figure 2.1. 

 

Figure 2.1: Conceptual view of the propagation of an SP wave as an oscillation of 
charges along the surface of a metal with the corresponding electric field lines 

 

These are called surface plasmons (SPs) and they propagate along the interface 

between the two materials as a charge density wave along the surface of the metal 

and its corresponding electromagnetic field.19 The electromagnetic field that 

accompanies an SP wave extends into both the medium and the metal and falls off 

exponentially. The energy of a surface plasmon is necessarily smaller than that for 

bulk plasmons, with the PRF for surface plasmons being given by equation 2.6, where 

εd is the dielectric constant for the medium.  
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𝜔𝑠𝑝 =  

𝜔𝑝

√1 + 𝜀𝑑

 
(2.6) 

It is important to note that to excite a SP, the energy and momentum of the incident 

photon must match the energy and momentum of a propagating SP wave (Figure 2.2). 

This is impossible when the medium is air, since the dispersion relation of a photon 

in air does not cross that for a surface plasmon. However, Kretschmann and 

colleagues showed in 1968 that a SP wave can be excited if the incident light is first 

guided through a prism.16 This coupling medium alters the dispersion relation and 

thus allows for matching of the momenta and energies of the incoming photons and 

the SPs. If the surface of the metal is altered the dielectric constant for the medium is 

altered as well, thereby changing the optical response of the metal. This is the basis 

for surface plasmon resonance-based sensing, a common technique used to detect 

changes in binding on the metallic surface10.  
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Figure 2.2: Dispersion relation for a vacuum photon (blue) and a surface plasmon 
(red). The dotted blue line represents a photon traveling through a coupling medium 
as in the Kretschmann configuration. The intersection of this line with the SP line 
indicates the conditions at which an SP wave can be excited. 

 

 

2.3 Localized Surface Plasmon Resonance 

Reducing the size of the metallic structure begins to limit the amount of propagation 

that can occur within. Upon entering the nanoregime, these limitations preclude the 

existence of a propagating wave and so limit the creation of plasmons to localized 

versions. Since they do not propagate, they cannot have any momentum, and instead 

need only the addition of energy to form. These are the localized surface plasmons 

(LSPRs), and their properties are highly influenced by the geometry of the particle in 

which they are created. The calculation of their optical properties was first shown by 

Gustav Mie in 1905,17 who solved the Maxwell equations to obtain the extinction cross 

section σext for the situation of spherical metal nanoparticles, significantly smaller 
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than the excitation wavelength, immersed in a homogeneous dielectric medium, 

given in equation 2.7. 12  

 
σ𝑒𝑥𝑡(𝜔) = 9 

𝜔

𝑐
𝜀𝑑

3/2 𝑉𝑜

𝜀2(𝜔)

[𝜀1(𝜔) + 2𝜀𝑑]2 + 𝜀2(𝜔)2
 

(2.7) 

Here, the real and imaginary parts of the nanoparticle’s dielectric function are given 

by ε1 and ε2. The resonance condition is given by the denominator on the right hand 

side of the equation, [𝜀1(𝜔) + 2𝜀𝑑] = 0, and the extinction cross section is observed 

for small ε2.18 As the particles become larger, this equation begins to break down as 

higher order terms become more important and geometric constraints change, 18 and 

analytic solutions become untenable. Instead, numerical calculations must be relied 

upon to determine extinction spectra. One such method is the discrete dipole 

approximation19–21 which seeks to approximate the nanoparticle as a discrete set of 

polarizable points. These points acquire dipole moments in response to an applied 

electric field, as well as by influencing each other. The general extinction 

characteristics are then extracted from the set of dipoles as a whole22.  

The result is that for the noble metals (gold and silver), the LSPR frequency falls in 

the visible range for most nanoparticles,23 and the resulting interaction with light is 

dramatically enhanced at this frequency (enhancement factors are typically ~10-

100).14 In fact, plasmonic nanoparticles scatter light so strongly that individual 

particles (<100 nm in diameter) can be easily observed via optical microscopy.  

While particle size is important, particle shape can be also determine LSPR 

frequencies.19 Spherical nanoparticles have a single resonant mode due to their high 
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symmetry, but increasing the aspect ratio of a nanoparticle can split the resonant 

frequencies into longitudinal and transverse modes.24 For more complex 

nanoparticle shapes multiple different modes can exist, as observed in Figure 2.3. 

This varied response to size and shape allows for a continuous range of plasmon 

peaks to be possible, from the near UV the near IR.23,25 
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Figure 2.3: Extinction (black), absorption (red), and scattering (blue) spectra 
calculated for Ag nanoparticles of different shapes: (a) a sphere displaying a single 
dipole resonance peak and (b) a cube, (c) a tetrahedron, (d) an octahedron, and (e) a 
triangular plate. (f) Extinction spectra of rectangular bars with aspect ratios of 2 
(black), 3 (red), and 4 (blue). Note that the nonspherical particles typically exhibit 
multiple, red-shifted resonance peaks. Adapted from Rycenga et al.24 
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Chapter 3: Nanoparticle Functionalization 

 

We now turn to the practical aspects of utilizing plasmonic nanoparticles as a 

functional material for sensing applications. Bare surfaces of metals or metal oxides 

rapidly adsorb organic contaminants. These contaminants do not have reproducible 

physical properties, such as thickness or charge, and can act as a barrier, preventing 

further tailoring of the surface towards desired properties.26 Due to this, 

nanoparticles are typically stabilized by a capping ligand that is left over from the 

synthesis process27,28. While this ligand blocks the adsorption of these organic 

contaminants, it may not allow for the necessary functionality. Modification or 

removal of this ligand can be performed by either covalent (chemisorption)29 or 

noncovalent (physisorption) methods.30 This is done in order to alter solubility, to 

increase biocompatibility, to render the nanoparticle surface inert, or to introduce 

targeting to facilitate a specific binding event.31 This modification can be done directly 

onto the nanoparticles themselves, or onto an external structure in order to facilitate 

the deposition of nanoparticles into an ensemble array. This thesis will focus 

primarily on two functionalization techniques: thiol chemistry and electrostatic 

polymer attachment.  
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3.1 Thiol Modification 

The use of self-assembled monolayers (SAMs) is a flexible and straightforward 

method with which to tailor the surface properties of a metal.26 SAMs are comprised 

of a regular array of organic molecules which spontaneously form on a material’s 

surface by deposition either from a liquid or gas phase. This reaction is self-limiting 

and thus will only form a single layer of molecules on the surface, which leads to 

highly uniform and reproducible properties.  

 A SAM molecule is comprised of three components: a head, body, and tail group as 

seen in Figure 3.1. The head group is comprised of a residue which has a high affinity 

for the surface and drives the adsorption of the molecule onto the surface. If provided 

sufficient time32, the head group will form a bond at every available surface site which 

will force the body and tail away by steric hindrance. Thus, the surface of the material 

becomes comprised solely of the tail group which then determines the surface 

properties of a SAM. The body group provides a physical spacer between the head 

and tail, and affects the optical and electrical properties of the SAM. There are a wide 

range of materials that form SAMs depending on the type of substrate, but for the case 

of silver and gold the primary constituent for SAMs is alkanethiols, due to sulfur’s high 

affinity to form covalent bonds with noble metals.26 Thiolation of silver or gold 

nanoparticles has been extensively studied and so a large number of optimized 

deposition procedures have been produced.26,33–37 

SAMs present an ideal method for the functionalization of metallic surfaces for a 

number of reasons. First, they are capable of being deposited from solution and thus 
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are relatively easy to prepare. Second, their small size allows them to form on 

nanostructures with difficult geometry, such as nanoparticles with high 

curvature38,39. Third, the strength of the sulfur bond with metals allows for a wide 

range of tail groups to be used for exceptional versatility.  

 

Figure 3.1: Diagram showing the formation of an alkyl SAM via thiolation of a metallic 
surface. Adapted from Love et al.26 

 

 

3.2 Polyelectrolyte Attachment 

Polymer adsorption can be facilitated through the use of a polyelectrolyte layer-by-

layer (LBL) deposition technique.40–44 This technique leverages the attraction 

between chains of cationic and anionic side groups to drive the sequential adsorption 

of polymer layers onto the substrate. In this work, three polyelectrolytes were used: 

the anionic poly(styrene sulfonate) (PSS) and poly(acrylic acid) (PAA) and the 

cationic poly(diallyl dimethyl ammonium) (PDADMA), shown in Figure 3.2.  
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(a) 

 

(b) 

 

(c) 

 

 

Figure 3.2: Polyelectrolyte monomers used in this thesis. (a) is PDADMA, (b) is PAA, 
and (c) is PSS. 

 

The deposition proceeds as a four step process.45 To begin, an initial charge must be 

present on the surface, for example the negative charge of the commonly used 

capping ligand citrate.43 When exposed to a solution containing an oppositely charged 

(positive) polyelectrolyte (step 1), the coulombic attraction between the charges will 

drive the adsorption of a thin layer of cationic polymer. Once deposited, the charge 

present on the surface inverts from negative to positive, preventing the adsorption of 

any further polymer for this step. The solution containing the positive charges is then 

removed, and the substrate(s) are washed to remove any loosely bound polymer 

(step 2). The solution can then be replaced with one containing an anionic polymer, 

which then proceeds to attach to the positively charged surface by the same process 

(step 3). Once the anionic deposition is complete the material is again washed (step 

4). This process can be repeated indefinitely, with each sequential exposure adding 



17 
 

an additional single layer of polymer to the outside of the metallic particle or surface. 

If the thickness of a single layer is known41,44, this provides an effective way to form 

a film of desired thickness onto a plasmonic structure. This technique is illustrated 

schematically in Figure 3.3. 

 

Figure 3.3: Diagram illustrating the polyelectrolyte LBL deposition scheme. Adapted 
from Decher et al.46 

 

LBL multilayer films are highly reproducible due to the adsorption of only a single 

layer per step, and can yield extremely thin films down to a few nanometers in 

thickness33. Since the process is driven solely by the electrostatic attraction of 

polymers in solution, there are no size or shape restrictions on the substrate47, 

however this does mean that the ionic conditions of the solution influence the 
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resulting polymer film41. These conditions are the solution pH and the ionic strength, 

or salt concentration48.  

The extent to which a polyelectrolyte is ionized is controlled by the relationship 

between the pH of the solution and the pKa of the residue in question49. This 

relationship is quantitatively expressed for negatively charged polymers through the 

Henderson-Hasselbach equation, 3.1. 

 
𝑝𝐻 − 𝑝𝐾𝑎 = 𝑙𝑜𝑔10 (

[𝐴−]

[𝐻𝐴]
) 

(3.1) 

Here, pKa is the acid dissociation constant, a parameter unique to each molecule, and 

[A-] and [HA] are the concentrations of the charged and uncharged residues 

respectively. The form of 3.1 that applies to positively charged polymers simply 

switches the charged residue from [A] to [HA+]. Since the LBL process is driven by 

the electrostatic interaction and repulsion between the charged side groups, a 

stronger degree of ionization will lead to stronger interactions.50 If a ratio of 100:1 or 

greater is considered fully ionized, then according to equation 3.1 then for the 

deposition solution (pH – pKa) ≥ 2. Since the pKa of PSS (0) and PDADMA (35) are 

outside the relevant range, only PAA (4.5) should be sensitive to the deposition pH.  

The concentration of salt ions in solution also plays a role in LBL deposition by acting 

as screening counter ions to the charged side groups of the polymers.51 The 

theoretical treatment of this phenomenon was first laid out by Debye and Hückel in 

1923 to explain the departure of polyelectrolytes from expected behavior.52 The 

charged side group of the polyelectrolyte attracts a mobile ion from the solution, and 
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due to its proximity it counteracts some of its electric potential. This is quantified by 

the Debye length κ-1 (equation 3.2), which relates the solution conditions to the 

amount of screening – after each successive Debye length of separation, the electric 

potential from a charge is decreased by a factor of 1/e.  

