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The study of materials with nanoscale dimensions has gained wide spread research interest as these 

exhibit novel properties that can be used to manipulation of light for applications ranging from 

biosensing to optoelectronics. Metallic nanostructures coupled with light exhibit a collective 

oscillation of conduction band electrons leading an optical feature known as surface plasmon 

resonance (SPR). Quantum confinement effects in semiconductor nanoparticles allows the control 

over optical and electronic properties by changing size and shape of the nanoparticle. In order to 

fully realize the full potential of these interesting properties in nanoscale materials, this dissertation 

explores on fundamentals of these light matter interactions in nanoscale. The first work in this 

dissertation investigates on a novel plasmonic array that can be integrated into microfluidic 

channels to monitor real time biological interactions. The second work explores on coupling 

between one dimensional chains of plasmonic nanoparticles which leads delocalized surface 

plasmon feature which is highly sensitive local dielectric changes. The third study uses SPR to 

detect and quantify the interaction between the HIV capsid proteins and lipid bilayer films with 

the goal of establishing a potential drug target for HIV infection. The last study investigates on a 

general strategy to eliminate Fermi level pinning in semiconductor quantum dots using a thin film 

of alumina which may enhance the photoconversion efficiency in Schottky junction solar cells. 

The topics covered here should enable an insight into the fundamentals of light matter interactions 

in nanostructures which may facilitate their applications in sensing and photovoltaics. 
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Agampodi Madu Nimali Mendis, PhD 

University of Pittsburgh, 2016
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 INTRODUCTION 

The interest in nanoscale materials derives from the interesting properties they exhibit 

which are distinct from those of the bulk materials. Often the nanomaterials properties change as 

their size and shape changes. In noble metals, when the dimensions are reduced to tens of 

nanometers, a new absorption peak arises resulting from the collective oscillations of electrons in 

the conduction band. This phenomena is called surface plasmon absorption. In semiconductors, as 

the dimensions are reduced to become comparable or smaller than the electron’s wavefunction, 

electrons “feel” the presence of the particle boundaries and respond to changes in the particle size 

by changing their energy. This phenomena known as quantum confinement, can localize and 

stabilize the electron-hole pair, creating an exciton. As a result, new absorption features arise in 

semiconductor nanoparticles because of the confinement of the exciton. The interest on these 

nanomaterials has experienced enormous growth over the past few decades, often driven by the 

excitement in understanding the new science and application of it for economic growth. 

The studies in this thesis explore the light matter interactions of nanomaterials, with the 

aim of using them in sensing and photovoltaics applications. The first part of the introductory 

chapter describes the interaction of electromagnetic radiation with metallic nanostructures, leading 

to surface plasmon excitations, and how the refractive index sensitivity of surface plasmons stems 

from the fundamental physics of their excitation. The second section of this chapter describes the 

quantum confinement effects that arise in semiconductor nanoparticles and how it affects their 
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electronic state energetics. The third section describes photonic band gap materials which arise in 

periodic dielectric media. The chapter ends with a discussion of how these properties are used in 

third generation photovoltaics for efficiency enhancement. 

1.1 INTERACTION OF LIGHT WITH NANOSCALE METALLIC STRUCTURES 

This section describes how the interaction of light with metallic nanostructures gives rise 

to resonant plasmonic excitations and their refractive index sensitivity.  A discussion about the 

performance characteristics of surface plasmon resonance (SPR) based sensors, as well as an 

introduction to the computational electromagnetic calculations method, finite difference time 

domain (FDTD), is included in the latter part of this section. 

Plasmonics is a subfield of nanophotonics that is concerned with how electromagnetic 

fields can be confined on nanometer scale lengths. This field is concerned primarily with the 

interaction between electromagnetic radiation (EM) and conduction electrons at metallic interfaces 

or in small nanostructures of subwavelength dimensions, which leads to enhancement of the 

optical near field. Since the discovery of extraordinary optical transmission by Ebbeson 1, this field 

has attracted the attention of physicists, chemists, biologists, and material scientists for widespread 

use in areas such as electronics, optical sensing, biomedicine, data storage, and light generation.2,3 

Surface plasmons are very sensitive to the near surface dielectric constant and are well 

suited for the detection of surface binding events. Hence, surface plasmonic effects have been 

widely used in sensors, particularly for sensing biological interactions. When contrasted with other 

traditional methodologies like Enzyme-Linked Immuno Sorbent assay (ELISA), biosensing with 

surface plasmon resonance (SPR) provides advantages of real time, label free detection for a 
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variety of analytes.3-6  Two types of surface plasmon resonances are used in surface based sensing 

applications, propagating surface plasmon polaritons (SPP) and localized surface plasmon 

resonance (LSPR). 

 

 Surface Plasmon Polaritons 

The optical properties of subwavelength apertures in metallic films have been the focus of 

much research. In their original work, Ebbensen and coworkers1 discovered that subwavelength 

holes in optically thick metallic films could transmit certain wavelengths with efficiencies greater 

than unity, when normalized to the open area of the aperture. As for the underlying mechanism for 

this extraordinary property, it is now widely accepted that surface plasmons (SP) excited in these 

nanostructures play a key role. An SP arises from the collective motion of the electron charge 

density at a frequency corresponding to the quantized harmonic oscillation of that charge density 

at the surface of a metal (Figure 1.1). 2 When these electron charge density oscillations couple with 

the electromagnetic field, it results in a quasi-particle known as a surface plasmon polariton (SPP). 

The interaction between an SP and electromagnetic radiation occurs under the conditions where 

both the frequency and the momentum of the SP and the incoming electromagnetic radiation are 

matched.7 Under the above conditions for SP excitation, Maxwell’s equations yield the dispersion 

relationship for a surface plasmon polariton (SPP), given by the Equation (1.1).8 

 

 

 

𝑘𝑠𝑝 = 𝑘0√
𝜀𝑚𝜀𝑑

𝜀𝑚 + 𝜀𝑑
 

  

Equation 1.1 
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In the above equation ksp is the wavevector of the SPP excitation, k0 is the wavevector of 

the photons in free space, and εm and εd are the dielectric constants of the metal and the surrounding 

dielectric, respectively.  

Over a wide range of frequencies, the optical properties of a metal can be explained by a 

plasma model, in which the metal is considered to be a gas of free electrons. The dielectric response 

of a free electron gas is approximated by the Drude model8 as given by the Equation (1.2). 

 

𝜺(𝝎) = 𝟏 −
𝝎𝒑

𝟐

𝝎𝟐+𝒊𝜸𝝎
                    Equation 

1.2 

 

As Equation 1.2 shows the real part of the dielectric constant (ε) of the metal will be a 

negative value for frequencies ω<ωp. For frequencies ω larger than ωp (plasma frequency), the 

metal is transparent to incoming radiation, leading it to lose its ‘metallic character’. The parameter 

γ is the characteristic collision frequency, which relates to the damping of the electron oscillations. 

Because the real part of the dielectric constant of the metal is negative for the typical light 

frequencies under consideration, Equation (1.1) has a meaningful solution when the real part of 

the permittivity of the metal and dielectric material have opposite signs and also the numerical 

value of the real part of εm is greater than that of the dielectric. These conditions must be fulfilled 

by both the metal and the dielectric in order to support SPP excitation at the interface. 

Once the light has been converted into an SPP mode, it propagates on the metal dielectric 

interface until it gradually attenuates due to absorption losses coming from the metal and radiative 

losses by coupling into electromagnetic radiation. Writing ksp as a complex quantity,𝑘𝑠𝑝 = 𝑘𝑠𝑝
′ +

𝑖𝑘𝑠𝑝
" , the decay length (l) can be approximated by the following Equation (1.3), 
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𝒍 =
𝟏

𝟐𝒌𝒔𝒑
"                         Equation 

1.3 

 

where 𝑘𝑠𝑝
" is the imaginary part of the complex wave vector of SPP propagation. This value 

is in the range of ~10 μm for Au and Ag in the visible range.7 

 

 

 

 

 

 

 

 

 

Figure 1.1 This schematic diagram illustrates the electric field contours for SPP propagation along a metal/dielectric 

interface (x and y directions). The field decays evanescently in the z direction, reflecting the bound and nonradiative 

nature of SPP. The decay length of the SPP field amplitude is greater towards the dielectric side, as compared to the 

metal side. This figure is taken from reference [2].2 

 

 

Due to their transverse magnetic character and surface nature, the SPP has its electric field 

normal to the surface. The electric field is a maximum on the interface and decays both into the 

metal δm and into the dielectric δd with a characteristic decay length; ie. the length at which the 
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electric field amplitude decreases by 1/e.9 These decay lengths or skin depths are expressed by the 

following Equations (4 and 5).  

 

  

For a free space wavelength of 600 nm, δd ≈ 390 nm and δm ≈ 24 nm for silver in contact with air, 

whereas δd ≈ 257 nm and δm ≈ 31 nm for gold in contact with air. When excited at a quartz-gold 

interface δd ≈ 100 nm and δm ≈ 28 nm at a wavelength of 600 nm. For a gold-air interface, δd ≈ 444 

nm and δm ≈ 19 nm at a free space wavelength of 800 nm. These solutions show that the penetration 

depth in the dielectric is larger than that in the metal, and the difference in the penetration depths 

becomes quite distinct for long wavelengths.4,9 It is this evanescent field in the dielectric that is 

exploited for sensing, via a change in the optical properties of the dielectric near the surface of the 

metal film. 

As Figure 1.2 (a) illustrates, a SP has a greater momentum (ħksp) than a free space photon 

(ħk0) of a given frequency, giving rise to a momentum mismatch. Therefore, an SPP on a flat metal 

surface cannot be excited by an incoming plane wave. There are three main ways through which 

the missing momentum can be provided.  As illustrated in Figure 1.2 (b), the first makes use of 

prism coupling to increase the momentum of the incident EM radiation.7,8 The second uses surface 

defects to scatter the incoming radiation and excite SP locally. The third technique is to corrugate 

the surface periodically (Figure 1.2 (c)). 

 

𝛿𝑑 =
1

𝑘
[
𝜀𝑑 + 𝜀𝑚

−𝜀𝑑
2 ]

1
2 

 
Equation 1.4 

 

 

 

 

 

𝛿𝑚 =
1

𝑘
[
𝜀𝑑 + 𝜀𝑚

−𝜀𝑚
2

]
1
2 

 

Equation 1.5 
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a)                                                        b) 

 

Figure 1.2 (a) Plotting equation 1 shows that the momentum (wavevector) of a surface plasmon polariton (solid line) 

is always greater than that of free-space light (dashed line). This dispersion curve for the SP mode illustrates the 

momentum mismatch problem, the SP mode always has greater momentum (ksp) than a free space photon (k0) of the 

same frequency ω. This diagram is taken from reference [9].9 The most commonly used ways to provide missing 

momentum is by using (b) prism coupling method and, (c) surface corrugation.   

 

 

Sensing based on SPRs can be achieved in a variety of ways. Most of the commercial 

instruments for refractive index sensing based on this phenomenon utilize thin metal film based 

chips. Attenuated total internal reflection of a light beam through a prism is used to excite the SPP 

in the thin metal film (Figure 1.2 (b). In this configuration, a beam of light with momentum k is 

reflected at an interface between an insulator with higher dielectric constant 𝜀, usually in the form 

of a prism and a metal film. The projection of the momentum along the interface will have a 

value 𝑘𝑥 = 𝑘√𝜀 sin 𝜃, in which 𝜃 is the angle of the incident light normal to the surface.   Binding 

of molecules to a functionalized film is monitored as a change in the incident angle required for 

(

c) 
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SP excitation. Though these thin metal film based sensors are known to be very sensitive to surface 

environmental changes, the difficulty for miniaturization due to bulkiness of the instrumentation 

and requirement of large sample volumes, limits the ability for it to be deployed in high throughput 

chip based detection schemes especially in biosensing studies. 

 

1.1.1.1 Nanoslit arrays 

 

When the metal surface is corrugated in the form of a one dimensional grating with a 

periodicity p, as illustrated in Figure 1.3, the incident light diffracts and obtains an increased in-

plane momentum. The phase matching condition is obtained when the momentum of the surface 

plasmon on the metal nanoslit surface (kx) is matched by the incoming photons incident at an angle 

θ fulfill following relationship.  

 

𝑘𝑥 = 𝑘 sin 𝜃 ± 𝑗
2𝜋

𝑝
                   

  Equation 1.6 

 

In equation 1.6, 𝑗 = 1,2,3,4 … and k is the wavevector of the incoming photon. In these 

types of arrays, at normal incidence of light (𝜃 = 0), the dispersion relationship is modified and 

gives rise to Equation 1.7, which approximates the resonance wavelength SP excitation (λspp). 

 

 

 

𝜆𝑠𝑝𝑝 =
𝑝

𝑗
√

ℇ𝑚ℇ𝑑

ℇ𝑚 + ℇ𝑑
 j= 1, 2, 3… Equation 1.7 
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A slit array that has been supported on a substrate, is expected to have transmission peaks 

associated with SPP modes of both the metal-dielectric and the metal-substrate interfaces. As can 

be noted from the equation these resonances depend on the periodicity p of the slit array. At the 

same time, modes arise from cavity resonances located inside the slits. These resonances, unlike 

periodicity dependent SPP modes, are localized in nature and therefore have a strong dependence 

on the width and the length of the slit (film thickness).It is evident from the above relationship that 

as the refractive index (RI) of the metal surrounding environment changes, the phase matching 

conditions for SP excitation changes, giving the ability for nanoslit arrays to be used in refractive 

index sensing studies.  

 

 

a)                                                                    b) 

 

 

 

 

 

 

 

 
Figure 1.3 a) SEM image of a Au nanoslit array which was fabricated by the thesis author using electron beam 

lithography. The scale bar is 2 µm. b) A schematic of a nanoslit array.  
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 Localized Surface Plasmon Resonance 

For many hundreds of years noble metal nanoparticles (NPs) have been used for staining 

glass, because of the striking bright colors they exhibit under both transmitted and reflected light. 

This phenomenon arises because these NPs interact strongly with visible light when excited at 

their dipole surface plasmon frequency. 

 

Figure 1.4 This figure illustrates the excitation of localized surface plasmon resonances in nanoparticles, showing the 

restoring force induced and the driving force of the EM radiation which causes the charge displacement. This figure 

is taken from reference [2].2 

 

When a NP is exposed to an oscillating electromagnetic field it drives a charge 

displacement of the electron cloud, and the metal ion core of the particle exerts an effective 

restoring force on the driven electrons. A resonance excitation (Figure 1.4) of these electron charge 

density oscillation by electromagnetic fields results in a strong light scattering, in the appearance 

of intense absorption bands, and an enhancement of the local electromagnetic fields.10 This 

resonance is called the localized surface plasmon resonance (LSPR). Because of the surface 

potential the momentum condition is satisfied and the LSPR of a nanoparticle can be excited from 

direct light illumination, in contrast to propagating SPPs, which require phase matching. At LSPR 
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wavelengths, the plasmon oscillations in the nanoparticles reach their maximum amplitude. The 

increased scattering and absorption that results lead to transmission minima, which can be 

observed as dips in the transmission spectra.  

For a nanoparticle with a size much smaller than the wavelength of the incident light, the 

phase of the harmonically oscillating EM field can be approximated as constant over the total 

volume of the NP. Under this approximation the polarizability (α) of a small spherical particle can 

be expressed as 

 

 

with radius R and dielectric function εm  surrounded by a host medium with dielectric constant εd. 

It is apparent from the above equation that the polarizability experiences a resonant enhancement 

under the condition where the denominator becomes a minimum, namely when, 

 

  

The relationship in Equation 1.9 is known as the Fröhlich condition. For a sphere consisting of a 

Drude metal located in air, the condition is met at the frequency 𝜔0 = 𝜔𝑝/√3, meaning that the 

LSPR occurs at a frequency below the plasma frequency of the metal. The Fröhlich condition also 

expresses the strong dependence of the resonance wavelength on the dielectric constant of the 

surrounding medium of the metal NP. The position of the resonance red shifts as εd increases, 

which is the basis of refractive index (RI) sensing using metal nanoparticles. During the resonance 

 

𝛼 = 4𝜋𝜀0𝑅3
𝜀𝑚 − 𝜀𝑑

𝜀𝑚 + 2𝜀𝑑
 

  

Equation 1.8 

 
 

 

𝜀𝑚 = −2𝜀𝑑 

 

Equation 1.9 
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process a dipolar field is produced outside the NP, leading to enhancement of the near field in the 

immediate vicinity of the particle3. The decay length of the dipolar near field defines the sensing 

volume of a LSPR based sensor. Comparing the decay lengths of the plasmonic fields produced 

by the SPP excitation, the decay lengths produced by the LSPR are an order of magnitude shorter. 

Due to such tight confinement of the optical energy, LSPR active nanostructures are highly 

sensitive to surface properties. 

Additionally, the size and the shape of an NP can influence the resonance wavelength of 

the nanoparticles. The distance between charges at opposite interfaces of the particle increase with 

the size of the NP leading to a smaller restoring force, thereby shifting the resonance to longer 

wavelengths. Another consequence of being larger sized particles is that a finite phase delay 

between the front and back of the particle can occur, leading to excitation of multipolar modes.3,8 

For nonspherical metallic NPs, an uneven distribution of the surface plasmons around them 

becomes manifest as a shape dependence for the LSPR extinction spectra.3 

 

1.1.2.1 Nanoparticle chains 

 

When metallic NPs are arranged in an ordered array, they interact, leading to new 

interesting optical resonances in the extinction spectrum. Depending on the polarization of the 

incident light, the plasmonic resonance splits and shifts relative to those of non-interacting NPs. 

When a NP of size a is arranged in an ordered one-dimensional array with inter-particle spacing 

d, such that a is much smaller than d, the particles can be treated as point dipoles (Figure 1.5). 

Depending on the spacing between adjacent NPs, two regimes of interactions can be distinguished. 

For closely spaced particles, where the inter-particle spacing (d) is smaller than the incident 
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wavelength (λ), near field interactions with a distance dependence d-3 dominates and for widely 

separated NPs where d is larger than λ, far field interactions with a distance dependence d-1 

dominate.11,12 When the spacing between two NPs approaches the wavelength of LSPR excitation 

in a single NP, a resonant far field interference becomes especially important and leads to 

pronounced changes in the extinction spectra of the system.13 Near field coupling dominates in 

systems where the NP is separated by a few particle diameters a, due to its d-3 dependence coupling 

rapidly decreases. 

 

 

Figure 1.5 Linear chain of equidistantly spaced spherical nanoparticles with diameter a and with the distance d 

between the centers of the particles. The incident plane electromagnetic wave propagates in the z direction.  

 

 

When nanoparticles interact with their near fields, the resonance shifts because of the 

Coulombic interaction. Depending on the direction of light polarization, modes of a nanoparticle 

chain fall into two categories. As illustrated in Figure 1.6, when light is polarized along the long 

axis of the chain, the dipoles are arranged along the chain, giving rise to a longitudinal mode. For 

a longitudinal mode, coupling to the neighboring NP decreases the restoring force and a red shift 

is observed for the plasmon resonance wavelength. In contrast, the resonance of a transverse 

polarized mode, light polarized perpendicular to the chain, displays a blue shift.  As Figure 1.6 
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shows, dipoles arranged in this way couple to neighboring particles to increase the restoring force, 

hence a blue shift is observed.  

 

 

a)                                                                    b) 

 

Figure 1.6 Nanoparticle coupling under a longitudinal restoring force (a) shifts the resonance to lower frequency and 

nanoparticle coupling under a transverse polarization (b) increases the restoring force through coupling to neighbors 

shifting the resonance to higher frequency. 

 

 Refractive index sensing using SPR 

The SPR response of nanostructured films is also highly sensitive to refractive index 

changes in their surrounding environment. These nanostructured films can consist of either 

nanoaperture or nanoparticle arrays and the dielectric constant of the surrounding medium causes 

changes in the response of the SPP, the LSPR, or their combination. Because these structures are 

tens to hundreds of nanometers in size, an entire array of apertures can be fabricated in an area of 

a hundred square microns. With recent advances in nanofabrication methodologies precise control 

of size, shape, and/or spacing can be realized, giving the capability to modulate the optical response 

of these nanostructures, and thus their sensitivity. The ability for miniaturization and ease of 

transmission measurements, as opposed to reflection methods in thin film based SPR, makes these 

devices very promising in future sensing applications. 

(

a) 
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The sensing performance of an SPR based sensor is characterized by the resonance 

wavelength shift (𝛿𝜆) which arise from changes to the bulk RI (𝛿𝑛) in the surrounding medium, 

defined by the equation 1.10. 

 

To compare the sensors in a way that accounts for the condition of the resonances, a figure 

of merit (FoM) is defined by the equation, 

 

 

where Δ𝑓 is the full width of the resonance at its half maximum. To understand the wavelength 

shift response of an SPR based sensor (Δλ) upon molecular adsorption, the following equation is 

often used.5,14 

 

 

where m is the refractive-index sensitivity, nadsorbate and nbulk  are the refractive index of the 

adsorbate and surrounding medium, d is the effective adsorbate layer thickness, and δd is the 

characteristic electromagnetic field decay length. This model assumes a single exponential decay 

of the electromagnetic field normal to the planar surface, which is accurate for a propagating 

 

𝑆𝑏𝑢𝑙𝑘 =
𝜕𝜆

𝜕𝑛
 

  

Equation 1.10 

 
 

 

𝐹𝑜𝑀 =
𝑆𝑏𝑢𝑙𝑘

Δ𝑓
 

 

Equation 1.11 

 

 

Δ𝜆 = 𝑚(𝑛𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 − 𝑛𝑏𝑢𝑙𝑘)[1 − 𝑒
−

2𝑑
𝛿𝑑 ] 

 
Equation 1.12 
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surface plasmon but is undoubtedly an oversimplification for the electromagnetic fields associated 

with noble metal nanoparticles.  

As illustrated by Figure 1.7, if molecular binding on the metal surface creates a thin film 

(e.g - formation of a self-assembled monlayer of thiols), the molecules will proportionally 

modulate the effective refractive index seen by the SP, causing a shift in the resonant wavelength 

as predicted by the Equation (1.12). If the thickness (tfilm) of an adsorbed film is much larger than 

δd, then the SP wave senses the “bulk” refractive index of any adsorbed molecules. If tfilm is less 

than δd, then the effective refractive index neff seen by the SP wave is calculated by a weighted 

average of the dielectric function above the metal surface as given by the Equation (1.12). 

 

 

 

Figure 1.7 Effective refractive index of a thin film. On the left hand side, the extension of the SPP field in the z 

direction is entirely within the bulk of the thin film, in that δd < tfilm. When δd > tfilm, the effective index seen by the 

evanescent SPP field, must be calculated as a weighted average of nbulk and nadsorbate. 

 

In general the performance of an SP sensor increases with the amount of field confinement 

on the dielectric side. Inherent from the localized nature, the δd is known to be shorter in a LSPR 

based sensor as compared to an SPP based sensor. This fact makes the LSPR based nanoparticle 

sensors more sensitive in detecting surface binding events; SPP based sensors are more sensitive 

to bulk refractive index changes, given their long δd as well as propagation along the metal-

Metal 

tfilm 

tfilm 

Bulk 

Bulk 

δd 
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dielectric interface. Thus the sensitivity of SPP based sensors to molecular adsorbents on the 

surface is dependent on the amount of field confinement and on the magnitude of the attenuation 

length on the interface.  

 Finite difference time domain calculations 

Classically, all electromagnetic phenomena can be described by using Maxwell’s 

equations. These foundational equations describe electromagnetic fields and how they evolve over 

time. Maxwell’s equations can only be solved analytically for a small set of simple geometries, 

such as spherical metallic nanoparticles, planar metallic films, or simple SPP waveguide structures. 

For any other geometry, they must be solved numerically. The finite-difference time-domain 

(FDTD) algorithm is one of the most widely used methods for performing such numerical 

experiments, calculating the propagation of electromagnetic fields through complex materials with 

arbitrary geometries.  

In this method the structure of interest is discretized onto a grid and each grid cube has a 

specified index of refraction. To obtain accurate results, the spatial grid must also be small enough 

to resolve the wavelength of the light or the smallest structural feature. Since Maxwell’s equations 

dictate that a temporal change in electric field is related to a spatial change in magnetic field, and 

vice versa, a time step is also defined for fields to travel from one cell to the next. Even though the 

FDTD method provides a convenient, systematic and general approach for calculating the optical 

response of nanostructures of arbitrary symmetry and geometry, there are, several important 

limitations to the FDTD algorithm, the most severe being the intensive computational resources 

required for a full three-dimensional calculation.  
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1.2 INTERACTION OF LIGHT WITH NANOMETER SCALE SEMICONDCTOR 

STRUCTURES 

This section describes how interaction of light with semiconductor nanostructures leads to 

interesting properties, which arise from quantum confinement of the electron and holes.  

