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ABSTRACT OF THE DISSERTATION 

Shrink-Induced Wrinkled Structures  

For Enhanced Fluorescence Sensing 

By 

Himanshu Sharma 

Doctor of Philosophy in Chemical and Biochemical Engineering 

University of California, Irvine, 2014 

Professor Michelle Khine, Chair 

 

One of the greatest challenges in global health is to develop inexpensive technologies that are 

highly sensitive, rapid in readout, and selective for particular agents. Fluorescence is widely used 

in diagnostics due to its sensitivity and specificity, but an ongoing challenge is to detect and 

quantify low concentration of target biomolecules and specifically by amplifying the 

fluorescence signal. Efforts to enhance the fluorescence signal relative to the background have 

been employed using nanoscale metallic structures and reflective surfaces. These studies have 

shown that by manipulating the interaction of light with these types of structures, enhancements 

in the fluorescence signal can be achieved.  

Motivated by the need for earlier, better detection of infectious diseases, in this 

dissertation, commodity shrink wrap film is used as a platform and combined with top-down and 

bottom-up approaches for two underlying intentions: to create scalable methods for synthesis of 

tunable structures, and to provide an inexpensive, sensitive fluorescence biosensor. We present a 

simple approach to pattern metal films onto the shrink wrap film and leverage the stiffness 

mismatch during the shrinkage to create nano to microscale metallic structures. The use of these 
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metallic structures is demonstrated by depositing fluorescently labeled molecules on top and 

studying the characteristic properties of the fluorophore’s interaction (intensity, emission spectra, 

and lifetime) with the structures. We demonstrate that our metallic structures can enhance the 

fluorescence signal relative to a planar surface by more than 1000 fold and show that the 

fluorescence lifetime is shortened to the point of the detection limit of the system. We also 

present methods to self-assemble colloidal particles onto the shrink wrap film and etch the 

particles to various sizes and leverage the shrinkage of the shrink wrap to control the gaps 

between the etched particles. Finally, we present a manufacturable and scalable method for 

fabrication of multi-scale wrinkled silica (SiO2) structures on shrink-wrap film for far-field 

fluorescence signal enhancements in DNA fluorescence microarrays. Our SiO2 structured 

substrate has an improved detection sensitivity (280 pM) relative to planar glass slide (11 nM) 

and an improvement of 30-45 times in the signal to noise ratio (SNR). The techniques presented 

in this dissertation to make these low-cost structures are simple but yield significant 

enhancements in the fluorescence signal. Development of such tools open up the potential to 

bring a rapid, portable, sensitive, diagnostic device that could potentially aid in detection of 

diseases at an earlier stage of infection.
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Chapter 1 Introduction 

1.1 Motivation 

Infectious diseases such as diarrheal disease, malaria, and HIV/AIDS remain the second 

leading cause of global deaths after cardiovascular diseases [1, 2]. Each year, approximately 16 

percent of the deaths that occur in the world are related to infectious diseases[3]. A report by the 

Child Health Epidemiology Reference Group (CHERG)  organization indicates that more than 

two-thirds of the nine million children deaths that occurred each year were related to infectious 

diseases[4]. Another report by the World Health Organization (WHO) in 2011 estimated that 

four of the ten leading causes of death were related to infectious diseases [5].  However, in some 

poor countries where the health care infrastructure is weak, five of the ten leading causes of 

death were related to infectious agents. An estimated 95 % of such deaths were due to lack of 

adequate treatment or improper diagnosis due to the difficulties in accessing proper health care 

infrastructure[6]. One of the shocking truths is that most infectious diseases are treatable and can 

be prevented from rampantly spreading if detected early in their progression. However, in 

developing countries, proper medical clinics are scarce and people may have to travel hundreds 

of miles and then wait in queues to get tested. Further, in some of these clinics, only one person 

may be available to provide a proper diagnosis. Thus, one of the key barriers to improving the 

management and surveillance of infectious diseases is the lack of rapid and effective diagnosis to 

direct treatment decisions at the patient’s bedside or at the point of care (POC). The WHO has 

established guidelines to develop diagnostic tools that fit the ASSURED (affordable, sensitive, 

specific, user-friendly, rapid, and robust, equipment-free, and deliverable to end users) 

criteria[7]. 
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An ideal POC technology has the potential to monitor infectious diseases in resource-

limited settings and provide a way to rapidly detect and prevent the spread of the disease.  The 

tests can be administered at the patient’s bedside or even by the patient himself/herself, offering 

not only convenience but a significantly faster diagnosis than conventional lab-based testing. 

Reducing the diagnosis time from days to minutes enables better patient management decisions 

that may lead to improved prognosis, short wait lines in medical clinics, and reduced overall 

health care cost. In particular, the potential of rapid, quantitative, and sensitive diagnosis has 

resulted in many innovative lab on chip (LOC) technologies for POC applications. Perhaps the 

most compelling application of such technologies is in the early and accurate detection of 

infectious agents in developing countries[8].  In such cases the technologies must be 

inexpensive, robust, scalable, simple to use, easily adaptable to detecting various infectious 

agents while, sturdy under harsh and resource limited environments [9]. Likewise, accurate 

diagnosis of the disease at an early stage of infection, these assays must be quantitative and 

sensitive [10, 11].  

Over the past three decades, there has been significant interest in the development of 

biosensors suitable for POC diagnostics [12]. A biosensor is an analytical device that consists of 

a biological receptor and a transducer to provide quantitative or semi-quantitative analytical 

information[13].  The receptor is a biological recognition element that has the ability to directly 

interact with an analyte, whereas the signal transducer converts such interactions into a 

measurable signal by detecting a change in the electrochemical, optical, or physiochemical 

properties [14-16]. A biosensor that primarily looks at the interactions of antibodies to antigen by 

immunoassays is known as an immunosensor. Immunoassays are the preferable method for 

detection of various analytes such as proteins associated with the disease located in bodily fluids 
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such as blood, urine, and saliva[17]. An immunoassay looks at the interaction of antigens, which 

are large protein molecules found on the surfaces of viruses and infected cells, to antibodies 

which are produced as an immune response to the antigen. Most antibodies have a strong 

specificity and high binding constant to antigens [18].  

Optical detection and imaging strategies that rely on using absorbance, fluorescence, 

chemiluminescence, and surface plasmon resonance have been utilized for development of 

immunoassays for POC [19-24]. For most blood protein analysis, the current gold standard for 

detection is based on the enzyme linked immunosorbent assay (ELISA). In traditional ELISA 

methods, colorimetric, electrochemical or fluorescent readout signals have been utilized to look 

at the visual binding of protein to specific recognition molecule [25-29]. A colorimetric assay 

looks at how much light is absorbed by a reagent and typically uses a chromogenic substrate to 

visualize the amount of reagent present in the sample. Some colorimetric techniques utilize the 

optical properties of gold (Au) nanoparticles that are coated with capture antibodies to visualize 

the presence of analyte in samples. As the antigen binds to the coated Au nanoparticle, the Au 

nanoparticle complex binds to a detection antibody and the Au nanoparticles aggregate as they 

bind to each other. If the binding of the antigen to the Au nanoparticle coated antibody does not 

occur, the color of the solution remains red. If binding does occur, then the color of the solution 

turns to blue. The sensitivity of colorimetric assays is low requiring an abundant amount of 

proteins in order for the assay to be effective[30]. Electrochemical biosensors couple a biological 

recognition element to an electrode transducer which converts the biological recognition element 

into a measurable electrical signal [31]. For these type of biosensors, it is important that the 

enzymatic product is electroactive so that it is easy to measure through voltammetric or 

amperometric techniques.  Electrochemical biosensors have played an important role in 
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simplifying the testing for home devices such as self-testing glucose strips, and screen-printed 

enzyme electrodes. Relative to other techniques, optical techniques have the advantage of high 

sensitivity, quantitative output, multiplex capabilities, and compatibility with bench-top assays. 

An attractive advantage of using a fluorescence probe is that when light is shined on the 

fluorescence intensity is bright and the fluorescence signal is dependent on the number of 

biomarkers present. Although the sensitivity of a fluorescent based assay is higher than a 

colorimetric assay, the fluorescence intensity is still low due to the low amount of biomarkers 

present during the early stages of infection. Thus, one of the main challenges of the optical 

methods is to enhance the sensitivity in order to be able to perform early detection of protein. 

In the past two decades, fluorescence based imaging has become a valuable tool in 

research and biomedical diagnostics and has played a major role in the progress of biology, 

disease diagnosis, and life sciences [32, 33]. This is due to the increased usage of fluorescent 

proteins, probes, and dyes which have enabled non-invasive studies of gene expression, protein-

protein interactions, protein function, and a large number of cellular processes[34, 35]. The 

methodology of using fluorescently tagged proteins as biomarkers in particular has been an 

attractive approach in molecular imaging due to their inherent sensitivity and molecular 

specificity [36, 37]. Extrinsic fluorophores such as small organic fluorophores have been suitable 

for attaching to biomolecules such as peptides, proteins, and oligonucleotides because they are 

relatively small, minimizing the steric hindrance that can interfere with biomolecule function. 