 1

𝜅
= √

𝜀𝑜𝜀𝑚𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
 α I -1/2 

(3.2) 

Here, the εo and εm are the dielectric constant for free space and the medium in which 

the charge is immersed, kB is the Boltzmann constant, T is temperature, NA is 

Avogadro’s number, e is the electron charge, and I is the (molar) ionic strength. The 

salient point is that the Debye length is inversely proportional to the ionic strength; 

so by increasing the salt concentration in the deposition solution one decreases the 

relative effect of the polyelectrolyte’s ionization53. Less effective charge in turn leads 

to a thicker deposited film, and if the ionic strength exceeds a certain threshold value 

the polymer multilayer is prevented from being formed.  
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Chapter 4: Nanoplasmonic Sensors 

 

The purpose of a sensor is to convert a property or change in a system into an easily 

measureable signal. To function, a sensor must fulfill two requirements: recognition 

and transduction.54 Recognition means that the sensor must be able to detect the 

property or change in question, and transduction is the transfer of that recognition 

into the output signal. As an example, consider a strip of litmus paper as a basic pH 

sensor. It is highly difficult for a human to measure the pH of a solution by simply 

observing it, as there is no discernible difference between a low, high, or neutral pH 

solution. However, the litmus paper contains chemicals which react with the ions in 

solution, changing color in the process. In doing so, the litmus paper has converted 

the difficult to detect hydroxide and hydronium ions into an easily measureable signal 

– color. Here, the recognition is the reaction with the ions produced by the acid or 

base, and the transduction is change in color of the dyes. 

Plasmonic nanoparticles are an ideal candidate as the transducer elements in a 

sensing platform, and they function as a nice analog to the dyes in the litmus paper 

used in the example. When light is incident on a nanoparticle, it will couple most 

strongly with the wavelengths that are close to the resonance condition of the LSPR.55 

This means that by examining the extinction (scattering + absorption) characteristics 

of a nanoparticle, the location of the LSPR can be determined by finding at what 

wavelength the nanoparticle most strongly couples with light. Furthermore, since this 
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is a resonance driven phenomenon, it also means that this enhanced interaction with 

light makes the measurement of these characteristics relatively simple. In a very 

literal sense, the measurement of the LSPR is a determination of the color of the 

nanoparticle, demonstrated in Figure 4.1. 

 

  

Figure 4.1: Image of silver nanoparticles taken via dark field microscopy compared 
with the scattering spectra of those nanoparticles.  

 

As mentioned previously, the location of the LSPR of plasmonic nanoparticles is 

highly sensitive to a number of environmental factors.56 By designing a system such 

that the change in the environment acts as the recognition element, the shift in the 

LSPR wavelength (the change in the nanoparticles color) acts as the transducer, 

providing a straightforward way to measure that property.57 There are two primary 

ways that plasmonic nanoparticles are used as transducer elements in nansosenors: 

refractometric index (RI) sensors and nanorulers. The work in this thesis primarily 
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focused on the development of the second technique, however a brief treatment of 

the former will be included for the sake of completeness.  

 

4.1 Plasmonic Nanoparticles as Refractometric Index Sensors 

The resonance condition in equation 2.6 shows that the location of the LSPR for a 

plasmonic nanoparticle is dependent upon the dielectric constant of the medium 

around it. The adsorption of a material onto the surface of a nanoparticle will change 

this local dielectric constant and therefore change the resonance condition for the 

nanoparticle, manifesting as a shift in the location of the LSPR wavelength (Figure 

4.2).58  This is the basis for RI plasmon sensors, which owe their name to the fact that 

for the vast majority of materials the index of refraction is simply the square root of 

the dielectric constant. Thanks to the flexibility of functionalization, sensors designed 

to detect a wide variety of molecular species have been demonstrated, including 

antibodies, proteins, and nucleic acids.59  
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Figure 4.2: Illustration demonstrating the concept of RI sensing. A nanoparticle has 
been functionalized with a recognition element, which binds a specific target 
molecule. The addition of this target changes the index of refraction Δn around the 
nanoparticle, leading to a shift in its LSPR Δλ, which is detected in the scattering 
spectra. 

 

The change in the LSPR wavelength Δλ has been shown to have a linear relationship 

with respect to changes in the local RI, Δn, given by equation 4.1.60 

 Δλ = 𝑚 ∙ 𝛥𝑛   (4.1) 

The scaling factor m is the RI sensitivity, and depends on a number of factors specific 

to the nanoparticle, such as size, shape, and type of metal.61 Recent work, however, 

has shown that m is primarily dependent simply on the position of the LSPR, 
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increasingly linearly from short to long wavelengths.62 Since the location of the LSPR 

is highly dependent on the size, shape, and metal of the plasmonic nanoparticle, m is 

indeed dependent on them, but only insofar as they affect the LSPR wavelength. 

Figure 4.3 compares the relationship between m and the LSPR for gold nanoparticles 

of two different shapes, and demonstrates the positive linear correlation between the 

RI sensitivity factor and the LSPR wavelength.  

 

 

Figure 4.3: Experimentally determined relationship between RI sensitivity factor m 
and the LSPR wavelength for gold nanocylinders (circles) and disks (squares). 
Adapted from Miller et al.63 

 

 

Equation 4.1 adequately describes the behavior of RI sensors assuming that the RI 

change is in close proximity to the metal/dielectric interface. To understand the true 

sensing volume for the RI sensor, recall that for SP waves, the corresponding electric 

field decays exponentially in the direction tangential to the interface it travels along. 
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Thus, the spectral shift that occurs is modulated by an exponential term that depends 

on d/Id, where d is the size of the adsorbed analyte and Id is the electromagnetic field 

decay length. Thus, the full equation for the LSPR shift for RI sensors is given by 

equation 4.2. 

 
Δλ = 𝑚 ∙ 𝛥𝑛 ∙ [1 − exp (

−2𝑑

𝐼𝑑
)] 

(4.2) 

By examining equation 4.2 it is clear that there are three considerations to maximize 

the response of an RI sensor. First, design the experiment to induce the largest RI shift 

between the medium and adsorbed molecule, and second select a nanoparticle 

substrate with a long wavelength LSPR. Third, tune the adsorbed molecules size vs. 

electromagnetic field decay length in order to optimize the sensitivity (ie. d/Id >>1 

).64  

One of the most promising developments for LSPR based sensors is their amenability 

to miniaturization.65 The enhanced scattering of the LSPR mode allows for the 

detection of the signal from a single nanoparticle. Raschke and others (Figure 4.4) 

have shown that single nanoparticle based sensors are highly sensitive, capable of 

detecting the biomolecule Streptavidin at a concentration of only 1 ppm. This implies 

that single nanoparticle RI sensors could achieve the maximum possible sensitivity 

limit – the real time detection of the binding of a single molecule.  
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Figure 4.4: Detection of Streptavidin by a single nanoparticle RI sensor. Adapted from 
Raschke et al.65 

 

 

Additionally, information about subtle events such as the conformational changes in 

a protein can be monitored by measuring the response of the devices in real time. Van 

Duyne’s group, one of the leaders in exploring RI based sensors, were able to monitor 

the state of calmodulin (CaM), a calcium-ion dependent messenger protein via an 

elegant RI sensor design as shown in the (a) panel of Figure 4.5.66 When CaM binds 

Ca2+, it switches from a “closed” to “open” conformation. By tethering one end of a 

CaM molecule to a silver nanoparticle, as the CaM molecule opens or closes it changes 

the RI in the sensing region around the nanoparticle. Based on the direction and speed 

of the plasmon response, the researchers were able to draw conclusions about the 

packing density of the protein in both conformations (the greater LSPR shift for the 

open conformation indicates a higher packing density), and the closing vs. opening 
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rate for this transition. These results highlight the ability for a LSPR based sensor to 

make real time measurements of subtle variations in the RI within the sensing 

volume. 

 

 

Figure 4.5: RI based plasmon sensor response to conformational changes in the CaM 
protein. Adapted from Van Duyne et al.66 

 

  



28 
 

4.2 Nanoparticle Coupling and the Plasmon Nanoruler  

Previously we have considered only the effects on LSPR for a single plasmonic 

nanoparticle; however, the presence of an adjacent nanoparticle can also have a 

significant impact on the LSPR wavelength.67 This phenomenon is called plasmonic 

coupling, and was first reported by Pileni in 2001 for arrays of silver nanoparticles.68 

In the paper, Pileni reported the presence of additional, unexpected absorption bands 

for arrays of nearly touching nanoparticles. Further work has established that this is 

caused by near-field interactions between nanoparticles which couple their 

plasmonic oscillations to one another. 69,70 

This interparticle coupling leads to the creation of new hybridized plasmon modes – 

a lower energy longitudinal mode and a higher energy transverse mode.71,72 The 

longitudinal mode is of the most interest, and it displays two important 

characteristics for its use as a sensing platform. First is a dramatic enhancement of 

the electric field in the regions between the nanoparticles.73 This field enhancement 

has been exploited in techniques such as surface-enhanced Raman spectroscopy 

(SERS), in which the concentrated electric field boosts the Raman signal of nearby 

molecules.74,75 Second, the magnitude of the lowering of the longitudinal mode’s 

energy is dependent on the strength of the interparticle coupling, which in turn is 

dependent on the distance between the nanoparticles. Thus, a measure of the 

plasmon shift can be used to probe the interparticle distance. This distance 

measurement by LSPR shift has become known as the plasmon nanoruler (PNR) and 

is the foundation of the work in this thesis. Early work on the PNR falls into two 
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categories: a top-down approach focused on lithographic synthesis of nanoparticle 

dimers, and a bottom-up approach utilizing self-assembly techniques39. 

In the top-down approach, a beam of electrons is used to pattern an electron-resist 

mask, onto which silver or gold is evaporated. Once the mask is removed, the 

patterned nanostructures are what remains on the substrate. This technique is used 

to form nanoparticle dimers with extreme control over the nanoparticle size, shape, 

and separation. The results obtained, alongside DDA simulations (figure 4.6)20,21, was 

used by Jain et al. to develop the first universal scaling equation for the PNR (equation 

4.3).76,77 

 
∆𝜆

𝜆𝑜
⁄ = 𝐴 ∙ exp [

(𝑠
𝐷⁄ )

𝐵
] 

(4.3) 

Here, ∆𝜆 is the shift in the LSPR, 𝜆𝑜 is the LSPR value for the isolated nanoparticles, s 

is the edge-to-edge separation of the nanoparticles, and D is the nanoparticle 

diameter. A and B are parameters which are unique to the specific system, i.e. the type 

and shape of the nanoparticle, the medium between them, etc. What is remarkable is 

how general this relationship is – the relative shift of the LSPR mode Δλ/λo always 

goes like the negative exponential of the relative separation between them s/D.  

 

 

 



30 
 

 

Figure 4.6: DDA simulations for the extinction of a nanoparticle dimer, exhibiting both 
the expected red-shift of the LSPR wavelength and the increased extinction efficiency 
as the nanoparticle separation decreases. Adapted from Jain et al.76 

 

The second technique used to characterize the PNR is the creation of nanoparticle 

dimers by the spontaneous assembly of biomolecules, especially by complementary 

DNA linkage.78 One early demonstration of an in vitro PNR sensor was performed by 

Reinhard et al. in 2007.79 In this study, the cleavage of double stranded DNA by the 

EcoRV restriction enzyme was monitored by measuring the PNR effect. Nanoparticle 

dimers were formed by mixing two solutions of gold nanoparticles, each of which had 

been functionalized by one part of a complementary DNA strand pair. The DNA 

sequence chosen also contained the EcoRV recognition sequence. Once a dimer was 

formed, the gold nanoparticles were brought into sufficient proximity for the coupling 

effect to shift their LSPR according to the PNR equation. However, upon cleavage of 

the DNA by the restriction enzyme, the nanoparticles were no longer associated, and 
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this manifested as a sharp jump in the LSPR wavelength back to its normal value as 

observed in Figure 4.7. 