 Inorganic Semiconductor Nanoparticles  

Semiconductor nanoparticles are a class of nanomaterials that are the subject of diverse 

fundamental and applied research efforts. These materials exhibit novel size dependent optical and 

electronic properties that are uniquely linked to the nanoparticle size. These properties emerge 

from quantization effects, namely charge carriers (electrons and holes) are confined by potential 

energy barriers to a dimension that is smaller than the de Broglie wavelength of the carriers. The 

length scale at which these effects become manifest is less than 10 nm – 20 nm for most 

semiconductors (e.g – CdSe, CdTe), but can be as high as 30 -50 nm for semiconductors with 

higher electron effective mass (e.g. – PbSe, PbS).15 When charge carries are confined in one 

dimension, it produces quantum wells (carrier is confined in one dimension and delocalized in the 

other two) while two dimensional confinement give rise to quantum wires and rods (delocalized 

in one dimension). Three dimensional confinement leads to quantum dots. The density of electron 

states for bulk and size-quantized semiconductor are depicted in Figure 1.8. 
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         a)                      b)              c)        

 d) 

 

Figure 1.8 Schematic representation of effects of quantum confinement on the density of states moving from (a) bulk 

to (b) one dimensional quantum confinement in quantum wells, (c) two dimensional quantum confinement in quantum 

wires, and (c) three dimensional quantum confinement in quantum dots. It can be noted that three dimensional quantum 

confinement leads atom like delta function is obtained for density of states. This figure is taken from reference 16.16  

 

Reducing the quantum dot (QD) size increases the carrier confinement, widens the 

electronic bandgap, and shifts the absorption and emission spectra to higher energy (shorter 

wavelength). Therefore the band gap of the colloidal quantum dots can be tuned by changing their 

size. The size of the quantum dots also determines their extinction coefficient, as the number of 

constituent atoms and bonds which determines the oscillator strength also changes with the 

nanoparticle size. The extinction coefficient for quantum dots ranges from 105 to 106 M-1 cm-1 at 

their first exitonic absorption peak, increasing toward UV wavelengths.17 These extinction 

coefficient values are about 100 times larger than that of organic dyes used in most dye-sensitized 

solar cells which have molar extinction coefficients usually around 2.5 x 104 – 2.5 x 105 M-1cm-1 

at the absorption maximum.17 Quantum dots are also largely photostable, as compared to organic 
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dye molecules which bleach when exposed to high fluxes of light. In quantum dots the limited 

number of electrons results in discreet quantized energies.  

1.2.1.1 Quantum Confinement Effects in Semiconductor Quantum Dots 

 

The first approximation for quantum effects in semiconductor QDs was presented by Brus 

and is called the “effective mass approximation” (EMA).18,19 In this approximation an exciton is 

considered to be confined in a sphere with a radius R, and the masses of the electron and hole are 

replaced by effective masses, as used for carriers in bulk semiconductors. The expression for the 

bandgap energy is 

 

 

In Equation 1.13, 𝐸𝑔 is the band gap of the QD, h is the Planck constant, 𝑚𝑒
∗  and 𝑚ℎ

∗  are the 

effective mass of the electron and hole (respectively), 𝑒 is the electron charge, and 𝜀0and 𝜀𝑟 are 

dielectric constant of the vacuum and the semiconductor. The first term, Ebulk, in Equation 1.13 

represents the band gap energy of the bulk semiconductor. The second additive term represents the 

energy gained by quantum confinement. This term has a R-2 dependence, which gives rise to the size 

dependence of the band gap energy.  The third subtractive term corresponds to the Coulombic attraction 

energy of the exciton, having a R-1 dependence. 

Because the band edge values are well known for the bulk, the valence band maximum (VBM) 

and the conduction band minimum (CBM) of the QDs can be estimated using the following 

relationships.  

 
𝐸𝑔 = 𝐸𝑏𝑢𝑙𝑘 +

ℎ2

8𝑅2
(

1

𝑚𝑒
∗

+
1

𝑚ℎ
∗ ) −

1.786𝑒2

4𝜋𝜀0𝜀𝑟𝑅
 

 
 

 

Equation 1.13 
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Figure 1.9 The graph shows the predicted CBM (red circles) and VBM (black squares) values for PbS QDs that the 

author calculated by using EMA. The dash lines indicate the bulk CBM and VBM values. For PbS, EgBulk = 0.41 eV, 

𝑚𝑒∗= 0.4m0, 𝑚ℎ∗= 0.33m0, and m0 = 9.1x10-31 kg and 𝜺rPbS = 17. 

 

Figure 1.9 shows the CBM and the VBM calculated for PbS QDs as a function of its 

diameter. It can be noted that the band gap, the difference between the VBM and CBM, gradually 

increases for smaller size QDs exhibiting quantum confinement effects. The conduction and 

valence band edges are also size dependent and slowly approach the bulk values and the degree of 

shift is dependent on the effective mass of the hole and electron for each semiconductor according 

 
𝐸𝑉𝐵𝑀 = 𝐸𝑉𝐵𝑀

𝐵𝑢𝑙𝑘 + 𝐸𝑔 [
𝑚𝑒

∗

𝑚ℎ
∗ + 𝑚𝑒

∗
] 

 
Equation 1.14 

 

 
𝐸𝐶𝐵𝑀 = 𝐸𝐶𝐵𝑀

𝐵𝑢𝑙𝑘 + 𝐸𝑔 [
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∗

𝑚ℎ
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Equation 1.15 
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the EMA model.  However, studies on many different types of QDs have shown that the most 

EMA, consistently overestimates the valence and conduction band size-dependent shifts because 

it unrealistically assumes an infinite potential barrier at the dot surface.20,21 Recent studies on 

nanocrystal energy level structures have shown that the electronic state energies of QDs are 

inherently coupled to their surface chemistry and surface ligands have been used to tune the 

absolute position of the electronic band energies of QDs.22  

1.2.1.2 Quantum Dot Solar Cells 

 

Owing to its unique properties of ready tunability and high oscillator strength many 

workers are exploiting light harvesting using QDs. Recent work on multiexciton generation in 

QDs, in which two or more excitons can be generated with a single photon of energy greater than 

the bandgap, has raised the possibility of boosting the photoconversion efficiency beyond the 

traditional Shockley Queiseer limit.23-25 In addition, QDs allow solution based processing that can 

drastically reduce the fabrication cost. Thus QDs are promising candidates for next generation 

solar cells which aim to reduce the fabrication cost while increasing efficiency beyond what is 

available from second generation thin film based devices.26,27   

The efficiency (η) of a solar cell is measured by the ratio of the electrical output from the 

solar cell to the incident energy from the sunlight. This power conversion efficiency (PCE) is 

calculated according to the relationship as follow.28  

 

𝜼 =
𝑷𝒎

𝑷𝒊𝒏
                        Equation 

1.16 
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In Equation 1.16, 𝑃𝑖𝑛 is the incident power and 𝑃𝑚 is the maximum power output from the 

solar cell.  The maximum output power of a solar cell can be derived by assuming that the solar 

cell operates as an ideal diode with excess carriers originating from solar irradiation. The current- 

voltage (I-V) characteristics of such a device are given by  

 

𝑰 = 𝑰𝒔 (𝒆
𝒒𝑽

𝒌𝑻 − 𝟏) − 𝑰𝑳                  Equation 1.17 

 

where I is the current output from the cell and 𝐼𝑠 is the diode saturation current. The current 

produced by the excess carriers generated by solar irradiance is given by 𝐼𝐿. The voltage in which 

the cell is under is given by V, T is the temperature of the cell and k is the Boltzmann constant. 

This equation can be plotted to obtain the I-V characteristics of a cell as illustrated in Figure 1.10.  

When the applied voltage is zero (V=0), the equation predicts that 𝐼 = 𝐼𝐿. This point on the I-V 

curve is known as the short circuit current (ISC). The voltage at which the current produced by the 

cell zero (I = 0), is known as the open circuit voltage (VOC): 

 

𝑽𝑶𝑪 =
𝒌𝑻

𝒒
𝐥𝐧(

𝑰𝑳

𝑰𝑺
+ 𝟏) ≈

𝒌𝑻

𝒒
𝐥𝐧(

𝑰𝑳

𝑰𝑺
)               Equation 1.18 

 

It can be noted form Equation 1.18 that the open circuit voltage increases logarithmically 

with decreasing saturation current.  The output power (P) of the cell is given by, 

 

𝑷 = 𝑰𝑽                              Equation 1.19 
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The maximum power (Pm) produced by the cell can be obtained when 
𝑑𝑃

𝑑𝑉
= 0  and is given 

by the shaded rectangle in Figure 1.10, which corresponds to the maximum area under the curve.  

 

𝑷𝒎𝒂𝒙 = 𝑰𝒎𝒂𝒙𝑽𝒎𝒂𝒙                  Equation 1.20 

 

Another defining term in the overall behavior of a solar cell is the fill factor (FF) which is 

defined in Equation 1.21. 

 

𝑭𝑭 =
𝑰𝒎𝒂𝒙𝑽𝒎𝒂𝒙

𝑰𝒔𝒄𝑽𝒐𝒄
                  Equation 1.21 

 

The FF is a measure of the "squareness" of the IV curve, a solar cell with a higher voltage 

has a larger possible FF since the "rounded" portion of the IV curve takes up less area. The 

maximum value for FF is one and lower values will result from parasitic resistive losses.28 

Increasing the shunt resistance and decreasing the series resistance lead to a higher fill factor, thus 

resulting in greater efficiency, and bringing the cell's output power closer to its theoretical 

maximum. With all the parameters defined above, the efficiency (η) of a solar cell can be rewritten 

as follow.  

 

𝜼 =
𝑭𝑭𝑽𝒐𝒄𝑰𝒔𝒄

𝑷𝒊𝒏
                             Equation 

1.22 
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Figure 1.10 Current voltage characteristics of a solar cell under solar illumination 

 

In photovoltaic devices, semiconductor QD films are usually combined with charge 

extracting electrodes and another metal (Schottky junction cells) or semiconductor (QD−QD or 

QD−titanium dioxide p−n junctions, or QD-QD-zinc oxide p-i-n junctions) electrode to form a 

complete functional device. For a functioning solar cell, the photoactive material absorbs light and 

generates an exciton which is then separated to produce a current. 

 A p-n junction solar cell (heterojunction solar cell, panel b, Figure 1.11) uses a wide band 

gap semiconcductor, which is usually a n-type metal oxide film (TiO2, ZnO), with a p-type QD 

film.29 The typical substrate consists of a glass transparent base followed by a thin transparent 

conductive oxide layer (Indium tin oxide (ITO) or fluorine-doped tin oxide (FTO)). The functional 

device is finished with a deep work function metal such as gold or a highly doped oxide (MoO3) 

followed by silver or aluminum. With this design, the device is illuminated through the transparent 

substrate and the wide-band-gap semiconductor. A depletion zone is created when the p and n-

type materials are brought together in a p−n junction device, the width of these depletion regions 

depend on the relative free carrier densities in the materials on either side of the junction. Drift 
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currents created by the electric field across the depleted region act to drive carriers in the QD film. 

The bulk heterojunction architecture is one strategy for overcoming the short carrier transport 

lengths experienced by planar p-n junction device structures. In these devices, the n-type wide-

band-gap semiconductor and the QD film form an interpenetrating layer. The structured interface 

allows for the extension of the depletion region and the addition of more absorbing QD material. 

Another strategy is to use a thin layer of QD as a sensitizer on a nanoporous, high surface area 

wide-band-gap semiconductor layer giving rise to QD-sensitized solar cells (panel c, Figure 

1.11).30 Since a thin layer of absorber is used, this design has a low light absorbing capacity while 

it provides a good open circuit voltage and a fill factor. 

In Schottky junction solar cells (panel a, Figure 1.11) the QD film acts both as the light 

absorber and also as the charge transport medium.29 These cells are based on illumination through 

a transparent Ohmic contact to a QD film which forms a rectifying Schottky junction with a 

shallow work function metal (eg. Al). The Schottky junction is formed by Fermi level equilibration 

between the metal surface and the semiconductor QD. The Schottky architecture has several 

advantages, including ease of fabrication and a limited number of interfaces. The Schottky 

architecture has been limited in absolute device performance, however, mainly because of Fermi 

level pinning at the metal–QD interface. Fermi-level pinning imposes an upper bound on the open-

circuit voltage that is well below the voltage predicted from consideration of the QD band gap 

alone. 
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Figure 1.11 Schematic representation and working principles of (a) a Schottky junction solar cell, (b) a p-n junction 

solar cell with heterojunction architecture, and (c) quantum dot sensitized solar cell. Figure is taken from reference 

30.30 

 

1.3 SCOPE OF THE DISSERTATNION 

To further the fundamental understanding and application of metallic and semiconductor 

nanostructures, the studies described in this thesis have investigated 1) coupling plasmonic 

structures with microfluidic channels for nanofluidic-plasmonic biosensing; 2) the plasmonic 

coupling between nanoparticles for enhancing refractive index sensing using coupled 

nanostructures; 3) modelling binding events using plasmonic sensing; and 4) eliminating Fermi 
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level pinning in semiconductor nanoparticle films. The ultimate goal of the studies in this thesis 

have been to explore new strategies that enhance the performance of nanomaterials in sensing and 

photovoltaic applications. 

Chapter 2 discusses our work on a novel plasmonic structure which is integrated into 

microfluidic systems in order to allow in plane plasmonic biosensing. This new nanofluidic 

plasmonics-based sensing platform will be able to readily integrate with microfluidics devices, and 

potentially enable an in-parallel transmission surface plasmon resonance (SPR), lab-on-chip 

sensing technology. The work presented in this chapter includes an integrated device with 

nanofluidic nanoplasmonic arrays interfacing with microfluidic channels, and preliminary 

findings, from both theoretical and experimental fronts, of the device for bio-sensing. 

Chapter 3 reports our studies on the observation of a delocalized surface plasmon resonance 

(DSPR) phenomenon in linear chains of square-shaped silver nanoparticles (NP).  Transmission 

spectra of the silver nanoparticle chains reveal the emergence of new, red-shifted extinction peaks 

that depend strongly on the spacing between the nanoparticles and the polarization of the exciting 

light with respect to the chain axis.  As the spacing between the nanoparticles in the linear chain 

decreases and the number of nanoparticles in the linear chain increases, the strength of the new 

extinction features increase strongly. These changes can be described by a tight-binding model for 

the coupled chain, which indicates that the origin of the phenomenon is consistent with an 

increased coupling between the nanoparticles. FDTD calculations reveal that the electric field is 

strongly enhanced between the nanoparticles in the chain. The DSPR response is found to be much 

more sensitive to dielectric changes than the localized surface plasmon resonance (LSPR). 

Chapter 4 shows our work on the use of surface plasmon resonance (SPR) to model the 

binding of HIV capsid proteins to a plasma membrane. Model plasma membranes containing lipid 
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rafts were made on a gold film and SPR was used to detect the binding of the capsid proteins onto 

the raft modified plasma membrane. Binding of the HIV capsid proteins were monitored and 

binding constants for the interaction were calculated. This work reveals a specific interaction 

between the capsid proteins onto raft modified membranes.  

Chapter 5 studies the effects of Fermi level pinning on the band edge positioning of PbS 

QDs on Au films and the use of a thin alumina layer in between a PbS QD and a Au substrate to 

eliminate Fermi level pinning. In this study, the band edge energies of different sized PbS QD 

monolayers with different cross-linkers on Au substrates were measured using ultraviolet 

photoelectron spectroscopy and electrochemistry.  On Au films, the measured VBM was found to 

be insensitive to changes in the QD size or cross-linker.  After insertion of a thin film of alumina 

in between the PbS quantum dot monolayer film and the Au substrate, the measured valence band 

position revealed a shift as a function of ligand and QD size. These results identify a general 

method to eliminate Fermi level pinning in QDs and an approach to predictably control the 

energetics at the QD- metal interfaces beneficial for improving the performance of QD based solar 

cells. 
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 AN IN-PLANE NANOFLUDIC NANOPLASMONIC-BASED PLATFORM FOR 

BIODETECTION 

 

This chapter has been partially published in “Zeng, Z.; Mendis, M. N.; Waldeck, D. H.; Wei, J. A 

semi-analytical decomposition analysis of surface plasmon generation and the optimal nanoledge 

plasmonic device. RSC Advances 2016, 6, 17196-17203.” and “Jianjun Wei, Matthew Kofke, 

Madu Mendis, Honjun Song, Sameer Singhal and David Waldeck, “An In-Plane Nanofludic 

Nanoplasmonic-Based Flatform for Biodetection”, Proceedings for the ASME 2012 3rd 

Micro/Nanoscale Heat & Mass Transfer International Conference, MNHMT2012, March 3-6, 

2012, Atlanta, Georgia, USA.”. The thesis author conducted the fabrication, optical 

characterization, theoretical calculations and biosensing studies of the nanoplasmonic-nanofluidic 

device which is discussed.  

This work reports a new nanofluidic plasmonics-based sensing platform which can be readily 

integrated with microfluidics devices, and potentially enable an in-parallel transmission surface 

plasmon resonance (SPR), lab-on-chip sensing technology. The technology overcomes the current 

SPR size limitations through a combination of nanofluidics and nanoplasmonics in a rationally 

designed in-plane nanoslit array capable of concurrent plasmonic sensing and confined-flow for 

analyte delivery. The work presented here includes an integrated device with nanofluidic 

nanoplasmonic arrays interfacing with microfluidic channels, and preliminary findings, from both 

theoretical and experimental fronts, of the device for bio-sensing. 
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2.1 INTRODUCTION 

 

Microfluidics is an emerging technology and continues to dramatically enhance 

healthcare by providing effective and convenient lab-on-chip tools for a wide spectrum of 

biomedical applications, in particular the areas of medical diagnostics and therapeutics. 

Microfluidic chip-based devices provide various unique advantages, including small sample 

volumes (nano- to micro-liters), fast reaction times (seconds to minutes), high throughput 

(parallel arrangements, manifolding), salient portability, and automated handling (sample 

processing, mixing, reaction and detection stages). In addition, microfluidic structures can be 

mass-produced at low unit cost, making them truly disposable. These features render 

microfluidic devices an excellent candidate for the routine monitoring of public health. 

While microfluidics has experienced tremendous growth and strongly impacted 

biomedical research over the past two decades, it remains limited by compatible 

analysis/detection platforms. In parallel surface plasmon resonance (SPR) methods have 

shown great flexibility and robustness for detection. Specifically, nanostructured metal films 

that act as plasmonic sensing elements provide the fundamental technology for a new 

generation of SPR based assays that are emerging and are compatible with microfluidic 

platforms and/or highly parallel throughput studies. 
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Figure 2.1Two typical SPR configurations 

 

Surface plasmons (SPs) are very sensitive to the near surface dielectric constant (index 

of refraction) and are well-suited to the detection of surface binding events. Hence they have 

been exploited extensively in a variety of SPR-based sensors, particularly biosensors.1 The 

most common methodology of SPR sensing is based on the Kretschmann configuration (Figure 

2.1 (a)) where a prism is used for the light-SP coupling at the surface of a thin metal film. The 

probe light undergoes total internal reflection on the inner surface of the prism. At a defined 

SPR angle, an evanescent light field travels through the thin gold film and excites SPs at the 

metal-dielectric interface, reducing the intensity of the reflected light. The intensities of 

scattered and transmitted light fields are used to determine the thickness and/or dielectric 

constant of the coating.2 The control variables for SPR sensor applications, i.e., the wavelength 

of incident light, the thickness of the metal film, the physical and optical properties of the 

prism, and the index of refraction of the medium near the metallic interface, have been well 

studied.3 However, the advantages of averaging over a large surface area and challenges of 

miniaturizing the optics limit the integration of SPR-based sensing with microfluidics.4 

Nanoplasmonics, nano-optical phenomena that are caused by resonant surface 

plasmons localized in nanosystems, has current and prospective applications in near-field 

 

b) Transmission Mode 

 

a) Kretschmann configuration 
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scanning microscopy with chemical resolution, detection of chemical and biological agents 

with single molecule sensitivity, nano-modification, nanolithography etc. Since Ebbesen et al.5 

demonstrated that an array of subwavelength holes transmits more light than predicted by 

classical diffraction theory6 and correlated the extraordinary optical transmission (EOT) to the 

resonant excitation of surface plasmons that arise from the periodic nature of the arrays,7 

nanoscale metal structures have generated considerable interest. On a fundamental level this 

discovery has sparked interest in the basic process underlying the ability of a nanoaperture to 

tunnel light with high efficiency and the physics of surface plasmons. On an applied level this 

work has encouraged researchers to explore the potential for creating nanoscale sensors,8 and 

other devices from such arrays. Transmission mode SPR (Figure 2.1 (b)) that is tailored via 

nanometer scale structures9 could enable new plasmonic lab-on-chip technologies in 

bio/chemical sensing. The plasmonic interaction in bio/chemically functionalized 

nanostructure arrays offers a new strategy for massively parallel detection of chemical and 

biological agents that bind to functionalized surfaces. Modulation of the nanoaperture array’s 

optical response by adsorbed analytes is expected to offer improved sensitivity and selectivity 

over conventional SPR methods. In addition, by avoiding use of bulky optics and high-

precision mechanics for angular or wavelength interrogation of metal films in contact with 

analytes,10 it should be possible to implement and automate the transmission SPR based sensor 

in compact instrumentation 

The unique optical properties of nanostructured arrays in transmission surface plasmon 

resonance (T-SPR) motivates further their application to surface based chemical and biological 

detection. Basically, the adsorption of the analyte will cause a change in the dielectric ambient 

near the metal surface, which causes a shift of the SPR peak in the transmission spectrum of 
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normal incidence light. The grating based SPR system has a reduced sensitivity compared to 

the conventional Kretschmann configuration, however, the sensitivity of the transmission 

spectrum’s peak shift was found to be 400 nm per refractive index unit (400 nm/RIU).11 

Gordon et.al. demonstrated nanohole arrays as sensing elements capable of both chemical 

sensing and biomolecule adsorption monitoring.12 Recently, an integrated microfluidics based 

nanohole array chip device was developed for biomolecule adsorption detection in 

transmission SPR with 500 nm/RIU.13 Recently, Brolo et. al. showed that nanohole arrays, in 

which only the walls of the hole are accessible to analyte is sensitive to attomole quantities of 

protein.14 Nevertheless, enhancement of the sensitivity and the design of structures that 

integrate well with microfluidics remains a significant challenge. 

In this study, by using micro-channels etched into the substrate as opposed to PDMS 

microfluidic channels the alignment of the microfluidics to the nanofluidics is simplified and 

the pressure tolerance is greatly increased. The metal nanoslit array acts as a bundle of 

nanochannels connecting the two microchannels and liquid can flow-through from one end to 

the other of the two microchannels, interfacing two microchannels through the nanoslit array. 

Computational fluidic dynamics (CFD) modeling of the nanoslit array have verified the nano-

confined flow through. Meanwhile, the metal film nanoslit array is used as a transmission mode 

SPR biosensor due to its extraordinary optical transmission. Finite-difference time-domain 

(FDTD) simulation studies have shown that a nanoledged array device could provide a well-

defined transmission resonance and a large red shift of the primary transmission peak was 

observed by changing the refractive index, suggesting the promise of using this nanofluidic 

nanoplasmonics-based platform for biodetection.  
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2.2 EXPERIMENTAL  

 Fabrication of Nano-plasmonic Nano-fluidic Device  

2.2.1.1 Focused Ion Beam Fabrication of the Nanoledge Structures 

   

Quartz slides (25×25 mm2) were used as the substrate for sample preparation. These were 

rinsed first with acetone in an ultrasonic bath for 10 min, and then rinsed with deionized water and 

dried under a nitrogen stream. Then the slides were placed on a hot plate with the temperature set 

at 180 0C to remove any traces of water remaining.  These slides were exposed to an oxygen plasma 

for 300 s at a pressure of 200 mTorr to remove organic contaminants on the surface. A 250 nm 

thin layer of gold (99.95%, Alfa Aesar, USA) was evaporated onto the cleaned quartz slides at 

around 2.0×10-6 Torr, at a deposition rate of 0.2 nm s-1 in an electron beam evaporator. A 2.5 nm 

layer of titanium was deposited before the gold to promote adhesion to the substrate. These gold 

films were stored under nitrogen in sealed vials prior to FIB milling. The fabrication of the 

nanoledge structure was done using a dual-beam focused ion beam system (Seiko Instruments 

SMI3050SE). The focused ion beam column was equipped with a Ga+ source and operated at 30 

keV under a 5 pA beam current. The nanoledge structure measured ~50 nm wide in the Au-Quartz 

interface and ~250 nm wide in the Au-air interface, with a slit length of 20 μm. A vector scan with 

different line densities were used to introduce different etching depths into the Au film to obtain 

different widths in the two interfaces. The total area of the array was maintained to be 20×20 μm2.  