This also increases the possibility of several fluorophores getting attached to single molecule, 

thus enhancing the fluorescence signal [38]. Furthermore, the commercial availability of 

functionalized dyes combined with established labeling protocols to proteins have dramatically 

increased its usage for fluorescent methods. Near infrared (NIR) fluorescent probes have also 
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emerged as versatile labeling tool due to their large absorption cross sections and fluorescence 

quantum yields which dramatically increases the image contrast[39]. The use of organic 

fluorophores such as rhodamines, cyanines, and oxazines suffers from photobleaching, low 

quantum yields, spectral overlaps, and changes in the excitation/emission profiles due to local 

molecular environment changes such as pH, H2O, O2, and interacting ions[40, 41]. Furthermore, 

the organic fluorophores are prone to photobleaching since they are not as photostable under 

ambient conditions [42, 43]. Another common challenge in molecular imaging is to increase the 

signal to noise ratio (SNR) to achieve a detectable signal for the biomarkers.  

There are several approaches to enhance the spectral properties of organic fluorophores. 

These include (1) replacing single molecule labels with high brightness dye-doped silica particles 

and (2) using nanostructured metallic surfaces to enhance the fluorescence intensity by localized 

surface plasmon (LSPR) effects [44]. In the past fifteen years, research has demonstrated that 

engineered metallic substrates such as islands, nanoporous surfaces, nanoparticle dimers, and 

bow-tie antennas have tremendous potential to enhance the fluorescence intensity from 5 to more 

than 1000 fold [45-53]. The enhancement is thought to occur by the principle of metal enhanced 

fluorescence (MEF). Some studies have shown that by generating engineered surfaces with Au 

features that are sharp tipped and having gaps of nanometer size range between, significant 

enhancements in the fluorescence signal can be achieved. Other groups have shown that 

positioning dye molecules nanometric distances from non-metallic surfaces such as SiO2 could 

enhance the emission by up to 20 times relative to a glass slide. 

For significantly enhancing the sensitivity of optical biosensors, it is essential to 

fundamentally understand the materials already in widespread use in an effort to improve them 

and to develop novel advanced materials. This work investigates the use of shrink wrap film to 
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create a variety of structures that could potentially be used as sensitive biosensors for disease 

detection. The objective of this dissertation is to research, develop, test, and characterize shrink 

wrap structures for use as biosensors. 

1.2 Structure of the dissertation 

The remainder of this thesis is organized as follows: In chapter 2, an overview of top-down and 

bottom-up approaches is presented, followed by applying some of these techniques on our shrink 

wrap film to create a multitude of tunable structures. In chapter 3, a background of plasmonics is 

given and the optical properties of the tunable structures characterized. In chapter 4, the 

application of the wrinkle structures is demonstrated in one photon excitation for enhancing the 

fluorescence signal of labeled biomolecules. Chapter 5 illustrates the applicability of using the 

wrinkled structures to enhance the fluorescence signal of a single labeled biomolecule by two-

photon excitation. Chapter 6 describes non-metallic structures generated using shrink film to 

enhance the fluorescence signal of labeled biomolecules for far-field fluorescence enhancements.  

Chapter 7 summarizes the work presented in the dissertation and present future studies that could 

be investigated by future researchers. 
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Chapter 2: Nanofabrication Techniques 

2.1 Introduction 

The field of nanotechnology has seen significant progress made in recent years to create and 

engineer structures that have dimensions between 1-100 nm by utilizing various nanofabrication 

techniques[54-56]. Nanofabrication involves the design and manufacture of devices on the 

nanometric length scale to provide structures and patterns for various applications in 

nanotechnology. The development in these nanofabrication technologies has led to an emphasis 

on improving health-care, providing more sensitive biosensors, and surfaces with unique 

properties and optics for detection. However, to continue creating new nanomaterials for these 

applications, nanofabrication approaches that allow the ability to control the structural, 

mechanical, optical, and electronic properties with fine precision is important. Generally, the 

nanofabrication approaches that have been applied to create nanoscale structures can be 

classified into two major categories: top-down and bottom-up methods [57]. 

2.2 Top-down approach 

 In a top-down approach, external equipment is used to direct the nanofabrication tools for 

patterning nanoscale size structures on a substrate. Typically, these top-down nanofabrication 

approaches require starting with a substrate and depositing thin layers of metal films, patterning 

features on surfaces using lithographic approaches, or etching materials to create features[58]. 

Various lithographic methods have been applied in the top-down approach including serial and 

parallel techniques for patterning nanoscale features. Common lithographic approaches include 

photolithography, nanoimprint lithography (NIL), electron-beam lithography (EBL), and focused 

ion beam (FIB)[59]. Usually, the main substrate is protected by a mask and any unprotected 

material is etched away via wet-etch or mechanically etched using ultraviolet light, X-rays, or 
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electron beams.  Lithography is mainly used to create a desired pattern in a resist coated 

substrate and then transfer that pattern over to another substrate. 

Conventional lithographic techniques such as optical photolithography have been the 

workhorse for high fidelity patterning since its introduction in the 1960s due to its ability to 

pattern features at the micrometer to sub-micron scale[60]. In photolithography, light passes 

through a photomask and creates an image on a wafer coated with a thin film of photoresist. The 

photoresist is an organic light-sensitive material and two different types could be used: positive 

or negative[61]. With a positive photoresist, when the material is under illumination, the exposed 

regions are highly soluble in developing solutions. The exposed photoresist is then removed in 

solution. On the other hand, a negative photoresist material will become cross-linked when 

exposed to light and experience a high solubility in developing solution. After the developing 

solution, the areas not exposed to light will be etched away. However, photolithography is 

limited in resolution due to the diffraction of light and hence features smaller than 200 nm are 

practically not able to be patterned even with the most state of the art facilities[61]. The lens 

numerical aperture (NA) is a critical parameter in the resolution limit of photolithography[62]. 

The NA is defined as  

NA= nsin(θ)   (2.1) 

 Where n is the refraction index of medium which light travels and θ is the maximum angle of 

light collected at focal point. Using the Rayleigh criterion, the minimum distance imaged by the 

lens is given 

NA
L


 61.0min  (2.2) 
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Nanoimprint and interference lithography (IL) are other lithographic techniques which 

are capable of creating high-throughput patterning of nanostructures [63]. In NIL, a mold that 

has nanostructures on is transferred over to thin resist cast by embossing the structures into it. 

The mold is removed and reactive ion etching (RIE) is implemented to remove residual resist.  

However, similar to photolithography the resolution is diffraction limited. On the other hand, IL 

has the ability to pattern periodic features without using photomasks as required in 

photolithography. In this process, the interaction between two or more coherent light beams 

forms a periodic pattern over large areas which are recorded in photoresist media. Unlike NIL, 

the advantage of IL is that resolution is able to beat the diffraction limit because a very short 

wavelength 20-40 nm is typically used. However, one of the disadvantages of IL is that 

alignment of the laser to another structure is not simple. Furthermore, reflections from the light 

source that are not needed can induce macroscopic modulations over the gratings [64]. 

 EBL has the capability to overcome these limits by beating the diffraction limit of light 

and fabricating arbitrarily shaped nanostructures with resolution down to less than 20 nm[65, 

66]. EBL is a mask-less technology where an electron beam is scanned over the surface of a 

substrate which is covered by an electron-reactive resist. The de Broglie wavelength for high 

energy electrons is significantly smaller than light and hence, EBL has the ability to overcome 

diffraction limits that photolithography encounters[67]. Furthermore, since the spot size of the 

electron beam can be as small as a few nanometers, fine patterns close to the nanoscale regime 

can be achieved. The user creates a pattern on the computer and the digital representation of this 

pattern is used to scan an electron beam over the pattern. The exposed or unexposed regions 

depending upon which type of photoresist was used are selectively removed in order to create the 

small structures. EBL has been demonstrated to be a powerful technique that has the ability to 
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create nanoparticles of random size, shape, and spacing on a substrate. Similar to EBL, focused 

ion beam (FIB) has been employed to mill features of the nanoscale size directly into a surface. 

In a FIB system, instead of electrons, a focused beam of gallium ions is used to modify or pattern 

a design on a substrate [68]. Typically, the accelerated ions have energies that are tens of keV 

and are strong enough to remove atoms from a surface. The focused spot size of the ion beam 

can be as small as 10 nm and offers great versatility for creating features that are within this 

length scale in resolution. FIB also has the capability to deposit materials onto a surface.  

The EBL and FIB techniques require the utilization of a scanning electron microscope 

(SEM) to create such high resolution structures. However, this also means that the price required 

to make these structures is expensive, tedious, and complicated. Both of these techniques also 

suffer from low throughput since they perform a pixel-by-pixel scan through the pattern area and 

a significant amount of time is required (107 pixels/s) to generate the desired patterned array[67]. 