 

Figure 4.7: PNR response to the cleavage of a DNA strand. At t=0, a restriction enzyme 
severs the DNA strand linking a pair of gold nanoparticles, causing their LSPR to 
change from a redshifted value (t<0) to its normal value (t>0). Adapted from 
Reinhard et al.79 

 

The plasmon ruler has several advantages over similar distance-measuring 

techniques, such as fluorescence resonance energy transfer (FRET). Firstly, FRET 

(and all fluorescence based techniques) exhibit photobleaching with prolonged 

exposure80. Furthermore, FRET is limited to extremely small distances (sub 10 nm), 

and is mostly a binary measurement (either “close” or “far”). The plasmon ruler can 

be used for any distance within roughly 2-3 particle diameters, it does not 

photobleach, and it provides a continuous measurement of the distance down to 

extremely small particle separations.  

The non-binary nature of the PNR measurement was demonstrated nicely by 

Sonnichsen, et al, in 2005.81 Similarly to Reinhard’s work, Sonnichsen used DNA to 
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tether gold nanoparticles together; however, here each dimer was bound by a single 

strand of DNA as shown in Figure 4.8. The PNR response of the nanoparticle dimer 

was measured before and after the introduction of the complementary strand of DNA, 

and a blue shift of the LSPR was detected for the double stranded dimers, indicating 

a larger separation distance between the nanoparticles.  

 

Figure 4.8: Results of the conformational change of a DNA from single- to double-
stranded. Note the existence of two conformations for a single strand of DNA, shown 
by the second dotted line for t < 350s. Adapted from Sonnichsen et al.81 

 

These results are interesting on their own, but the experiment was also able to detect 

the existence of two different conformations for single stranded DNA. This state 

cannot be detected with a binary measurement technique, and serves to highlight the 

strength of the PNR as a tool for detecting very small distance variations. 

These experiments serve to highlight the strengths of the PNR as a versatile 

transducer platform. The wide variety of functionalizations allows for the detection 

of nearly any analyte, and control over nanoparticle characteristics means the LSPR 

can be tuned to any frequency across the visible spectrum. The exponential 
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relationship is sensitive enough to detect extremely small changes in interparticle 

distance while still being sufficiently long-ranged to outperform similar techniques. 

Both the top-down and bottom-up synthesis strategies contain significant 

weaknesses, however. Top-down methods are currently unable to produce large area 

nanoplasmonics devices in a reasonable time and at a sufficiently low cost. 

Furthermore, since this type of device requires that nanoparticles are adhered to the 

substrate, they are unable to be used in a PNR based sensor because their 

interparticle distances can never change.  Bottom-up based approaches, on the other 

hand, do not promote the production of uniform distributions of nanoparticle dimers. 

This forces researchers to make measurements on a single nanoparticle pair, which 

requires specialized equipment due to the low signal intensity. It is the major goal of 

this thesis to introduce a novel “hybrid” method for constructing PNR devices, which 

overcomes these limitations by combining properties of both top-down and bottom-

up synthesis techniques to develop large area, high signal to noise ratio (SNR) PNR 

devices. 

 

 

 

 



34 
 

Chapter 5: Optical Characterization of the Nanoparticle-

on-Mirror Architecture  

 

In this work, isolated metal nanoparticles are supported by a dielectric thin film, 

deposited by atomic layer deposition (ALD), which is placed onto a conducting plane.  

The optical scattering characteristics of these metal nanoparticles is directly 

correlated with the localized surface plasmon states of the nanoparticle – image 

particle dimer, formed in the conducting plane below. Quantification of plasmon 

resonance shifts can be directly correlated with the application of the plasmon 

nanoruler equation. This simple geometry shows that direct optical techniques can 

be used to resolve thickness variations in dielectrics of only a few nanometers. This 

chapter is adapted from “Thin film based plasmonic nanorulers,” published in Applied 

Physics Letters in 2016.82 I am responsible for all work presented in this chapter, 

excepting the x-ray reflectivity measurements which were performed and analyzed 

by Chang Lu and Scott Geyer.  
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5.1 Introduction 

The coupling of electromagnetic radiation with metallic nanoparticles (NP) occurs 

through a collective excitation of the conduction band electrons within the 

nanoparticle. This resonance driven effect leads to the so-called Localized Surface 

Plasmon Resonance (LSPR) frequency of the nanoparticle5,12,18,70,71,78,83. The LSPR 

leads to a dramatically enhanced electric field in the near field around the 

nanoparticle73, which in turn leads to a significant increase in light scattering that can 

be measured and quantified through absorption and scattering spectroscopy. As a 

charge excitation, the LSPR is strongly dependent on a number of geometrical and 

environmental factors proximal to the nanoparticle. Included in these factors are 

nanoparticle size and shape, as well as the refractive index of the surrounding 

medium. For example, interactions among local plasmonic nanoparticles can be a 

promising platform for use in a wide variety of applications, such as biological and 

chemical sensing, imaging, and medical therapeutics31,76,79,84,85.  

Of particular importance to the use of LSPR in sensing applications is the sensitivity 

of optical coupling to a given nanoparticle as a function of interparticle distance. Now 

widely known as a “plasmon nanoruler” (PNR)71, early observations of the effect were 

made using NP dimers, generally through the use of either conjugated DNA linking 

molecules81 or lithographically etched NP pairs76. This demonstrated that the 

scattering spectra of NP pairs is highly distance dependent, with an increasing red -

shift of the LSPR as interparticle spacing decreases. Theoretical studies86,21,71,77,87, 

based on mean field theories, soon produced the general PNR equation:  
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 ∆𝝀

𝝀𝒐
= 𝑨 × 𝐞𝐱𝐩 [−

𝒔
𝑫⁄

𝑩
] 

(5.1) 

where, s is the edge-to-edge particle separation, D is the particle diameter, and the 

scaling parameters A and B are unique to each specific configuration (for example, in 

the cited work A = 0.18 and B = 0.23 for a gold particle pair in a general protein filled 

biological medium76).  

The PNR can have several advantages over competing distance measuring 

techniques, such as Förster resonance energy transfer (FRET). For example, the 

distance dependence for the PNR can be used for distances of up to hundreds of 

nanometers (nm), while FRET’s inverse 6th order dependency limits its sensing range 

to 10 nm or less80,88. Additionally, fluorescent molecules will photobleach over time, 

limiting their effectiveness in experiments with longer durations. Metal NP have no 

such limitation.  

In this work we show that the PNR effect can be utilized to precisely determine thin 

film thicknesses.  Conceptually, our approach considers each nanoparticle of the 

sensing overlayer to be a single point scatterer. Its charge is suspended a distance D 

above a conducting film by a dielectric spacer. By the method of images11, this 

situation is analogous to one where instead of the conducting film, there is a second 

charge of equal and opposite sign located a distance –D below the film. Thus the 

plasmonic NP is mirrored with a separation distance of 2∙D. As long as this distance 

is within the range of the PNR (roughly 100-200 nm), the LSPR of the NP will shift 

according to the PNR equation. Therefore, each NP’s LSPR becomes a measurement 
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of the thickness of the dielectric film beneath it89,90. To interrogate these nanosensors, 

we can simply measure the scattering spectra of the NPs with a spectrometer or dark 

field optical microscope and compare that with the unshifted value. This technique 

has recently been shown to function with a nonplasmonic substrate, further 

emphasizing the flexibility of the film-spacer-NP architecture91. The design of the 

device used in this work is shown in Figure 5.1. 

 

 

Figure 5.1: Design of a single device cross section. Note the number of aluminum and 
oxygen layers sets the spacing between the evaporated silver film and the adsorbed 

NP layer. 

 

 

Generally, the dimensions of this work required two primary factors to be considered. 

First, in order to easily detect and measure the NPs through dark field microscopy, 

relatively large NPs of 80 nm diameter were chosen. Second, previous studies have 

suggested that the optimal range for a PNR is a NP – NP spacing of less than or equal 

to approximately 1.5 particle diameters71. For 80nm NP, this means dielectric film 

layers (the spacer to be measured) should be below about 60 nm (recall that for a 
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film – NP architecture the actual NP - NP separation distance is twice the dielectric 

layer’s thickness). With this in mind, atomic layer deposition (ALD)92 was chosen to 

create DSLs (dielectric spacer layers) of Al203 at 10, 20, 30, 40, and 50 nm thicknesses.  

These layers were characterized and calibrated independently to confirm thickness 

measurements of the PNR.  

NPs were deposited on top of the dielectric spacer layers, and the LSPR shift of the 

NPs was measured and compared to literature values. The result is a topological 

mapping of the dielectric layer that is sensitive to changes on the order of a 

nanometer or so.  

 

5.2 Methods 

Silicon wafers were first cleaned by a solvent bath procedure: 15 minutes submerged 

in 70ᵒC acetone, rinsed with isopropyl alcohol (IPA) and then submerged in 70ᵒC IPA 

for another 30 minutes. Afterwards, the substrates were dried with nitrogen gas and 

exposed to UV radiation for 10 minutes, rinsed with deionized water, and dried under 

nitrogen gas again to remove any organic contaminants. 

40 nm silver films were thermally evaporated onto the silicon wafers utilizing a 5 nm 

titanium adhesion layer (electron beam evaporation, 2 Å/s rate).  

Al2O3 films were deposited by ALD using trimethylaluminum and water at 175ᵒC in a 

Gemstar-6 ALD reactor.12 Atomic layer deposition gives excellent film uniformity and 

thickness control, and Al2O3 has a known growth rate of 0.12 nm per cycle. To confirm 
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the film thickness, small angle X-ray reflectivity (XRR) was performed using a D8 

Discover diffractometer and the data was fit using the LEPTOS software package by 

Bruker.  Both silver and Al2O3 films were within 2 nm of their intended thickness as 

shown in Figure 5.2. Silver NPs were purchased from Nanocomposix and deposited 

onto the ALD treated substrates via a spray deposition technique.  

Originally, nanoparticles were deposited by a simple drop cast from a micropipette, 

however the large droplet size led to a large number of aggregated nanoparticles, 

which were unable to be properly analyzed. By instead spray casting the NP-

containing suspension, the droplet size was significantly reduced, which led to an 

increase in unagglomerated nanoparticles. The deposition was performed using an 

Iwata HP-CS gravity fed airbrush that was loaded with one mL of 0.05 mg/mL 

nanoparticle suspension in deionized water (18 MΩ Millipore). The nozzle was held 

roughly 10cm away from the substrate and smoothly swept back and forth across the 

substrate over about three seconds. The substrates were then immediately placed on 

a hot plate at 80ᵒC to facilitate evaporation of the deionized water. After drying, the 

devices were immediately analyzed. 
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Figure 5.2: Sample XRR measurement (10nm DSL) and all thicknesses of Al2O3 spacer 
layers as measured by XRR. The dotted line represents an exact match between the 
intended and obtained thicknesses. 
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5.3 Results 

Once the film sizes were confirmed and NPs were deposited, the PNR effect was 

experimentally measured via dark field (DF) microscopy and spectrophotometry. DF 

microscopy highlights objects that have a high amount of non-specular reflection. 