 
 

b

) 

   

c) 
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a)                                        b)                                                    c) 

 

Figure 2.2 Schematic of FIB milling routine employed for fabricating the nanoledge structure. a) Cleaning the 

substrates; b) Thin metal film deposition; and c) FIB milling of the targeted nanoledge structure. 

 

2.2.1.2 Electron Beam Lithography Fabrication of the Nanoledge Structures 

 

Electron beam lithography (EBL, Raith e-Line) was used for the fabrication of Au 

nanoledge structures in arrays (30×30 μm 2). Three consecutive EBL steps were followed to 

achieve the final structure as described below. The fabrication scheme is illustrated in Figure 2.3.  

Conductive indium tin oxide coated glass slides (ITO) (Delta's Technologies) were used as 

the substrates to minimize charging during the fabrication. ITO substrates were rinsed using three 

solvents: acetone, methanol and iso-propanol; ultrasonication was done in each solvent for 5 min. 

The ITO substrates were rinsed with DI water and dried with a Nitrogen stream. These substrates 

were baked at 180 0C for 2 min to remove any moisture from the surface. In step one, as illustrated 

by Fig 2.3 (a), poly-methyl-methacrylate (950 A4 PMMA, Microchem) was spun on the substrate 

at a speed of 1500 rpm for 40 s using a spin processor (Laurell WS-400-6NPP-LITE) and baked 

on a hot plate at 180 0C for 5 min. EBL was performed at an acceleration voltage of 20 keV and 

with an exposure dose of 300 μC/cm3 using a 7.5 μm aperture to write the markers on PMMA, in 

order to define the coordination system on the substrate which will act as the reference on the 

subsequent steps. The sample was then developed for 90 s in a developing solvent consisting of 

methyl isobutyl ketone and isopropanol in a 3:1 ratio to dissolve the exposed PMMA. The silver 
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(Ag) was evaporated onto this sample to a thickness of 50 nm, with an undercoat of 5 nm of 

titanium to help the Ag better adhere to the substrate. The rate of evaporation was maintained at 

0.3 Ås-1 to allow smooth deposition of the metal. After the metal deposition, the samples were kept 

overnight in acetone to remove the remaining PMMA resist.   

In the step 2 (Fig 2.3 (b)), the substrates with the coordinates obtained from step one were 

taken and rinsed with acetone, methanol, iso-propanol: 3 minutes in each solvent, in order to 

remove any dirt particles on the substrate. The substrates were then dried with a Nitrogen stream 

and baked at 90 0C for 4 min to remove any moisture from the surface. Negative e-beam resist 

(maN 2403, Micro Resist Technologies) was spun on the substrates at a speed of 3000 rpm for 30 

s using the spin processor to obtain a final film thickness of 300 nm. The resist-coated substrates 

were baked for 60 s on a hot plate at 90 0C. Next the resist –coated substrates were placed under 

the EBL system to make the 80 nm width nano-slits. Electron beam exposure was performed at an 

acceleration voltage of 20 keV using the 7.5 μm with an exposure dose of 100 μC/cm3. The samples 

were developed using an alkaline developing solution (CD-26, MicroChem) for 90 s to dissolve 

the unexposed resist. Gold (Au) was evaporated onto the sample at a thickness of 50 nm, with a 5 

nm Ti underlayer to promote adhesion. After the metal deposition, the remaining resist was 

removed by soaking in Remover PG 1165 at 90 0C for about 60 min followed by 5 min of 

sonication.  

In step three (Fig 2.3 (c)), the samples prepared in step 2 were taken and cleaned as 

previously described. The negative e-beam resist was spin coated as before with the same 

conditions and baked for 1 min on a hot plate at 90 0C. The samples were again placed under the 

EBL system and exposure parameters like those in step two were used. With the help of the pre- 

defined coordinates the second nanoslit were overlaid right on the 80 nm nanoslit array. After the 
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exposure, the sample was developed using CD-26 developer (MicroChem). Gold was deposited to 

a thickness of 150 nm. Lift-off of the remaining resist was performed as in step 2, in order to obtain 

the final nanoledge structure.  

 

 Finite Difference Time Domain Calculations 

 

Theoretical modeling and design of the SPP based nanoledge sensor was performed using 

a commercial software implementation (Lumerical Solutions Inc.) of the finite differential time 

domain method (FDTD). The geometry of the nanoledge slit structure was modeled in the software 

in a two-dimensional (2D) environment as illustrated in Figure 2.4. A 2D simulation was chosen 

to be an adequate approximation since the length of the uniform 20 µm slits in the x-direction is 

much larger than the light wavelengths of interest. The dielectric function of Au used in the 

simulations was extracted from Johnson and Christy data15, which were available in the FDTD 

software. The substrate was simulated as an infinite block with a dielectric constant of silicon 

dioxide taken from Palik16. The simulations were conducted using a single aperture as the unit cell 

with periodic boundary conditions in the y-direction to describe an infinite rectangular array and 

perfectly matched layers on the boundary along the z-direction. As with the experiments, a TM-

polarized broadband plane wave source was placed inside the glass substrate and incident on the 

back surface of the gold layer at normal incidence as shown in Figure 2.4. 
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Figure 2.3 Schematic of steps followed in fabricating the nanoledge structures using Electron Beam Lithography. a) 

Step 1 - Fabrication of alignment markers on the substrate b) Step 2 -  Fabrication of 50 nm width slits using negative 

e-beam resist c) Step 3 – Alignment and  fabrication of the 250 nm width slit on top of  the bottom 50 nm slit to obtain 

the intended  nanoledge structure. 
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Figure 2.4 The yz view of 2-D simulation setup used for the calculations on nanoledge structures. The orange box 

defines the simulation area. The pale white area at the bottom represents the quartz substrate whereas the Au film is 

represented in yellow. The bottom arrow represents the plane light source injecting light along the y direction whereas 

light is polarized along the x direction. 

 

 Modeling of Confined Flow-through Nanoslit 

 

Figure 2.5 shows the physical model of the simulated device, which consists of two 

microchannels with a width of 600 µm and a height of 20 µm. These two microchannels are 

connected through an array of nanochannel structures. The length and the width of the nanochannel 

structure array is 30 µm and 20 µm respectively (see the enlarged graph at the left bottom of Figure 

2.5). The nanochannel array contains 33 single nanochannels, the width and height of the 

nanochannel is 250 nm and 200 nm respectively. The gap between the nanochannels is 350 nm. In 

the center of the nanochannel, an additional nano-groove with both width and height of 50nm was 

etched (see the enlarged graph at the right bottom of Figure 4.6). Fluid is injected from the inlet 
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and follow to the outlet where it exits. The laminar flow in the micro- and nano- channel is 

governed by the continuity equation and the steady state Naviér-Stokes equation: 

Continuity equation  𝛁. 𝝊 = 𝟎                

 Equation 2.1 

 

Naviér-Stokes equation    𝝆𝝊. 𝛁𝝊 = −𝛁𝒑 + 𝝁𝛁𝟐𝝊        Equation 2.2 

 

Here v ,  , p and   is the fluid velocity, density, pressure and viscosity respectively. The 

governing equations were solved using the commercial finite volume-based simulation software 

CFD-ACE+ (ESI-CFD, Inc.). The computational domain is meshed by a block-structured grid 

using the preprocessor available within CFD-ACE+. The CFD-ACE+ solver uses the SIMPLEC 

algorithm for pressure-velocity coupling. 

 

 

Figure 2.5 Physical model of the simulated device 
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 Measuring the Refractive Index Sensitivity of the Nanoledge Structure 

This study was performed using refractive index standards, purchased from Cargills Inc., 

with indices ranging from 1.300 ± 0.0002 to 1.390 ± 0.0002. While changing the refractive index 

of the outside environment of the nanoslit array, the transmission spectrum of the nanoledge device 

was collected using a Microspectrometer (Craic QDI 2010) equipped with a Xenon light source. 

A linear polarizer (Glan-Taylor) was used to polarize the light perpendicular to the slits. 

 Albumin Binding and Detection using Nanoledge Devices 

The chip containing the nanoledge devices was cleaned with oxygen plasma for 15 min 

under 200 mTorr pressures. A 1 to 10 molar ratio solution of hydroxy-terminated tri(ethylene 

glycol) undecane thiol (Nanoscience Instruments, Inc.) to carboxyl-terminated tri(ethylene glycol) 

undecane thiol (Nanoscience Instruments, Inc.) was prepared in absolute ethanol. The gold 

substrate was incubated in this solution overnight with stirring to form the mixed self-assembled 

monolayer. Then the gold substrate was removed from the thiol solution and rinsed with ethanol 

for 10 s to stop further self-assembly. After drying it under a Nitrogen stream, the substrate was 

incubated in a solution of 0.5 mM N-Hydroxysuccinimide (NHS, Sigma Aldrich)/1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC, Sigma Aldrich) in 10 mM, pH 7 phosphate buffer 

(PBS) with stirring for 2 hours. A 10 μg/cm-3 solution of anti-bovine serum albumin (Monoclonal, 

Sigma Aldrich) was prepared in PBS. The activated substrate was taken and rinsed with PBS 

buffer. Then it was immediately incubated in an anti-Albumin antibody solution for 4 hours with 

stirring. To deactivate the ester group formed during EDC/NHS activation, the substrate was 

incubated in 0.2 M glycine (Sigma Aldrich,) in PBS. After the substrate was rinsed with PBS and 
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deionized (DI) water, it was dried under Nitrogen. Antibody modified slides were incubated with 

different Albumin concentrations ranging from 1 pg/ml to 1 mg/ml. After each incubation step, 

the transmission spectra of the nanoledge device were collected in PBS buffer or in air after drying 

the slides under a Nitrogen stream. 

 Prostate Specific Antigen (PSA) Binding and Detection using Nanoledge Devices 

The gold coated chips were first cleaned with O2 plasma for 15 minutes, followed by a self-

assembled monolayer (SAM) process by incubation of the chips in a mixture of 1 mM 

HSC10COOH (Sigma Aldrich) and HSC8OH (Sigma Aldrich) with a mole ratio of 1:2 in absolute 

ethanol solution for overnight. The SAM then was activated by incubation in a pH 7.0, 10 mM 

phosphate buffer solution containing 0.5 mM of EDC/NHS, respectively for 2 hours. The activated 

SAM was rinsed with the 10 mM PBS and immediately moved to a freshly prepared 10 mM PBS 

containing 10 µg/mL of the detector Prostate Specific Antibody (anti-PSA) for 4 hours incubation. 

The chip was rinsed with PBS and this was followed by dipping it into a 0.2 M glycine PBS 

solution for 10 minutes in order to deactivate the remaining active sites at the SAM. The 

nanoplasmonic chips were incubated in 0 -100 pg/ml of PSA for 30 min for analyte binding.  

2.3 RESULTS AND DISCUSSION 

The basic philosophy of the design of the nanoledge device design is to allow the same 

sensitivity as a nanoslit device as well as allow better mass transport inside the slit and facilitate 

its integration into microfluidic (nanofluidic) systems. Microfluidic systems allow the use of small 
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sample volumes, which is essential when working with biological samples. Even though the 

sensitivity of the nanoslit arrays increase with decreasing width 17, mass transport inside the slit is 

inhibited by decreasing slit widths, or cross sections. The nanoledge device contains two slits 

overlaid on each other to allow better mass transport and to retain larger refractive index 

sensitivity.  

 Focused Ion Beam Fabricated Nanoledge Structures 

A schematic cross section of single nanoledge slit is illustrated in Figure 2.6 (a) giving all 

the physical dimensions. Figure 2.6 (b) shows an SEM image of a FIB fabricated nanoledge array 

of 1000 nm periodicity taken at a 550 angle. The width of the top slit was estimated to be 246 nm 

and width of the bottom slit was estimated to be around 54 nm. 

 

         a) b) 

 

Figure 2.6 a) Schematic and b) SEM image of the nanoledge device. 
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2.3.1.1 Optical Characterization 

 

The transmission spectrum collected in air for a FIB fabricated nanoledge array with a 

periodicity of 600 nm is shown in Figure 2.7. Several transmission peaks can be observed in the 

spectrum with different intensities. To distinguish the periodicity dependent peaks, which 

correspond to resonant excitation of SPPs on the two interfaces, from resonances that originate 

from excitation inside the slit, we carried out experiments in which the periodicity of the slits was 

changed from 500 nm to 850 nm in 50 nm intervals. The effect of periodicity on the SPPs excited 

on two dimensional nanohole arrays have been studied previously where they have observed the 

red shifting of these peaks as the periodicity increases.18 It could be observed from Figure 2.7 (b) 

that the ‘peak A’ does not change its position much with the increasing periodicity whereas peaks 

B, C and D shift to higher wavelengths as the period of the array increases. The same trend is also 

observed in FDTD calculations, as illustrated in Figure 2.7 (c). It can be noted that FDTD 

calculations predict sharper features in the transmission spectrum as compared to what is 

experimentally achieved. Broadening of the peaks in the experimental transmission spectrum may 

arise from the merging of sharp features, which can be observed in the calculated spectrum, and 

could arise from imperfections. In order to further account for these imperfections, FDTD 

calculations were performed with realistic dimensions taken from the AFM study (Figure 2.8 (a)) 

which resulted in a spectral profile which better resembled that obtained in experiment (Figure 2.8 

(b)). 

Using Equation 1.7 and taking the dielectric constant of air to be 1 and the dielectric 

constant of quartz to be 2.32, the SPP excited at the Au-air and Au-quartz interfaces is predicted 

to occur at around 639 nm and 950 nm, respectively for a nanoledge array of 600 nm. Peaks B and 
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D are near these values, so we assign these two peaks to resonance excitation of an SPP on the 

metal-air interface and one on the metal-substrate interface. As illustrated in Figure 2.8(b), the 

FDTD calculations with and without the quartz substrate shows that the peak around 900 nm 

disappears when the quartz substrate is removed which agrees with the peak assignment.  

2.3.1.2 Refractive Index Sensitivity 

 

The refractive index sensitivity of the nanoledge device with a 600 nm periodicity was 

found to be 545 nm per RIU and a figure of merit was calculated to be 20 RIU-1. As depicted in 

Figure 2.9, the position and width of dip C was used for the above calculations. The smaller 

FWHM of the dip C gives a very high figure of merit compared to other nanoslit type devices.19 

The refractive index sensitivity of nanoledge arrays are in the same range when compared with 

nanoslit arrays with the same periodicity.17 Given the wavelength resolution of the spectrometer, 

which is 0.782 nm in the visible range and 6.684 nm in the near IR range, the detection limit of 

the nanoledge device with 600 nm periodicity is ~ 1.44×10 -3 RIU in the visible range and 1.22×10 

-2 RIU in the near infra-red (IR) region of the electromagnetic spectrum. By way of comparison, 

the sensitivty of traditional SPR, has been reported to lie in the range of 10-6-10-7 RIU. Improving 

the wavelength resolution on the spectrometer may enhance the detection limit of the nanoledge 

structures. The change in the wavelength of peak A and B as the refractive index of the medium 

changes are plotted in Figure 2.9 (b). The refractive index sensitivity of the peak maxima were 

calculated to be 398 nm/RIU for peak A and 522 nm/RIU for peak B respectively. 
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Figure 2.7 a) Transmission spectrum of a nanoledge device of a 600 nm periodicity collected in air. Periodicity 

dependence of the nanoledge devices studied through b) experimentally obtained c) FDTD calculated transmission 

spectra of the nanoledge devices 
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a)                                                              b) 

 

Figure 2.8 The AFM image of the nanoledge structure with a cross along the white line is depicted in (a). In (b) is the 

FDTD calculated transmission spectra of 600 nm nanoledge structure, with and without the quartz substrate, performed 

using the slit dimension obtained from (a). Both the spectra were calculated with a background dielectric constant of 

one. When the quartz substrate is absent it can be noted that peak D disappears from the transmission spectrum 

 

The periodicity of the nanoledge arrays also affects the refractive index sensitivity of the 

device. In Figure 2.10 we analyze how the refractive index response depends on the period of these 

arrays. Figure 2.10 (a) plots the resonance wavelength of the dip C of FDTD calculated spectra of 

these devices while changing the refractive index of the surroundings under different periodicities. 

In panel 2.10 (b) we plot the resonance wavelength of dip C of the FIB fabricated arrays with 

different periodicities while changing the refractive index of the outside medium. The slope of 

each line in this plot gives a refractive index sensitivity of the nanoledge arrays at the specified 

periodicity and the values seem to match what is predicted by calculations, which can be obtained 

from Figure 2.10 (a). The refractive index sensitivity of the FIB fabricated devices as a function 

of periodicity is plotted in part 2.10 (c). The linear fit of this plot exhibits the direct dependence of 
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RI sensitivity of this nanoledge array on its periodicity where the refractive index sensitivity of 

these devices increases with increasing periodicity.  

 

 

a)                                                                  b) 

 

Figure 2.9 a) Transmission spectra of the FIB nanoledge structure, periodicity of 600 nm, with different refractive 

index standards for normally incident TM polarized light. b) Peak A, B, and dip C wavelengths are plotted against the 

refractive index of the outside medium. Slope of the fitting curve gives the RIU sensitivity of the device to be 545 

nm/RIU from dip C and the figure of merit was calculated to be 20.5 per RIU 
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Figure 2.10 The resonance wavelength is plotted against the refractive index of the surrounding environment for 

different nanoledge periodicity, a) calculated from FDTD method and b) observed for fabricated structures. Panel c) 

shows how the RI sensitivity of the nanoledge devices depends on the periodicity of the array.  
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2.3.1.3 Confined Flow-through Nanoslit 

 

Figure 2.11 shows the pressure distribution along the channel for a flow rate of 0.5 µL/min 

modelled using the CFD-ACE+ (ESI-CFD, Inc.) solver for a 600 nm nanoledge device. We find 

that most of the pressure is dropped along the nanochannel array (Figure 2.11 (a) and 2.11 (b)). To 

quantitatively calculate the pressure drop along the nanochannel array, we plotted the pressure 

distribution along the center (dash line shown in Figure 2.11 (a) in Figure 2.11 (c). We found that 

the pressure is nearly the same at all the distances less than the nanochannel inlet (around 7.7×107 

N/m2) and for all distances greater than the positions of the nanochannel outlet (around 0 N/m2). 

The pressure drop along the nanochannel is approximately linear with the length of the 

nanochannnel, yielding a total pressure drop ∆P=7.7×107 N/m2. Thus very low flow rates are 

required to maintain fluidic control by pressure driven flow across nanochannles because of these 

larger pressure drops, a common occurrence in nanofludic devices.20 

 

 

Figure 2.11 Pressure Distribution with the flow rate 0.5 µL/min 
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Since the pressure drop ∆P is directly determined by the injected flow rate Q, the effect of the 

flow rate Q was also investigated. We ran a series of simulations (Q ranges from 0.1µL/min to 0.9 

µL/min) and the relationship between the pressure drop ∆P and the flow rate was plotted in Figure 

2.12. We can see the pressure drop increases linearly with the injected flow rate, which can be 

explained by an analogy to electric circuit theory. Here ∆P and Q is similar to the electric potential 

and current in the electric circuit respectively, yielding a relationship R=∆P/Q, where R is the 

fluidic resistance (analogous to electric resistance). By calculating the slope of the curve, we 

obtained a fluidic resistance of about1.55 ×108 N min/(m2 µL). For a straight channel with a square 

cross section the hydraulic resistance can be approximated to 3×109 N min/(m2 µL) if the width is 

250 nm, which is in the same range as the fluidic resistance calculated for the nanoledge array.21 

This value for hydraulic resistance in a nanoledge array is greater than what is known for 

microfluidic channels, as the fluidic resistance is known to exponentially increase as the width of 

the channel decreases.22  

 

 

 

 

Figure 2.12 Correlation of flow rate and pressure drop 
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The nanoslit array (30×30 µm) is functioning as a nanofluidic channel that can manipulate 

sample delivery and enhance efficacy for the detection of analytes to the plasmonic sensing area. 

The nanochannel area of the device is bi-functional, i.e. nanofluidic control and nanoplasmonic 

sensing. Hence, the nanochannel and nanoledge technology may potentially be integrated with 

microfluidic lab-on-chip systems to facilitate a new generation SPR technology for biological 

detection.  

2.3.1.4 Detecting Albumin-antiAlbumin Interaction using FIB Fabricated Nanoledge 

Structures 

 

Biodetection using nanoledge devices was demonstrated using the albumin binding 

interaction to the immobilized anti-albumin antibody nanoledge surfaces. Nanoledge devices with 

a 600 nm periodicity were used for all biosensing experiments. Because of the high affinity of 

sulfur to Au, the self-assembly of thiols is often used to attach biological molecules onto Au films. 

Polyethylene glycol (PEG) thiols contain glycol groups in their backbone, which supply a 

hydrophilic environment when self- assembled.23 The PEG molecules help to prevent nonspecific 

adsorption of the proteins and other biological molecules onto the SAM. A mixed SAM helps to 

control the density of COOH terminal groups on the surface and hence controls the density of the 

ligand on the surface.23 The fraction of each thiol on the surface is related to the molar fraction of 

thiols from which the mixed SAM was formed. This dilution of the protein against the inert 

background is intended to let it bind in a structurally well-defined manner on the surface and 

prevent any lateral steric effects, which could block its binding sites. This design is intended to 

allow better mass transport of analyte proteins onto the binding sites.  
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Figure 2.13 (a) shows the transmission spectra of the nanoledge devices before and after 

SAM preparation. As can be observed, a resonance dip occurs around 630 nm and it red shifts 

about 3 nm when modified with the SAM. A shift of 5 nm was predicted by an FDTD calculation 

where the SAM was represented by a 5 nm dielectric with a 1.45 RIU over gold. When the same 

refractive index and characteristic decay length of 288 nm is substituted into Equation 1.12, it 

predicts a 6 nm shift for the peak A. It can be noted that at this particular wavelength the decay 

length of SPP is very large compared to the thickness of the SAM, therefore refractive index 

changes arising from the SAM formation cause only a small change in the effective index felt by 

the SPP bringing only a small resonance wavelength shift. All predicted shifts are larger than what 

was experimentally obtained. An ellipsometric study conducted on a 250 nm thick Au film 

confirmed that a well-packed SAM is obtained under these incubation and self-assembly 

conditions. A small spectral shift after SAM assembly on the nanoledge devices therefore may 

arise from Ga implantation24 during fabrication of these devices leading to a substantial increase 

in the optical loss of the metal as well as poor SAM formation on the device.25 

When the anti-Albumin is immobilized onto the SAM, the resonance dip A shifts to shorter 

wavelengths as illustrated in Figure 2.13 (b). This observation is contrary to what was generally 

expected to occur when binding occurs, namely, an increase in the dielectric constant should red 

shift the plasmonic response. Because of the concerns about Ga contamination of the Au surface 

introduced during the fabrication process, poor adhesion of a SAM on the surface and also high 

optical loss of the metal could be responsible for the observed anomalous behavior.  
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Figure 2.13 Transmission spectra of the nanoledge device a) in air b) after the preparation of mixed monolayer of 

alkanethiol (COOH/OH) c) when functionalized with anti-BSA d) upon introduction of 1 pg/cm-3 of BSA. All spectra 

were collected in air.  

  

The resonance wavelength of the device, after exposure to an increasing concentration of 

BSA collected in buffer and air, is given in Figure 2.14 (a) and Figure 2.14 (b) respectively. As 

can be observed from the Figures 2.14, the resonant shift is slight and saturates with the increasing 

BSA concentration. A control experiment was carried out without immobilizing the binding 

protein anti-BSA, and as Figure 2.15 illustrates no significant shift in the resonance dip with 

increasing BSA concentration is observed, indicating that there is very little nonspecific binding 

of BSA. If a well packed SAM was formed on the nanoledge device with an expected ratio of –

COOH groups on the surface, using the packing density of PEG thiols on Au surface26, one expects 

that a maximum of around 7.7×10-16 mol cm-2  of anti-BSA can be immobilized on the surface. 

Using the average length of anti-Albumin (12 nm) 27 and the Equation 1.12, we predict a maximum 
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13 nm red shift for anti-Albumin immobilization on the sensor surface. The smaller observed 

spectral shift might be caused by the high optical loss of gold and poor SAM preparation from Ga 

implantation on the device surface during FIB fabrication.25 In order to avoid this problem, a 

different method of fabrication of the nanoledge structure using EBL was performed. Taking 

advantage of contaminant-free surfaces produced by this method a better performance of the 

nanoledge sensor can be expected. 

 

 

 

 

 

Figure 2.14 Averaged resonance wavelength shift plotted against Albumin concentration measured a) under PBS b) 

in air. Error bars indicate the standard deviation between resonance shifts in two different trials. Cref = 1×10-13. 
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Figure 2.15 The averaged resonance wavelength shift between two control experiments that were carried out without 

anti-BSA immobilized on the device show no significant shift with increasing Albumin concentration. Error bars 

indicate the standard deviation between the two trials. Cref = 1×10-13. 