2.2.1. Top-down metal fabrication techniques applied for MEF 

Common top-down surfaces that have been engineered to enhance the fluorescence signal 

include roughened metallic surfaces, metal islands, nanoantennas, nanoporous surfaces, and 

nanoaperature arrays. Roughened metallic surfaces have been created by depositing metals at a 

slow deposition rate onto surfaces[47]. With metal thickness smaller than 2 nm, nanoscale metal 

particles have been deposited on the surfaces and as the thickness increased, the particles became 

larger. Increasing the thicknesses above 10 nm, the metal films formed a continuous layer. Metal 

island films such as silver films have been created by chemical reduction of silver nitrate onto a 

glass surface [69]. In these studies, the silver films were annealed to glass slides by thermal 

means and were noted to become larger.  Nanoporous gold films have typically been fabricated 
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by taking free-standing thin films of Ag65Au35 alloys and exposing them to 70% nitric solution 

for short time periods of 5, 10, 15, and 20 minutes [70]. The ability to tune the pore sizes was 

controlled by varying the time the films were exposed in the nitric acid solution. Nanometric 

apertures of various sizes from 80-310 nm have been milled into gold films by using FIB 

[71].Yang et. al created an array of silver nanoparticles by combining NIL and electrochemical 

deposition of Ag nanoparticles [72]. Yoo et. al fabricated an order array of Ag patterns using 

platinum assisted NIL. The master for the nanostructures was first fabricated using EBL and then 

transferred over with NIL. Askashi et. al fabricated a Ag grating by thermal NIL and tuned the 

depth of the gratings by varying the thermal NIL conditions [73]. A similar approach was 

followed by Shibata et. al  who also used NIL to fabricate their silver coated gratings[74]. 

Corrigan et. al used EBL to generate an array of silver nanoparticles and tuned the interparticle 

spacing between the nanoparticles from 150-390 nm [75]. 

Recently, an attractive and inexpensive approach is to nanofabricate metallic features 

onto shape memory polymers (SMP). SMPs are polymeric smart materials that can be 

programmed to deform into a fixed temporary shape and then return back to its original shape 

after introducing external stimuli such as photo, chemical, or thermal [76]. SMPs that require 

heat as a stimulus are often referred to as thermoplastic elastomers. The recovery of these 

materials involves the recoiling of polymer chains from a fixed temporary state to a less 

organized configured state which is accompanied by a conformational entropy change [77]. In 

the programming process, the polymer is heated above its glass transition temperature, Tg, and 

can be deformed into a certain shape. During the deformation of SMP, the elastic strain energy is 

stored and the materials are then heated, stretched, and cooled passed its transition temperature to 

fix the oriented polymer structure. When heat is applied, the stored elastic stress is released and 
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the polymer returns back to its original state. The original state is characterized by a cross-linked 

network of either physical such as intermolecular interactions or chemical such as covalently 

cross linked. Thermoplastic materials such as polymethylmethacrylate (PMMA), polycarbonate, 

polystyrene (PS) and cyclic olefin polymers have all been commonly used for research 

laboratory disposables including microtiter plates and petri dishes[78]. These plastics are 

attractive because they are inexpensive, robust, possess good optical properties, and their 

surfaces can be easily modified. Furthermore, since these plastics are compatible with roll to roll 

processing, patterning large scale features into these plastics is extremely affordable. In the past, 

textured surfaces have been created by depositing a stiff skin layer such as a thin metal film on a 

pre-strained substrate. Typically, the pre-straining of the substrate is accomplished by thermal or 

mechanical expansion. The wavelength size of the wrinkles are characterized by the following 

relation:  
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where hs is skin layer thickness, Es is Young’s modulus of the skin, EB is Young’s modulus of 

the substrate[79]. The amplitude of the wrinkles is proportional to λ and the applied strain (ε) 

from the substrate. Skin layers have been deposited on elastomeric substrates by either 

depositing a thin layer of material on a pre-strained substrate or modifying the top layer with 

plasma, ion beam, or ultraviolet light. Fu et. al first reported the ability to use heat shrink SMP to 

create wrinkles ranging from nano to micro scale [80]. In their process, a thin layer of Au was 

deposited onto pre-stressed PS and shrunk by heating past the Tg. When the PS retracted, the 

non-shrinkable Au film was forced to fold and buckle to generate multiscale wrinkles. The 

feature sizes of the wrinkles ranged from microns to 200 nm. Huntington et. al improved upon 
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the resolution limit of the sizes in the wrinkles and generated polymer nanowrinkles 250 to 50 

nm by chemically treating PS thermoplastic films with different reactive ion etching (RIE) 

gases[81].   They were also able to achieve wrinkles smaller than 50 nm by varying the RIE 

exposure time. Others such as Zhang et. al have integrated their nanoporous surfaces onto heat 

shrink SMPs to achieve wrinkled nanoporous surfaces [70]. 

2.2.2 Fabrication of Composite Structures 

Introduction 

As described in literature, sharp tipped and closely packed metal structures have shown to be 

advantageous for fluorescence enhancement due to their ability to localize and concentrate the 

EM field around the surface of the metallic nanostructures when induced by illumination at a 

resonant frequency. In the seminal work by Fu et. al, a thin layer of Au was sputter coated onto a 

polystyrene shrinky dink film and upon heating, the PS shrinky dink retracted to a fraction of its 

size. When the PS shrink dink plastic retracted by 60% in area, the thin metal film was forced to 

fold and buckle to yield multi-scale wrinkles. The multi-scale wrinkles stemmed from the 

thermal mismatch due to the difference in the thermal expansion coefficients of the metals and 

polymer [80]. In their work, it was determined that as the Au thickness was increased from 10 to 

50 nm, the wavelength of the wrinkles also increased. In a follow-up study published a year later, 

bimetallic films composed of silver (Ag) and Au were sputter coated onto the shrinky dink PS to 

create sharper and more defined structures[82]. Due to the differences in the stiffness mismatch 

of the combined metals with the non-shrinkable metal film on the SMP, the metal film wrinkled 

and cracked to generate nanogaps within the wrinkles. Since then our lab has discovered a new 

heat shrink SMP, polyolefin (PO), that when heated shrinks even further[83]. This PO film 

shrinks by 95% in area or 77% in length when heat is applied to it. Thus, the first goal was to 
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create metallic structures by depositing bimetallic films onto the PO SMP and heating. To 

introduce a bigger stiffness and thermal expansion mismatch between the metals, nickel (Ni) was 

sputtered as the first layer instead of Ag. The feature sizes of the structures were characterized 

with techniques such as a scanning electron microscope (SEM) and atomic force microscopy 

(AFM).  

Experimental Techniques 

To create the composite structures, the fabrication approach is shown in Figure 2.1(a). 1 mil 

thick pre-stressed PO shrink film (955-D, Sealed Air Corporation) laminated onto a 3 mil 

polyester backing was cleaned in isopropyl alcohol and dried with pressurized air. An array of 

holes, 2 mm in diameter, was created using CAD software (AUTOCAD, Autodesk, San Rafael, 

CA), and a carbon dioxide (CO2) laser (VersaLaser VLS-2.30, Universal Laser Systems Inc. 

Scottsdale, AZ) was used to etch the array into sealing tape (Nunc sealing tape, Thermo 

Scientific, Rochester, NY). The laser cut tape acted as a mask for the deposition of metals onto 

the PO shrink film. The tape masks were then adhered on to the top of the PO pieces. For metal 

deposition, an ion beam sputter coater was used to accelerate 8 kV Ni, Au, and SiO2 atoms from 

two ion guns (IBS/e South Bay Tech, San Clemente, CA) onto the masked PO pieces. The tape 

mask was removed from the metal coated PO pieces and substrates were shrunk by applying heat 

at 155 °C for 3 min. The PO shrink film contracts upon heating inducing the bimetallic film to 

buckle into sharp structures and create nano to submicron gaps between the wrinkle structures. 

This PO shrink film retracts by 95% in surface area, considerably more than previously reported 

[82]. As a result, smaller, sharper, and more densely packed wrinkled structures were thus 

created. Post-shrunk, 5 nm SiO2 was ion-beam sputtered as the dielectric layer on top of the 

bimetallic structures to create the composite structures.  



15 

 

2.2.3 Characterization of composite structures 

We deposited different thicknesses of Au on top of the PO shrink film and characterized the 

changes in surface topology using a scanning electron microscope (SEM) (FEI Magellan 

400XHR SEM) and an atomic force microscope (AFM) (Asylum Research MFP-3D AFM). The 

Ni thickness was kept constant at 5 nm. Shrunk substrates were sputter coated with 3 nm Au 

(Q150R S, Quorum Technologies) and SEM images were obtained with 5 kV beam and 4 mm 

working distance. Figures. 2.1(b-d) shows the SEM images of the composite structures and 

illustrates that by increasing the Au thickness from 10 nm to 30 nm, the wrinkles become less 

densely packed and the sharpness at the edges of the wrinkles dissipate, consistent with previous 

studies [80, 82]. The high magnification SEM images are used to show the various sizes of the 

gaps from nano to micron (20 nm to 6 µm) between the metal wrinkle structures within a 

representative 6 µm viewing window.  
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Figure 2.1 Characterization of composite structures (a) Process flow for creating 

islands of bimetallic structures on PO. SEM images of composite structures with 

different thickness of Au (b) 10 nm, (c) 20 nm, and (d) 30 nm. Black arrow in (b) 

indicates a nanogap. 

 

These wrinkle structures are more controllable and robust than other heterogeneous 

structures, including the nanopetals which we have previously achieved large fluorescence 

enhancements [46]. Moreover, such wrinkle structures have been extensively characterized and 

leveraged for various applications [70, 81, 84-93].  Recent work has even shown that the 

wrinkles can be somewhat deterministic [81]. 

Figure 2.2 (a-c) shows the SEM images of the composite structures with a fixed 

Ni thickness of 5 nm and Au thicknesses from 10-30 nm, respectively, within a 20 μm 

viewing window. These SEM images also depict the same trend as expected by scaling 
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law that increasing the Au thickness leads to an increase in the size of the wrinkles and a 

decrease in the sharpness around the edges. Also, through these images, the wrinkles for 

10 nm Au composite structures appear to be more densely packed than the 30 nm Au 

composite structures as revealed earlier in Figure 2.1. 