Since the NPs are too small to be fully resolved optically, this means DF is a natural 

choice for colorimetric analysis of the NP “dimers,” where here we mean the 

nanoparticle and its image particle. Images of the NP ensembles were taken using a 

Tucsen TCH 5.0 megapixel camera with an Olympus U-MDF3 dark field attachment 

and analyzed using ImageJ as shown in Figure 5.3. 

In Figure 5.3, the color response of the NP ensemble as a function of increasing spacer 

film thickness is quite dramatic. Qualitatively, the color shifts from bright red at the 

smallest thickness to light blue at the largest thickness. To quantify this effect, several 

images were taken of each thin film sample in order to generate a large sample size. 

Each image was then filtered by pixel intensity to remove the background noise. Next, 

the average RGB coordinates of the NP ensemble were obtained using the RGB 

Measure Plus13 plugin in ImageJ. Lastly, the dominant wavelength was extracted from 

the RGB coordinates using a standard CIE color calculator.  
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Figure 5.3. Darkfield images of NP ensembles with progressively thicker spacer 
layers. (a) 10 nm, (b) 20 nm, (c) 30 nm, (d) 40 nm, (e) 50 nm. (f) Single NP that is 
representative of each ensemble, from thinnest to thickest spacer left to right. 
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Figure 5.4. Dominant wavelength of the spectral response vs. NP dimer separation for 
5 devices prepared by ALD, with slope and intercept displayed. Note that 485 nm is 
the plasmonic peak for 80 nm silver NP without any resonance shift. 

 

 As seen in Figure 5.4, the LSPR response is roughly linear with increasing DSL 

thickness as opposed to the expected exponential dependence.  However, following 

the work by Hill and colleagues89, we note that for NP-NP separation lengths of ¼ the 

NP’s diameter or greater, the exponential dependence flattens out appearing linear. 

Thus, for the regime of 0.25 ≤ S/D ≤  1.25, as in our experiments, the LSPR shifts 

linearly by roughly 1.5 nm per 1.0 nm of NP separation change (R2 = .98). This 

conforms well to other literature reports for this range, which are on the order of 1-

10 nm LSPR shift per nm separation change.81,90  

As a confirmation of the dominant wavelength calculation of the LSPR, spectroscopic 

measurements of the NP ensembles were performed using a grating 

spectrophotometer. White light from an incandescent source was coupled into a 50 
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micron fiber optic cable, which was then directed onto the sample. Scattered light was 

collected by another fiber optic cable fitted with a collimating lens in order to amplify 

the amount of signal entering the detector. The detector cable was positioned at an 

angle of approximately 45 degrees relative to the incident light, as shown in Figure 

5.5. This was done to collect the diffusely scattered light coming from the NP 

ensemble, while limiting the collection of light from the silver or dielectric films.  

A reference sample of bare silver was subtracted from each spectra in order to isolate 

the NP’s scattered light. From each subtracted spectra, the LSPR was selected by 

finding the wavelength at which the maximum intensity occurred, and then plotted 

as a function of DSL thickness.  
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Figure 5.5. Diagram of spectroscopic measurement configuration. 1) Substrate with 
or without NP. 2) Incident light positioned at 45o to the normal. 3) Specularly 
reflected light. 4) Light scattered by NP ensemble. 5) Detector positioned at the 
normal. 
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Figure 5.6: (a) scattering spectra of silver nanoparticles as a function of DSL thickness. 
(b) – comparison of LSPR found via dominant wavelength calculation and peak 
scattering wavelength. Spectra have been normalized to maximum intensity. 
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5.4 Discussion 

The scattering spectra obtained yield an LSPR value that correlates well with that 

found via dominant wavelength calculation, as seen in Figure 5.6, which suggests that 

technique could be a viable substitute for the calculation of nanoparticle LSPR 

wavelength without the use of a spectrophotometer. Interestingly, a small but 

consistent difference was found between the values obtained from the two methods, 

suggesting that the dominant wavelength method may introduce a small but 

systematic error into the measurement. On the other hand, this may simply be a result 

of the broad spectra obtained due to the use of 80nm particles (larger particles 

feature broader peaks23).  

Furthermore, the appearance of small but appreciable secondary features (such as 

the shoulders in several curves or the small peak at 510nm in the DSL = 10nm curve) 

in the scattering spectra implies the existence of smaller ensembles of nanoparticles 

with a different LSPR shift. These may be caused by defects in the substrate or silver 

film from evaporation, a thin/thick point in the Al2O3, or perhaps by some unseen 

higher order multipole effects75. Lastly, subtle deviations in the “device” or film 

structure over relatively long distances may lead to small differences in LSPR. Despite 

sampling hundreds of nanoparticles via DF microscopy, this is still small in 

comparison to the number sampled by the spectrophotometer, and may lead to the 

small observed differences in LSPR. 
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In summary, we report the characterization of the plasmonic response of silver 

nanoparticles in a coupled film – NP architecture. Dielectric films of roughly ½ the 

diameter of the nanoparticles were deposited via atomic layer deposition, and the 

LSPR was measured by spectrophotometer as well as by dark field microscopy. We 

observed that the resonance shift of the resulting NP-image dimers followed a 

roughly linear trend, which fits well with previous theoretical and experimental work 

of free dimers, for the length scale regime in which we worked. Furthermore, we 

confirm that a simple analysis using an optical microscope can be used to reliably 

determine subwavelength film thicknesses based upon plasmonic NP scattering in 

the simple PNR picture. By assembling a nanoparticle (NP) architecture on the film of 

interest, we can use variations in scattering spectra to resolve variations in film height 

that are subwavelength and are therefore not easily subject to other optical 

inspection methods. This provides a foundation for further experiments utilizing the 

PNR as a sensor to characterize thin films rapidly and accurately. 
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Chapter 6: Behavior of Ultrathin Polyion Films Evaluated 

by the Plasmon Nanoruler 

 

Plasmonic nanoparticles were suspended over a conducting film by a polyelectrolyte 

multilayer, which was deposited by a layer-by-layer technique. The extinction 

characteristics of these nanoparticles is dependent upon their separation distance 

from their induced image in the conducting film below, and therefore can be used to 

measure the thickness of the polymer film according to the plasmon nanoruler. The 

plasmon nanoruler was calibrated for this system by comparing the optical 

characteristics of the nanoparticles to thickness values of the polymer film obtained 

via atomic force microscopy. The unique parameters for the nanoruler equation were 

extracted from this calibration curve. This system was then used to study the swelling 

and shrinking behavior of the multilayer films under different pH conditions, for 

various combinations of strong and weak polyelectrolytes. I was responsible for all of 

the work presented in this study. 
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6.1 Introduction 

While the optical properties of gold colloids have been used for hundreds of years, 

recent advances in the ability to produce, manipulate, and characterize gold 

nanostructures has given rise to the new field of nanoplasmonics18,19,23,87. By 

leveraging the strong interaction between electromagnetic radiation and the 

collective oscillations of conduction band electrons in gold, known as plasmons, 

researchers can probe the local environment of the nanostructure through simple 

optical methods73. There are numerous different strategies that take advantage of this 

phenomenon, but they primarily fall into one of two categories: surface plasmon 

resonance (SPR) techniques14,16,93,94 that use thin films of metals, and localized 

surface plasmon resonance (LSPR) techniques that use metallic nanoparticles (NP). 

In this work we focus on an application of the second technique, which leverages the 

interactions between plasmonic nanoparticles to make a distance dependent 

measurement of their optical properties known as the plasmon nanoruler 

(PNR)69,72,87,90,95. 

As metallic nanostructures are brought within close proximity of one another, the 

near-field interaction of their plasmon modes gives rise to dramatic changes in their 

optical characteristics.21,78 Specifically, when two nanoparticles are brought to within 

approximately 1.5x their diameter, the LSPR mode splits into a lower energy 

longitudinal and higher energy transverse mode. The lower energy, red-shifted mode, 

is of interest to us. Its relationship to the interparticle spacing is given by the PNR 

equation: 
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where s is the edge-to-edge particle separation, D is the particle diameter, and the 

scaling parameters A and B are unique to each specific configuration (for example, in 

the cited work A = 0.18 and B = 0.23 for a gold particle pair in a general protein filled 

biological medium)76. Once the configuration specific parameters have been 

determined, a measurement of the shifted LSPR frequency of a NP dimer directly 

corresponds to the interparticle distance. In this way, one can easily determine small 

distances quickly and accurately – distances well beneath the diffraction limit of light. 

For single NP-NP dimers, however, practical considerations make measurements of 

the LSPR difficult to achieve65,71,81. To circumvent this issue, recent work has been 

conducted on the nanoparticle-on-mirror (NPOM) architecture57,75,89,82,96, which 

allows researchers to make measurements of ensembles of many NP dimers 

simultaneously. The NPOM design involves suspending a collection of NPs over a 

metallic film by a dielectric spacer layer (DSL). In the metal film, the electrons within 

the NP induce a mirrored charge that behaves as if it’s located an equal distance below 

the film. In this way, each NP can couple to its induced partner in the film. With a 

uniform spacer layer, each NP will be separated from its partner by an equal distance 

and therefore each will experience an identical LSPR shift. The intensity of the signal 

measured is now set by the density of NPs on the surface, so long as the lateral NP 

separation (as opposed to the vertical separation set by the thickness of the spacer 

layer) is sufficient to ignore any lateral NP interactions96. This simplifies the 
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measurement process significantly and allows macroscopic optical measurements to 

correlate to nanoscopic thickness variations. As an example of the extreme sensitivity 

of this technique, we have previously shown that an LSPR shift of 3 nm per 1 nm of 

DSL thickness change can be achieved82.  

To build the DSL for this work, polymers with charged side groups called 

polyelectrolytes (PELs) were adsorbed onto a thin film of gold using a layer-by-layer 

(LBL) deposition method40,41,44–46,51. The PEL LBL technique was chosen for this work 

for three reasons. First, PEL films formed by this technique have been shown to be 

both highly uniform and extremely thin97. Second, the sequential buildup of a PEL 

multilayer lends itself naturally towards the generation of a calibration curve. Finally, 

PEL films have been shown to undergo a conformational change in response to 

solution conditions such as pH or salt, presenting the opportunity to develop a simple 

sensor48,49,98–100. Gold was chosen over silver for this work due to the gold’s lack of a 

tendency to oxidate. To set the initial charge on the surface of the gold film, a self-

assembling monolayer (SAM) of mercaptopropionic acid (MPA) was deposited 

before the PELs26,33,35,37. Three types of PELs were used in this study:one strong 

cationic PEL poly (diallyl dimethyl ammonium chloride) (PDADMAC), and two 

anionic PELs - a strong PEL poly (styrene sulfonate) (PSS) and a weak PEL poly 

(acrylic acid) (PAA)101. Here, a strong PEL means that the side groups are charged at 

all pHs, while a weak PEL will transition between a fully charged, partially charged, 

and uncharged state depending on the pH of the solution. 
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The transition of PAA between these states, in response to the solution pH, leads to a 

change in both the inter- and intra-layer electric interactions, which in turn leads to 

a change in the total film thickness53. As it is the film thickness that determines the 

magnitude of the LSPR shift of the adsorbed NPs, we can experimentally quantify the 

swelling and shrinking of the polymer film by examining the LSPR of the device at 

various pHs. To verify that the effect on the observed LSPR of the device is in fact 

caused by the PAA layer, we substitute PAA with PSS and repeat the measurement. 

Since PSS is a strong PEL, it will not change its charge over the same range of pHs, and 

is therefore used to isolate the effect of the changing PAA protonation.  