 

 Electron Beam Lithrography Fabricated Nanoledge Structure 

Figure 2.16 illustrates the step wise processes taken to fabricate the nanoledge structure of 

600 nm periodicity using electron beam lithography. An SEM image of the alignment markers on 

the ITO substrate used for the process is illustrated in Figure 2.16 (a) and an SEM image of the 

bottom nanoslit array before fabrication of the top slit is depicted in Figure 2.16 (b). The alignment 

markers were then used to align the top wider slit on top of the bottom narrow slit to form the final 

nanoledge structure shown in Figure 2.16 (c). The width of the bottom slit was measured to be 85 

nm and width of the top slit was measured to be 254 nm. 
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Figure 2.16 SEM images of the final structures in each of the three steps used in fabricating nanoledge structure using 

EBL. (a) Step 1 - Markers were defined on the substrate. (b) Step 2 - The bottom nanoslit was defined. (c) Step 3 - 

The top 250 nm slit was aligned on the top of the bottom slit to complete the nanoledge structure. 

 

 

 

To obtain a better understanding of the effect of fabrication defects such as positioning of 

the bottom 80 nm width slit with respect to top 250 nm width slit, simulations were carried out by 

systematically changing the offset between the top and the bottom slits and analyzing the 

transmission spectrum. The obtained transmission spectra, simulated when the background 

refractive index is 1, are illustrated in the Figure 2.17. It can be seen that the intensity of peak A 

(Figure 2.20) increases with increasing offset while another peak seems to appear adjacent to it. It 

is also interesting to note that peak B slightly red shifts with increasing offset. 
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Figure 2.17 Simulated transmission spectra of the nanoledge structure under different offset values (x) 

 

 

 

Transmission spectra of the EBL fabricated nanoledges were collected while changing the 

refractive index of the outside medium as depicted in Figure 2.18 (a). The bulk refractive index 

sensitivity of the nanoledge structure was calculated using the peak B, which was calculated to 

exhibit a sensitivity of 315 nm/RIU (see Figure 2.18 (b)) and figure of metrits was calculated to 

be 3.3 RIU-1. The bulk refractive index sensitivity of dip C and peak A were found to be, 189 

nm/RIU and 9 nm/RIU respectively. 
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Figure 2.18 (a) Transmission spectra of the EBL fabricated nanoledge structure, periodicity of 600 nm, with different 

refractive index standards for normally incident TM polarized light. (b) Peak A, B, and dip C wavelengths are plotted 

against the refractive index of the outside medium. Slope of the fitting curve gives the RIU sensitivity of the device 

to be 315 nm/RIU from peak A and the figure of merit was calculated to be 3.3 per RIU 

 

2.3.2.1 Detecting Albumin-antiAlbumin Interaction using EBL Fabricated Nanoledge 

Structures 

 

We first measured the transmission spectra of the nanoledge array chip in air and confirmed 

the SAM formation and antibody attachment to the nanoplasmonic sensing area. The primary 

peaks of the transmission are normalized to the maximum transmission of the primary peak. We 

found that the peak A of the three spectra are located at 640.6 nm, 655.1 nm, and 662.7 nm for 

blank (in air), SAM only, and SAM plus anti-PSA  respectively (Figure 2.19). The red shifts of 

the primary peak are 15 nm for the SAM only and 7 nm for the anti-PSA immobilization.  
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Figure 2.19 (a) Transmission spectra of the EBL fabricated nanolege array before any surafce modification in air and 

after incubating with SAM (air) and the PSA antibody (air) is is depicted. (b) Peak A position is plotted  after each 

surface modification for clarity. 

 

 

A series of PSA solutions of different concentrations were prepared for the PSA binding 

reaction at the SAM-anti-PSA surface, starting with incubation of buffer solution and increasing 

PSA concentration from 0.1 pg/mL to 100 pg/mL for 30 min. Then the transmission spectra were 

collected for each case. Figure 2.20 (a) shows an expanded view of spectral peak A after incubation 

with PSA solutions and the correlation of primary peak to concentrations of PSA in buffer 

solutions is shown Figure 2.20 (b). One can find that the primary peak displays a monotonically 

increasing red shift with increasing concentration over the range of 0-10 pg/mL.  
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Figure 2.20 Peak spectra after incubation with PSA solutions is illustrated in (a) and in (b) is the correlation of the 

shift in the peak A position to concentrations of PSA in buffer solutions for three arrays of the nanoledge structure. 

 

 

Binding of the bovine serum albumin (BSA) to the sensor was studied in order to detect 

the specificity of the sensor and to confirm the observed shift is not originating from non-specific 

binding of the analyte to the sensor surface. It can be observed from Figure 2.21 that no significant 

shift in the spectral position can be observed even after incubating with a 1000 pg/ml concentration 

of BSA. This observation confirms that the spectral shift observed during the PSA-antibody 

interaction is originating through specific binding of the PSA to the sensor. The minimum 

concentration used in our study is 100 fg/mL, corresponding to 2.9 pM. Given a spectrometer 

resolution of 0.67 nm, the peak shift of 6 nm for the 2.9 pM solution gives a detection limit of 0.32 

pM. Our operating hypothesis for the loss in response for concentrations above 10 pg/mL is that 

the surface of anti-PSA was saturated by PSA, however, more direct evidence is needed for this 
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hypothesis. Future studies regarding this sensor will be to improve the reproducibility and change 

the surface modification to allow for a larger concentration range of the PSA detection. 

 

 

 

Figure 2.21 Resonance wavelength shift of the Peak A position after incubation with BSA solutions  with different 

concentrations observed for three different arrays  of EBL fabricated nanoledge structures.  

2.4 CONCLUSIONS AND FUTURE WORK 

A combination nanofluidic nanoplasmonics platform was designed and studied for both 

fluid sample delivery and plasmonic sensing concurrently. Preliminary results of both 

computational simulation and experiment show promise for an integration of the nanoledge array 

structure with microfluidic channel for biodetection. The in-plane nanoslit chip in this study should 

be compatible with microfluidics and emerging lab-on-chip biosensor application.  

Biosensing studies performed on the nanoledge structure need further optimization to improve 

the reproducibility and change the surface modification to allow for a larger concentration range 
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of the f-PSA detection. However, demonstration of the biosensing capability of nanoledges after 

integration to a microfluidic system is yet to be demonstrated. In addition, non specific binding 

and cross interference from real physiological samples needs to be addressed. Stability and affects 

of long-term shelf-life for these devices also needs be investigated. 
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 ENHANCED SENSITIVITY OF DELOCALIZED PLASMONIC 

NANOSTRUCTURES 

 

This chapter has been published in “Mendis, M. N.; Mandal, H. S.; Waldeck, D. H., Enhanced 

Sensitivity of Delocalized Plasmonic Nanostructures. The Journal of Physical Chemistry C 2013, 

117 (48), 25693-25703”. The thesis author conducted the fabrication, optical characterization, 

theoretical calculations, modelling and biosensing studies of the square nanoparticle chain 

structures in discuss. The supporting information for this chapter is provided in Appendix A.  

 

This work reports on the observation of a delocalized surface plasmon resonance (DSPR) 

phenomenon in linear chains of square-shaped silver nanoparticles (NP) as a function of the chain 

length and the distance between the nanoparticles in the chain. Transmission spectra of the silver 

nanoparticle chains reveal the emergence of new, red-shifted extinction peaks that depend strongly 

on the spacing between the nanoparticles and the polarization of the exciting light with respect to 

the chain axis.  As the spacing between the nanoparticles in the linear chain decreases and the 

number of nanoparticles in the linear chain increases, the strength of the new extinction features 

increase strongly. These changes can be described by a tight-binding model for the coupled chain, 

which indicates that the origin of the phenomenon is consistent with an increased coupling between 

the nanoparticles. FDTD calculations reveal that the electric field is strongly enhanced between 

the nanoparticles in the chain. The DSPR response is found to be much more sensitive to dielectric 

changes than the localized surface plasmon resonance (LSPR). 
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3.1 INTRODUCTION 

Nanoparticle (NP) based plasmonic sensors offer great promise for deploying miniature, 

multiplexed, and label free detection platforms. 1-3 The general working principle for this particular 

class of sensors is a shift in the localized surface plasmon resonance (LSPR) peak upon a change 

in the dielectric properties of the surrounding medium, for example, the adsorption of molecules 

on the surface of the NP.1-3 Over the past decade, numerous reports have described different 

strategies for improving the sensitivity of these sensors by changing the size4,5, shape4,6-15, aspect 

ratio5,12,16, and material composition4 of the NP. Despite these efforts, the molecular sensitivity is 

still generally limited to a few nm peak shifts.1,14,17-22 Even though recent developments23-26 in the 

field have contributed to improved sensitivity of these sensors, the search still continues for novel 

platforms based on these plasmonic NPs that exploit their exceptional sensitivity to perturbations 

in local environment for the detection of molecular and/or biomolecular events.   

Clusters of NPs in close proximity exhibit a unique set of collective plasmon modes, which 

can be described through a superposition of plasmon modes excited on individual NPs in the 

assembly. 27-31 This topic has gained much interest in recent years because of the rich phenomena 

that these coupled oscillators can display, such as electromagnetic transparency and Fano 

resonances. 30,32,33 The dependence of the optical response of these coupled structures on local 

perturbations, such as a change in the local dielectric constant and symmetry-breaking, has spurred 

new promise for their use in applications, as compared to uncoupled systems. 

Linear chains of NPs provide a useful platform for exploring the coupling of plasmonic 

metal NPs, and one dimensional NP chains have been studied for their use as waveguides in 

nanoscale energy transfer.27,29,34-37 In addition, NP dimers (or nanoparticle junctions) have been 

used to demonstrate single molecule sensitivity for SERS applications.38,39 Many studies have 
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taken a top-down fabrication approach with precise size and gap control of the NP 

pairs/chains.27,40-49 Computational studies and far-field spectroscopic studies on one-dimensional 

metal NP chains show that the resonance wavelength of the longitudinal mode increases with the 

increasing chain length in comparison to that of a single NP, and this resonance wavelength shift 

plateaus with the increasing number of NPs in the chain.40,41,50-53 The optical properties of metal 

NP chains are not only dependent on the particle size54, shape55, and material composition46 but 

also on the inter-NP distance29,43,47,48,50-52 and the number of NPs35,41,46,50-52 in a given chain. As 

we discuss, these phenomena indicate that the plasmon modes delocalize along the NP chain. 

Despite the body of work regarding the coupling between NPs in linear chains, the use of 

their coupled resonances for sensing dielectric changes is largely unexplored. In this work we 

systematically investigate the generation of collective plasmon resonances of one-dimensional 

square NP chains, termed a delocalized surface plasmon resonance (DSPR), and examine its 

sensitivity to dielectric changes. A simple tight-binding model is applied to the experimental data 

for the DSPR energy as a function of chain length, and it is used to extract a coupling constant 

between the NPs in the chain and examine its dependence on the inter-particle spacing. The inter-

particle distance dependence of the plasmonic interaction of these NP chains and its sensitivity to 

the environment’s dielectric constant are examined. These latter findings show that it is possible 

to use the coupled modes to obtain resonance peak wavelength shifts from molecular adsorbates 

that are much larger than the shifts observed for individual NPs. 
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3.2  EXPERIMENTAL 

 Fabrication of Square NP chains:  

Electron beam lithography (EBL, Raith e-Line) was used for the fabrication of square Ag 

NP (170×170 nm2, and 50 nm thick) arrays (30×30 μm2). The steps involved with the fabrication 

are summarized in Figure S1 in the supporting information section. Conductive indium tin oxide 

coated glass slides (ITO) (Delta's Technologies) were used as the substrates to minimize charging 

during the fabrication. ITO substrates were rinsed using three solvents: acetone, methanol and iso-

propanol; ultrasonication was performed in each solvent for 5 min. The ITO substrates were then 

rinsed with deionized water and dried with a N2 gas stream. These substrates were baked at 180 

oC for 2 min to remove any moisture from the surface. Poly-methyl-methacrylate (950k A4 

PMMA, MicroChem) was spun on the substrate at a speed of 1500 rpm for 40 s using a spin 

processor (Laurell WS-400-6NPP-LITE) and baked on a hot plate at 180 oC for 5 min. E-beam 

writing was performed at an acceleration voltage of 20 keV and with an exposure dose of 300 

μC/cm3 using a 7.5 μm aperture to write the NP chain pattern on PMMA. The sample was then 

developed for 90 s in a developing solvent consisting of methyl isobutyl ketone and isopropanol 

in a 3:1 ratio to dissolve the exposed PMMA. Then silver (Ag) was evaporated onto this sample 

to a thickness of 50 nm, along with 3 nm of titanium to help the Ag to better adhere to the substrate. 

The rate of evaporation was maintained at 0.2 Å/s to allow smooth deposition of the metal. After 

the metal deposition, the samples were kept overnight in acetone to remove the remaining PMMA 

resist.  
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 Sample Characterization 

Sample imaging was done using an SEM in the EBL system. The acceleration voltage was 

chosen to be 4 keV. Spectral characterization of the square NP chains was carried out using a 

microspectrophotometer (Craic QDI 2010). A linear broadband polarizer (Glan-Taylor) which was 

placed in between the sample and the condensor (Figure 1) was used to polarize the light for 

excitation of transverse and longitudinal LSPR modes. Spectra were collected using a 15× 

objective in a 20 µm × 20 µm square aperture and a plane 20 µm × 20 µm area of the ITO substrate 

was used as the reference. 

 

 

Figure 3.1 Sketch of optical set-up used during the optical characterization of the samples. The yellow lines indicate 

the light pathway. 
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 Self-assembled Monolayers Formation 

 1-pentanethiol (C5), 1-octanethiol (C8), 1-decanethiol (C10), 1-dodecanethiol (C12), 1-

hexadecanethiol (C16), and 1-octadecanethiol (C18) were obtained from Sigma Aldrich and used 

for the experiment without further purification. Self-assembly of the alkanethiol monolayer was 

carried out in a 1 mM solution of alkanethiol in absolute ethanol. The chips were thoroughly 

washed with copious amounts of ethanol to remove any impurities. Samples were incubated in 

each alkanethiol solution overnight to form a well-packed SAM. Transmission spectra of the 

square NP chain arrays were recorded before and after SAM preparation using the 

microspectrophotometer to determine the peak shifts. 

 

 Finite-difference time-domain (FDTD) simulations  

Simulations were conducted using the FDTD method (Lumerical Solutions, Inc.). A three-

dimensional (3D) FDTD method was used to accurately calculate the light transmission, electric 

field intensity profiles, and charge distribution profiles of the silver NP chain arrays. The NP chains 

consist of 170 nm×170 nm square NPs with a thickness of 50 nm. Edge rounding of the square 

NPs was done with a 5 nm radius cylinder so that they better resemble the experimentally realizable 

NPs. The NP clusters were simulated on an infinite substrate represented by dielectric constants 

extracted from Palik data for silicon dioxide.56 In all the simulations, a uniform mesh with 1 nm in 

all directions was used for the silver NPs and a non-uniform mesh was used elsewhere. The 

boundary conditions in the plane of the structures (i.e. the 𝑥̂ and 𝑦̂ direction) were chosen to 

represent an infinite square array. The boundary in the 𝑧̂ direction was set to contain a perfectly 
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matched layer absorbing boundary condition. The structure was illuminated using a normally 

incident broadband plane wave source from the substrate side, with the polarization direction either 

parallel or perpendicular to the chain axis to excite longitudinal or transverse plasmon modes, 

respectively. A 2D monitor was used to collect and record the transmission data whereas 3D 

monitors placed around the NPs were used to collect field profiles. The permittivity of silver was 

modeled using data from Palik.56 The edge-to-edge separations between two nearest neighbor NP 

chain clusters were maintained to be 1000 nm both in the 𝑥̂ and the 𝑦̂ directions. 

3.3 OPTICAL RESPONSE OF NANOPARTICLE CHAINS 

This section discusses the dependence of the observed transmission spectra on the 

nanoparticle chain properties and compares these experimental findings to the FDTD simulation 

results for linear NP chains. In addition an analytical formula based on a tight binding model is 

used to describe the dependence of the DSPR on the chain length and to extract an interparticle 

coupling strength. 

 Dependence on Distance between NPs in Chain:   

Square NP chains were fabricated by changing the interparticle distance (d) systematically 

from 130 nm to ~30 nm (d = 830 nm, 130 nm, 105 nm, 80 nm, 75 nm, 58 nm, 47 nm, and 36 nm). 

Figure 2 shows transmission spectra for a square NP tetramer chain as a function of the inter-

particle spacing, d, under longitudinal polarization of the incident light. All the spectra are 
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normalized to the number of NPs in the field of view under the aperture to remove any effect from 

a change in the NP density.  

 

 

Figure 3.2 a) The transmission spectra of a square nanoparticle tetramer chain are plotted for different inter-particle 

separations. b) SEM images are shown for five of the square NP tetramer chains in panel A. The scale bar is 400 nm. 

 

When isolated by a large interparticle separation (the case of d = 830 nm, edge to edge, in 

Figure 3.2), the NP chain shows an extinction spectrum that has a main LSPR peak, λLSPR, at ~ 

811 nm , a less intense peak around ~ 450 nm, and no peak in the near IR region. The FDTD 

calculated transmission spectrum (see supporting information Figure A2 (a)) of an isolated 

nanoparticle also exhibits two distinct peaks, with peak positions slightly to the blue as compared 

to the experimental transmission spectrum. The difference between the experiment and the 

calculation may arise from the underlying ITO film in the samples as well as fabrication defects. 

The FDTD results (see Appendix A; Figure A2 (b)), show that the ~ 811 nm peak has its electric 

field intensity concentrated towards the substrate side and the ~ 450 nm peak has its electric field 
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intensity predominantly on the vacuum side. As discussed elsewhere for nanocubes, these modes 

likely result from a mixing of dipolar and quadrupolar modes of the silver NPs and the symmetry 

breaking induced by the substrate.11,57,58 Note that the additional small features in the transmission 

spectrum of the NPs may arise from diffractive coupling mediated through the substrate and air 

media, however the discussion of these is beyond the scope of the current study. 

As the interparticle separation is reduced from 830 nm to 80 nm along the polarization 

direction of the excitation light, the growth of a shoulder on the extinction peak appears; the 

magnitude of this shoulder increases with a further reduction of the interparticle separation to 58 

nm. At separation 36 nm, this shoulder has evolved into a well-defined peak of its own. It is this 

new red-shifted spectral feature that we refer to as the DSPR. In connection with the growth of the 

DSPR peak, the LSPR peak of the individual NPs decreases in amplitude. Note that the peak area 

under the LSPR peak reduces and the area under the DSPR peak grows rapidly with decreasing 

inter-particle distance. This observation reveals a shift in the oscillator strength of the plasmon 

resonance of the NPs from the LSPR to the DSPR as the NP spacing decreases. (The peak area 

under the DSPR plotted against the inter-particle distance for a four NP chain is shown in Figure 

A3, supporting information.)  

 

 Dependence on the Number of NPs in the Chain 

The strength and position of the DSPR extinction feature also depends on the number of 

NPs in the chain. Figure 3.3(b) and 3.3(c) show transmission spectra for NP chains (d~ 36 nm) 

comprised of 2, 3, 4, 5, and 7 NPs for two different light polarizations, longitudinal and transverse, 

with respect to the chain axis. The raw spectra again have been normalized by the number of NPs 
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in the field of view. As the number of NPs in a linear chain increases, the DSPR peak that is 

observed under longitudinal polarization shifts to longer wavelength. Figure 3(d) plots the 

wavelength at which the DSPR extinction is a maximum, λDSPR, as a function of the number of 

NPs in the chain. The λDSPR was determined by first subtracting the transmission spectrum of an 

isolated NP from that of the NP chain, and then assigning the peak maximum.  

From Figure 3.3(b) it can be observed that under longitudinal polarization the maximum 

of the extinction shifts strongly to the red with an increase in the number of NPs in the chain. 

However, this shift attenuates as the chain length grows and is nearly saturated for chains of six or 

more NPs. A similar observation has been reported for strongly coupled linear chains of spherical 

NPs.50 These spectra also reveal that the DSPR absorbance width broadens as the number of NPs 

in the chain increases. Broadening of the resonance peak when strong near field coupling occurs 

has been reported previously and has been attributed to increased radiative damping and excitation 

of dipole-like modes.50,53  

Figure 3.3(c) show the corresponding transmission spectra under transverse polarization. 

These spectra show only an LSPR signal, and no significant shift for chains of two or more NPs. 

Note that a small blue shift as compared to the case of isolated NP is indicated; see Figure 4(c) and 

(d). According to the dipole coupling model, a blue shift of the resonance wavelength arises from 

repulsion between the induced surface charges on neighboring NPs under the transverse 

polarization conditions, and this behavior has been reported previously.27,50 Also note the large 

drop in peak area on proceeding from one NP to two NPs, which is consistent with a dipole-dipole 

coupling picture for this excitation geometry.59 For transverse polarization, the NP chains exhibit 

no significant changes in the resonance wavelength with changing interparticle spacing. It should 

be noted that defects during fabrication give rise to slight differences in the width and the length 
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of the square NP (ie., the NPs are not perfectly square), and this causes differences in resonance 

wavelengths for a single NP when the polarization direction is changed; see the case of a single 

NP in Figure 3.3(d). FDTD calculations suggest that there is about ~50 nm change in the resonance 

wavelength when the length of the Np change 150 nm – 170 nm in parallel to the direction of 

polarization. 

Overall, the extinction per NP is higher in the chains than for isolated NPs under 

longitudinal polarization. To clearly observe this trend the area under the DSPR peak, which was 

integrated over energy (eV)  and normalized per number of NPs in the field of view, was calculated 

for NP chains at a 36 nm inter-NP distance and is plotted in Figure 3.3(e). The area under an 

extinction peak is proportional to the oscillator strength for the particular transition(s); hence the 

plot in 3.3(e) shows how the oscillator strength of the visible and near-IR modes change for 

plasmonic NP chains of different length. From Figure 3.3(e) it is evident that the peak area per NP 

increases systematically as the chain length increases and then saturates as the number of NPs in 

the chain reaches about six. This chain length coincides with the length for which the DSPR 

resonance wavelength shift saturates. These observations suggest that the delocalization length of 

the DSPR excitation is about six NPs for the chains with 36 nm interparticle distance. 
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Figure 3.3 Panel a) shows the SEM images for square nanoparticle chains (the scale bar is 1000 nm).Panel b) and c) 

shows the evolution of transmission spectra of those chains under b) longitudinal and c) transverse polarization, 

collected in air. d) The wavelength maximums of the DSPR are plotted against the NP chain length (see text for 

details).  The error bars in these peak wavelength positions are smaller than size of the symbol e) The DSPR peak area 

normalized per NP is plotted versus the NP chain length. The red dashed line is given as a guide to eye.  

a) 

e) 

a) 
c) 

d) e) 

b) 
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 FDTD Simulations of NP Tetramers 

To gain more insight into the origin of the spectral features, finite-difference time-domain 

(FDTD) simulations were conducted on a tetramer chain of square NPs to extract the electric  field 

intensity enhancement ( 
|𝐸|2

|𝐸0|2⁄ ) profile at the DSPR excitation wavelength for the case of light 

polarized along the NP chain. These simulations show that both the intensity and extension of the 

electric field between the NPs increases as the inter-NP separation decreases; see Figure 3.4(a). 

The electric field intensity in the middle of the gap between the NPs is plotted in Figure 4(b). These 

findings are consistent with those reported for NPs in close proximity60,61 for which the field 

strength is enhanced between the NPs.  

 

 

Figure 3.4 a) Electric field intensity enhancement (|𝑬|𝟐/|𝑬𝟎|𝟐) profiles are shown for a four NP chain with three 

different nanoparticle separations (d). The direction of the light polarization is parallel to the major axis of the clusters. 

The scale bar ranges from an amplitude of 0-700. b) The electric field intensity at the x-y center of the cluster is plotted 

against the inter-particle distance. The red dashed line is given as a guide to eye. 
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However, under transverse polarization the FDTD calculations indicate that no significant 

electric field enhancement occurs in the gap region between the NPs. (see Figure S4 in supporting 

information). These observations suggest a correspondence between the enhanced electric field in 

the inter-particle areas and the experimentally observed DSPR peak for the NP chain. The 

enhanced electric field in the region between the NPs enhances the coupling among the individual 

NPs and points to a coherent/collective plasmonic oscillation (with a macro-dipole) extended 

through the NP chain; i.e., a delocalized surface plasmon resonance (DSPR). 