 

Figure 2.2 SEM characterization of composite structures within a 20 μm viewing 

window for a fixed Ni thickness of 5 nm and varying thickness (a) 10 nm Au (b) 

20 nm Au, (c) 30 nm Au. 

 

Recently, we demonstrated that with a very thin layer of Ni, effective ferro-magnetic 

nanotraps that localize strong magnetic fields can be formed with these wrinkles[88]. We found 

that increasing the Ni thickness to 25 nm increased the size and reduced the sharpness of the 

nanowrinkles and as a result decreased the magnetic strength. To determine the thickness for this 

study, Ni thickness was thus varied from 5-25 nm, leaving the Au thickness constant at 10 nm 

(Figure 2.3). As expected and consistent with scaling laws, thicker layers of Ni resulted in larger 

structures presented in Figures 2.3 (a-c). Therefore, for this study, 5 nm of Ni was used 

throughout. 
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Figure 2.3 SEM characterization of composite structures with fixed 10 nm Au and varying 

thicknesses of Ni (a) 5 nm, (b) 15 nm, (c) 25 nm. 

 

The previous work by Fu et al. deposited thin metal films composed of Ag and Au on a 

sheet of shrinky dink polystyrene to create their cracked, nanopetal structures. We also explored 

depositing thin films of Ag and Au onto the PO SMP and compared the morphology of the 

metallic structures to the composite structures, post heating. Figure 2.4 illustrates that while 

wrinkled metallic structures are also created with these Ag and Au films, the wrinkles appear to 

be larger and somewhat smoother around the edges than the Ni/Au composite structures. 

According to literature, the young’s modulus for Ni is between 117 and 174 GPa for thicknesses 

between 2 and 10 nm while for 10 nm Au, young modulus has been calculated to be around 100 

GPa. For the previously published paper by Fu et. al, the young’s modulus of Au and Ag for 80 

nm thickness were similar, 80 and 83 GPa. We believe that due to this additional difference in 

the stiffness mismatch, we are able to achieve wrinkles wavelengths smaller than previously 

published. 

 



19 

 

 

Figure 2.4 SEM images of composite structures with 5 nm Ag and 10 nm Au (a) zoomed out (b) 

zoomed in 

 

We also looked at the effects of heating the PO metal film to different temperatures past 

its Tg. Heating the PO metal film to different temperatures results in the PO shrinking to different 

degrees. Thus, in addition to studying the effects of the Au thicknesses on the morphology of the 

structures, the substrates were shrunk partially to 40% (115o C) and 70% (130oC) in area. The 

morphologies for these structures were characterized by SEM as shown in Figure 

2.5.

 

Figure 2.5 SEM characterization of structures created by shrinking the metallic film to various 

degree of shrinkage in area (a) 0%, (b) 40%, (c) 70%, and (d) 95% in area.  

Figure 2.5(b) shows that with 40% shrinkage in area, the wrinkles are beginning to form 

but the gaps within the wrinkles are large. Shrinking further to 70% leads to smaller wrinkles and 

an increased probability of nanogaps between the wrinkles. At full shrinkage, the wrinkles are 

clearly defined and gaps are pervasive throughout the wrinkles. The surface topology of the flat 

metal and composite structures was further characterized using a modified version of the tapping 
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mode of an AFM. Figure 2.6(a) illustrates that with just 5 nm Ni, the morphology of the surface 

was observed to be rough and riddled with defects. With the addition of 10 nm Au onto the 5 nm 

Ni surface, the surface was noted to transition to a smoother, continuous surface.    

 

Figure 2.6 AFM images of the morphologies of the flat 5 nm Ni film and (b) sputtered with an 

additional 10 nm Au (a) Flat 5 nm Ni on PO (b) 5 nm Ni, 10 nm Au on PO 

The height topology of the flat metals films and composite structures are presented in the 

Figure 2.7 (a-b). Figure 2.7 (a) illustrates that the metal film is filled with surface defects that 

causes variations in the height profile but overall the film is relatively flat. Another interesting 

observation that can made is that that the morphology of the flat metal films are composed of 

tiny islands of metal film. With the addition of 10 nm Au, the metal film becomes smoother as 

illustrated in the AFM profile. However, the three-dimensional view of the composite structures 

reveals that a distribution in the heights from the nm up to 3.6 µm can be observed Figure 2.7 

(b).  
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Figure 2.7 3D AFM image of the morphology and height distribution for (a) Flat 5 nm Ni, 10 

nm Au on PO (b) 10 nm Au composite structures 

Energy dispersive spectroscopy (EDS) was also performed on the 10 nm Au composite 

structures to determine the surface composition of the Au wrinkles which we predicted to be 

mainly Au and Ni with some SiO2 (Figure 2.8).  
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Figure 2.8 EDS characterization of 10 nm Au structures  

EDS is a widely used elemental analysis technique that has been used in conjunction with 

SEM. In this method, an electron beam from the SEM bombards a solid sample, ejecting the 

electrons and creating vacancies which are subsequently filled by electrons from a higher 

state[94]. To balance the energy difference between the two electrons’ states, x-rays are emitted 

and the energy is correlated to the element it was emitted from. The EDS spectra reveals that 

after the 10 nm Au composite structures were created, the wrinkles were composed of about 69% 

of Au, 31% of Ni, and 0.4% of Si. One of the challenges with EDS is that the electron beam 

penetrates deeps into the sample and thus the top surface might actually have a higher percentage 

of SiO2. However, to confirm that the upper layer is mainly Au, focused ion beam (FIB) should 

be done to slice the top part of the surface and then perform EDX analysis.  

Measuring the contact angles on the composite structures indicates that the surfaces are 

superhydrophobic because their contact angles are greater than 150o (Figure 2.9). A surface that 

is superhydrophobic is not able to support the spreading of drop or wetting at the plane of contact 

in an aqueous environment.   
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Figure 2.9 The profile for a water droplet on 10 nm Au composite structures  

 

Although the surfaces were revealed to be superhydrophobic, studies have been done 

with superhydrophobic surfaces for single molecule detection using spectroscopic techniques.  

Angelis et. al. utilized their superhydrophobic surfaces to detect attomolar concentrations of 

DNA molecules using SERS[95]. Scopellit et. al found that with the increased roughened 

surfaces at the nanoscale, a 500% increase in BSA protein adsorption was observed over the 

allowable coverage amount[96]. They concluded that the adsorption of proteins was regulated by 

surface nanostructures, in particular the nanometer pore shape. Similar work by Pirouz et. al and 

Mahmoudi et. al [97, 98] have confirmed that nanometer scale roughness plays a significant role 

in protein adsorption. 

2.3 Bottom-up approach 

Bottom-up processes are a cheaper alternative to top-down approaches that do not necessarily 

require the use of expensive machinery. Bottom-up nanofabrication approaches typically use 

molecular or atomic components as the building blocks to construct more complex 

nanostructured assemblies. In nature, there are several examples of materials made using bottom 
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up approaches such as DNA, RNA, and protein [99]. A bottom-up process typically involves the 

chemical synthesis of particles, molecular self-assembly, or vapor-liquid growth in the form of 

using electrolysis or reduction of ionic compounds in solution for chemical deposition of 

material. 

2.3.1 Bottom-up metal fabrication techniques 

Examples of plasmonic structures created using bottom-up techniques include metal 

nanoparticles, nanowires, and nanorods. Gold nanoparticles are typically synthesized by the 

chemical reduction of Au(III) to Au(0) by using sodium citrate as a reducing agent[100]. The 

citrate agent serves as both a reducing agent and capping agent that prevents the Au NPs from 

generating larger particles. Tuning the size of the particle can easily be achieved by simplify 

varying the Au/citrate ratio. Nanorods are most commonly created by the seed-mediated 

approach developed by Murphy’s group in 2001[101]. In their method, spherical seed 

nanoparticles are added to a solution composed of gold salt, silver nitrate, ascorbic acid, and 

cetyltrimethylammonium bromide (CTAB). This eventually leads to the formation of gold 

nanoparticles which have a rod-like morphology. The gold salt in growth solution is gently 

reduced in the presence of seed particles while the CTAB helps with rod formation by binding to 

the side facets of the nanoparticle. To tune the length of the gold nanorods, the amount of silver 

nitrate additive is varied. Nanoantenna arrays have been created by coupling metal nanoparticles 

close to each other so that within the nanogaps, interesting effects can be observed[102]. 

2.3.2 Colloidal lithography 

Within the fields of chemistry, material science, and optics, colloidal lithography has 

been applied extensively for research. Colloidal crystals have been used for photonic 

applications along with applications in antireflection coatings, sensors, optical filters, porous 
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membranes, lithographic masks, and for surface enhanced Raman microscopy applications. 