Two solutions of gold NPs, citrate stabilized and branched poly(ethylenimine) (bPEI) 

stabilized, were used in this experiment47.  These were chosen to facilitate the 

deposition of NPs onto either a positively or negatively charged polymer surface by 

the same electrostatic attachment as in the LBL process. The negatively charged 

citrate ligand could be attached to a PEL film that terminated with a cationic polymer, 

and the positively charged bPEI could be attached to an anionic terminal layer. The 

structure of all materials involved in device synthesis is displayed in Figure 6.1, and 

a schematic view of the overall device structure is displayed in Figure 6.2.  
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Figure 6.1: Compounds used in the construction of the devices. (a)  MPA, (b) 
PDADMAC, (c) PAA, (d) PSS, (e) bPEI, (f) citrate. 
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Figure 6.2: Schematic representation of sample device, in this case 2 layer. For n = 
even, the terminal layer was negatively charged and so the bPEI (positive) capped NP 
were used. For n = odd, the terminal layer would be positive and so citrate (negative) 
capped NP would be used instead.   

 

 

6.2 Methods 

Polymers used for the multilayer films were obtained from Sigma Aldrich: poly 

(acrylic acid) (PAA, MW: 100 kDa), poly (styrene-4-sodium sulfonate) (PSS, MW: 100 

kDa), and poly (diallyl dimethyl ammonium chloride) (PDADMAC, MW: 400-500 

kDa). Mercaptopropionic Acid (MPA) was also obtained from Sigma Aldrich. Two 

solutions of 40 nm gold nanoparticles (0.02 mg/mL in water) were obtained from 

Nanocomposix, one with a positively charged (BPEI) and one with a negatively 

charged (citrate) surface functionalization.  

10 mM Polymer, in deionized water, deposition solutions were prepared in 40mL jars 

with 0.2M NaCl to set the ionic strength. Each solution’s pH was then measured and 
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adjusted via dropwise addition of 1M NaOH or HCl until the desired pH of 7-8 was 

achieved. All water was 18 MΩ Millipore, used throughout.  

Glass microscope slides were first cut into 1x3 cm rectangles in order to fit into the 

spectrometer cuvettes. The slides were then cleaned by sonication in a warm 

detergent, rinsed with deionized water, then submerged in 70oC acetone, then finally 

submerged in 70oC isopropyl alcohol (IPA). Each cleaning step lasted 15 minutes. 

After the IPA, the slides were dried with nitrogen gas and exposed to UV radiation for 

10 minutes, rinsed with deionized water, and dried to remove any organic 

contaminants.  

40nm gold films were thermally evaporated (1 Å/s rate) onto the glass slides using a 

5nm titanium adhesion layer (electron beam evaporation, 2 Å/s rate). After 

evaporation, the gold film covered glass slides (referred to as simply “gold slides”) 

were stored in nitrogen until use.  

Before monolayer deposition, all gold slides were exposed to the same cleaning 

procedure as the original glass slides, with one difference: the UV ozone step was 

replaced with a 20 minute immersion in “piranha” solution (3:1 H2SO4:H2O2). 

Afterwards, the gold slides were thoroughly rinsed with deionized water, dried, and 

immediately placed into 20mL vials containing 2mM MPA solutions in ethanol for 24 

hours. To remove any loosely bound thiols after monolayer deposition, the gold films 

were sonicated in a fresh solution of ethanol for three minutes, repeated three times, 

and then dried with nitrogen.  
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The polymer layer was deposited by immersion into the appropriate cat- or anionic 

solution for 5 minutes, followed by rinsing in water, twice for two minutes each. The 

slides were gently agitated for 10 seconds in the first water rinse to help remove 

loosely bound polymer. Lastly, the slides were immersed in a 0.2M NaCl solution to 

“salt anneal” the previous layer. This process was repeated, alternating cationic and 

anionic polymers, until the desired number of total layers was reached. The initial 

layer was always PDADMAC, due to the negatively charged surface of the gold by the 

MPA’s carboxyl group. 

Nanoparticles were deposited onto the polymer coated gold slides by simply 

dropping approx. 200μL of the stock nanoparticle solution on top of the slide for 10 

minutes. The low contact angle of the charged polymer surface meant that this 

amount was sufficient to cover the entire surface of the slide. The nanoparticles added 

were attached via electrostatic interactions between the surface ligand and the 

polymer, so the nanoparticles added to each device had a surface charge opposite to 

the charge of the final polymer layer (ie. a two layer device would be terminated with 

an anionic layer, so the positively charged BPEI capped nanoparticles would be used, 

and vice versa). After 10 minutes, the slides were immersed in fresh water for 30 

seconds and dried.  

Each “device” was actually two gold slides, an active and reference. The reference 

slide contained only the gold and polymer films while the active slide had gold, 

polymer, and nanoparticles. This was done to isolate the LSPR signal from any other 

potential attenuation sources.   
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Atomic force microscopy (AFM) thickness measurements were made using a JSPM-

5200 scanning probe microscope, operating in tapping mode. Previously we had used 

x-ray reflectivity to determine film thicknesses, but in this case the signal was too 

weak to make an accurate measurement. Polymer films were deposited onto cleaned 

silicon substrates by the same method as deposited onto the gold slides, except a 

section of the silicon was masked off by kapton tape. An image was then taken over 

the edge of the polymer film and silicon substrate, and the “feature height” plugin was 

run to determine the thickness of the polymer film. This plugin found the height 

difference between a region of polymer and a reference point on the plain silicon 

substrate, and the median value of these measurements was used for the film 

thickness.  

To hold the gold slides at a 60o angle relative to the beam path, a special holder was 

designed and printed using a Makerbot Replicator. The slide holders were then 

attached to the bottom of 3mL cuvettes using a silicone epoxy. Once set, the slide 

could be added and the cuvette filled with water for absorption spectroscopy. 

Absorption characteristics of the devices were measured using an in-line technique. 

Broad spectrum light from a converted optical microscope lamp first passed through 

a sheet polarizer, then through the cuvette, after which it was collected by a 50 micron 

fiber optic cable fitted with a collimating lens to amplify the signal entering the 

detector. This passed the attenuated light into an Ocean Optics Torus grating 

spectrophotometer for analysis. The devices were positioned at an angle of 60o 

relative to the beam path, so that the p polarized light could couple to the longitudinal 
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mode of the LSPR. To maximize the SNR, a pinhole was used to only allow light into 

the detector that had passed through the gold slide, and a sheet polarizer was used to 

allow only p polarized light through the device.  

 

6.3 Results 

The first step that is required is to extract the parameters A and B from the PNR 

equation, which are unique to each individual system. Once this is accomplished, any 

measured LSPR can be immediately converted into a film thickness. To do this, 

devices were fabricated with PEL films ranging from 1-9 layers and their thickness 

was determined by AFM.  Once the thickness values for each device had been 

established, the LSPR shift was measured for each device as shown in Figure 6.3.  

 

Figure 6.3: Extinction of NPOM devices as a function of number of PEL layers. Each 
device is compared against a reference that contains the same number of layers 
without NPs adsorbed onto the surface. 
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As expected, the one layer device shows the greatest shift in its LSPR of over 150 nm 

from its unshifted value, and as the PEL thickness increases the LSPR shift of the 

devices decreases down to a value of only 10 nm for the thickest device. In order to 

be able to extract the PNR parameters for this system, the peak wavelength of each 

curve was found by calculating the average wavelength for the top 20% of points in 

the curve. This was then divided by the unshifted value of 522 nm (found by the same 

process for the NPs in solution) to obtain the relative shift (Δλ/λo). To find the value 

for relative separation of the NPs (s/D), the thickness for each device obtained by 

AFM was divided by the NPs diameter of 41 nm (determined by TEM analysis). The 

relative shift vs. relative separation is shown in Figure 6.4, and by fitting an 

exponential curve to the data we determine the PNR parameters A and B to be 0.471 

and 0.299, respectively.   



61 
 

 

Figure 6.4: Relative LSPR shift vs. relative separation for devices built from increasing 
layers of PDADMAC and PAA, and the exponential relationship between them.  

 

With the calibration of this system complete, measurements of the LSPR for any given 

device is directly correlated to the thickness of the PEL multilayer. One application 

for this is to quantify the extent of polymer swelling/shrinking that occurs as the 

polymer side groups change from a charged to uncharged state. This can be done via 

adjusting the pH to either above (deprotonated) or below (protonated) the pKa of 

any weakly dissociating components. 

To start, a 4 layer PDADMAC/PAA device was constructed, and the LSPR response 

was measured in water at a pH of 2 (.01 M HCl), 7 (neutral water), and 11 (.001M 

NaOH). Because the protonation state is logarithmic with respect to (pH - pKa), a 

difference larger than 2 units causes over 99% protonation or deprotonation, which 

y = 0.4711e-3.338x

R² = 0.9911

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 0.2 0.4 0.6 0.8 1

re
la

ti
ve

 s
h

if
t 

(λ
o
/λ
)

relative separation (s/D)

PNR Equation for
PDAD/PAA Devices



62 
 

we assume to behave as either fully charged or uncharged. The LSPR response of the 

device in these situations is displayed in Figure 6.5. 

 

Figure 6.5: The LSPR response of a 3 layer PDADMAC/PAA device at low and high pH 
values. The pH 2 signal is redshifted relative to the pH 11 signal, corresponding to a 
thinner PEL film. 

 

Using the calibration curve obtained from Figure 6.4, we calculate that the PEL film is 

approximately 4.5nm thick at pH 2 and 6.5nm thick at pH 11. This is a surprising 
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at the lower pH. This is the opposite effect as what is commonly reported for the 

synthesis of the PEL multilayers, which is that the deposited film thickness is thinner 

when the polymer’s side groups are in the charged state. Furthermore, a large shift 
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the same. There is only a very slight shift in the signal between pH 2 and 7, the range 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

350 400 450 500 550 600 650 700 750 800 850

pH 2 pH 11 Neutral



63 
 

at which the PAA flips between the charged and uncharged state. This implies that 

there are other changes occurring in the system in addition to the PAA. To further 

investigate the mechanism responsible for the pH-sensitive LSPR shift, additional 

devices were constructed with different polymer compositions and NP capping 

agents in an attempt to isolate each of the components and identify the extent each 

has on the device’s behavior.  

To start, a one layer device was constructed using PDADMAC and citrate capped NP 

and the pH response of its LSPR was measured and plotted in figure 6.6. 

 

 

Figure 6.6: LSPR response of a one layer PDADMAC device at low, neutral, and high 
pH.  
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The responses of the one layer device at pH 2, 7, and 11 are indistinguishable from 

one another. The components involved in this device are the MPA (-) monolayer, 

PDADMAC (+) polymer layer, and the Citrate (-) capping agent on the NP. Since there 

is no response to pH, we can conclude that none of these components are responsible 

for the swelling/shrinking behavior previously observed.  

Next, a two layer device was constructed using PDADMAC/PSS and bPEI capped NP 

and the pH response of its LSPR was measured and plotted in Figure 6.7. 

 

Figure 6.7: LSPR response of a two layer PDADMAC/PSS device at low, neutral, and 
high pH. 
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The components involved in this device were MPA (-), PDADMAC (+), PSS (-), and 

bPEI (+). Here, we again measure the significant blue-shifting of the LSPR response 

at pH 11, while the signal at pH 2 and 7 are indistinguishable. However, the pKa of 

PSS is approximately 1, meaning that there is little to no significant change in its 

charge over the pH range tested. Therefore, by combining the results of the one and 

two layer devices, we can conclude that the bPEI capping agent is responsible for the 

blueshifting effect seen between pH 7 and 11. To confirm this, a two (bPEI capped 

NP) and three (citrate capped NP) layer device was constructed using 

PDADMAC/PAA and its LSPR response was measured and plotted in Figure 6.8. 