  Tight-Binding Model for NP Chain  

A simple tight-binding approach (or Hückel model) can be used to rationalize the 

observations and to provide a semi-quantitative understanding of the coupled NP system.62 In this 

model, only nearest neighbor coupling between the NPs is considered and the coupling strength is 

described by a parameter A. Using this approach for N NPs in a chain, one finds that the 

eigenenergies E are given by 

 













1
cos20

N

m
AEE


                  Equation 3.1 

 

In Equation 1, E0 is considered to be the resonance energy of a single NP and m is a mode 

number. For a fixed value of Α, the resonance energy E of the NP chain decreases, and it 

asymptotically approaches a value of 𝐸 = 𝐸0 + 2 𝐴 for an infinitely long NP chain (𝑁 → ∞). This 

behavior is consistent with the spectral observations for a chain of square NPs under longitudinal 

polarization; the resonance wavelength of the DSPR peak systematically red shifts towards a 
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limiting value as the number of NPs in the chain increases. Equation 1 also predicts that the 

resonance energy E should decrease, as the coupling constant Α increase at a fixed value of N. This 

prediction is consistent with the systematic red shift that is observed for the DSPR as the inter-

particle distance is reduced at a fixed number of NPs in the chain (see Figure 3.2(a)).  

 

 

Figure 3.5 The resonance energy maximum of the DSPR is plotted versus the number of NPs in the chain under 

longitudinal (■ ) and transverse ( □ ) polarization; the red line shows a fit to the data by Equation 1. This analysis is 

for a 36 nm fixed inter-particle distance.  

 

 

The plots in Figure 3.5 for the NP chains with a 36 nm spacing show that Equation 1 

describes the experimentally obtained data well. Figure 3.5 shows the experimentally determined 

DSPR peak energy as a function of the number of NPs in the chain. The value of E0 is taken to be 

the resonance energy of the single NP array, in which the NPs are separated by 830 nm. The red 

line indicates the best fit by Equation 1 which yields a coupling constant of -0.25 eV under 

longitudinal excitation of the NPs. In the fit, the mode number m was assumed to be one which 

b

) 
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indicates an in-phase excitation of all NPs in the chain. Other mode numbers correspond to 

different resonances in the system, which may or may not be excited by direct light illumination, 

but they would be higher in energy than the m=1 mode.  When light is transverse polarized, no 

DSPR peak is observed. If one fits the resonance energy of the main transmission dip by Equation 

1, a small coupling constant of +0.016 eV is extracted (Figure 3.5). These parameters indicate that 

the NP chains exhibit significant coupling under the longitudinal polarization, but a negligible 

coupling under transverse polarization.  

 Distance Dependence of the NP Coupling  

Two different regimes of coupling and its distance dependence have been distinguished for 

arrays of NPs. For the inter-NP distances on the order of the wavelength of light, far field 

diffractive coupling with an inverse distance dependence dominates; they can affect the spectral 

line shape.63 For the interparticle distances that are comparable to the NP size or smaller, near field 

interactions are important. Brongersma et al.27,29 report an inverse distance-cubed (center-to-center 

distance between two adjacent NPs) dependence for the plasmon peak energy of 50 nm diameter 

NPs at distances of 75 nm to 125 nm, which is consistent with the predictions of the point dipole 

model. In a simulation study using the T-matrix method, Harris et al. 52 have reported an inverse 

distance dependence for the wavelength shift of nanosphere chains at very small gap separations, 

and this behavior is compared to the van der Waals interaction between spheres at very short 

interparticle distances.64 A number of works43,47,48 report an exponential decay in the peak shift 

ratio with increasing inter-particle gap scaled by the NP size for the longitudinally coupled 

plasmon between two NPs. This relationship was reported to yield a universal decay constant 

b) 
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irrespective of NP shape, size, material or the type of resonance giving rise to the ‘plasmon ruler 

equation’43:  

 

𝝀−𝝀𝟎

𝝀𝟎
= 𝜶 ∙ 𝒆𝒙𝒑 (−

𝒅
𝑳⁄

𝝉
)                 Equation 3.2 

 

in which λ is the resonance wavelength of the NP dimer,  λ0 is the resonance wavelength of an 

isolated NP, d is the inter-particle spacing between the NPs in the dimer, and τ is the characteristic 

decay constant. In order to explore the effect of the inter-NP separation on the DSPR, the resonance 

energy was compared with these existing models.  

Figure 3.6(a) shows a plot of the natural logarithm of the DSPR peak wavelength shift ratio 

( 
𝜆−𝜆0

𝜆0
 ) versus 𝑑 𝐿⁄ , the ratio of the interparticle distance (d) to the length (L) of the square NP . 

For each chain length the data display a linear behavior, and it is possible to extract the decay 

constant and maximum fractional wavelength shift from the slope and the intercept of the best fit 

line; see Figure 3.6(a). Figure 3.6(b) shows how the fractional wavelength shift and its 

characteristic decay constant depend on the NP chain length. The data in Figure 3.6(b) indicate 

that the decay constant for two square NP chain is around 0.58±0.2, which is much larger than 

what has been found for coupled Au disks (~0.2).43  From Figure 3.6(b) it is evident that the decay 

constant increases for a three NP chain as compared to a two NP chain, and then decreases with 

further increase in the chain length until it plateaus at about 0.8±0.1. This high value may reflect 

a shape dependence of the decay constant as suggested by Tabor et. al65, a dependence on the 

material response (Ag vs Au), or a combination of the two. This observation suggests the existence 

of very strong near neighbor coupling in square shaped NP chains. 
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Figure 3.6 (a) The scaled DSPR wavelength shift ratio is plotted versus the scaled gap ratio for different chain lengths 

of square NP chains. The slope of the best linear fit for each chain length provides the decay constant and these values 

are plotted in panel (b). 

 

 

Different functional forms were used to evaluate the effect of the interparticle distance on 

the coupling constant A, which was obtained from fits of the data by Equation 1; see Figure 3.7(a).  

Figures 3.7(b) through 3.7(d) show different functional relationships for the decay of A with the 

interparticle separation. Because some previous works have predicted that a power law function 

should exhibit a good fit for strongly coupled plasmonic systems,66-69 a log-log plot of the coupling 

constant versus the inter-NP distance was performed; see Figure 3.7(b). As the inter-NP distance 

increases the numerical value of the coupling constant decreases, and its fall-off can be described 

by a power law of the form 𝐴 ∝ 𝑑−0.42. In order to further investigate these results FDTD 

calculations were performed to obtain the transmission spectra of NP chains of different gap 

separations. The transmission spectra were fitted by a Breit-Wigner-Fano lineshape70 in order to 
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deconvolute the DSPR peak and extract its wavelength position; then Equation 3.1 was used to 

obtain the coupling constant A. A log-log plot of these coupling constant A values and the inter-

particle distance d exhibit a relationship of, 𝐴 ∝ 𝑑−0.3 that is similar to the experimental data. (see 

Figure A5 in supporting information).  

Figure 3.7(c) shows a plot of the log of the coupling constant versus the log of the center-

to-center distance, and a fit (red curve) by an equation of the form A ∝ (L+d)-x, where now (L+d) 

is the center-to-center separation between two NPs. If a simple point dipole model was appropriate, 

then one expects to find a slope of -3, which is represented by the dashed line and clearly gives a 

poor fit. From the slope of the best fit line a value of -1.5 is extracted for the exponent; i.e., the 

coupling constant has a (L+d)-1.5 distance dependence. The fact that the distance dependence 

deviates from the point dipole prediction is not surprising, as the gaps studied here are small 

compared to the size of the NP. These observations demonstrate that the extended nature of the 

charge distribution is important to consider for these large non-spherical NPs. 
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Figure 3.7 (a) The resonance energy maximum of the DSPR is plotted versus the number of NPs in the chain under 

longitudinal polarization for different inter-particle distances, similar to panel 6(a), to obtain a coupling constant A. A 

plot of the log of the coupling constants versus the log of the center-to-center distances between nanoparticles is shown 

in (b), and the natural logarithm of the coupling constant (-A) versus the center-to-center distance between NPs in the 

chain is shown in c). Panel (d) shows a plot and analyses for an exponential function. In panel b, c, and d the solid red 

line is the best fit to a line, and in panel c the red dashed line indicates the point dipole model. 

 

c) 
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Figure 3.7(d) shows a plot of the ln (-A) versus distance, and a fit to an exponential decay 

dependence. The single exponential decay fit gives a slope of -0.0058 nm-1, indicating a 

characteristic decay length of ~172 nm; or if it is scaled by the NP length of 170 nm it is ~ 1.0. 

FDTD simulations (see Figure A5(b)) are in good agreement with this result. All these analyses 

suggest that the coupling between square NPs in these one dimensional chains is much stronger 

than that reported for dimers and chains of other shaped NPs.  

3.4 EFFECT OF SAM ON NP CHAIN OPTICAL RESPONSE 

Given that the localized surface plasmon resonance (LSPR) of NPs is strongly dependent 

on molecular adsorbates71, the sensitivity of the DSPR’s peak wavelength to an adsorbed 

molecular film was tested by forming alkanethiol self-assembled monolayers (SAMs) of different 

lengths  on different square NP chains.  

 Figure 3.8(a) shows the normalized transmittance spectrum for an array with d = 830 nm LSPR 

mode that is untreated and compares it to that for Ag NPs that are coated with a dodecanethiol 

SAM. Analysis of the two spectra shows that the SAM shifts the peak wavelength by ~ 11 nm to 

the red. Figure 3.8(b) shows the transmission spectra of a six nanoparticle chain with ~ 30 nm 

interparticle distance (corrected for the NP density) after modifying the metal NP surface with 

different chain length alkanethiol SAMs. The transmission spectra display very large red shifts in 

the DSPR wavelength that depends on the length of the alkyl chains of the SAM and are much 

larger than that found for the isolated NPs in Figure 3.8(a). For example, when the NP chains were 

chemically modified by a 1-dodecanethiol SAM, the six NP chain (d = 30 nm) showed a shift of 

115 nm, as compared to the ~11 nm shift in Figure 3.8(a). The ellipsometric thickness calculated 
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using the SAM prepared on plain Ag films prepared in the same manner shows that the coverage 

lies in the expected range (Figure A6). 

 

 

Figure 3.8 Transmission spectra are shown for (a) NPs with large inter-particle separation (d = 830 nm) before (black) 

and after 1-dodecanethiol modifications and (b) for a six NP chain array (d = 30 nm) before (black) and after SAM 

modification (other colors). 

 

  

Figure 3.9 shows a plot of the SAM induced λDSPR shift versus the NP chain length ( d = 

30 nm), where the shifts were extracted from transmission spectra of the arrays before and after 

SAM modification. It is evident that when the number of NPs in the chain increases the resonance 

wavelength shift increases for a given alkanethiol SAM thickness.  

The resonance wavelengths of the SAM coated chain arrays were analyzed by using 

Equation 3.1. The coupling constant A was found for the NP chain arrays without a SAM (AAir) 

and with a SAM (ASAM), and they are tabulated in Table 1 for different alkanethiol chain lengths. 

It can be noted that even though the samples are fabricated using the same procedure, the coupling 

constant AAir varies between the different devices. It is assumed that these differences arise from 
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variations in the fabrication, i.e.– changes in NP size and inter-NP distance. The parameter values 

in Table 1 show that the coupling constant, A, increases after SAM formation by about 10%. 

Enhancement in the electromagnetic coupling between metal NP dimers with an increase 

in dielectric constant of the medium near the NP surface has been reported in few previous studies, 

72,73 and it has been attributed to a reduction in the coulombic restoring force acting on the 

electrons. That is, as the medium dielectric constant increases, the induced polarization in the NP 

increases resulting in an increased dipole moment for the NP.  The larger dipole should lead to a 

larger interaction energy between the NPs, even though the increased dielectric constant would act 

to shield some of this interaction. This mechanism for the enhanced coupling in the presence of a 

SAM can account for the enhanced sensitivity of the DSPR to molecular adsorbates.  

 

 

 

Figure 3.9 The plot of the DSPR peak shift upon SAM adsorption vs. the number of NPs in the chains (d = 30 nm). 
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Table 3.1 Coupling constant, A of square nanoparticle array samples with ~ 30 nm inter-particle distance indicating 

its value before and after SAM preparation. Increment in the coupling constant can be seen after SAM preparation. 

 

 

 

 

 

 

 

3.5 CONCLUSION 

In this work, the optical response of one dimensional chains of square shaped NPs 

fabricated using electron beam lithography have been investigated and compared with an 

analytical model. It was shown experimentally that under longitudinal polarization and at short 

inter-particle distances the chains exhibited a delocalized surface plasmon mode (DSPR). For a 

given interparticle distance, it was observed that the wavelength position of the DSPR initially red 

shifts with increasing number of NPs in the chain and reaches an asymptotic value. The application 

of the plasmon ruler equation to the square NP dimer gave rise to a longer characteristic decay 

constant than is reported for spherical or disk shaped NPs. This difference may reflect the influence 

of NP shape on the plasmon coupling. 

An analytical expression based on a tight binding model was used to obtain a coupling 

constant for the interparticle coupling strength from the observed spectral shifts. The coupling 

constant displayed an ~ d-0.42 distance dependence over the range of interparticle distances studied 

Alkanethiol SAM Coupling constant before 

SAM preparation (AAir) 

Coupling constant after 

SAM preparation (ASAM) 

Octanethiol -0.309 ± 0.005 -0.331 ±0.008 

Decanethiol -0.29 ± 0.02 -0.32 ± 0.01 

Dodecanethiol -0.261 ± 0.005 -0.307 ± 0.003 

Octadecanethiol -0.257 ± 0.007 -0.271 ± 0.002 
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here. This distance dependence is much stronger than that predicted by a point dipole model or 

van der Waals interaction models for different shaped NPs.  

The sensitivity of the DSPR wavelength for molecular absorbates was found to be larger 

than that previously reported for LSPR modes of individual NPs and NP dimers; thus the large 

redshifts in the peak wavelength position of NP chains is a promising sensing strategy.  
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 QUANTIFYING THE INTERACTION OF HIV CAPSID PROTEIN WITH LIPID 

RAFTS USING SURFACE PLASMON RESONANCE 

 

The studies in this chapter were done in collaboration with Dr. Joanne Yeh group, Structural 

Biology Department, University of Pittsburgh. Thesis author conducted method development for 

lipid bilayer and raft preparation, fluorescence measurements, and data fitting. Unpublished. 

 

 

 

This work reports on the interaction between HIV capsid proteins with lipid bilayer films 

containing sphingomyelin and cholesterol, measured using surface plasmon resonance technique. 

Specific binding of HIV capsid protein hexamer to the modified lipid bilayer film was quantified 

and analyzed with two different binding models. The full length capsid protein exhibited no 

interaction with the bilayer, indicating that the quaternary structure of the capsid proteins might be 

playing an important role during its interaction with the lipid rafts. Glycerol kinase exhibit no 

interaction with these membranes validating the observed interactions between HIV capsid protein 

hexamer and modified lipid membranes. 
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4.1 INTRODUCTION 

 Role and Structure Human Immunodeficiency Virus Capsid Proteins  

Human immunodeficiency virus (HIV) is a retrovirus that causes HIV infection and leads 

to depletion of specific cells in the immune system, resulting in immunodeficiency and thus 

vulnerability to opportunistic infections. The genome of a retrovirus, such as HIV, is composed of 

two single stranded ribonucleic acid (RNA) chains and along with the core proteins are encased in 

a protein shell termed the capsid.1,2 The virus uses a host cell for its replication, in which the RNAs 

are first transcribed to double standard DNA that is translocated into the host nucleus. The first 

phase of the viral replication cycle begins with the adhesion of virus to the host cell and fusion of 

the cell and viral membranes. Subsequently, the viral core is delivered into the cytoplasm, where 

the capsid gets disassembled to release the transcribed viral DNA. Cellular transcription results in 

synthesis of viral genomic RNA and proteins that assemble at the host cell plasma membrane for 

budding off as virions (virus particle).1,3 It has been long known that the HIV envelope is enriched 

with sphingolipids and cholesterol relative to the host plasma membrane suggesting that the viruses 

bud from specific plasma membrane microdomains where these lipids are more abundant than 

others.  

The assembly process of the components of the virus at the plasma membrane is known to 

be mediated via a polyprotein precursor (Gag) that is cleaved into the mature proteins: the MA 

(matrix), CA (capsid), NC (nucleocapsid), and other viral proteins, subsequent to budding.1,4 After 

maturation CA proteins assemble into the conical capsid,1 but interestingly, recent studies have 

shown that not all the molecules of CA are involved in capsid formation.5-7 Furthermore, CA 

proteins are also known to drive Gag multimerization during assembly.1 It is not yet well 
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established whether the MA protein, which mediates membrane binding and insertion of envelope 

glycoproteins into the virions, is the only unique protein bound to membranes or where there are 

other lipid-binding proteins.6  Recent studies have shown the affinity of CA protein to several 

lipids.6,8 Thus a complete understanding of the lipid-binding processes requires a quantitative study 

of the several Gag produced proteins, including CA proteins and their domains in the presence of 

lipids. It can be speculated that the understanding of the role of these Gag proteins in the virus 

replication cycle is important, as they can provide potential drug targets because of their vital role 

in the virus life cycle.  

As illustrated in Figure 4.1 HIV type 1, the most common pathogenic strain of the virus, is 

cone shaped and contains ~1500 copies of CA proteins arranged in a hexameric lattice. The body 

of the fullerene capsid is linked with ~ 250 CA hexamers, whereas the ends of the cone are capped 

by exactly 12 CA pentamers.1,9 Each full length CA protein is formed by two independently folded 

domains, the N-terminal domain (NTD) and C-terminal domain (CTD), connected by a flexible 

linker.1,9-11 When CA is assembled into pentamers and hexamers, each NTD is located on the outer 

surface of the capsid core and each CTD is oriented towards the interior of the structure. The NTD 

contains three α-helices, which stabilize the hexameric subunits of CA proteins. NTD–CTD 

contacts between adjacent CA monomers further stabilize the hexameric or pentameric subunits.3 

Larger assemblies of hexamers and pentamers are held together by hydrophobic residues in the 

CTD, which provide the basis of the mature fullerene capsid core. 
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Figure 4.1 a) A Schematic representation of the mature HIV-1 virion, showing the viral glycoprotein envelope (Env, 

which is made of glycoprotein 120 (gp120) and gp41 subunits), as well as the Gag polypeptide-derived proteins matrix 

(MA), capsid (CA) and nucleocapsid (NC). The conical viral capsid core is assembled from CA hexamers and 

pentamers. The capsid core harbours the viral RNA genome, which is associated with NC. b) The conical capsid core 

assembles into a fullerene cone, containing hexameric (orange) and pentameric (yellow) CA subunits. c) Top view 

and side view of the hexameric subunits that form the primary capsid core of HIV-1. Interactions between the CA 

amino-terminal domain (NTD; blue) and the CA carboxy-terminal domain (CTD; red) of adjacent monomers stabilize 

the assembled hexamer. d) Structure of two CA monomers of a hexamer, illustrating the NTD–CTD pocket, which 

mediates interactions between CA and host cell proteins. This figure is taken from Reference 1.1 
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 Lipid Rafts 

In the classical fluid mosaic description of a cell membrane, lipid bilayers are thought to 

form a two dimensional homogenous solvent that allows proteins to pass through freely.12 This 

prevailing view has been modified since it was first proposed, as membrane compartmentalization 

is known to occur and arise from lipid-lipid, lipid-protein, and membrane-cytoskeleton 

interactions. Several types of microdomains exist in plasma membranes and lipid rafts are one 

such microdomain largely defined according to their insolubility in nonionic detergents.13-15  The 

lipid raft microdomains are known to be rich in sphingolipids and cholesterol, and the side chains 

of the phospholipids present are usually enriched with saturated fatty acids as compared to the 

surroundings.15,16 In contrast, nonraft regions of the cell membrane are known to contain 

glycerophospholipids that are rich in unsaturated chains where carbon chains are known to contain 

one or more cis double bonds.16 Most sphingolipids contain a single double bond in a trans 

configuration, located between the fourth and fifth carbon atoms of the 18-carbon sphingoid base. 

The presence of saturated fatty acid chains in sphingolipids allows them to pack tightly together 

through van der Waals intercations forming a gel like phase. On the other hand, the presence of 

polyunsaturated chains in glycerophopholipids hinders the close packing of the chains leading to 

a loosely pack disordered state referred to as a liquid-crystalline phase (Ld). 
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Figure 4.2 (a) Glycerophospholipids, which form the Ld phase of the plasma membrane, are roughly cylindrical; 

however, cholesterol and sphingolipids have a pyramidal or cone-like shape. In sphingolipids the polar head group 

occupies a larger area than does the hydrophobic region, whereas the converse is true for cholesterol. (b) Given the 

remarkable fit between the global shape of cholesterol and sphingolipids any void between associatedsphingolipids is 

thought to be filled by cholesterol functioning as a molecular spacer. The enrichment of cholesterol in Lo phase 

domains is consistent with this model. This Figure is adapted from reference 16.16 
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These structural features explain the differential packing capabilities in the 

glycerophospholipids and sphingolipids, which leads to their phase separation in the plasma 

membrane. Cholesterol has been shown to preferentially intercalate in between sphingolipids in a 

way to fill void spaces associated with the sphingolipid molecules acting as a spacer molecule. 

The close interaction between cholesterol and sphingomyelin has been demonstrated in various 

reconstituted membrane systems. Owning to the presence of cholesterol, sphinogolipids adopt a 

tight packed liquid ordered phase (Lo). It has also been proposed that cholesterol might localize 

along the border between raft sphingolipids and glycerophospholipids, which could create an 

energy-favorable transition area between Lo and Ld phases in the plasma membrane 

Planar supported lipid layers and giant unilamellar vesicles are the widely used model 

systems for studying lipid rafts. Several methods have been utilized to study lipid rafts and 

associated membrane proteins. The traditional method of using detergent resistance as an indicator 

as to the presence of lipid rafts have been criticized because detergents themselves can induce 

phase separation and partitioning of proteins.17,18 Therefore a variety of other methods have been 

developed to study the phase behavior of the model or native membrane and their association with 

proteins in situ. Methods such as mass spectrometry can be used to study the lipid composition 

directly on the sample.19,20 But since the samples need to be freeze dried and measurements are 

performed under high vacuum conditions, this method limits the direct probing of protein 

interaction with lipid rafts. Another widely used method is fluorescence microscopy.21,22 This 

method allows direct probing of lipid rafts in model membranes, as well as living cells and raft-

protein interactions but it is limited by the availability of fluorescent labels that are capable of 

selectively partitioning into membrane domains.22 Also fluorescence tagging of the proteins may 

introduce structural features that may prevent them from mimicking the types of biological 
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interactions under study.  Other widely used methods for probing lipid rafts include AFM23,24 and 

NMR,25,26 but they are limited to model membranes and cannot be used to directly detect raft 

protein interactions. In contrast to these prevailing methods, in the present study the surface 

plasmon resonance technique is used to directly probe the lipid immobilization and protein 

interaction in model lipid raft membranes.  

 

 BIAcore Surface Plasmon Resonance Instrument 

The surface plasmon resonance instrument, Biacore SPR (GE instruments) uses excitation 

of the propagating surface plasmon in a 50 nm thin Au film. Light wavelength of 760 nm is utilized 

for SPR excitation in a Kretschman configuration (see section 1.1.1). In the instrument, the Au 

film makes the floor of a microfluidic flow cell through which a solution containing an analyte is 

allowed to flow. As the analyte binds to ligands that are immobilized on the Au surface, they 

accumulate and cause a change in the local refractive index. This change in local refractive index 

changes the phase matching condition for surface plasmon excitation, i.e., the angle of the 

minimum in total internal reflection intensity. The reflected intensity is monitored in real time and 

the result is plotted as response or resonance units (RUs) versus time (a sensorgram). At the same 

time, a response can occur because of the change in the refractive indices between of the sample 

solution and running buffer. In order to account for this background signal, a reference flow cell 

which does not contains the relevant ligand for analyte binding is used. One RU is equivalent of 

10-6 refractive index units (RIU), which makes this technique extremely sensitive to any changes 

in the local refractive index.27 
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 The fact that this instrument produces real time data makes it well suited for studying real 

time binding kinetics. In a typical ligand-analyte binding study, the ligand molecules are usually 

immobilized on the sensor surface first. Then the analytes are allowed to flow across the ligand 

surface, during which analytes are associated with the ligands on the surface. After, the analyte 

injection is stopped, a buffer is flowed through the cell and it triggers dissociation of the analyte 

from the ligand.  

 In the present study, a BIAcore SPR is used to monitor the interaction between the capsid 

proteins, full length capsid and capsid hexamer, and supported bilayer that are modified with 

sphingomyelin and cholesterol. Real time kinetic interactions were performed and binding 

constants were calculated with existing models. The collected data suggests a specific interaction 

of Capsid hexamer with lipid membranes but no such specificity was observed for the full length 

capsid. These results highlight the interaction between capsid proteins with lipid rafts, which could 

be a potential drug target for the HIV virus. 