Colloids are a group of insoluble particles that are on the order of less than a micron in size and 

are dispersed well in a solvent. In 1980, Peiranski discovered that when these particles were 

arranged in a periodic array, they form colloidal crystals [103]. However, a year after this 

discovery, Fisher and Zingsheim showed the most important aspect of using a monolayer of 

colloidal spheres was that when applied as a mask, structures smaller than the wavelength of 

light could be formed[104]. Deckman et. al expanded upon the method and demonstrated that the 

technique could be applied for surface patterning in large areas[105]. However, it was not until 

the 1990s that it was recognized by Van Duyne et. al that when metal was evaporated onto the 

colloidal spheres, tetrahedron metal nanostructures could be created on the substrate[106]. Since 

then, significant advances have been made in the field of colloidal lithography or now more 

commonly referred to as nanosphere lithography. Nanosphere lithography offers several main 

advantages over other conventional lithographic techniques such as photolithography, EBL, FIB 

lithography, or dip pen lithography to create patterns on the surfaces. Photolithography is limited 

by the diffraction of light in resolution, but colloidal lithography is able to overcome this by 

creating interstitial sites between the colloidal spheres which can be less than wavelength of 

light. Unlike, EBL, FIB, and dip pen lithography, the process is easily adoptable and inexpensive 

since minimal machinery is required to create the patterns. Furthermore, the method is rapid and 

multiple samples can be fabricated simultaneously.  

Monodisperse microspheres such as polystyrene (PS) or silica, SiO2, have the ability to 

self-assemble into single and multilayers that are a hexagonal closed pack array. In order to 

fabricate these arrays, a variety of methods have been applied such as dip coating, spin coating, 

and drop coating [107]. The stability of the colloidal spheres is governed by a balance between 
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the attractive Van der Waals forces and repulsive forces which can be electrostatic[108]. This 

electrostatic force between the particles are affected by the ionic strength and has been shown to 

affect the quality of colloidal crystals. The DLVO theory, named after Deraguin Landau Vervey 

Overbeek, has been introduced to describe the interactions between the colloidal spheres and the 

competing effects of electrostatic repulsions and attractive Van der Waals forces. Briefly Van der 

Waal forces are attractive forces that occur over short distances (<10-20 nm), and are the 

collective effects of permanent dipole/induced dipole interactions (Keesom interactions), 

permanent dipole/induced dipole interactions (Debye interactions), and induced dipole/induced 

dipole interactions (London interactions). 

Most of the self-assembly process require solvent evaporation from a droplet of colloidal 

nanosphere particles in suspension. As the liquid starts to evaporate, the water level approaches a 

height that is on the same order as the dimensions of the colloid. A meniscus is formed between 

the particles and the liquid film around the particle deforms. As a result, attractive capillary 

forces emerge to form the self-assembly of the particles. The spheres self-assemble into a close-

packed hexagonal array because thermodynamically, the Gibbs free energy is minimum and 

chemical equilibrium has been achieved[109]. These capillary forces also play a role with 

particles at the air/water interface. More important, it was determined that the main factor for the 

self-assembly process was the attractive capillary forces and convective transport of the 

nanospheres. The key to a successful ordered array, though, is the rate of solvent evaporation. In 

particular adjusting the temperature and humidity of the system significantly affected the array 

assembly. Other important factors that have been realized through investigation are tuning the 

concentration of particles, particle size, surface charge, and hydrophobicity of particles.  
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Compared to conventional lithographic techniques, bottom up approaches do not provide 

as much control, but are significantly cheaper, convenient, and less labor intensive. Nanosphere 

lithography (NSL) is one of the most inexpensive and convenient techniques that have been used 

to fabricate a close packed array of nanospheres. These nanospheres have also been tailored to 

generate various nanostructures such as nanopores, nanopillars, nanowires, and nanoholes on 

solid surfaces[110]. Nagayama et. al developed a method that utilized dip coating to assemble 

colloidal nanospheres into a hexagonal pack as the liquid slowly evaporated [111]. In their 

method, they closely adjusted the withdrawal speed of the substrate and monitored the 

evaporation rate to obtain large 2D ordered arrays. An improvement in this method was 

developed by Nagao et. al where they dropped a volume of colloidal suspension on the substrate 

and inclined the substrate vertically until it was dried[112]. With this dip coating method, 

controlling the rate of evaporation properly was still a challenge and generally took a long time 

before the solvent evaporated. A way to speed up the evaporation rate is to utilize a spin coater to 

spin coat the colloidal suspensions onto the substrate [113]. With a spin coater, the spin speed, 

size of the nanosphere, and wettability play an important role in the self-assembly of a 

monolayer of colloidal nanospheres. The thickness of the evaporating film has shown to be 

inversely proportional to the spin speed. Rehg and Higgs, Dushkin et. al, and Colson et. al.  

showed that a rapid evaporation rate is one of the best parameters for achieving high hexagonal 

close packing [114, 115].  

2.3.3. Nanopillars 

Periodic arrays of sub-wavelength structures have garnered significant interest for surface 

enhanced Raman spectroscopy (SERS) and metal enhanced fluorescence (MEF), and for anti-

reflective coating properties. For SERS and MEF, coupling metal nanoparticles with nanometer 
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scale spacing can induce strong local electromagnetic field enhancements at the plasmon 

resonance significantly increasing the Raman signal or fluorescence of a molecule. Inspired by 

moth eyes, metal nanoparticle arrays can also reduce the reflection of incident light, shown 

useful for improving the efficiency of solar cells. Tuning the localized surface plasmon 

resonance in noble metal structures is pivotal in optimizing a wide range of applications, such as 

nanophotonic devices[116-118], biological sensors[119, 120], and photovoltaics[121].  The 

highest enhancement factors for surface enhanced Raman spectroscopy (SERS)[122] and metal 

enhanced fluorescence (MEF)[123], currently greater than 1x10^9[124] and 1,100 

fold[125],respectively, are attained when the plasmon frequency is between the frequency of the 

incident light and that of the light emitted from the analyte molecule[126]. The ability to tune the 

resonance frequency is largely dependent on the ability to control the materials, size, shape, and 

periodicity of nanostructures. This has been mainly achieved using top-down methods such as 

electron beam lithography, focused ion beam lithography, and dip pen lithography. For instance, 

Caldwell et all, has used e-beam lithography to generate Au nanopillar arrays, with diameters 

ranging from 320 nm to 120 nm and distances from 270 nm to 60 nm, with uniform enhancement 

factors as high as ~1.2x10^8 [127]. However, as mentioned previously, these traditional top 

down methods are not adoptable commercially, due to high cost, long process time, and low 

throughput. Bottom-down approaches such as nanosphere lithography[128] offer more robust 

and cheaper solutions. NSL can be applied to create nanopillars by using simple etching 

techniques to reduce the size of the self-assembled nanospheres and etch into the substrate. In 

work by Lim et. al, nan pillar arrays, similar in resemblance to the cones in a moth's eye, were 

fabricated on both sides of glass using NSL, resulting in a 99% transparency in the visible region 

[124]. By tuning the height and pillar shape, they were able to tune the frequency region in 
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which the AR properties occurred. However, the spacing between pillars, which plays a direct 

role in the refractive index gradient, remained fixed, due to the inherent inability of NSL to alter 

periodicity independently of structure height and size. Deckman et. al demonstrated that tall 

post-like structures could be generated on a substrate by reactive ion milling a silicon wafer that 

was masked by polymeric spheres[129]. The shape and height of the post could be tuned by 

changing the reactivity of the ion beam. Kuo et. al showed that fabrication of Si nanopillar arrays 

could be achieved by also using RIE to obtain nanopillars with diameters as small as 40 nm with 

tunable gap distances between 20-80 nm[130]. Cheung et. al created nanopillars by self-

assembling polystyrene (PS) beads onto a silicon surface and then reactive ion etching (RIE) 

with oxygen to reduce the size of the beads [131]. Following this, deep RIE of silicon was 

performed for specific times in order to generate the pillar structures of various heights. A 

similar technique was used by Sainiemi et. al to create high aspect ratio silicon nanopillars that 

could be used for chemical analysis[132]. Valsesia et. al functionalized the surfaces of their 

nanopillars by selective immobilization of bovine serum albumin (BSA) through EDC/NHS 

chemistry [133]. Wu et. al employed NSL, oxygen plasma etching, and E-beam evaporator to 

create nanocorals that had rough surfaces which was used for SERS detection[134].  Unlike most 

other previous techniques, Wu et. al released the nanocorals into water similar to a colloidal 

suspension. More recently, Wu et. al  fabricated a macroporous Ag film by using NSL to 

assemble PS microspheres into a monolayer and then also used water to release the PS 

microspheres before re-loading monolayer onto another silicon wafer [135]. The monolayer was 

used as a template to fabricate an inverse opal silica film before immobilizing AuNPs onto the 

film. Following this, the Ag nanosheet was created by immersing the AuNPs coated inverse opal 

film into a silver nitration solution mixture. Another interesting approach is to deposit thin Au 



30 

 

films onto the self-assembled PS nanospheres. A coating of Au is formed on the upper part of the 

hemispheres and a small Au dot array on the substrates in the interstices between the PS 

nanospheres. Caldwell et. al deposited Ag by atomic layer deposition to cover their silicon 

nanopillar templates and reduce nanopillar gaps to less than 2 nm from where plasmonic hot 

spots were observed[136].  