In the bottom panel of Figure 6.8, we observe no change in the LSPR response 

between pH 7 and 11, but a redshift in the response at pH 2. In the top panel of Figure 

6.8, we see a small redshift at pH 2, and a larger blueshift at pH 11, with the pH 7 

response somewhere in the middle. These results confirm the hypothesis that the two 

pH sensitive components are the bPEI capping agent and the PAA polymer layer.  
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Figure 6.8: LSPR response of a two layer (top panel) and three layer (bottom panel) 
PDADMAC/PAA device at ph 2, 7 and 11.  
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6.4 Discussion 

The pH sensitive response of our devices was surprising, and is the opposite of what 

has been reported during the deposition process42,48,97. Numerous studies have 

shown that the thickness per polymer layer is minimized by adjusting the pH of the 

deposition solution such that the PEL is maximally charged. Others have 

hypothesized that this is due to the greater electrostatic repulsion of the side groups 

during deposition – the more strongly charged the polymer, the thinner the layer 

required to completely invert the surface charge and thus terminate that layer’s 

deposition. In our result, we found that the film thickness was minimized when the 

pH sensitive components were in the uncharged state. We hypothesize that this is due 

to the intra-layer repulsion of like charges which dominates over the inter-layer 

attraction of opposite charges. In other words, the strength of the repulsion between 

the negatively charged side groups of the PAA expands the film more than the 

attraction between the PAA and the positively charged PDADMAC or bPEI contracts 

it. To be clear, this is not to suggest that previous results, concerning the effect of the 

PEL’s ionization during synthesis, are incorrect. Rather, the results presented here 

suggest that the PEL film responds differently to changes in its ionization state after 

it has already been synthesized.  

Additionally, we were able to isolate each component’s effects to identify exactly to 

what extent each affected the overall signal. By replacing the weak PEL PAA with the 

strong PEL PSS, we were able to confirm that the PAA was affecting the film’s 

thickness, and by changing between the cationic bPEI and anionic citrate capping 
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agents, we found that bPEI played a large role in the pH response of the device while 

citrate appeared to have no effect. This further highlights the versatility of the NPOM 

technique as a method for rapidly and accurately characterizing the response of thin 

films to solution conditions. 

This versatility, combined with the extreme sensitivity of the PNR, suggests that an 

NPOM device can be built and optimized for the facile detection of a wide range of 

analytes, not just pH, the only condition being the existence of a molecule that changes 

its conformation in the presence (or absence) of the analyte. With this condition in 

mind, we then suggest a general 5-part form for any NPOM based sensor. First, a 

metallic thin film of approximately 30nm on a transparent substrate. This was shown 

by Hill and colleagues to be the optimal thickness95, allowing for sufficient light 

transmission while still coupling to the NP overlayer. The second component is a 

thiolate based monolayer to facilitate attachment to the metallic film. Third is the 

active layer, the component that modulates the PNR effect by changing its thickness 

in response to the analyte. Due to the strength of thiol’s affinity for silver and gold, 

the active layer can be attached via a number of different methods, both covalent and 

ionic. Fourth is the NP capping agent. This is the complement to the monolayer, 

serving to attach the NP to the active layer. Citrate is the most common ligand used 

during NP synthesis, but it can be easily displaced through ligand exchange processes 

if a specific linking molecule is required29. Fifth is the NP overlayer. The size and type 

of NP should be carefully selected based on experimental criteria in order to 

maximize the sensitivity of the device as well as ensure that the optical regime where 

the LSPR falls is free of interference from any other components in the experiment.  
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The PNR has the potential to be a very powerful and versatile tool for measuring small 

distance changes simply and quickly, especially when used in the NPOM 

configuration. We have presented one such application of this technique, utilizing the 

high sensitivity of the PNR to detect and characterize the behavior of pH sensitive 

polymers to changes in the solution pH. One aspect of the flexibility the NPOM 

technique has is the ability to tailor some of the characteristics of the device in order 

to maximize the signal detected. Previously we reported that the PNR effect becomes 

substantial for values of s/D less than 1.5, and by examining the work done by 

Dubas40, Elzbieciak42, and others we were able to select the deposition pH, salt 

concentration, and time as well as the NP diameter in order to “tune” our devices for 

the experiment. In doing so, we were able to increase our operating sensitivity from 

the previously reported value of 1.5nm LSPR shift per nm of NP separation to over 

well 10nm shift per nm separation for this experiment.  

In summary, we report the characterization of a gold NP based NPOM sensor, using a 

PEL LBL technique to build the DSL. Additionally, we were able to tune the 

parameters of this system in order to maximize the sensitivity of the device, and use 

the device to measure the pH response of the various components within. Lastly, we 

suggest a structure for a general form of NPOM based sensors.  
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Chapter 7: Conclusions 

 

The coupling of metallic NPs holds significant promise as the active component for 

sensing across multiple applications. Their first benefit is their size – these devices 

can be incredibly small, as a single NP can be as little as 10s of nanometers in 

diameter. They are exceptionally versatile, as the only requisite is a molecule which 

changes conformation (and thus film thickness) in the presence of the analyte in 

question. They can be probed via visible light for gold and silver-based devices, or by 

a wide range of other wavelengths for less common plasmonic materials if necessary, 

and the detection instrumentation is rather simple. They are highly sensitive, with 

LSPR wavelength shifts of several nanometers per angstrom change in film thickness 

already reported. Lastly, they are passive (the LSPR shift itself does not require a 

power source), and thus the sensor does not have to be physically connected to how 

it is probed, implying the possibility of injectable or implantable devices. These 

advantages, while significant, are held back by the limitations of operating in the 

nano-regime; therefore much work still remains before they are viable for practical 

implementation. A few of these challenges are discussed below. 

Reproducibility vs cost: For a PNR device to be viable as a sensing platform, it needs 

to have both high reproducibility and low cost. The two options for the construction 

of a PNR based device are self-assembly techniques and lithographic techniques. 

Lithography yields highly reproducible structures with a tight amount of control over 
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the device dimensions, but at the cost of time and money. On the other hand, self-

assembled devices are cheap and have high throughput, but they suffer from 

decreased accuracy and reproducibility.  

Durability: Sensors need to be able to survive long term handling and exposure to 

ambient conditions and still function reliably. Any changes to NP size, shape, or 

composition can lead to signal changes and thus a loss of functionality. Currently, NPs, 

as well as thin films, are sensitive to oxidation, temperature fluctuations, and 

contamination, all of which need to be accounted for before commercial application. 

Furthermore, like all sensors, hysteresis can affect these devices and further study of 

the repeated uses of a device needs to be done.  

Specificity: The sensor needs to respond only to the analyte in question, and be 

resistant to any unwanted changes if it is to be used in more complex systems. This is 

not a problem inherent to the PNR itself, but rather is one of the method by which the 

signal is transduced. The PNR simply measures changes in the distance between two 

nanoparticles, so whatever is chosen to modulate that distance needs to be selective 

and specific. Since this problem is different for every system considered, it places 

additional restrictions on candidates for the active layer of a device.  

This thesis is intended to present the NPOM architecture as a possible solution to 

some of the challenges above, as well as to develop a general method by which this 

solution can be adapted for further study. It addresses the cost vs. reproducibility 

issue by utilizing the high throughput and low cost of a self-assembly technique, while 

simultaneously achieving good reproducibility by using a uniform thin film to set the 
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interparticle distance. The elegant geometry of the system means that each 

particle/virtual particle pair is oriented in exactly the same direction, maximizing the 

SNR for a given size and NP density. To avoid oxidation issues, gold NPs were chosen. 

Gold is famously inert, and thus is unlikely to change its signal due to oxidation. Also, 

once the polymer multilayers were deposited they were quite stable, lasting for at 

least several weeks, though further study is required to determine their true lifetime.  

To facilitate further study, a general form for NPOM based sensors was suggested in 

Chapter 3. The power of this form is in its flexibility; anything can be detected by this 

method provided a suitable material for the active layer exists.  

 

Figure 7.1: Schematic view for the general form of an NPOM based sensor.  

 

The process for identifying the components and constructing the NPOM device are as 

follows. First, the active layer material must be identified. The conditions for this 

active layer material are simple: it must undergo some sort of conformational change 

in the presence of the analyte, and that conformational change must manifest as a 

thickness change in the material as a thin film. Once the active layer material is 

selected, the thiolate coupling molecule is chosen. This thiolate will be used to form a 
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self-assembled monolayer (SAM) on top of the metallic film. The key part of the 

coupling molecule is the tail group, which should be selected to facilitate bonding, 

either ionically or covalently, to the active layer. Thus the thiol in the head group will 

bond to the metallic film and the tail group will bond to the active layer material, 

effectively attaching the active layer to the metal film. Lastly, the NP size and capping 

agent should be selected. The capping agent should either directly assist in attaching 

the NPs to the top of the active layer, or should be easily displaced so that the coupling 

molecule can be used instead. The size of the NPs should be selected in order to match 

the amount of thickness change in the active layer to the most sensitive operating 

regime of a PNR based device. In other words, an ideal NPOM device operates in the 

range of 0.1 < s/D < 0.3 to maximize sensitivity, so nanoparticle diameter D is chosen 

accordingly, based on the range of the active layer’s thickness s. 

The construction of the device proceeds in a bottom-up fashion. First, the metallic 

thin film is deposited onto the substrate. Typically this is done via evaporation, but 

other techniques such as electrochemical plating could be used as well. Next, the 

coupling SAM is deposited. To ensure an ordered surface with a high density of 

molecules, the deposition time should be relatively long, ideally 18-24 hours. Third, 

the active layer is attached to the device. The conditions of this deposition will vary 

widely depending on the circumstances, but care should be taken to maximize the 

uniformity of the film, since deviations in the uniformity lead to a wider plasmon band 

and therefore less accuracy in the measurement. Lastly, the NP overlayer is deposited. 

If the NP’s capping agent promotes attachment to the active layer then drop casting 

the NP solution is sufficient, since NP aggregation is minimal in this case. If not, then 
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spray casting the NP solution onto the heated device can be used to minimize these 

NP aggregates. Simple optical measurements of either the transmission, reflection, or 

scattering of the device surface can then be made to measure the LSPR of the NPs and 

thus the current thickness of the active layer. 

The work in this thesis provides the foundations for the use of plasmonic 

nanoparticles in the NPOM architecture as a versatile sensing platform. Significant 

research is still required to overcome the challenges toward its implementation, 

however the potential of such a system is high and the field is still in its early stages. 

Advances from many different fields will contribute to improving the technology: 

better synthesis techniques for more stable and monodisperse NPs, higher resolution 

and more precise measurement of the optical properties, and cheaper and more 

sophisticated instrumentation. These advances in chemistry, physics, and 

engineering will all help drive the plasmonic sensor forward as a powerful sensing 

tool.  

 

 

  



75 
 

References 

1. Kroto, H. W., Heath, J. R., O’Brien, S. C., Curl, R. F. & Smalley, R. E. C 60: 

buckminsterfullerene. Nature 318, 162 (1985). 

2. Feynman, R. ‘There’s plenty of room at the bottom’. in American Physical 

Society (1959). at <http://www.its.caltech.edu/~feynman/plenty.html> 

3. Grieneisen, M. L. & Zhang, M. H. The proliferation of nano journals. Nat. 

Nanotechnol. 5, 825 (2010). 

4. Pines, D. & Bohm, D. A collective description of electron interactions: II. 

Collective vs individual particle aspects of the interactions. Phys. Rev. 85, 

338–353 (1952). 

5. Willets, K. A., Duyne, R. Van & Van Duyne, R. P. Localized Surface Plasmon 

Resonance Spectroscopy and Sensing. Annu. Rev. Phys. Chem. 58, 267–297 

(2007). 

6. Ferry, V. E., Munday, J. N. & Atwater, H. A. Design considerations for plasmonic 

photovoltaics. Adv. Mater. 22, 4794–4808 (2010). 