4.2 EXPERIMENTAL METHODS 

 Substrate Preparation  

Substrates for these experiments were prepared by e-beam evaporation (AJA Deposition 

System) of a 50 nm thin film of Au on glass substrates that are supported by a 5 nm Ti layer. Glass 

substrates with 0.1 mm thicknesses were used for SPR experiments. The surface roughness of 

these substrates was found to be 0.7 ± 0.1 nm using AFM imaging. All substrates were cleaned 

either using an oxygen plasma or piranha solution prior to the experiment.  
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 Lipid Solution Preparation  

Lipids, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-distearoyl-sn-

glycero-3-phosphocholine (DSPC), Sphingomylein (SM), and Cholestorol (CH) were purchased 

from Avanti Polar Lipids Inc. and used without further purification. Chemical reagents for the 

amine coupling reaction (N-hydroxysulfosuccinimide) (sulfo-NHS) and N-(3-

dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) were purchased from Sigma 

Aldrich and used without any further purification. Surfactants, n-octyl-β-D-glucoside (OG) and n-

Dodecyl β-D-maltoside (DM), were purchased from Sigma Aldrich. 

A lipid (DSPC and DPPE) stock solution was prepared by first dissolving DSPC in ethanol 

and then drying it under a stream of nitrogen. PBS (phosphate buffered saline, 20 mM sodium 

phosphate and and 150 mM KCl) was added to obtain a final concentration of 5 mg/ml and this 

solution was sonicated for 5 min. The solution was subjected to 6 freeze thaw cycles. These 

solutions were stored at -80 0C and prior to their use in experiments, the lipid solutions were passed 

through a 0.2 micron filter five times at room temperature.  

 Lipid Bilayer Preparation  

The procedure for lipid bilayer preparation was adapted from the literature with some 

modification.28 The substrates were immersed in 1 mM 4-mercaptobenzoic acid (4-MBA) in 

ethanol overnight to form a self-assembled monolayer (SAM).  Substrates were then washed with 

copious amount of ethanol to remove any impurities. The thickness of the 4-MBA layer was 

monitored by ellipsometry. These 4-MBA modified substrates were immersed in a freshly 

prepared solution of 0.4 M EDC and 0.1 M sulfo-NHS for 10 min for surface activation. The 
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substrates were washed with PBS buffer and immersed in DPPE for 30 min, to be covalently bound 

to a 4-MBA SAM. The substrates were then incubated in different concentrations of DSPC 

solutions for varying time periods of lipid bilayer formation. The thickness of these mixed DSPC-

DPPE bilayer films was measured using ellipsometry and AFM.  

 In situ Lipid Bilayer Preparation in BIAcore  

A similar procedure to that described above was used for in situ preparation of mixed lipid 

bilayer films in the BIAcore SPR instrument.  First, the Au substrates were immersed in 1 mM 4-

mercaptobenzoic acid (4-MBA) in ethanol overnight to form a self-assembled monolayer (SAM). 

Then the 4-MBA modified chips were attached to the support to be inserted into the Biacore 3000 

so that the DSPC-DPPE (1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine)  mixed bilayer 

formation was monitored in real time.    

A freshly prepared mixture of 0.4 M EDC and sulfo-NHS of 0.1 M concentration was 

injected at 5 µl/min for 10 min to activate the carboxyl groups on the surface. Then it was washed 

with a buffer of 20 mM PBS (pH 7.5). After washing, 1 mg/ml (1.45 mM) DPPE in 20 mM PBS 

was injected at 5 µl/min for 30 min to covalently bind to the 4-MBA SAM. Subsequently the chip 

was washed with PBS buffer. DSPC at different concentrations were prepared in 20 mM PBS (pH 

7.5) and injected at 5 µl/min for 30 min to form the DSPC-DPPE mixed lipid bilayer. 3 min 

injections of 40 mM OG at 5 µl/min was performed to regenerate the surface. 
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 In Situ Lipid Raft Preparation 

A sphingomylein (SM) stock solution was prepared at 5 mg/ml in ethanol. A 0.1 ml aliquot 

of SM stock solution was purged with a stream of nitrogen and 20 mM PBS (pH 7.0) and 0.05 mM 

n-Decyl-β-D-maltopyranoside (DM) was added to make a 1 mg/ml concentration of SM. The 

cholesterol (CH) stock solution was prepared at 15 mg/ml in chloroform and 0.2 ml of the stock 

solution was purged with N2. A 20 mM PBS (pH 7.0) and 0.05 mM DM was used to dilute CH to 

a final concentration of 1 mg/ml. The SM and CH solution were mixed at a molar ratio of 5:2 and 

5:3 separately. These SM: CH mixtures were injected onto the lipid bilayers in the BiAcore 

instrument at a rate of 5 µl/min for 30 min for lipid raft preparation. 

 The Interaction of Capsid Proteins to SM-CH Raft 

A full length capsid (FLCA) was expressed and purified by the Yeh group according 

standard protocols developed by their group.10 The cross linked capsid hexamer (CAH) was 

prepared by the Aiken lab.29 These proteins were diluted to different concentrations and injected 

at a 10 µl/min rate onto the SM-CH modified channels for 3 min to enable association with the 

lipid film on the substrate. After 3 min of injection of the analyte, the phosphate buffer (pH 7.5) 

was injected for 5 min for dissociation phase monitoring.  

 Atomic Force Microscopy Characterization 

AFM measurements were performed with an Agilent 5500 atomic force microscopy system 

using silicon cantilevers with a resonance frequency of 42-58 kHz and a spring constant of 0.15-
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0.45 N/m (qp-BioT-20, Nanosensors) in deionized water. Precise values of the spring constants 

were determined using a thermal oscillation technique.30 The bilayer film thickness was 

determined from the difference in the average height of the substrate covered with the lipid bilayer 

film and the bare gold substrate. The gold surface was exposed by scraping off the bilayer film in 

a 200 nm by 200 nm square area by performing a single AFM scan in a contact mode with an 

applied load force of ca. 20 nN. Following this procedure, a larger 1 µm by 1 µm square area was 

imaged in acoustic AFM mode to capture the original bilayer film together with the exposed gold 

substrate area. Switching between AFM operating modes was performed with a fully contracted 

z-axis piezoelement (the tip and the substrate were out of contact). 

 Flourescence Recovery after Photobleaching (FRAP)  

The diffusion coefficient of lipids in the prepared bilayer films were determined by the 

FRAP technique. The lipid bilayer films for this experiments were prepared similar to the method 

described in section 4.2.1 on Au films, but in the step where the substrates were incubated 0.5 

mg/ml DSPC, 1mol % of the fluorescent lipid, L-α-Phosphatidylethanolamine-N-(lissamine 

rhodamine B sulfonyl) (ammonium salt) (RhB-PE,  Avanti Polar Lipids) was added to the solution. 

As prepared lipid bilayer films were imaged with a confocal fluorescence microscope (Olympus 

FV1000 Fluoview) under 10x water immersion objective. A diode pumped solid state (DPSS) laser 

emitting at 559 nm wavelength was used for excitation of the RhB-PE in-cooperated to the lipid 

bilayer film. A fraction of 0.5% of the 15 mW power of the laser was used for imaging.  

Photobleaching was carried out using 100 % of the laser power at a circular area with a diameter 

of 7.95 µm for a duration of 1 s. The fluorescent recovery of the bleached area was monitored in 

intervals of 15 s for 10 min, using a 575 nm - 625 nm band pass filter. 
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4.3 RESULTS AND DISCUSSIONS 

 Lipid Bilayer Preparation  

The procedure for layer-by-layer assembly of lipid bilayer films on a Au surface is 

illustrated in Figure 4.1. The membrane architecture is prepared in three steps: i) self-assembly of 

a 4-MBA spacer group on Au; ii) covalent coupling of DPPE to 4-MBA; and iii) DSPC vesicle 

spreading to form the complete lipid bilayer. 

 

 

Figure 4.3 The schematic diagram illustrates the process used for the assembly of DSPC-DPPE mixed lipid bilayer 

films on Au substrates. (Not drawn to scale). 

 

Characterization of the 4-MBA spacer group thickness was done using ellipsomtery and 

the thickness was found to be 1.62 ± 0.07 nm. The mixed DSPC-DPPE bilayer thicknesses that 

were obtained using ellipsometry, while changing the incubation time and DSPC concentration, 

are depicted in Figure 4.4 (a). In this graph, the dashed line indicates the expected total film 

thickness of the bilayer film including the 4-MBA spacer layer.  It was found that incubating in 

0.5 mg/ml DSPC for 1 hr gave an average thickness that was equivalent to that expected for a lipid 

bilayer film. In order to further confirm successful lipid bilayer formation, aqueous medium AFM 

imaging was performed on bilayer films prepared using these optimized conditions. The AFM tip 
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was used to clear the bilayer film in a 0.5 micron square area on the image by scanning in contact 

mode with a 20 nN tip force. Then tapping mode was used to image the bilayer surface surrounding 

the scratch as illustrated in Figure 4.4 (b). The average z height distribution between the scratched 

area and the bilayer film indicates a 6 ± 2.2 nm difference, further confirming the successful bilayer 

film preparation conditions.  

During in situ preparation of lipid bilayer films, the SPR recording was done in full scan 

mode to obtain the thickness after each of the subsequent steps in the assembly process. The shift 

in RU in SPR is caused by the introduction of a new layer with a thickness (d) that has been 

calculated using Equation 4.1.  

 

𝑅𝐼𝑈 =
∆𝑅𝑈

1000000
= (𝑛𝑙𝑎𝑦𝑒𝑟 − 𝑛𝑏𝑢𝑓𝑓𝑒𝑟) × (1 − 𝑒−

2𝑑

𝑙 )         Equation 4.1 

 

Here nlayer and nbuffer are the bulk refractive indices of the lipid layer and the buffer, respectively. 

The characteristic plasmon decay length (l) of the 50 nm Au film, was found to be around 250 nm 

from the literature.31  Upon injection of DPPE, the refractive index response of the system shifted 

to a higher value and this change is shown in Figure 4.5 (a).  The mean thickness of the DPPE 

layer was calculated to be 0.48 nm by using Equation 4.1. The mean coverage of 18.9% of DPPE 

molecules on the surface was calculated using an estimated length for the DPPE (1.8 nm) along 

with its monolayer thickness of 2.55 nm.32  
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Figure 4.4 Panel (a) plots the measured ellipsometric thickness obtained for DSPC-DPPE mixed lipid bilayer films 

against the incubation time while changing the DSPC concentration and pH. The closed and open symbols correspond 

to bilayer formation at pH 7.5 and 7.0, respectively. In panel (b), an AFM image is shown for a lipid bilayer film, 

obtained while incubating for 1 hr in 0.5 mg/ml DSPC lipid solution at pH 7.0 is shown. The height difference between 

the scratched window in the image and the surrounding of the image is  6 ± 2 nm.  

 

The formation of the DPPE-DSPC mixed bilayer was monitored by the change in the net 

RIU upon injecting different concentrations of DSPC over different time periods, ranging from 30 

minutes to 2 hr. The dependence of the lipid bilayer formation on the DSPC concentration and 

time is illustrated in Figure 4.5(b). The dashed line indicates the expected bilayer thickness and 

the error bars on the data points are the standard deviation of measurements in four separate 

channels on the sample.  

By comparing all the different bilayer thickness measurement methods, the optimal 

incubating conditions for successful lipid bilayer film formation were determined to be 1 hr 
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incubation in 0.5 mg/ml concentration of DSPC. The dynamic preparation of lipid bilayer films in 

situ in SPR 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Panel a shows the response change during the immobilization of DPPE on a 4-MBA modified gold chip. 

The net RU change due to immobilization of DPPE is given in the table in the inset.  Panel b shows a plot of the SPR 

thickness change with time for different concentrations of DSPC. Open and closed symbols represent different pH 

values of the DSPC lipid solution, pH 7.0 and 7.5, respectively. 

 

The fluorescence recovery after photobleaching (FRAP) technique was utilized to estimate 

the diffusion coefficient of the DSPC lipid bilayer film prepared under optimized conditions. For 

this purpose, a 1mol % of Rh-B PE fluorescent lipid was incorporated into the film. The absorption 

and emission spectra of the RhB is shown in the Figure 4.6(a). A diode laser of 559 nm was used 

for the excitation and the emission was collected using 575- 625 nm band pass filter. The spot size 

of the laser beam that was sent through the water immersion x10 objective was calculated to be 

0.545 µm. The emission in the 7.95 µm area that was photobleached was collected and plotted in 
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Figure 4.6(b). Assuming that the only form of mobility during the recovery is by diffusion and a 

Gaussian beam laser profile for the bleaching, the fluorescence intensity (FK) can be described by 

the Equation 4.2.33  

 

𝑭𝑲(𝒕) = 𝑨 ∑ [
(−𝑲)𝒏

𝒏!
]𝒏=𝟏𝟓

𝒏=𝟎 [𝟏 + 𝒏 (𝟏 +
𝟐𝒕

𝝉𝑫
)]−𝟏           Equation 4.2 

 

In the above equation, A is the fluorescence intensity before bleaching and t is the time after 

photobleaching. The parameter K is the rate constant for the irreversible first order photobleaching 

reaction. The constant 𝜏𝐷 is the recovery time, which is can used as follow to calculate the diffusion 

coefficient (D).34  

 

𝑫 =
𝒘𝟐

𝟒𝝉𝑫
                      Equation 4.3 

 

Here 𝑤 is the width of the bleached area. Using the above relationship, a diffusion coefficient for DSPC 

bilayer film was calculate to be 0.107 ± 0.004 µm2s-1. Similar numbers have been reported for the diffusion 

coefficient of lipid bilayers conatining DSPC measured using FRAP method.35 
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Figure 4.6 The normalized absorbance (green) and emission (red) spectra of the Rh-B PE is shown in panel (a). In 

panel (b) solid black squares illustrates the recovery of emission intensity collected by a 575- 625 nm band pass filter 

after photobleaching. The solid red line is the fit of the equation 4.4 (a) to the collected data. 

 Lipid Raft Preparation 

Lipid rafts were prepared by injecting different ratios of SM:CH onto sample channels in 

the BIAcore and allowing the SM:CH mixture to titrate into the lipid bilayer film for 30 min. A 

net increment in the RIU response was observed and this change was assigned to immobilization 

of SM and CH molecules onto the lipid bilayer film. The number of molecules immobilized were 

calculated according to the response change and are reported in the Table 4.1. The titrated SM and 

CH molecules are thought to form lipid rafts during the immobilization process.  

 

Table 4.1 Immobilized sphingomyelin and cholesterol as a percentage of bilayer lipid composition 

 

 

SM:CH DSPC-DPPE 

(mole) 

SM-CH rafts 

(mole) 

Percentage of rafts 

(%) 

5:2 
6.50×10

-12

 0.21×10
-12

 
3.23 

5:3 
7.88×10

-12

 0.13×10
-12

 
1.65 
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 Interaction of Full Length Capsid with Lipid Rafts 

The net response change while injecting full length capsid protein (FLCA) on to sample 

channels as compared to an unmodified reference channel, is depicted in Figure 4.7, where panels 

(a) and (b) correspond to sample channels modified with 5:2 and 5:3 ratios of SM:CH. No net 

change in RIU response can be noted indicating that FLCA has no affinity to lipid films modified 

with SM and CH. 

 

 

Figure 4.7 The plots corresponds to the response change after FLCA injection onto lipid bilayer films that are modified 

with (a) 5:2 and (b) 5:3 ratios of SM:CH.  

 Interaction of Capsid Hexamer with Lipid Rafts 

Figure 4.8 illustrates the SPR sensorgrams obtained during the CAH interaction study, 

where sample channels were modified with 5:2 (Figure 4.5 (a)) and 5:3 (Figure 4.5 (b)) ratios of 

SM: CH. The CAH were diluted to different concentrations, ranging from 3.3 nM to 300 nM, and 

were injected to the SM-CH modified channels and reference channel. The reference channel was 
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left unmodified (no SM or CH) to determine the net binding of CAH to the lipid bilayer. The RU 

response in the sensorgrams were obtained by subtracting the response of the reference channel 

from that of the sample channels to give the net response of the CAH binding that arises because 

of SM-CH modification. The larger response observed for the modified channels indicates that 

there is a preference for the CAH to bind to lipid bilayers with SM and CH. It is also interesting to 

note that channels modified with a 5:3 ratio of SM: CH had a larger response as compared to 

channels with a 5:2 ratio.  Channels modified with a SM: CH 5:1 ratio exhibited no net response 

during the interaction study and no further analysis was performed on the data collected on these 

channels. 

 

 

a)                                                          b) 

 

Figure 4.8 The response change of CAH binding on SM-CH rafts at different ratios of 5:2 (a) and 5:3 (b) are shown. 
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 Interaction of Glycerol Kinase with Lipid Rafts 

Glycerol kinase (GK) is a key enzyme in the regulation of glycerol uptake and metabolism, 

and located in the outer mitochondrial surface inside the cell.36 Since the protein associated with 

lipid rafts are mostly structural and signaling proteins,37 GK was used in this experiment to detect 

any non-specific binding onto SM-CH modified bilayer membranes. As illustrated in Figure 4.6 it 

can be seen that the response of the sample channels modified with 5:2 (see Figure 4.6 (a)) and 5:3 

(Figure 4.6(b)) SM:CH ratios exhibit a minimal change with respect to that of the reference channel 

after injection of increasing concentrations of GK. This observation confirms that the nonspecific 

binding onto lipid bilayer films modified with SM-CH are similar to unmodified ones and that the 

response observed during the interaction study likely arises from specific binding of the CAH to 

SM-CH modified surfaces.   

 

a)                                                             b) 

 

 

 

 

 

 

Figure 4.9 The sensorgrams of glycerol kinase (GK) to SM-CH rafts are shown for different ratios of 5:2 (A) and 5:3 

(B) in 20 mM sodium phosphate (pH 7.0), 150 mM KCl.  The concentrations of GK used were 1.2, 3.7, 11.1, 33.3, 

100 and 300 nM (0.069, 0.21, 0.62, 1.9, 5.6 and 16.8 mg/mL).   
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 Quantifying the Binding Affinity of CAH to modified Lipid Membranes 

Affinity is the strength of binding of the analyte to its binding site. It is typically measured 

and reported by the equilibrium dissociation constant (KD), which is used to evaluate and rank 

order strengths of bimolecular interactions. As with most biological interactions, the binding of 

the CAH protein to the raft is assumed to be a reversible process and the rate of the binding reaction 

is proportional to the concentrations of the reactants. The fact that the BIAcore SPR generates real 

time binding data makes it well suited for analysis of binding kinetics.  Since the exact mechanism 

of the CAH protein binding to lipid rafts is still unknown, the data can be used to obtain affinity 

constants for the interaction. 

The first model that was used to derive binding constants is the simple Langmuir 1:1 model 

(𝐴 + 𝐿 ↔ 𝐴𝐿). It assumes that the binding surface is homogenous and all the binding sites, which 

are the lipid rafts (L) are equivalent. Analyte, in this case the CAH (A), is considered monovalent 

and the binding events are considered to be independent. In the association phase of the interaction, 

CAH protein of different concentrations were injected onto the sample and reference channels. In 

this phase, the concentration of the CAH was kept under steady state and therefore they drive the 

equilibrium forward. In this limit the following relationship describes the rate of CAH-raft 

complex (AL) formation during the association phase of the 1:1 interaction. 

 

𝒅𝑪𝑨𝑳

𝒅𝒕
= 𝒌𝒂𝑪𝑨

𝟎[𝑪𝑳
𝟎 − 𝑪𝑨𝑳] − 𝒌𝒅𝑪𝑨𝑳                  

 Equation 4.4 

 

In Eqn 4.3, C0 is the initial concentration and C is the concentration at a given time of the species 

of interest. The term ][C0

ALL C  describes the concentration of unbound lipid rafts on the surface. 
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The symbols ka and kd give the association and dissociation rate constants, respectively. Integration 

of the above relationship leads to the expression given in Equation 4.4, where the RU response 

obtained during the interaction, which is directly related to the amount of AL complexes, can be 

used to calculate the ka and kd. RI is the background signal. 

 

𝑹𝑼𝒂𝒔𝒔𝒐𝒄𝒊𝒂𝒕𝒊𝒐𝒏 = 𝑪𝑨𝑳 =
𝑪𝑨

𝟎(𝟏−𝒆
−(𝑪𝑨

𝟎𝒌𝒂+𝒌𝒅)(𝒕−𝒕𝟎)
)𝒌𝒂𝑪𝑳

𝟎

𝑪𝑨
𝟎𝒌𝒂+𝒌𝒅

+ 𝑹𝑰         Equation 4.5 

 

𝑹𝑼𝒂𝒔𝒔𝒐𝒄𝒊𝒂𝒕𝒊𝒐𝒏 = 𝑹𝒆𝒒(𝟏 − 𝒆
−

𝒕−𝒕𝟎
𝒕𝒂𝒖𝟐 + 𝑹𝑰               Equation 

4.6            

𝑤ℎ𝑒𝑟𝑒, 𝑅𝑒𝑞 =
𝐶𝐴

0𝑘𝑎𝐶𝐿
0

𝐶𝐴
0𝑘𝑎 + 𝑘𝑑

    𝑎𝑛𝑑, 𝑡𝑎𝑢2 =
1

𝐶𝐴
0𝑘𝑎 + 𝑘𝑑

 

 

 In order to find the value of Ka from the response described by Equation 4.4, the values for 

kd must be obtained by evaluating the dissociation phase of the sensorgram. During the dissociation 

phase of the interaction study, injection of the CAH was stopped and the PBS buffer was allowed 

to circulate through the channels. With no A present, the AL complex dissociates and the rate of 

the dissociation can be expressed by following equation.  

 

𝒅 𝑪𝑨𝑳

𝒅𝒕
= −𝒌𝒅𝑪𝑨𝑳                 Equation 4.7 

 

𝑹𝑼𝒅𝒊𝒔𝒔𝒐𝒄𝒊𝒂𝒕𝒊𝒐𝒏 = 𝑪𝑨𝑳 = 𝑹𝟎𝒆
−

𝒕−𝒕𝟎
𝒕𝒂𝒖𝟏 + 𝑹𝑰           Equation 4.8 

where, 𝑡𝑎𝑢1 =
1

𝑘𝑑
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Figure 4.10 depicts the fit of the dissociation and association phases according to the model 

described above for two SM: CH ratios studied. A goodness of the fitting was obtained by 

calculating the χ2, according to following relationship. 

 

  𝝌𝟐 = ∑
(𝑹𝑼𝒇𝒊𝒕𝒕𝒊𝒏𝒈−𝑹𝑼𝒅𝒂𝒕𝒂)𝟐

𝑹𝑼𝒅𝒂𝒕𝒂

𝒏
𝟏               Equation 4.9 

 

 

 

 

 

 

 

 

 

Figure 4.10 A fit of the Langmuir 1:1 model (red solid line) to the data collected (black solid symbols) during the 

interaction between CAH and lipid bilayer modified with 5:2 SM:CH ratio is shown. Table 4.1 at the bottom indicates 

the fitted parameters. 

 

Table 4.2 Fitted parameters of the data on the Figure 4.9 to Langmuir model 

[CAH ] / M k
a
 / M

-1
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-1
 k
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/ s
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1.20 x 10-9 7.75 x 105 6.77 x 10-3 8.73 x 10-9 3.71 x 101 0.054 0.074 
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1.11 x 10-8 6.53 x 105 1.16 x 10-2 1.78 x 10-8 3.61 x 101 0.082 0.11 

3.33 x 10-8 6.50 x 105 1.57 x 10-2 2.41 x 10-8 4.10 x 101 0.62 0.389 
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The change in binding of CAH to lipid bilayers modified with different SM: CH ratios 

indicate that the relative amount of the species in lipid bilayers plays a crucial role in the binding 

event. Table 4.2 summarizes all the parameters obtained from fitting the data in Figure 4.10. A 

good fit to the data at lower analyte concentrations by the model indicates that the binding can be 

described by 1:1 interaction between the capsid hexamer protein and the rafts in this concentration 

range for both SM: CH ratios studied. It can be also noted that the residual error is slightly larger 

at higher concentrations of CAH for both the 5:2 and 5:3 cases. 

At equilibrium, the rate of CAH-raft complex formation is equal to the rate of dissociation 

into its components [L] + [A]. The association and dissociation rate constants obtained from the 

fitted data can be used to calculate the dissociation constant (KD). KD is the ratio of the analyte 

dissociation rate (kd), how quickly it dissociates from its binding site, to the analyte association 

rate (ka) of the CAH, how quickly it binds to the lipid raft.   The KD values listed in Table 4.2 were 

determined by taking the ratio between the ka and kd rates according to following equation. 