One of the interesting aspects of metal nanostructures is that the plasmonic properties 

also depend on the dielectric environment. A slight change in the refractive index of the 

dielectric environment can cause a shift in the absorption peak of the LSPR sensor. However, 

recently it has been demonstrated that immobilizing metal particles directly onto solid substrates 

creates an inhomogeneous environment around the particles[137]. This is related to the fact that 

refractive index is affected by a combination of the substrate and medium. However, since the 

refractive index is not affected significantly by changes in the environment, the sensitivity is 

lower. To introduce a larger gap between the substrate and electromagnetic field around particle, 

placing metal particles on top of prefabricated pillars can be an effective way to improve the 

spectral overlap.  

2.3.3.1. Nanopillar structures on shrink film 

Ideally, new techniques which combine the best of both top down and bottom methods should be 

explored. In this section, a versatile technique to fabricate an array of nanopillar like structures is 

described. By integrating the advantages of nanosphere lithography to generate a hexagonal 

closed pack array of PS beads onto a heat shrink SMP, polyolefin film (PO) and the ability to 

shrink to different degrees, tunability with the structures is shown. Oxygen plasma etch is used 
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as an independent parameter to vary the size of the PS beads and the height of nano bead-pillars. 

This is accomplished as shown in the process illustrated in Figure 2.10.  

Experimental 

Polyolefin (PO) films (955-D, Sealed Air Corporation) with thickness of approximately 1 mil 

laminated on a 3 mil polyester backing were cleaned in isopropyl alcohol and then dried with 

pressurized air. The clean PO film was then oxygen plasma treated for 30 s at a power of 60 W 

to increase the hydrophilic nature and change the surface energy of the PO surfaces. A solution 

of 500 nm polystyrene (PS) beads (Bangs lab) was diluted to a 1:1 ratio with triton X-100 and 

methanol (1:400 by volume). Approximately 12 µL of this solution was then spin coated onto the 

PO film for 5 minutes at 1200 RPM and allowed to dry for four hours up to overnight. After spin 

coating, the substrate was plasma etched at a power of 60 W in an oxygen plasma asher for 

different times. The times selected for etching were 540s, 630, 730, and 810 s. Immediately 

following the plasma etch step, samples were sonicated in ethanol for a minute and subsequently 

sonicated in deionized (DI) water to remove residual etchant material. The samples were left to 

air dry overnight. The substrates were then mounted with double-sided tape onto a glass slide 

and placed in a convection oven. The substrates were heated from room temperature (23oC) to 

different temperatures ranging from 90 °C to 115 °C. As the substrate started to shrink during the 

heating process, the percent changes in length from the original size were recorded with a digital 

caliper. The ratio of the final width of the substrate relative to the initial width was used to 

calculate the percent change in length. With electron beam vapor deposition, the substrates were 

coated with a 5 nm titanium adhesion layer and 50 nm Au. During the metal deposition process, 

the temperatures did not exceed past 115° C in order to avoid shrinkage to the substrate. An 
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atomic force microscope (AFM) (Asylum Research MFP-3D AFM) with silicon cantilevers 

(Olympus)  was used to characterize the resulting topography of our substrate, and a scanning 

electron microscope (SEM) (FEI- Magellan 400 XHR), at ~ 2 Kv,  was used to image the surface 

topology of the structures.   

 

Figure 2.10 Schematic process flow for fabrication of nanopillar bead arrays. 

The oxygen plasma etch time was varied to determine the etch rate of PS beads and the 

underlying PO. SEM images after etching are shown in Figure 2.11 (a-d) that have been etched 

for time periods of (a) 540 s, (b) 630 s, (c) 720 s, (d) 810 s, respectively. These time points were 

selected because plasma etching of the PS beads was found to be most effective in this time 

range.  For oxygen plasma etch times less than 540 s, minimal etching of the PS beads was 

observed and past 810 s, the PS beads were noted to have been destroyed.  Hence, etching for 
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time periods between 540 to 810 s led to reduction in diameter of PS beads and also etching into 

the substrate as revealed in Figure 2.11. As expected as the PS beads are etched for longer time 

intervals from 540 s to 810 s, the diameter of the PS beads is also reduced. A reduction in the 

diameter of the PS beads also led to an increase in the interparticle spacing between the 

nanopillars. The width of the PS beads decreased by approximately 140 nm from 240 nm to 100 

nm when the etch time increased from 540 to 810 s. This was also accompanied by an increase 

of 150 nm with the edge to edge spacing. AFM topography line profiles for the 540 s and 810 s 

etch time are shown in Figures Figure 2.11 (e and f). These height profiles depict that with the 

longer etch time of 810 s, the top point of the pillars become sharper relative to the smooth tops 

observed on pillars after an etch time of 540 s. The height scale legend on the right shows that 

the heights range from approximately 60 nm for pillars etched for 540 s and up to 160 nm for 

plasma etch time of 810 s. The height increase is also observed to be monotonic with etch time. 
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Figure 2.11 SEM images of gold coated 500 nm PS bead arrays that were reduced in size using 

various plasma etch times: a. 540 s, b. 630 s, c. 730 s, d. 810 s. Scale bar is 100 nm. 2 µm AFM 

height profiles for samples etched for e. 540 s, and f. 810 s provide the shape of the resulting 

nanopillar beads. 

Figure 2.12 provides a summary of the AFM topography images of the etched beads for 

the different etch time intervals and also shrunk to different degrees. As mentioned previously 
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after 810s of oxygen plasma etching, further etching of the pillar features on the surface was not 

possible due to the obliteration of the PS NSL mask. Thus, the aspect ratio of the structures is 

limited by the etching of the substrate and PS beads.  One possibility that hasn’t been explored is 

that if a higher aspect ratio is needed, reactive ion etching (RIE) can be applied due to the 

difference in dry etch rates between PO and PS. High-aspect ratio structures are especially 

important for plasmonic applications where these structures have been correlated with strong 

local electric fields[138]. Traditionally, NSL has been performed on silicon, Si, substrates to 

generate pillars with heights up to 400 nm by using selective etching methods, such as RIE, with 

fluorination or chemical etchants. One of the disadvantages of using surface such as Si though is 

that on such a hard surface the beads do not adhere to the surface. Thus, sonication in solvents 

would lead to the easy removal of the beads. Using a soft PO film, the PS beads remain bound to 

the PO film surface and due to the similarity in the materials, the beads appeared to be strongly 

adhered to the PO surface. Interestingly enough, sonication of the PS coated PO films in harsh 

organic solvents such as hexanes and dichloromethane did not release of PS beads. Thus, with a 

selective etching approach, higher aspect ratio pillars can be attained. 

In conventional NSL, the ability to tune the feature sizes once the pattern is created is not 

feasible. With a heat-shrink SMP, the ability to independently control the feature size and 

periodicity should be attainable.  Figure 2.12 shows a summary of the AFM topography images 

for PS bead arrays on PO etched for different durations and heated for different time periods. 

Visually, it can be noted from the AFM images that when the substrate shrinks to different 

degrees, the spacing between the PS bead nanopillar arrays decrease with a similar percentage. In 

addition, an advantage of shrinking the substrate is that an increase in 30 nm in the height of the 

nano bead pillars is noted to occur. From the law of mass conservation, the film must increase in 
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the Z direction since the film contracts in both the X and Y direction. When the PO shrink film 

was shrunk to approximately 35% in length, a 30 nm increase in the height was observed.  

Although the PO film has the ability to retract by up 77% in length when heated to 155oC, the 

substrates were only shrunk to approximately 35% in length. This limit is governed by the fact 

that during the etching process, the PO surface stiffens with the additional skin layer. This thin 

oxide layer formed during oxygen plasma etching combined with the metal from the metal 

deposition introduces a stiffer layer on the PO with the PS beads. Thus, when the PO film was 

shrunk past 35% in length, wrinkles were visible observed to mask the PS bead array. A 

summary of the differences in the widths, heights, and distances measured for the substrates is 

presented in Table 2.1. As an added measure for a more quantitative analysis, the same values 

are also plotted as a function of etch time presented in Figure 2.13.  
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540 s 810 s 
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1050C 

 

630 s 720 s 

115oC 

Fig 3. AFM topography images of 500 nm PS bead arrays on PO, etched for different time intervals, and then shrunk in size to 

0%, to 20% to 33% by heating from 25oC to 105oC to 115oC, respectivly.  

 

Figure 2.12 AFM topography images of gold coated 500 nm PS bead arrays on PO, etched for 

different time intervals and then shrunk in size from 0% to 20% to 33% by heating them from 

25oC to 105oC to 115oC, respectively. 

As presented in Table 2.1 and illustrated in Figure 2.12, the nanopillars do not vary much 

in width after heating.  In theory, shrinking the substrates should result in smaller diameter of the 

pillars. This may be related to the PO being segmented into small areas when etched into pillars, 

preventing the normal shrinking expected. The largest measured pillars appear to shrink to a 

small extent with an increase in temperature. This may be due to the segmented PO still being 

large enough to decrease in surface area to some small extent. As expected, the center to center 

spacings decreased as a function of heat. A 35% reduction in the distances was observed or from 

450 to 300 nm. The reduction in the spacing correlates well to the change in length of the heat 

shrink PO after heating. Also, variation in shrinking in the x and y directions of the substrate is 

noted and attributed to occur due to the asymmetric stretching of the substrate. Achieving control 
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over this asymmetry is possible by constraining the sample in one direction while heating the 

other side. The ability to control the asymmetry of the heat shrink PO film will allow more 

tunability in the nanostructure arrays and maintain the periodicity.  