7. Conklin, D. et al. Exploiting plasmon-induced hot electrons in molecular 

electronic devices. ACS Nano 7, 4479–4486 (2013). 

8. Maier, S. A., Kik, P. G. & Atwater, H. A. Observation of coupled plasmon-

polariton modes in Au nanoparticle chain waveguides of different lengths: 

Estimation of waveguide loss. Appl. Phys. Lett. 81, 1714–1716 (2002). 



76 
 

9. Huang, X. & El-Sayed, M. A. Plasmonic photo-thermal therapy (PPTT). 

Alexandria J. Med. 47, 1–9 (2011). 

10. Homola, J. Surface plasmon resonance sensors for detection of chemical and 

biological species. Chem. Rev. 108, 462–493 (2008). 

11. Freeman, R Griffith and Grabar, Katherine C and Allison, Keith J and Bright, R. 

M. and others. Self-assembled metal colloid monolayers: an approach to SERS 

substrates. Science (80-. ). 267, 1629 (1995). 

12. Hutter, E. & Fendler, J. H. Exploitation of localized surface plasmon resonance. 

Adv. Mater. 16, 1685–1706 (2004). 

13. Riu, J., Maroto, A. & Rius, F. X. Nanosensors in environmental analysis. Talanta 

69, 288–301 (2006). 

14. Stockman, M. I. Nanoplasmonks : The physics behind the applications. Phys. 

Today 64, 39–44 (2011). 

15. Ehrenreich, H. & Philipp, H. R. Optical properties of Ag and Cu. Physical 

Review 128, 1622–1629 (1962). 

16. Kretschmann, E. & Raether, H. Radiative Decay of Non Radiative Surface 

Plasmons Excited by Light. Zeitschrift fur Naturforsch. - Sect. A J. Phys. Sci. 23, 

2135–2136 (1968). 

17. Mie-Beitrag-zur-Optik-AnnalenPhysik1908.PDF. 

18. Link, S. & El-Sayed, M. a. Shape and size dependence of radiative, non-



77 
 

radiative and photothermal properties of gold nanocrystals. Int. Rev. Phys. 

Chem. 19, 409–453 (2000). 

19. Jain, P. K., Lee, K. S., El-Sayed, I. H. & El-Sayed, M. A. Calculated absorption and 

scattering properties of gold nanoparticles of different size, shape, and 

composition: Applications in biological imaging and biomedicine. J. Phys. 

Chem. B 110, 7238–7248 (2006). 

20. Draine, B. T. & Flatau, P. J. Discrete-dipole approximation for scattering 

calculations. J. Opt. Soc. Am. A 11, 1491 (1994). 

21. Dhawan, A., Norton, S. J., Gerhold, M. D. & Vo-Dinh, T. Comparison of FDTD 

numerical computations and analytical multipole expansion method for 

plasmonics-active nanosphere dimers. Opt. Express 17, 9688–9703 (2009). 

22. Bian, R. X., Dunn, R. C., Xie, X. S. & Leung, P. T. Single Molecule Emission 

Characteristics in Near-Field Microscopy. Phys. Rev. Lett. 75, 4772–4775 

(1995). 

23. Anker, J. N. et al. Biosensing with plasmonic nanosensors. Nat. Mater. 7, 442–

453 (2008). 

24. Lu, X., Rycenga, M., Skrabalak, S. E., Wiley, B. & Xia, Y. Chemical synthesis of 

novel plasmonic nanoparticles. Annu. Rev. Phys. Chem. 60, 167–192 (2009). 

25. Rycenga, M. et al. Controlling the synthesis and assembly of silver 

nanostructures for plasmonic applications. Chem. Rev. 111, 3669–3712 

(2011). 



78 
 

26. Love, J. C., Estroff, L. a., Kriebel, J. K., Nuzzo, R. G. & Whitesides, G. M. Self-

assembled monolayers of thiolates on metals as a form of nanotechnology. 

Chemical Reviews 105, (2005). 

27. Deraedt, C. et al. Sodium borohydride stabilizes very active gold nanoparticle 

catalysts. Chem. Commun. (Camb). 50, 14194–6 (2014). 

28. Jingyue, Z. & Bernd, F. Synthesis of Gold Nanoparticles Via Chemical Reduction 

Methods. Nanocon (2015). 

29. Lin, S.-Y., Tsai, Y.-T., Chen, C.-C., Lin, C.-M. & Chen, C. AuNP53-Two-Step 

Functionalization of Neutral and Positively Charged Thiols onto Citrate-

Stabilized Au Nanoparticles. J. Phys. Chem. B 108, 2134–2139 (2004). 

30. Gole, A. et al. Polyelectrolyte-Coated Gold Nanorods : Synthesis , 

Characterization and Immobilization. 3, 1325–1330 (2005). 

31. Jun, Y. et al. Continuous imaging of plasmon rulers in live cells reveals early-

stage caspase-3 activation at the single-molecule level. Proc. Natl. Acad. Sci. U. 

S. A. 106, 17735–17740 (2009). 

32. Gan, W., Xu, B. & Dai, H. L. Activation of thiols at a silver nanoparticle surface. 

Angew. Chemie - Int. Ed. 50, 6622–6625 (2011). 

33. Caruso, F., Niikura, K., Furlong, D. & Okahata, Y. 1. Ultrathin multilayer 

polyelectrolyte films on gold: construction and thickness determination. 

Langmuir 7463, 3422–3426 (1997). 



79 
 

34. Nuzzo, R. G. & Allara, D. L. Adsorption of bifunctional organic disulfides on 

gold surfaces. J. Am. Chem. Soc. 105, 4481–4483 (1983). 

35. Sellers, H., Ulman, A., Shnidman, Y. & Eilers, J. E. Structure and binding of 

alkanethiolates on gold and silver surfaces: implications for self-assembled 

monolayers. J. Am. Chem. Soc. 115, 9389–9401 (1993). 

36. Song, S., Clark, R. A., Bowden, E. F. & Tarlov, M. J. Characterization of 

cytochrome c/alkanethiolate structures prepared by self-assembly on gold. J. 

Phy. Chem. 97, 6564–6572 (1993). 

37. Laibinis, P. & Whitesides, G. Comparison of the structures and wetting 

properties of self-assembled monolayers of n-alkanethiols on the coinage 

metal surfaces, copper, silver, and gold. J. Am. Chem. Soc. 113, 7152–7167 

(1991). 

38. Balmes, O. Self-Healing and Self-Organized Gold Nanoparticle Films at a 

Water/Organic Solvent Interface. J. Nanosci. Nanotechnol. 6, 130–135 (2006). 

39. Fan, J. A. et al. Self-Assembled Plasmonic Nanoparticle Clusters. Science (80-. 

). 328, 1135–1138 (2010). 

40. Dubas, S. T. & Schlenoff, J. B. Factors controlling the growth of polyelectrolyte 

multilayers. Macromolecules 32, 8153–8160 (1999). 

41. Decher, G., Hong, J. D. & Schmitt, J. Buildup of ultrathin multilayer films by a 

self-assembly process: III. Consecutively alternating adsorption of anionic and 

cationic polyelectrolytes on charged surfaces. Thin Solid Films 210–211, 831–



80 
 

835 (1992). 

42. Elzbieciak, M., Kolasinska, M. & Warszynski, P. Characteristics of 

polyelectrolyte multilayers: The effect of polyion charge on thickness and 

wetting properties. Colloids Surfaces A Physicochem. Eng. Asp. 321, 258–261 

(2008). 

43. Prucker, O. & Rühe, J. Polymer Layers through Self-Assembled Monolayers of 

Initiators. Langmuir 14, 6893–6898 (1998). 

44. Elosua, C., Lopez-Torres, D., Hernaez, M., Matias, I. R. & Arregui, F. J. 

Comparative study of layer-by-layer deposition techniques for poly(sodium 

phosphate) and poly(allylamine hydrochloride). Nanoscale Res. Lett. 8, 539 

(2013). 

45. Chen, J., Luo, G. & Cao, W. The Study of Layer-by-Layer Ultrathin Films by the 

Dynamic Contact Angle Method. J. Colloid Interface Sci. 238, 62–69 (2001). 

46. Decher, G. Fuzzy Nanoassemblies: Toward Layered Polymeric 

Multicomposites. Science (80-. ). 277, 1232–1237 (1997). 

47. Gittins, D. I. & Caruso, F. Tailoring the polyelectrolyte coating of metal 

nanoparticles. J. Phys. Chem. B 105, 6846–6852 (2001). 

48. Cranford, S. W., Ortiz, C. & Buehler, M. J. Mechanomutable properties of a 

PAA/PAH polyelectrolyte complex: rate dependence and ionization effects on 

tunable adhesion strength. Soft Matter 6, 4175 (2010). 



81 
 

49. Alonso, T., Irigoyen, J., Iturri, J. J., Larena, I. L. & Moya, S. E. Study of the 

multilayer assembly and complex formation of 

poly(diallyldimethylammonium chloride) (PDADMAC) and poly(acrylic acid) 

(PAA) as a function of pH. Soft Matter 9, 1920–1928 (2013). 

50. Litmanovich, E. A., Chernikova, E. V., Stoychev, G. V. & Zakharchenko, S. O. 

Unusual phase behavior of the mixture of poly(acrylic acid) and 

poly(diallyldimethylammonium chloride) in acidic media. Macromolecules 

43, 6871–6876 (2010). 

51. Lösche, M. et al. Detailed Structure of Molecularly Thin Polyelectrolyte 

Multilayer Films on Solid Substrates as Revealed by Neutron Reflectometry. 

Macromolecules 31, 8893–8906 (1998). 

52. Debye, P. & Huckel, E. The theory of electrolytes I. The lowering of the 

freezing point and related occurrences. Phys. Zeitschrift 24, 185–206 (1923). 

53. Budtova, T. & Navard, P. Swelling Kinetics of a Polyelectrolyte Gel in Water 

and Salt Solutions. Coexistence of Swollen and Collapsed Phases. 

Macromolecules 31, 8845–8850 (1998). 

54. Vo-Dinh, T., Cullum, B. M. & Stokes, D. L. Nanosensors and biochips: Frontiers 

in biomolecular diagnostics. Sensors Actuators, B Chem. 74, 2–11 (2001). 

55. Jain, P. K., Huang, X., El-Sayed, I. H. & El-Sayed, M. A. Noble metals on the 

nanoscale: Optical and photothermal properties and some applications in 

imaging, sensing, biology, and medicine. Acc. Chem. Res. 41, 1578–1586 



82 
 

(2008). 

56. Knight, M. W., Wu, Y., Lassiter, J. B., Nordlander, P. & Halas, N. J. Substrates 

matter: influence of an adjacent dielectric on an individual plasmonic 

nanoparticle. Nano Lett. 9, 2188–2192 (2009). 

57. Li, X., Jiang, L., Zhan, Q., Qian, J. & He, S. Localized surface plasmon resonance 

(LSPR) of polyelectrolyte-functionalized gold-nanoparticles for bio-sensing. 

Colloids Surfaces A Physicochem. Eng. Asp. 332, 172–179 (2009). 

58. Mayer, K. M., Hafner, J. H. & Antigen, A. À. Localized surface plasmon 

resonance sensors. Chem. Rev. 111, 3828–3857 (2011). 

59. Haes, A. J. & Van Duyne, R. P. A nanoscale optical biosensor: sensitivity and 

selectivity of an approach based on the localized surface plasmon resonance 

spectroscopy of triangular silver nanoparticles. J. Am. Chem. Soc. 124, 10596–

10604 (2002). 

60. Unser, S., Bruzas, I., He, J. & Sagle, L. Localized Surface Plasmon Resonance 

Biosensing: Current Challenges and Approaches. Sensors (Basel). 15, 15684–

716 (2015). 