 

𝑲𝑫 =
𝑪𝑨 𝑪𝑳

𝑪𝑨𝑳
=

𝒌𝒅

𝒌𝒂
                     Equation 4.10 

 

From the plot of average KD  vs CAH concentration, depicted in Figure 4.11, it can be 

observed that the fit of the simple 1:1 model to the data exhibits a concentration dependence of KD 

when the CAH concentration is larger than 33 nM. Note that the errors bar indicate the standard 

deviation obtained from three different trials carried out under similar conditions. This observation 

contradicts the assumptions in the simple 1:1 model, which predicts a single affinity constant when 

the system is under equilibrium. For concentrations below 33 nM, the dissociation constant KD 
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obtained for both 5:2 and 5:3 SM-CH modified lipid bilayer films were within the error to each 

other.  

 

Figure 4.11 Log of affinity constant obtained by Langmuir model is plotted against the log of concentration of the 

CAH for lipid bilayer films modified with (a) 5:2 and (b) 5:3 SM:CH ratios. Average affinity constant obtained during 

three trials is given with the error bar indicating the standard deviation between the calculated affinity constants. 

 

When complex, non-optimal binding occurs due to multiple types of interactions taking 

place on the SM-CH modified bilayer film, the resulting sensorgram will show characteristics that 

deviate from the classical 1:1 bimolecular interaction. It can be noted from Figure 4.12 that the 

association phase in higher concentration curves are biphasic, rising steeply at first and then 

continuing to rise at a slower pace where a 1:1 interaction would be expected to level off at 

equilibrium in a smooth monophasic binding curve. The biphasic nature of the curves are also 

reflected in the dissociation step, where a fast initial decay is followed by slower decay later in the 

profile.  

In order to account for this non-ideal behavior, a1:2 heterogeneous ligand model was used 

to derive the affinity constants in the system. In this model, the presence of two types of lipid rafts 

on the surface was assumed. 
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𝒅𝑪𝑨𝑳𝟏

𝒅𝒕
=  𝒌𝒂𝑪𝑨

𝟎[𝑹𝒎𝒂𝒙 − 𝑪𝑨𝑳𝟏] − 𝒌𝒅𝟏𝑪𝑨𝑳𝟏            Equation 4.11 

 

𝒅𝑪𝑨𝑳𝟐

𝒅𝒕
=  𝒌𝒂𝑪𝑨

𝟎[𝑹𝒎𝒂𝒙𝟐 − 𝑪𝑨𝑳𝟐] − 𝒌𝒅𝟏𝑪𝑨𝑳𝟐           Equation 4.12 

 

𝑹𝑼𝒂𝒔𝒔𝒐𝒄𝒊𝒂𝒕𝒊𝒐𝒏 = 𝑪𝑨𝑳𝟏 + 𝑪𝑨𝑳𝟐 = 𝑹𝒆𝒒𝟏
(𝟏 − 𝒆

−
𝒕−𝒕𝟎

𝒕𝒂𝒖𝟏𝟏) + 𝑹𝒆𝒒𝟐
(𝟏 − 𝒆

−
𝒕−𝒕𝟎

𝒕𝒂𝒖𝟏𝟐) + 𝑹𝑰 

Equation 4.13 

where, 𝑅𝑒𝑞1
=  𝐶𝐴

0𝑘𝑎1
𝐶𝐿1

0  𝑎𝑛𝑑   𝑅𝑒𝑞2
=  𝐶𝐴

0𝑘𝑎2
𝐶𝐿2

0  

also, 𝑡𝑎𝑢11 =
1

𝐶𝐴
0𝑘𝑎1+𝑘𝑑1

  𝑎𝑛𝑑 𝑡𝑎𝑢12 =
1

𝐶𝐴
0𝑘𝑎2+𝑘𝑑2

 

 

In the dissociation phase, the response change in the system can be expressed by the 

following equations. 

 

𝒅𝑪𝑨𝑳𝟏

𝒅𝒕
=  −𝒌𝒅𝟏𝑪𝑨𝑳𝟏                Equation 4.14 

 

𝒅𝑪𝑨𝑳𝟐

𝒅𝒕
=  −𝒌𝒅𝟐𝑪𝑨𝑳𝟐                Equation 4.15 

 

𝑹𝑼𝒅𝒊𝒔𝒔𝒐𝒄𝒊𝒂𝒕𝒊𝒐𝒏 = 𝑪𝑨𝑳𝟏 + 𝑪𝑨𝑳𝟐 = 𝑹𝒆𝒒𝟏𝒆
−

𝒕−𝒕𝟎
𝒕𝒂𝒖𝟐𝟏 + 𝑹𝒆𝒒𝟐𝒆

−
𝒕−𝒕𝟎

𝒕𝒂𝒖𝟐𝟐 + 𝑹𝑰   Equation 4.16 

where, 𝑡𝑎𝑢21 =
1

𝑘𝑑1
     𝑎𝑛𝑑    𝑡𝑎𝑢22 =

1

𝑘𝑑2
 

 

Fit of the data to the 1:2 model is shown in Figure 4.12 where the lipid bilayer is modified 

with 5:2 SM-CH.  The fitting parameters are given in Table 4.3. Figure 4.13 (a) (5:2) and 4.12 (b) 
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(5:3) depict the log of the average dissociation constants obtained for the interaction between CAH 

and SM:CH modified lipid bilayer films and the error bar in the data illustrates the standard 

deviation between the KD values derived from the three data sets collected. It can be noted that the 

dissociation constants appear more dispersed when plotted against the analyte concentration. 

Again, at higher CAH concentrations, a slight increment of the dissociation constant was observed 

for both 5:2 and 5:3 SM:CH modified lipid bilayer films. Though at lower CAH concentrations 

(33 nM and below), the obtained dissociation constants were independent of the CAH 

concentration and well within the error of each other. Since the concentration dependence of the 

dissociation constant was observed for higher concentrations of CAH, it can be understood to be 

arising from non-specific binding to the sensor surface. This type of behavior for the  analyte-

ligand interactions are common when the analyte concentrations are far above the KD, as weaker 

non-specific interactions tend to come into play. 

 

 

 

 

 

 

 

Figure 4.12 Fit of the heterogeneous ligand 1:2 model (red solid line) to the data collected (black solid symbols) 

during the interaction between CAH and lipid bilayer modified with 5:2 SM:CH ratio. Table 4.2 at the bottom indicates 

the fitted parameters. 
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Table 4.3 Fitted parameters of the data on the Figure 4.9 to heterogenous ligand model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 Log of affinity constants obtained by heterogeneous ligand model is plotted against the log of 

concentration of the CAH for lipid bilayer films modified with (a) 5:2 and (b) 5:3 SM:CH ratios. Average affinity 

constants, KD1 (black) and KD2 (red), obtained during three trials is given with the error bar indicating the standard 

deviation between the calculated affinity constants. 
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4.4 CONCLUSIONS AND FUTURE WORK 

In this study successful preparation of a model lipid bilayer film was demonstrated and 

characterized with different methods. Lipid rafts were prepared by allowing sphingomyelin and 

cholesterol to be titrated into the model lipid bilayer. Specific binding of HIV capsid protein 

hexamer to the sphingomyelin and cholesterol modified lipid bilayer film was quantified using 

SPR. The full length capsid protein exhibited no interaction with the bilayer, indicating that the 

quaternary structure of the capsid proteins might be playing an important role during its interaction 

with the lipid rafts. Glycerol kinase was used as a negative control to verify any nonspecific 

interactions. 

A Langmuir (1:1) binding model and heterogeneous ligand (1:2) models were used to 

quantify the affinity constants for the interaction between CAH and lipid rafts. A concentration 

dependence of the affinity constants indicates some nonspecific interaction of CAH at higher 

concentrations. Optimization of the conditions may be needed to obtain a better understanding of 

the mechanism of interaction. Further investigations are also needed to verify the degree and 

homogeneity of raft formation on the model lipid membrane.  
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 ELIMINATING FERMI-LEVEL PINNING IN PBS QUANTUM DOTS USING 

ALUMINA INTERFACIAL LAYER 

This chapter has been published in “Bloom, B. P.*; Mendis, M. N.*; Wierzbinski, E.; Waldeck, D. 

H. Eliminating Fermi-level pinning in PbS quantum dots using an alumina interfacial layer. Journal 

of Materials Chemistry C 2016, 4, 704-712” (*first co-authors). The thesis author conducted the 

synthesis, and optical characterization of the PbS quantum dots, all sample preparations, and cyclic 

volatmetric studies of the quantum dots in discuss. The supporting information for this chapter is 

provided in Appendix B. 

 

Fermi level pinning at quantum dot (QD) – metal interfaces is reported to limit the 

performance of QD based solar cells. Through a systematic approach we show that the insertion 

of a thin alumina layer in between a PbS QD and a Au substrate can eliminate Fermi level pinning. 

In this study band edge energies of different sized PbS QD monolayers with different cross-linkers 

on Au substrates were measured using ultraviolet photoelectron spectroscopy and 

electrochemistry.  The measured VBM was found to be insensitive to changes in the QD size or 

cross-linker, when it was immobilized directly on the Au revealing Fermi level pinning of QD 

valence band to Au Fermi level.  After insertion of a thin film of alumina in between the PbS 

quantum dot monolayer film and the Au substrate, the measured valence band position revealed a 

shift as a function of ligand and QD size. These results identify a general method to eliminate 

Fermi level pinning in QDs and an approach to predictably control the energetics at the QD- metal 

interfaces beneficial for improving the performance of QD based solar cells. 
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5.1 INTRODUCTION 

Third generation solar cells are aimed at overcoming the thermodynamic limit set for the 

power conversion efficiency calculated by Shockley and Queisser in 1961 for a single junction 

and to do so at low-cost.1,2 Several approaches have been proposed to exceed this limit and one of 

the most promising schemes is the multi exciton generation by semiconductor quantum dots 

(QDs). Compared to organic bulk heterojunction solar cells that suffer from lower carrier diffusion 

lengths and large offsets in the donor and acceptor levels, QD based solar cells have important 

advantages that mitigate these constraints. The optical band gap in the QDs can be adjusted by 

changing their size, shape, surface passivation, and composition. Moreover, QDs allow for easy 

inexpensive solution based synthesis and processing, making them cost effective for large scale 

fabrication. In addition to these attributes, the organic ligand shell on a QD can be used to fine 

tune the electronic properties and the solvation characteristics.  

In photovoltaic devices, QD films are commonly sandwiched between a cathode and an 

anode, which may be a metal (Schottky junction cells) or another semiconductor (p-n 

heterojunction solar cells), to form a complete functional device. Upon illumination by photons 

with sufficient energy, an electron-hole pair is formed in the QDs and they must be separated and 

extracted to opposing electrodes to produce a current. In a conventional p-n junction solar cell the 

charge carriers are driven by an electric field at the interface of the two semiconductors.  One 

common strategy for enhancing charge separation is to alter the band positions within the QD films 

so that they form a staggered type-II alignment, creating a favorable energy cascade for both 

electron and hole transport.3-5 Using arrays of different sized CdSe QDs,  Weiss et al. have 

demonstrated that the photocurrent produced by each sized QD is largely dependent on the relative 

spatial arrangement and the band offset between them.6 Similarly, El-Ballouli et al. have shown 
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that favorable charge transfer from PbS QDs to PCBM7 and cationic porphyrins8 is determined by 

the size of the nanoparticle. In a previous study by Wang et al, donor- acceptor assemblies of 

CdSe-CdTe QD layers were shown to facilitate unidirectional charge transfer as long as proper 

energy band alignment is maintained in the photovoltaic device.5 In a recent implementation of 

this strategy Chuang et al., used ligand induced band energy shifts to create a QD energy gradient 

that led to a photovoltaic efficiency over 8%.3 Furthermore, an efficiency as high as 10.7% has 

been achieved  by tuning the energy alignment at the rectifying interface, a new record for QD 

based solar cells.9  

Surface ligands have been shown to shift the absolute energy positions of the valence band 

maximum (VBM) and conduction minimum (CBM) of QDs, and a growing body of evidence 

suggests that the magnitude of the energy shift can be characterized as a function of the dipole 

moment between the surface and linking group and the intrinsic dipole moment of the ligand itself. 

10-12 By changing the capping ligand one can shift band energies of CdSe10,13-15, CdS16, PbS4,11,17,18,  

as well as other nanocrystals19. Most recently, researchers have been using ligands to shift the 

absolute energy levels of QDs and to form an energy level gradient for efficient charge separation. 

However, the magnitudes of the ligand’s influence on the band energies can be affected by the 

electronic and chemical properties of a QD photovoltaic device at interfaces. When QDs are 

adsorbed onto a metal, charge equilibrium between the metal and the QD occurs; and it can ‘pin’ 

the electronic states of the QD to the Fermi level of the metal substrate. Often times the electronic 

energies of QDs determined in solution or under flat band conditions are used in determining a 

photovoltaic device architecture. When Fermi level pinning occurs in QD based solar cell devices, 

the QD size and ligand induced effects over the energy position may no longer persist. In a study 

on CdSe QDs immobilized onto Au substrates by a decanedithiol linker, Markus et al. have shown 
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that the absolute energy position of the VBM of the QDs larger than 2.8 nm does not change.20 

Depending upon the relationship of the QDs electronic states to that of the substrate, the CBM can 

also be pinned.21 Previous electrochemical and UPS measurements on CdTe QD monolayers 

attached to an Au substrate through dithiol linkers showed no shift in VBM over the size range of 

3.7 to 6.0 nm.22 In Schottky junction solar cells, Fermi level pinning reduces the interfacial barrier 

height for charge injection and can reduce overall device efficiency. In some cases the pinning  

between the QDs and a can persist for significant distances, e.g. 25 nm thick MO3 layers.23 Because 

the photoinduced free carriers must transfer through interfaces to be collected, control over the 

electronic properties of the QD-metal junction are important for improving the photoconversion 

efficiency of QD based solar cells. 

 Ligand effects on PbS QD Energetics 

In photovoltaic devices, QDs are usually coated with short ligands to achieve better 

electronic coupling by changing the inter-QD tunneling distance and the effective dielectric 

constant. In a study by Liu et al, the dependence of ligand length and QD size on carrier mobility 

were reported for PbSe QDs  field effect transistors.24 The degree of QD surface passivation is also 

important for minimizing trap induced charge recombination. Wanger et al. showed that the 

effective density of trapped carriers has a strong dependence on ligand treatment in PbS QD 

films.25  Zhitomirsky et al. measured the effect that QD films treated with organic 

(mercaptoproponoic acid) or a mixture of hybrid organic-inorganic (tetrabutylammonium iodide) 

ligand types have on charge mobility, trap density, and exciton diffusion length in QD films.26 

They have found that films with such organic-inorganic passivation exhibit the largest charge 

diffusion lengths. These findings have led to the use of  organic-inorganic hybrid passivation of 
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PbS QDs to make a photovoltaic device with 7% power conversion efficiency.27 Control of 

energetics at the rectifying interface of the PbS QD solar cells has allowed further improvement in 

photoconversion efficiency up to 10.7 %. 

Axnanda et al. used  photoelectron spectroscopy to measure the work function of 30 nm 

thick PbS QD films as a function of the  capping ligand and observed a ligand effect on the 

energetics.17 This work showed that methoxide, mercaptopropionic acid, and ethanedithiol (EDT) 

ligands could shift the VBM over a range of 0.3 eV. The resulting deeper work function VBM 

energy position has been explained by incomplete surface passivation and the presence of hole 

trap states. In a more comprehensive study, Brown et al. examined the band energies of PbS QD 

films (~100 nm) modified with 12 different ligands and reported that the VBM shifts over a range 

of 0.9 eV with ligand.11 The same group has used the VBM energy offset between 

tetrabutylammonium iodide (TBAI) and 1, 2-ethanedithiol (EDT) capping ligands to alter the band 

energy positions and produce favorable charge transport in a photovoltaic device, achieving a 

power conversion efficiency of 8.5 %.3 In another study by Crisp et al. it was shown that inorganic 

metal halide ligands in thick films of PbS (~ 300 -750 nm) leads to high efficiency photovoltaic 

devices.18 They have used four different metal halides and attributed the improved device 

efficiency to better carrier transport in the film with halide passivation. Their XPS studies 

performed on the films of PbS treated with iodide ligands suggest a deeper work function, as 

compared to sulfur containing ligands. Santra et al. used three different para-substituted 

thiophenols with different dipole moments as capping ligands for PbS QD films (350 nm) to 

fabricate type-II heterojunction solar cells and reported a systematic shift in the VBM in PbS QDs.4 

Again type-II VBM alignment was shown to facilitate favorable unidirectional charge transport, 
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however, when the bands edges are aligned in a way that the electron and hole encounter a potential 

barrier to reach the respective electrodes, a lower efficiency results.  

Taken together, all the above studies affirm the role of capping ligand in manipulating the 

electronic band energies of PbS QDs and subsequently, the band alignment in solar cells. Control 

over the carrier mobility, trap state density, and charge diffusion has been achieved by tuning the 

cross-linker. Major advances in photoconversion efficiency have been obtained using this strategy 

in QD solar cell devices. Moreover, photovoltaic devices of  PbS QD-polymer blends (oly((4,8-

bis(octyloxy)benzo(1,2-b:4,5-b′)-dithiophene-2,6diyl)(2((dodecyloxy)carbonyl)thieno(3,4-b)-

thiophenediyl)) have reported a dependence of the open circuit voltage and overall device 

performance on the PbS QD ligand treatment which has been credited to the ligands influence over 

the carrier lifetime.28 Despite these advances, the overall power conversion efficiencies of the QD 

based solar cells still remain below their expected performance largely because of low open circuit 

voltage.29-32 Generally this limitation has been understood to originate from the presence of sub-

bandgap states or midgap states that are formed by a large number of surface states associated with 

the defects on the QD surface. Such midgap states drive Fermi level pinning at the QD/metal 

interface in Schottky junction solar cells; as a result, the open circuit voltage is controlled by the 

pinning rather than the metal’s work function or the QD’s band edge.31  This work is substantiated 

by the work of Yoon et al. who showed that insertion of an LiF layer between the top Al contact 

and PbS QDs improved the open circuit voltage in PbS QD solar cells.33  Furthermore, oxidized 

interfacial layers on PbS QDs,34 as well as insertion of  a CdS shell on PbS QDs,35 have been 

shown to increase the open circuit voltage in Schottky junction solar cell. A general approach to 

passivate these gap states and eliminate Fermi pinning at the QD – metal interfaces is not available.  
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PbS quantum dots (QDs) are promising candidates for third generation photovoltaics 

because the elements are earth abundant36, the bandgap is tunable over a wavelength range that 

can best exploit the solar spectrum37, and they offer the potential for multiple exciton 

generation38,39. This work examines the band edge energetics in PbS QD films and demonstrates 

the conditions for Fermi level pinning versus ligand control over the energetics. More specifically, 

this work shows that a thin alumina film (circa 1 to 3 nm) can be used to eliminate Fermi level 

pinning effects. The energy band positions of PbS QD monolayers on Au substrates, with and 

without an alumina layer, were measured using electrochemistry and ultraviolet photoelectron 

spectroscopy. When a monolayer of PbS QDs was deposited on top of an Au substrate, valence 

band positions were independent of known trends with QD size and surface ligand type, indicating 

strong Fermi level pinning. Introduction of a thin alumina interfacial layer between the Au and 

PbS inhibits Fermi level pinning so that the QD size and ligand can be used to manipulate the band 

edge positions. These findings highlight the importance of interfacial states in photovoltaic devices 

and enable precise control over QD properties for charge injection. 

5.2 EXPERIMENTAL 

 Substrate Preparation 

Substrates (12.5 mm × 25.0 mm) for these experiments were prepared by e-beam 

evaporation (AJA Deposition System) of 100 nm thick films of Au on glass substrates supported 

by a 5.0 nm Ti adhesion layer. For bare Au experiments the samples were plasma cleaned and used 

immediately. For experiments with an alumina layer, half of the substrate was covered with a wafer 
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tape and poly-methyl-methacrylate (950k A11 PMMA, Micro Chem) was spun on it at a speed of 

1500 rpm for 1 min using a spin processor (Laurell WS-400-6NPP-LITE). The wafer tape was 

removed, and the substrates were baked on a hot plate at 180 oC for 5 min. Thin films of Al2O3 

were then deposited using atomic layer deposition (Cambridge Nanotech Fiji). The samples were 

then kept overnight in acetone to remove the PMMA and to expose the underlying Au substrate 

on half of the electrode. 

 PbS QD synthesis and characterization 

The synthesis of PbS QDs followed a general procedure described elsewhere.40  All of the 

materials, such as; PbCl2 (Stern Chemicals), oleylamine (OLA, Sigma Aldrich), oleic acid (OA, 

Sigma Aldrich), and bis(trimethylsilyl) sulfide (TMS, Sigma Aldrich) were purchased in the 

highest purity grade available and used without further purification. In a typical synthesis, 3.0 

mmol PbCl2 (0.834 g) was mixed with 10 ml of OLA and degassed at 80.0 C, followed by heating 

to 140.0 C under argon. The suspension was maintained at this temperature for 30 min and then 

cooled to 30.0 C. Then 210.0 µl of TMS mixed in 2.0 ml of OLA was injected into the reaction 

mixture. The mixture was then rapidly elevated to a high temperature while stirring and 

subsequently quenched in a water bath once the desired QD size was obtained. The PbS QDs were 

precipitated from solution through the addition of acetone and centrifugation. The purified QDs 

were then dissolved in octane with 500 μl of OA, for ligand exchange, for 12 hours.  The 

subsequent solution was then filtered using a 0.2 µm syringe filter, purified again, and then 

dissolved in 4.0 ml of octane. 
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Absorption spectra of the PbS QDs were recorded in octane using a spectrometer (Model 

8453 Agilent Spectrometer). PbS QD emission spectra were obtained after exciting at 500 nm 

wavelength using a spectrofluorometer (Nanolog, Hobira). 

 PbS Thin Film Preparation and Ligand Exchange 

All of the QD films were prepared by spin-casting. For each QD size, the PbS QD 

concentration was determined by evaluating the absorption spectrum. 10 µl of the PbS QD solution 

was spun onto Au substrates at a speed of 2500 rpm for 15 s. The resulting QD film was then cross-

linked (vide infra) and thickness was determined using AFM (Agilent Technologies) under tapping 

mode. This thickness was then used to determine a dilution factor of the QD solution to obtain a 

submonolayer thickness. The sample was prepared again and AFM was used to confirm 

submonolayer formation.  

Ligands used for solid state ligand exchange, 1,4-benzedithiol (BDT, Alpha Aesar), 1,2-

ethanedithiol (EDT, Sigma Aldrich), and ethylenediamine (EDA, Sigma Aldrich) were used as 

purchased. All ligands were dissolved in acetonitrile at varying concentrations; 1.7 mM BDT and 

one volume percent for both EDT and EDA. In a typical ligand exchange procedure, ~ 0.3 ml of 

ligand solution was dispersed onto the PbS monolayer film and allowed to sit for 1 min. The film 

was flushed with acetonitrile and spun dry two times to remove any unbound ligand. The samples 

were immediately transferred to a glove bag and stored under argon until electrochemical or UPS 

analysis. 
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 Atomic Force Microscopy Characterization 

AFM measurements were performed with an Agilent 5500 atomic force microscopy system 

using silicon cantilevers with resonance frequency of 96-175 kHz and spring constant of 5-37 N/m 

(PPP-SEIHR, Nanosensors). Precise values of the spring constants were determined using a 

thermal oscillation technique.41 The film thickness was determined from the difference in the 

average height of the substrate covered with the PbS nanoparticle film and the bare gold substrate. 

The gold surface was exposed by scraping off the film in a 500 nm by 500 nm square area by 

performing a single AFM scan in a contact mode with an applied load force of ca. 500 nN. 

Following this procedure, a larger 4 micrometer by 4 micrometer square area was imaged in 

acoustic AFM mode to capture the original nanoparticle film together with the exposed gold 

substrate area. Switching between AFM operating modes was performed with a fully contracted 

z-axis piezoelement (the tip and the substrate were out of contact).     

 Electrochemical Characterization 

Cyclic voltammetry on PbS films was performed in deoxygenated acetonitrile (99.9%, 

Sigma Aldrich) in a three electrode configuration on a CH Instruments 618B potentiostat. A Pt 

wire was used for the counter electrode, and Ag/AgNO3 was used as the reference electrode. A 0.1 

M solution of tetrabutylammonium hexafluorophosphate (Sigma Aldrich) was used as the 

supporting electrolyte. Voltammograms were obtained by scanning from 0 V to -1.2 V at a scan 

rate of 200 mV/s. The onset of the reduction peak for the QD was determined after subtraction of 

the background charging current, through an exponential fit. The formal potential of ferrocene / 

ferrocenium was used to calibrate the Ag/AgNO3 reference electrode and convert the CBM of the 
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PbS QDs to the vacuum energy scale.22 The VBM was determined through addition of the optical 

band gap and exciton binding energy to the CBM. 