Table 2.1 Gap spacing and width dimensions of PS bead arrays for different etch times and 

shrink temperatures.   

Etch time 

(s) 

Shrink 

Temp (
o

C) 

Width 

(nm) 
Spacing 
in x (nm) 

Spacing 
in y (nm) 

Height 

(nm) 

540  25  237 ± 6  452 ± 11  448 ± 10  65 ± 4  

540  105  224 ± 5  366 ± 10  384 10  79 ± 3  

540  115  215 ± 14  314 ± 9  375 ± 15  85 ± 4  

630  25  123 ± 7  451 ± 14  429 ± 19  100 ± 6  

630  105  118 ± 7  381. ± 4  376 ± 5  120 ± 7  

630  115  119 ± 9  314 ± 4  351 ± 6  125 ± 4  

720  25  128 ± 8  438 ± 12  445 ± 10  97 ± 5  

720  105  128 ± 4  381 ± 9  380 ± 10  105 ± 6  

720  115  126 ± 2  343 ± 10  294 ± 9  113 ± 4  

810  25  95 ± 7  439 ± 11  452 ± 9  124 ± 5  

810  105  97 ± 5  386 ± 7  356 ± 6  132 ± 4  

810  115  92 ±  7  320 ± 11  330 ± 8  143 ± 6  
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Figure 2.13 Spacing, width, and heights for PS bead arrays shown as a function of etch time and 

shrink temperatures. 

2.3.4 Nanotriangles 

The hexagonally close-packed nanospheres can also serve as a shadow mask that can be applied 

to create nanotriangles of various dimensions. After initial self-assembly of the nanospheres on 

the substrate, Au can be evaporated onto the surface and deposited through the monolayer mask.  

The interstices between the PS spheres allows for metal such as Au to be deposited onto the 

substrate creating an array of triangular shaped particles. Following this, the PS nanospheres can 

be removed by sonication in an organic solvent such as ethanol to leave behind an array of Au 

nanotriangles. Between sharp tipped nanotriangles, significant amplifications with the incident 

electromagnetic field have been demonstrated [139-141]. Fayyaz et. al created an array of Au 

nanotriangles by E-beam evaporation deposition of Au onto self-assembled PS beads of different 



40 

 

sizes in diameter[142]. They tested different sizes of PS nanospheres and described different 

heights and distances between adjacent triangles. As anticipated, the heights and distances 

decreased as the size of the PS nanosphere mask were smaller. Haes et. al applied a similar 

process to create their Au triangles and used to transmission electron microscopy (TEM) to 

characterize their surfaces [143]. The TEM images revealed that around the sides of the 

triangular particles, small spherical nanoparticles with dimensions around 10-20 nm were 

present. They speculated that during the sonication step, some of the larger particles broke up 

into smaller particles. Other groups have focused their efforts to control the tip to tip spacing to 

confine the excitation light to enhance the electric field to different magnitudes. Lohmuller et. al 

developed a method to control the tip to tip distance in between the gold nanotriangles from 5-

100 nm by combining NSL and oxygen plasma etch[144]. During the plasma etch process, the 

size of the nanosphere particles were reduced as the particles were etched. However, if the 

spheres were touching each other, then a thread was formed at the point where they were 

neighboring each other. When metal was deposited onto this mask, the shadows from the 

nanothreads controlled the final tip to tip distance between the individual triangles. They noted 

that the mean gap size for their plasma etched conditions had a range but more than 10% of the 

gaps were smaller than 50 nm. A similar process presented by Dai et. al tuned the tip to tip 

distance between the neighboring nanotriangles to be as small as 10 nm just by controlling the 

time the substrates were oxygen plasma etched. Dai et. al created a large uniform array of bowtie 

nanoantenna array by self-assembling PS particles on silica into a hexagonal pack[145]. The PS 

masks were reduced in size by using oxygen plasma etch and then Ag was deposited onto the 

surface. As expected, the diameter of the PS particles was reduced by etching and resulted in 

enlargement of the opening between the PS particles. Interestingly, though, with an etch time of 
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180 sec, the PS nanosphere particles melded into each other to create gaps between the triangles 

that were smaller than 10 nm. This resulted in the formation of the bowtie nanoantenna array. 

Without any oxygen plasma processing, the gaps between the nanotriangles were found to be 

around 200 nm.  Hennemaan et. al used NSL to create a range of Ag triangles by varying the 

diameter of PS spheres from 200-1500 nm and the Au film thickness from 40 to 200 nm[146]. 

They found that only with certain combination of sphere sizes and film thickness could flat 

triangles be obtained. They determined that a majority of their triangles had an edge length that 

was approximately 80% of a sixth of the circumference of their spheres.  

One of the key advantages with fabricating nanotriangles using NSL is that the aspect 

ratio can simply be tuned by either changing the size of nanospheres or controlling the 

evaporated metal thickness on the surface. Studies have shown that for nanospheres with 

diameters of 628 nm, 356 nm, 456 nm, and 77 nm, perpendicular bisector lengths for the 

triangles of 180 nm, 109 nm, 135 nm, and 288 nm have been achieved. As the bisector length 

increases, the aspect ratio also increases linearly. Similarly, with higher metal thickness, the 

aspect ratio decreases proportionally.  The relationship between the perpendicular bisector of the 

triangular particle and the interparticle spacing, dip, to the diameter of the nanosphere can be 

related by the following two equations[147]: 
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According to this equation, starting with 400 nm diameter spheres would result in 

approximately 100 nm for the perpendicular bisector length.  Morarescu et. al investigated the 

effect of changing the aspect ratio on the optical properties of the Au triangles [148]. They 
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calculated that increasing the aspect ratio of the structures resulted in a red-shift of their plasmon 

resonance from the near-infrared to infrared wavelengths. They also showed that the sharpness of 

the tips of the triangles were affected by changing the colloidal sphere’s diameter. Tabatabaei et. 

al showed that by depositing thicker layers of Au that were about half the diameter of a particle 

resulted in the formation of tetrahedral pyramids[149]. However, in this study they showed that 

the tip sharpness was not the dominant factor for enhancement of the electric. They attributed 

field enhancements to be more dependent on the proximity of the pyramid edges. Thus, these 

studies demonstrate that the enhancement of the electric field is a combination of the sharpness 

of the tip and also the spacing between the nanotriangles. 

2.3.4.1 Nanotriangles on shrink film 

In this section, a versatile technique to fabricate an array of nanotriangle structures is described. 

By integrating the advantages of nanosphere lithography to generate a hexagonal closed pack 

array of PS beads onto a heat shrink SMP, polyolefin film (PO) and the ability to shrink to 

different degrees, tunability with the structures is shown. Oxygen plasma etch is used as an 

independent parameter to vary the size of the Au triangles and gaps within the triangles. This is 

accomplished as shown in the process illustrated in Figure 2.14.  

Experimental 

Heat shrink PO films were cleaned in isopropyl alcohol and then dried with pressurized air. The 

clean PO film was then corona treated for 35 s to increase the hydrophilic nature and change the 

surface energy of the PO surfaces. A solution of 500 nm carboxylate polystyrene (PS-COOH) 

beads (Bangs lab) was diluted to a 1:1 ratio with triton X-100 and methanol (1:400 by volume). 

Approximately 12 µL of this solution was then spin coated onto the PO film for 5 minutes at 

1200 RPM and allowed to dry for four hours up to overnight. After spin coating, the substrate 
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with the PS-COOH beads was plasma etched at a power of 20 W in an oxygen plasma asher for a 

range of time intervals from 0-95 seconds (s). The substrates were then coated with 4 nm Cr and 

40 nm Au by electron beam vapor deposition. To prevent shrinkage of the substrates, the 

temperatures did not exceed past 40° C during the metal deposition. Following the metal 

deposition, samples were sonicated in ethanol for two minutes followed by sonication in 

millipore water to remove the PS-COOH beads. The samples were left to air dry overnight. The 

substrates were then mounted with double-sided tape onto a glass slide and placed in a 

convection oven. The substrates were heated from room temperature (23oC) to different 

temperatures ranging from 90 °C to 155 °C. As the substrate started to shrink during the heating 

process, the percent changes in length from the original size were recorded with a digital caliper. 

The ratio of the final width of the substrate relative to the initial width was used to calculate the 

percent change in length. During the metal deposition process, the temperatures did not exceed 

past 40° C in order to avoid shrinkage to the substrate. An atomic force microscope (AFM) 

(Asylum Research MFP-3D AFM) with silicon cantilevers (Olympus)  was used to characterize 

the resulting topography of our substrate, and a scanning electron microscope (SEM) (FEI- 

Magellan 400 XHR), at ~ 2 kv,  was used to image the surface topology of the structures. 
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Figure 2.14 Schematic process flow for fabrication of Au nanotriangle arrays. 

Characterization   

Figure 2.15 presents the SEM images of the Au nanotriangles etched for various time intervals of 

(a) 0 s, (b) 30 s, (c) 45 s, and (d) 90 s. The height of the triangles measured from the apex to the 

base were observed to get smaller with longer etch times and an increase in the gaps between the 

triangular particles also was noted. This is counter intuitive to what was expected because 

etching for longer times should have yielded triangular particles that were larger in size along 
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with an increase in the gaps. These preliminary results suggested two possible options that could 

yield such results. In the first option, when the beads are self-assembled into a monolayer, the 

beads are not actually touching and there is slight gaps between them. However, during the 

etching process, the PS beads get closer to each other and the sides of the beads are mainly 

getting etched. The other possibility is that the beads are not uniformly etched and so the sides of 

the bead are etched while the corners of beads are etched at a slower rate. 