61. Martinsson, E. et al. Local refractive index sensing based on edge gold-coated 

silver nanoprisms. J. Phys. Chem. C 117, 23148–23154 (2013). 

62. Miller, M. M. & Lazarides, A. A. Sensitivity of Metal Nanoparticle Surface 

Plasmon Resonance to the Dielectric Environment. J. Phys. Chem. B 109, 

21556–21565 (2005). 



83 
 

63. Miller, M. M. & Lazarides, A. a. Sensitivity of metal nanoparticle plasmon 

resonance band position to the dielectric environment as observed in 

scattering. J. Opt. A Pure Appl. Opt. 8, S239–S249 (2006). 

64. Nusz, G. J., Curry, A. C., Marinakos, S. M., Wax, A. & Chilkoti, A. Rational 

selection of gold nanorod geometry for label-free plasmonic biosensors. ACS 

Nano 3, 795–806 (2009). 

65. Raschke, G. et al. Biomolecular recognition based on single gold nanoparticle 

light scattering. Nano Lett. 3, 935–938 (2003). 

66. Van Duyne, N. U. et al. A Calcium-Modulated Plasmonic Switch. 5836–5837 

(2008). 

67. Gómez, D. E., Davis, T. J. & Funston, A. M. Plasmonics by design: design 

principles to structure–function relationships with assemblies of metal 

nanoparticles. J. Mater. Chem. C 2, 3077 (2014). 

68. Pileni, M. P. Nanocrystal Self-Assemblies: Fabrication and Collective 

Properties. J. Phys. Chem. B 105, 3358–3371 (2001). 

69. Liphardt, J. Calibration of Dynamic Molecular Rulers Based on Plasmon 

Coupling between Gold Nanoparticles. (2005). 

70. Romero, I., Aizpurua, J., Bryant, G. W. & García De Abajo, F. J. Plasmons in 

nearly touching metallic nanoparticles: singular response in the limit of 

touching dimers. Opt. Express 14, 9988–9999 (2006). 



84 
 

71. Yang, L., Wang, H., Yan, B. & Reinhard, B. M. Calibration of silver plasmon 

rulers in the 1-25 nm separation range: Experimental indications of distinct 

plasmon coupling regimes. J. Phys. Chem. C 114, 4901–4908 (2010). 

72. Rechberger, W. et al. Optical properties of two interacting gold nanoparticles. 

Opt. Commun. 220, 137–141 (2003). 

73. Petryayeva, E. & Krull, U. J. Localized surface plasmon resonance: 

Nanostructures, bioassays and biosensing-A review. Anal. Chim. Acta 706, 8–

24 (2011). 

74. Ni, F. & Cotton, T. M. Chemical procedure for preparing surface-enhanced 

Raman scattering active silver films. Anal. Chem. 58, 3159–3163 (1986). 

75. Nordlander, P. & Le, F. Plasmonic structure and electromagnetic field 

enhancements in the metallic nanoparticle-film system. Appl. Phys. B Lasers 

Opt. 84, 35–41 (2006). 

76. Jain, P. K., Huang, W. & El-Sayed, M. a. On the universal scaling behavior of the 

distance decay of plasmon coupling in metal nanoparticle pairs: A plasmon 

ruler equation. Nano Lett. 7, 2080–2088 (2007). 

77. Jain, P. K. & El-Sayed, M. A. Surface plasmon coupling and its universal size 

scaling in metal nanostructures of complex geometry: Elongated particle pairs 

and nanosphere trimers. J. Phys. Chem. C 112, 4954–4960 (2008). 

78. Guo, L. et al. Distance-mediated plasmonic dimers for reusable colorimetric 

switches: A measurable peak shift of more than 60 nm. Small 9, 234–240 



85 
 

(2013). 

79. Reinhard, B. M., Sheikholeslami, S., Mastroianni, A., Alivisatos,  a P. & Liphardt, 

J. Use of plasmon coupling to reveal the dynamics of DNA bending and 

cleavage by single EcoRV restriction enzymes. Proc. Natl. Acad. Sci. U. S. A. 

104, 2667–2672 (2007). 

80. Farinha, J. P. S. & Martinho, J. M. G. Resonance Energy Transfer in Polymer 

Interfaces. Fluoresc. Supermolecules, Polym. Nanosyst. 4, 215–255 (2008). 

81. Sonnichsen, C., Reinhard, B. M., Liphard, J. & Alivisatos, A. P. A molecular ruler 

based on plasmon coupling of single gold and silver nanoparticles. Nat. 

Biotechnol. 23, 741–745 (2005). 

82. Taylor, A. D., Lu, C., Geyer, S. & Carroll, D. L. Thin film based plasmon 

nanorulers. Appl. Phys. Lett. 109, (2016). 

83. Su, K. H. et al. Interparticle coupling effects on plasmon resonances of 

nanogold particles. Nano Lett. 3, 1087–1090 (2003). 

84. Chen, J. I. L., Chen, Y. & Ginger, D. S. Plasmonic nanoparticle dimers for optical 

sensing of DNA in complex media. J. Am. Chem. Soc. 132, 9600–9601 (2010). 

85. Chen, J. I. L., Durkee, H., Traxler, B. & Ginger, D. S. Optical detection of protein 

in complex media with plasmonic nanoparticle dimers. Small 7, 1993–1997 

(2011). 

86. Tabor, C., Murali, R., Mahmoud & El-Sayed, M. A. On the use of plasmonic 



86 
 

nanoparticle pairs as a plasmon ruler: The dependence of the near-field 

dipole plasmon coupling on nanoparticle size and shape. J. Phys. Chem. A 113, 

1946–1953 (2009). 

87. Gunnarsson, L. et al. Confined plasmons in nanofabricated single silver 

particle pairs: Experimental observations of strong interparticle interactions. 

J. Phys. Chem. B 109, 1079–1087 (2005). 

88. Wu, L. & Reinhard, B. M. Probing subdiffraction limit separations with 

plasmon coupling microscopy: concepts and applications. Chem. Soc. Rev. 43, 

3884–97 (2014). 

89. Hill, R. T. et al. Plasmon ruler with angstrom length resolution. ACS Nano 6, 

9237–9246 (2012). 

90. Mock, J., Hill, R., Degiron, A. & Zauscher, S. … -Dependent Plasmon Resonant 

Coupling between a Gold Nanoparticle and Gold Film. Nano Lett. (2008). 

doi:10.1021/nl080872f 

91. Li, L., Hutter, T., Li, W. & Mahajan, S. Single Nanoparticle-Based 

Heteronanojunction as a Plasmon Ruler for Measuring Dielectric Thin Films. J. 

Phys. Chem. Lett. 6, 2282–2286 (2015). 

92. Johnson, R. W., Hultqvist, A. & Bent, S. F. A brief review of atomic layer 

deposition: From fundamentals to applications. Mater. Today 17, 236–246 

(2014). 

93. Jiang, G. et al. Signal Enhancement and Tuning of Surface Plasmon Resonance 



87 
 

in Au Nanoparticle / Polyelectrolyte Ultrathin Films Signal Enhancement and 

Tuning of Surface Plasmon Resonance in Au Nanoparticle / Polyelectrolyte 

Ultrathin Films. Society 18687–18694 (2007). doi:10.1021/jp075986e 

94. Hill, R. T. Plasmonic biosensors. Wiley Interdiscip. Rev. Nanomedicine 

Nanobiotechnology 7, 152–168 (2015). 

95. Hill, R. T., Kozek, K. M., Hucknall, A., Smith, D. R. & Chilkoti, A. Nanoparticle-

film plasmon ruler interrogated with transmission visible spectroscopy. ACS 

Photonics 1, 974–984 (2014). 

96. Okamoto, T. & Yamaguchi, I. Optical Absorption Study of the Surface Plasmon 

Resonance in Gold Nanoparticles Immobilized onto a Gold Substrate by Self-

Assembly Technique. J. Phys. Chem. B 107, 10321–10324 (2003). 

97. Shiratori, S. S. & Rubner, M. F. pH-dependent thickness behavior of 

sequentially adsorbed layers of weak polyelectrolytes. Macromolecules 33, 

4213–4219 (2000). 

98. Dubas, S. T. & Schlenoff, J. B. Swelling and smoothing of polyelectrolyte 

multilayers by salt. Langmuir 17, 7725–7727 (2001). 

99. Hiller, J. & Rubner, M. F. Reversible molecular memory and pH-switchable 

swelling transitions in polyelectrolyte multilayers. Macromolecules 36, 4078–

4083 (2003). 

100. Ogieglo, W., Wormeester, H., Eichhorn, K. J., Wessling, M. & Benes, N. E. In situ 

ellipsometry studies on swelling of thin polymer films: A review. Prog. Polym. 



88 
 

Sci. 42, 42–78 (2015). 

101. Köstler, S., Delgado, A. V. & Ribitsch, V. Surface thermodynamic properties of 

polyelectrolyte multilayers. J. Colloid Interface Sci. 286, 339–348 (2005).

 

  



89 
 

 

Curriculum Vitae 

 

Profile 

I am a Ph.D. candidate in physics at Wake Forest University, specializing in 
the use of nano-scale physical phenomena for biomedical applications. I intend to 
enter the private sector after graduation with the goal of developing new solutions 
to problems facing the medical community.  

 

Education   

 BA in Physics, concentration in Biophysics and Biochemistry 

 Graduated May 2009 from Wake Forest University 

  

 Ph.D. in Physics 

 Expected Dec 2016 from Wake Forest University 

 

Research Experience 

 Research Assistant 

Center for Nanotechnology and Molecular Materials, Wake Forest University 

 Senior graduate student for medical applications project  
 Performed synthesis and characterization of nanoparticles and 

composites through multiple techniques 
 Tested attenuation and heat generation of nanoparticles for use in 

cancer tumor hyperthermia treatments 
 Studied plasmon resonance shift phenomena in metallic nanoparticles 
 Developed novel design for extremely small in vivo pressure sensor 

leveraging plasmon resonance shift 
 Coordinated with physicians at WFU Medical Center for in vivo 

experiments 
 Worked with local company to potentially bring a finished product to 

market 

Teaching Experience 



90 
 

 Teaching Assistant 

Department of Physics, Wake Forest University 

 Led up to 20 undergraduate students independently in guided 
laboratory exercises 

 Held weekly tutorial sessions to help students understand course 
material 

 Prepared solutions and graded homework, quizzes, and exams 
 Collaborated with professors and facilities manager on course 

material, teaching techniques and improving communication with 
students 

Publications 

 Alexander D. Taylor, Chang Lu, Scott Geyer, D. L. Carroll. Thin film based 
plasmon nanorulers. Applied Physics Letters, 2016, 109.  

 Alexander D. Taylor, Scott Geyer, D. L. Carroll. Behavior of ultrathin polyion 
films evaluated by the plasmon nanoruler. Scientific Reports, in review 
 

Presentations 

 Poster, WFU Graduate Student Research Day 
“Developing a novel pressure sensor utilizing the Plasmon Ruler” 
March 2014     Winston Salem, NC 

 

 Talk, American Physical Society March Meeting 
Developing a novel pressure sensor utilizing the Plasmon Ruler” 
March 2015     San Antonio, TX 

 

Memberships 

 American Physical Society 
 Material Research Society 
 Physics Honor Society ΣΠΣ 

References 

 Dr. David Carroll 
Ph.D. Advisor 
Center for Nanotechnology 
Wake Forest University 
501 Deacon Boulevard 
Winston Salem, NC 27105 



91 
 

336 727 1806 
carroldl@wfu.edu 

 

 Dr. Keith Bonin 
Department chair and teaching assistant professor for 3 years 
Department of Physics 
Wake Forest University 
1834 Wake Forest Rd 
Winston Salem, NC 27109 
bonin@wfu.edu 

 