5.3 PHOTOEMISSION SPECTROSCOPY CHARACTERIZATION 

UPS measurements were performed using an ESCALAB 250XI XPS at a base pressure of 

~10-10 millibar. Electrical contact to the stage was made using copper tape on the edge of the Au 

substrate. Experiments were performed to ensure that no Cu photoemission signal contributed to 

the spectra. A bias of -5.0 eV was applied to the stage so that 1) the secondary electron cut off of 

the sample is distinguishable from that of the detector and 2) to ensure that the local vacuum level 

of the sample is more negative than that of the detector. A pass energy of 1.0 eV and a dwell time 

of >50 s were used to increase resolution and eliminate charging. A He (I) discharge lamp, 21.22 

eV, was used as the ultraviolet source. The onset region and subsequent determination of the 

valence states were fit using previously published protocols.20 In all experiments the Fermi edge 

of the underlying Au substrate is monitored to accurately reference the data. 

5.4 RESULTS  

Absorbance and emission spectra of the three different sized PbS quantum dots (QDs) used 

in this study are shown in Figure 5.1 (a). The sizes of these QDs were estimated from the empirical 

model developed by Moreels et al.42 Note that the Stokes shift observed for the PbS QDs changes 

with size in a manner consistent with previous literature.43,44 The PbS QDs were then spin-coated 
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onto an Au substrate and AFM measurements were performed. Figure 1 (b) and (c) show an 

example AFM image and measured thickness used to characterize each QD film for the 

determination of average thickness. 

 

 

 

Figure 5.1 a) Normalized absorbance (solid line) and emission (dashed line) spectra of 2.5, 3.0, and 3.4 nm QDs in 

octane; b) AFM image of 3.0 nm PbS QDs that are cross-linked with EDT on Au; and c) height profile of the scratched 

QD film. 

 

 

Figure 5.2 shows representative data from UPS (a) and electrochemistry (b) for 3.0 nm PbS 

with an EDA cross-linker. For UPS measurements, the VBM is determined by measuring the onset 

of the photoelectron spectra relative to the Fermi edge of Au (Ef). The work function of a bare Au 

substrate (4.8 eV) was then used to reference these data to absolute electrode potential found in 

the electrochemical measurements. Cyclic voltammetry measurements on the CBM of PbS were 
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performed in a manner similar to that reported previously.22 Briefly, the PbS QDs exhibited a 

cathodic peak in the potential range of -0.9 to -0.5 volts versus AglAgNO3, similar to those 

reported by Hyun et al.45 Because the range overlaps with the limit of the solvent’s potential 

window it was necessary to perform background subtraction. The voltammogram, excluding the 

peak region, was fit to an exponential (green) and then subtracted from the data to give a 

background subtracted (blue) curve, Figure 5.2 (b). This procedure minimizes the effect of the 

capacitive current and allows for more accurate determination of the onset potential. Using the 

known absolute electrode potential for ferrocene, the onset potential can then be related to the 

vacuum energy scale by referencing to the ferrocene / ferrocenium redox couple.  

 

 

Figure 5.2 UPS spectra (a) and cyclic voltammogram (b) of 3.0 nm PbS QDs that are cross-linked by EDA to 

determine the VBM and CBM respectively. UPS of the onset region (a, left) and the full spectra (a, right) are shown. 

The red dashed line in both the UPS spectra and voltammogram show the onset potential associated with the 

corresponding electronic states. 

 

Figure 5.3 summarizes the VBM and the CBM positions that were determined for thin 

films of the three different sized QDs that are capped with three different ligands: EDT, BDT, and 

EDA. The VBM was experimentally determined by UPS (Figure 3B, stars) and the CBM was 
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experimentally determined using cyclic voltammetry (Figure 5.3 (a), stars). The optical bandgap 

and exciton binding energy were then used to determine the other bandedge. The measurements 

were performed on the same sample which was divided into two separate pieces using a glass 

cutter following the thin film fabrication. Each symbol represents the average of three independent 

measurements (an example of each is included in the supporting information). The standard 

deviation of the measurement is used for the error bars in the electrochemistry measurements and 

the resolution of the instrument, 0.1 eV, is used for the error bars in the UPS measurements. Slight 

differences in the electronic state positions obtained through the UPS and voltammetry methods 

exist and are attributed to environmental differences during measurement. Note that each of the 

experimental methods has limitations that affect the accuracy. The voltammetry is performed in 

an electrolyte solution where dielectric and double layer, as well as solvation, effects can influence 

the measured reduction potential. The UPS measurements are performed in vacuum and can be 

affected by local vacuum level shifts.46 Despite the differences in energy found for the VBM from 

the two different techniques the experimental data are in reasonable agreement. Moreover, the two 

methods independently demonstrate that the VBM of the PbS QD monolayer films does not change 

significantly over the size range and cross-linker types studied. In both experiments the CBM shifts 

systematically to higher energies with a decrease in QD size. For UPS measurements on medium 

and large sized QDs the CBM is reported below the bulk band energy of PbS (4.35 eV),15 providing 

further evidence that Fermi-level realignment occurs at the metal-NP interface. 
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Figure 5.3 Electronic states of PbS monolayers determined by cyclic voltammetry (a) and photoelectron spectroscopy 

(b) are plotted versus the three different ligands used for cross-linking: EDA (black), EDT (red), and BDT (blue). 

Stars are representative of the experimentally determined values and a combination of the optical band gap and exciton 

binding energy was used to calculate the other bandedge. The S, M, and L represent the three different QD diameters 

2.5 nm, 3.0 nm, and 3.4 nm, respectively. The dashed black line corresponds to the bulk CBM of PbS and the gray 

bar illustrates that all of the experimental UPS data fall within the error associated with the UPS measurement 5.6 +/- 

0.1 eV. The error bars in the UPS measurement are a result of instrument resolution and the error bars in the 

electrochemistry data are representative of the standard deviation of multiple measurements.   

 

When a thin interfacial layer of alumina is placed between the PbS monolayer film and the 

Au substrate, a trend different from that shown in Figure 3 was observed. The Au substrate used 

for these studies contained Al2O3 on one half of the substrate while the other half was bare Au (see 

Figure 5.4(a)). This procedure enabled a direct comparison of the two systems under identical 

conditions. UPS was employed to deduce the VBM for EDT cross-linked monolayer films of 2.5 

nm and 3.0 nm diameter PbS QDs with 1 and 3 nm alumina layers (supporting information Figure 

S4). Figure 5.4(a) shows the bandedge values obtained, as relative shifts from the Fermi level of 

Au (Ef), from these measurements. The plot shows that when no alumina is present (0 nm), no 

relative shift in VBM from the Fermi level of Au is found as a function of QD size. When alumina 



150 

is present, however, the two different sized QDs have distinctly different electronic energy 

positions. Furthermore this shift depends on the thickness of the interfacial alumina, indicating 

that the PbS VBM is being decoupled from the Au Fermi level and the expected size dependent 

VBM shift is becoming manifest. Namely, the larger nanoparticles (in the 1 and 3 nm alumina 

thickness) have the VBM slightly higher, closer to that of bulk PbS. Note that a different cleaning 

procedure (see experimental section) was used here than in the previous measurements (Figure 

5.3) in order to maintain the integrity of the film. As a result the work function of Au can shift 

slightly, however, both are internally consistent. 

 

   

Figure 5.4 Diagram (a) shows a schematic of the substrate configuration used in this part of the study and diagram 

(b) shows the UPS determined energy band positions of the PbS monolayers. In b) the VBM and CBM are presented 

as relative shifts from the Au Fermi level (Ef = 0 eV) for two different size QDs and three different thicknesses of 

alumina. The black boxes correspond to the band edge positions and their shift from Ef is provided next to the double 

headed arrow. 
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Figure 5.5 shows the VBM and CBM of PbS QD monolayers on 100 nm Au substrates and 

their energies obtained by UPS for 2.5 nm QDs (open symbol) and 3.0 nm QDs (closed symbol) 

without (a) and with (b) a 3 nm alumina interfacial layer. The NPs are cross-linked in the same 

manner that was used in the Fermi level pinning study: BDT, EDT, and EDA. The energy of the 

VBM (black symbols) and CBM (red symbols) are reported with respect to the Au Fermi edge in 

the UPS spectra (supporting information Figure S5). On the Au substrate without alumina, it is 

clear that there is no variation in the VBM with QD diameter and cross-linker type. When alumina 

is present the VBM changes in a manner consistent with earlier reports: 1) the shift in VBM is 

correlated with the ligand identity for QDs of the same size and 2) the VBM shifts more strongly 

for QDs with a larger surface-to-volume ratio. 

 

 

Figure 5.5 VBM (black symbols) and CBM (red symbols) of PbS monolayers with 2.5 nm (open symbols) and 3 nm 

(closed symbols) size QDs, as determined by UPS. Diagram (a) is on the bare Au part of the substrate and diagram 

(b) is for the part of the substrate covered with 3.0 nm of alumina. Three different cross-linkers were studied: BDT, 

EDT and EDA. Energy level positions are reported with respect to the Au Fermi edge in the UPS spectra. 
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5.5 DISCUSSION 

When a semiconductor QD is in physical and electrical contact with a metal, charge 

equilibration occurs and the semiconductor’s electronic states couple to those of the metal. If these 

interactions are caused by localized interfacial states,47 then the charge exchange creates an electric 

field that ‘pins’ the semiconductor bandedge to the metal Fermi level. Which bandedge is pinned 

depends on the details of the orbitals that contribute to the electronic coupling and the surface state 

energy, with respect to the bandedge. Fermi level pinning results in different sizes of QDs 

exhibiting similar barrier heights for charge injection upon photoexcitation. This phenomenon has 

been demonstrated for quantum dots at the interface with either a metal, or metal oxide, through 

electrochemical,20,22 photoemission,20-22,48-50 and Kelvin probe techniques.51 The data in Figure 2 

show that this pinning behavior is observed for monolayers of three differently sized PbS QDs on 

Au. Interestingly, the pinning effect persists for different cross-linkers (EDT, EDA, and BDT) 

despite recent studies which indicate that a change in the surface passivation changes bandedge 

positions of the QDs.  

It is important to appreciate the difference between the monolayer films studied herein and 

the thicker films reported on by a number of other workers.4,11,17 As the film thickness increases, 

the outer layers which are no longer directly coupled to the substrate, should have their energetics 

affected by the coupling between QDs, rather than by the asymmetric QD to metal coupling.  In 

this limit, strong ligand dipolar effects are expected to determine the VBM and CBM of the PbS 

NPs.  Thus one expects that the profile of bandedge energy with thickness will change through a 

thick film, from the Fermi level pinning value at the metal electrode surface to the QD-QD 

coupling value for thick films. 
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This study shows how the Fermi level pinning, caused by electronic coupling between the 

QDs surface states and the underlying metal electrode, can be eliminated by inserting a thin Al2O3 

layer. The presence of this layer acts to reduce the metal-QD coupling and charge exchange.  As 

Figure 3 illustrates, an increase in the thickness of Al2O3 from 0 nm to 3 nm between Au and an 

EDT cross-linked PbS monolayer causes a shift in the VBM energy from a size independent pinned 

value to a size dependent value. These data provide direct evidence that strong coupling and charge 

displacement between the NPs and the Au electrode cause the Fermi level pinning, and ligand 

control is returned when this coupling is weakened enough.  A different type of oxide film could 

be used to modulate the magnitude of the effect observed here; for example Beard et al. have 

examined how the open circuit voltage of a PbS QD film changes with thickness of a MoO3 layer 

(up to 25 nm) between it and a metal electrode.23 As such, it is expected that the barrier height for 

charge injection would be weakly dependent or even independent of cross-linker type or NP size 

when the thickness of MoO3 is less than this amount. The large thicknesses needed to reduce the 

pinning effect in their study likely arises because the electronic states of the MoO3 are energetically 

close to the electronic states of PbS; ie. enhancing their mixing.  

The system under investigation in Figure 5.4 is in agreement with the explanation given by 

Choi et al. in which a PbS film was annealed in air to passivate the NPs with a thin oxide layer 

prior to deposition of the top contact (LiF/Al/Ag).34 The PbO passivates the surface state defects 

on the QDs that are assumed to participate in charge equilibration and therefore inhibits Fermi 

level pinning.  In this situation, the Schottky barrier height for hole injection is expected to increase 

and the surface recombination is minimized, thus leading to an improvement in device 

photoconversion efficiency. Using a core-shell QD consisting of a CdS shell and PbS core has also 

been shown as a way to increase open circuit voltage compared to core only devices of the same 
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size, presumably for the same reason.35 Deposition of a thin alumina film accomplishes the same 

goal as oxidation of the PbS and passivation with a CdS shell; namely, it inhibits charge 

equilibration at the interface, but unlike the other methods it also preserves the QD’s chemical 

composition. 

Shifts in the electronic state energies of the PbS QDs as a function of cross linker are also 

expected to return in the presence of an alumina tunneling barrier. Figure 5 shows how the VBM 

of 2.5 and 3.0 nm PbS QDs transition from ligand independent behavior on Au (a) to ligand 

dependent characteristic shifts, similar to those reported by Brown et al.11, when alumina is present 

(b). Previous studies on CdSe have shown that small QDs exhibit larger ligand effects than large 

QDs because of their larger surface-to-volume ratio.10 Figure 5.5(b) shows that BDT, EDT, and 

EDA cross-linkers shift the VBM much more for 2.5 nm PbS QDs than for 3.0 nm PbS QDs, in 

agreement with this claim. These ligand dependent shifts in electronic energies further corroborate 

the conclusion that the thin alumina layer acts to decouple the electronic states of QDs from Au. 

Operating under these conditions it should now be possible to tune the PbS QD properties at the 

interface and overcome charge injection and separation issues that have plagued previous 

architectures. 

5.6 CONCLUSION 

This work demonstrates that Fermi level pinning persists in monolayer PbS QD films on 

Au substrates with different cross-linkers. Introduction of a thin alumina layer between the PbS 

QDs and the Au substrate was shown to weaken Fermi level pinning enough that size- and ligand-

dependent properties are manifest. These findings point to a procedure for using ligand tuning of 
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QD energetics to enhance charge injection and separation to overcome the open circuit voltage 

deficit reported for PbS. 
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 CONCLUDING REMARKS 

The study of light matter interaction in nanoscale architectures has revealed new properties 

and new strategies that can be used to manipulate light for the advancement of science and also 

for economic growth. This dissertation has dealt with furthering our understanding of these light 

matter interactions in nanoscale metallic and semiconductor structures with the aim of using them 

in sensing and photovoltaics applications.  

The studies presented in Chapters 2 through 4 address surface plasmon effects that arise in 

metallic nanostructures when coupled with light, for refractive index sensing applications. In 

Chapter 2, a novel inplane nanofluidic nanoplasmonics platform was designed and studied for 

plasmonic sensing and fluid sample delivery concurrently. Preliminary studies through 

computational simulations and experiments show promise for an integration of plasmonic array 

structures with microfluidic channel for biodetection. The in-plane nanoslit structure described 

there will be compatible with emerging lab-on-chip biosensor application.  

Chapter 3 shows that the coupling between one dimensional plasmonic nanoparticle chains 

leads to novel optical features and enhanced refractive index sensing. Studies presented in this 

Chapter shows experimentally that under longitudinal polarization and at short inter-particle 

distances the chains exhibited a delocalized surface plasmon mode (DSPR). For a given 

interparticle distance, it was observed that the wavelength position of the DSPR initially red shifts 

with increasing number of NPs in the chain and reaches an asymptotic value. The application of 

the plasmon ruler equation to the square NP dimer gave rise to a longer characteristic decay 

constant than is reported for spherical or disk shaped NPs. An analytical expression based on a 

tight binding model was used to obtain a coupling constant for the interparticle coupling strength 
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from the observed spectral shifts. The coupling constant displayed an ~ d-0.42 distance dependence 

over the range of interparticle distances studied. The sensitivity of the DSPR wavelength for 

molecular absorbates was found to be larger than that previously reported for LSPR modes of 

individual NPs and NP dimers; thus the large redshifts in the peak wavelength position of NP 

chains is a promising sensing strategy that was not explored before our work.  

Chapter 4 investigates the coupling of HIV capsid proteins to the plasma membrane using 

surface plasmon resonance. In this study successful preparation of a model lipid bilayer film was 

demonstrated and characterized with different methods. Lipid rafts were prepared by allowing 

sphingomyelin and cholesterol to be titrated into the model lipid bilayer. Specific binding of HIV 

capsid protein hexamer to the sphingomyelin and cholesterol modified lipid bilayer film was 

quantified using SPR. The full length capsid protein exhibited no interaction with the bilayer, 

indicating that the quaternary structure of the capsid proteins might play an important role during 

its interaction with the lipid rafts . The protein glycerol kinase was used as a negative control to 

verify any nonspecific interactions. 

The studies in Chapter 5 investigates a strategy for enhancing the efficiency of QD based 

solar cells by eliminating Fermi level pinning in semiconductor quantum dots (QDs) on metal 

substrates. Fermi level pinning is known to limit the efficiency in Schottky junction solar cells 

causing the electronic levels of QDs to be 'pinned with respect to the Fermi level of the metal 

contacts. Studies performed in this work demonstrate that Fermi level pinning persists in 

monolayer films of PbS QDs prepared on Au films. Introduction of a thin alumina layer between 

the PbS QDs and the Au substrate was shown to weaken Fermi level pinning enough that size- and 

ligand-dependent properties are manifest. These findings point to a procedure for using ligand 
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tuning of QD energetics to enhance charge injection and separation to overcome the open circuit 

voltage deficit reported for PbS QD based solar cells. 

Altogether, the studies in this thesis provide insight into the controlling optical fields using 

metallic and semiconductor nanostructures. The presented concepts and insights holds a great promise 

to new approaches or inspire novel physics that that will eventually bridge the current gap between 

laboratory discovery and real world application of the metallic and semiconductor nanostructures in 

fields of sensing and photovoltaics. 
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APPENDIX A 

Supporting Information for Chapter 2 

 

1)  Schematic of EBL Fabrication of Sqaure Nanoparticle Chains 

 

 

Figure A1. A Schematic representation of the steps used in the electron beam lithography (EBL) process to fabricate 

square nanoparticle arrays is shown. a) Electron sensitive positive tone polymer (PMMA) is spun onto the cleaned 

ITO substrate. b) Electron beam exposure of the desired pattern onto PMMA c) Exposed areas being dissolved by 

developing solvent d) Deposition of the metal thin film (Ag) e) Dissolving the remaining resist to expose the pattern  

 

  

Quartz PMMA Exposed PMMA Silver E-beam 

a) b) c) d) e) 
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2) Comparison of the experimental and FDTD calculated transmission spectra Ag square 

nanoparticle array. 

 

 

 

 

 

 

 

Figure A2. a) SEM image of an array of single square nanoparticles. b) A comparison of the FDTD calculated 

transmission spectrum of a single NP array with the experimental spectrum. The calculations were done in the manner 

described in the experimental section of the paper. The main peaks are labeled as peak A and peak B. c) The electric 

field intensity enhancement (|𝑬|𝟐/|𝑬𝟎|𝟐) profiles of the square NP at peak A and peak B wavelengths are shown here 

by the color coding. Slices given here are collected right yz surface of the nanoparticle whereas light is polarized along 

the y-direction. The white dashed line indicates the position of the substrate-NP interface. Scale bar ranges from 0-

1000, with lighter colors representing higher electric field intensity enhancement. 
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3) Distance Dependence of the DSPR Evolution   

 

In the following figures, panel (a) shows the evolution of the DSPR peak as the interparticle 

distance reduces for a square NP tetramer chain. All the spectra are corrected for nanoparticle 

density. DSPR peak is deconvolted as described in the main text and the plotted against the energy 

scale in eV. Area under the DSPR peak is plotted against the interparticle distance in the panel (b). 

 

 

 

 

 

 

 

 

 

 

Figure A3. a) The transmission spectra of a square nanoparticle tetramer chain (normalized for NP density) as a 

function of interparticle speration. b) Change in area under the DSPR peak (normalized per NP) for tetramer chain 

when the inter-particle distance is reduced. The red dashed line is given as a guide to eye.   
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4) FDTD calculated electric field intensity enhancement around nanoparticles under 

transverse polarization. 

 

 

 

Figure A4. Electric field intensity enhancement profiles for a four NP chain with three different nanoparticle 

separations (d) when the direction of the light polarization is perpendicular to the major axis of the clusters (transverse 

polarization). It can be noted that there is no significant electric field intensity enhancement in the gap region when 

compared with the Figure 5(a), the case where light polarization is along the major axis of the NP chain (longitudinal 

polarization), indicating much less coupling between NPs under transverse polarization. Scale bar ranges from0-100, 

with lighter colors representing higher electric field intensity enhancement. 
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5) Distance dependence of the coupling constant A of the FDTD calculated transmission 

spectra of square nanoparticle chains. 

 

The FDTD calculations, as described in the experimental section of the text, were used to obtain 

transmission spectra of the NP chains under different interparticle distances. The transmission 

spectra were fitted by a Breit-Wigner-Fano lineshape70 in order to deconvolute the DSPR peak 

and extract its wavelength position. Then Equation 1 ( main text) was used to obtain the coupling 

constant A. From the fit in the Figure S5 panel (a), a  𝐴 ∝ 𝑑−0.3 relationship can be deduced, closer 

to the power which is obtained from experimental data. The exponential fit in panel (b) again 

suggest a decay constant ~ 190 nm, closer to what the experimental data suggests. 

 

a)                                                                                 b) 

 

 

 

 

 

 

 

 

Figure A5. The natural logarithm of the coupling constant (-A) is plotted versus the natural logarithm of the inter-

particle distance, d, between NP in the chain is plotted in  panel (a) whereas in panel (b) The exponential distance 

dependence of the coupling constant is evaluated. The solid red line indicates the best fits in both panels.  
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6) Ellipsometc thickness of alkanethiol self-assembled monolayers 

 

 

 

 

 

 

 

 

 

 

Figure A6. Ellipsometric thickness of self-assembled monolayers of alkanethiols plotted against the number of 

methylene groups (CH2) in its alkane chain. Measurements were carried out on a 50 nm silver thin film supported on 

an ITO substrate. The black dashed line gives the best fit to the obtained data (y = 0.13x+ 0.50, R2 = 0.91) whereas 

the solid red line gives the theoretical thickness of each SAM based on standard bond lengths and angles extracted 

from reference A1. 
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APPENDIX B 

Supporting Information for Chapter 5 

 

 

 

Figure B1. Shows representative AFM images of BDT, EDT, and EDA cross-linked 3.0 nm PbS and their respective 

thickness profiles. BDT, EDT and EDA had an average thickness of 4.0 nm, 3.9 nm, and 4.24 nm respectively. 
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Figure B2. Shows representative UPS spectra for 2.5 nm (black), 3.0 nm (red), and 3.4 nm (blue) PbS QDs cross-

linked with EDA (left), EDT (middle), and BDT ligands. The onset energy derived from these spectra, along with 

those determined from three additional sets of spectra for each ligand and size, were averaged to form the data points 

in Figure 5.1. 

 

 

 

Figure B3. Shows representative background subtracted voltammograms for 2.5 nm (black), 3.0 nm (red), and 3.4 nm 

(blue) PbS QDs cross-linked with EDA (left), EDT (middle), and BDT ligands. The onset energy derived from these 

voltammograms, along with those determined from three additional sets of spectra for each ligand and size, were 

averaged to form the data points in Figure 3. 
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Table B1. Average electronic state energies in electron volts of the 2.5, 3.0, and 3.4 nm PbS QDs cross-linked with 

EDA, EDT, and BDT ligands. The CBMs were determined experimentally in the electrochemistry studies and the 

optical bandgap and exciton binding energy were used to calculate the VBMs. The VBMs were determined 

experimentally in the UPS studies and the optical band gap and exciton binding energy were used to calculate the 

CBMs. These values correspond to the data points in Figure 5.3. 
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Ultraviolet Photoelectron Spectroscopy Data 
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Figure B4. Shows the UPS spectra used for determining the VBM of EDT cross-linked 2.5 nm (left) and 3.0 nm 

(right) PbS QDs deposited on Au (black), 1.0 nm alumina (red), and 3.0 nm of alumina (blue). The shift in the onset 

energy as a function of alumina thickness is plotted in Figure 5.4.  

 

 

 

 

Figure B5. Shows UPS spectra of 2.5 nm (black) and 3.0 nm (red) PbS on Au substrates and 2.5 nm PbS (blue) and 

3.0 nm PbS (teal) on  3.0 nm thick alumina substrates. The cross-linkers used in the experiments were BDT (left), 

EDT (middle), and EDA (right). These data correspond to the data points of Figure 5.5. 
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Table B2. Average electronic state energies in electron volts of 2.5 and 3.0 nm PbS QDs cross-linked with EDA, 

EDT, and BDT ligands reported against the Fermi edge of Au. The VBM were determined by UPS and the CBM was 

found by adding the optical band gap and exciton binding energy. These values correspond to the data points in Figure 

5.5. 
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