 

Figure 2.15 SEM images of Au nanotriangles created using various plasma etch times: a. 0 s, b. 

30 s, c. 45 s, d. 60 s. 

Figure 2.16 presents the SEM images of the 30 s etched Au nanotriangles shrunk to different 

degrees in length (a) 0%, (b) 25%, (c) 40%, and (d) 77 percent in length. As expected, the gaps 

between the Au triangular particles were observed to get smaller as the heat shrink SMP was 

shrunk. However, shrinking past 35 percent, the triangular particles were also noted to have their 
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features masked by wrinkles that also formed due to the stiffness mismatch of the heat shrink 

SMP with other stiff skin layers introduced during the oxygen plasma step. It was initially 

thought that the additional stiff skin layer was added when oxygen plasma was used to etch the 

colloidal particles. However, preliminary results with shrinking the colloidal particles that had 

not been etched with oxygen plasma also yielded wrinkles. Thus, it is speculated that the 

additional stiff skin layer was deposited during potentially the E-beam evaporation process.  

 

Figure 2.16 SEM images of 30 s etched Au nanotriangles shrunk to different degrees in length 

(a). 0%, (b). 25%, (c) 50%, and (d) full-77%. 

2.4 Summary 

In this chapter, we used commodity shrink wrap film as a platform and combined with top-down 

and bottom-up approaches to create scalable methods for synthesis of tunable metallic structures. 
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A simple approach to pattern metal films onto the shrink wrap film was shown and by leveraging 

the stiffness mismatch of the metals with the shrink wrap during the shrinkage, nano to 

microscale metallic structures were created. By varying the thickness of metal deposited on the 

shrink film, we were able to tune the morphology of our structures and gaps between them. We 

also described methods to self-assemble colloidal particles onto the shrink wrap film to form an 

array of periodic structures. We etched the particles to various sizes and leveraged the shrinkage 

of the shrink wrap to control the gaps between the etched particles. For this dissertation, the work 

was mainly focused on using simple top and down approaches to create scalable structures. 

However, methods such as EBL and FIB should also be explored to determine their feasibility of 

being combined with the shrink film technology to create tunable structures for future plasmonic 

applications.  
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Chapter 3 Surface Plasmons 

3.1 Optical Properties of Metal 

A bulk metal is composed of a collection of single metal atoms that each have a free electron or 

quasi-free electron, which have the ability to move freely when an external electrical field is 

applied[150]. The mobility of the electrons to move freely in a metal is what affects the metal’s 

thermal conductivity, electrical conductivity, and optical reflectivity. The free electrons in the 

metal behave like a gas of free charge carriers, similar to plasma that can undergo a collective 

oscillation of plasmon waves when the frequency of the electric field is correct. In order for the 

metal to be useable for plasmonics, the real part of the dielectric function has to be negative 

which is satisfied when the plasmon frequency of the material is higher than the frequency of the 

incident light[151]. The plasmon frequency is high since the metals have a high density of free 

electrons. In addition, the imaginary part of the metal’s dielectric has to be low because it 

corresponds to dielectric losses experienced when the metal is polarized [152, 153]. Different 

metal have different plasmonic responses, but the metals suited as a good candidates for 

plasmonic applications due to their inherent plasma frequency are gold (Au), silver (Ag), copper 

(Cu), and aluminum (Al)[153].  Of these metals, Au and Ag have been extensively used for 

plasmonic applications because they have low losses and possess unique optical properties due to 

their LSP resonance (LSPR) in the visible and near infrared region, a frequency range that is 

suitable for most lasers[154]. 

The Drude-Sommerfield model often has been considered a classical model that can be used to 

describe the permittivity of metals[155]. In the Drude-Sommerfield model of a metal, a gas of 
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free electrons and a rigid ionic lattice are considered. The equation of motion for the free-

electron gas is noted by equation 3.1. 
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In this equation m* is the effective mass of free electrons, γ is damping coefficient that describes 

electron scattering, -e is charge of electron, ω is the angular frequency of exciting radiation, and 

Eo
e(-iωt) is external driving field. If one assumes that electron position is r(t) = roe

-iωt, the above 

equation can be simplified to equation 3.2. 
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The macroscopic polarization of the metal can be determined to be: 
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Where n is the density of electrons in equation 3.3. From the polarization, the dispersive 

permittivity can be obtained and written as equation 3.4. 






i

p

Drude



2

2

1)(  (3.4) 

Where ωp is the plasma frequency and is defined as the following: 
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The dielectric constant can be divided into the real and imaginary parts according to equation 

3.6. 
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As presented in equation 3.4, when the frequency, ω, is significantly smaller than ωp, the second 

term becomes larger than 1 and hence, the real part of the dielectric constant would negative. 

This typically occurs in the visible and near-infrared wavelengths. The dielectric constant can be 

related to the refractive index of the material, ɳ, by the square root of the dielectric constant as 

indicated in equation 3.7.  

   (3.7) 

Thus substituting equation 3.7 into equation 3.4 yields that ɳ2 is equal to equation 3.4. When ω  

is less than ωp, ɳ  is a complex number. The dielectric constant is also a complex number that has 

a real and imaginary part. In this complex number, the real part contributes to polarization and 

the imaginary part contributes to the dissipation of the energy in the metal. As a result of the 

dielectric constant being negative, the light has a small penetration depth into the metal and some 

the light is reflected[156]. 

While the Drude-Sommerfeld model works well with lower frequencies such as near 

infrared, infrared and some of longer visible wavelengths, the model fails at the higher 

frequencies or lower visible wavelengths[157]. This is because the Drude-Sommerfeld model 

assumes the metal only has free electrons and ignores any possible bound electrons. However, 

for Au, the imaginary part of the dielectric constant is observed to increase significantly for 

wavelengths shorter than 550 nm because of the interband transitions[157]. The interband 

transitions that occur due to the excitation of bound electrons to conduction electrons are 
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responsible for this. To account for the effect of bound electrons, the Lorentz-Drude model has 

been developed which is given by equation 3.8[158]. 
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Where m is the effective mass of bound electron, γ is damping coefficient, α is spring constant of 

the bound electron. With the addition of bound electrons to dielectric constant 
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Where  
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(n is number of bound electrons per unit volume), ωo is natural frequency of bound electrons 

)/( mao  . Then the dielectric function from Lorentz-Drude can be re-written as a new form 

that incorporates the Drude dielectric function and Lorentz. 

3.1.1 Optical properties of composite structures 

After surface characterization of the composite structures, the optical properties were 

investigated. Post-shrinkage, the composite structures are very opaque and as a result of this, 

there is minimal light passing through. Thus, despite extensive efforts to measure the 

transmission properties of the composite structures with a UV-vis spectrophotometer, the result 

could not be measured accurately. Preliminary transmission spectra results collected from 450-

900 nm results did suggest that potentially there were characteristic dips located around 560, 

690, 790 nm which were not present in the flat metal controls or in the solution. The 

characteristic dips could potentially be related to surface plasmonic effects, but with very low 
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transmission readings this cannot be concluded. Since, the slit size for the beam of light is 

typically around 1 mm, an average spectra of all the optical properties of the composite 

structures within 1 mm would be measured. This is not ideal because the composite structures 

are heterogeneous in size, so the plasmon resonance would not be a single peak. However, with a 

laser beam, the spot size can be smaller than the beam size for a UV-vis spectrophotometer. The 

two-photon excitation spectra of the composite structures was investigated by exciting every 5 

nm from 745-900 nm. The laser power at each wavelength was measured and was revealed to be 

the strongest at 800 nm. In order to keep the laser power same at each wavelength, a factor was 

applied to each of the laser powers at each of the wavelengths. This factor was measured by 

dividing the laser power at a specific wavelength of interest with the maximum laser power. 

Then the factor was squared since two-photon is a non-linear process. The correction factor was 

multiplied to each of the fluorescence intensities obtained for the composite structures at the each 

of the excitation wavelengths. The excitation spectra is shown in Figure 3.1(a) and reveals that a 

peak around 780-790 nm occurs for the composite structures. This indicates that the composite 

structures are possibly able to scatter more light between these wavelengths.   We speculate that 

this possibility would overlap well with the plasmon resonance band of the composite structures 

if the extinction spectra could have been recorded as has been previously suggested by other 

studies[159]. Gold nanoparticles and nanorods have recently shown to have interesting two-

photon photoluminescence properties when excited at their resonance wavelength [159, 160]. It 

was determined that the two-photon luminescence was sensitive to the local electric field 

enhancement on nanoscale, rough metal films[161]. To perform these studies, emission spectrum 

of the Au particles are collected at the resonant wavelength. The emission spectrum in Figure 

3.1(b) suggests that the emission spectrum in select areas on the composite structures is from 
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500-650 nm and is very broad. The broadness of the emission spectrum can be attributed to the 

heterogeneity within the structures. The emission spectrum was observed to vary from region to 

region, but in general had a broad emission from 500-650 nm. The emission spectrum of the 

control which was just the Ni structures without the Au did not exhibit similar emission spectrum 

characteristics. We hypothesize from these results when exciting the composite structures with 

two-photon, the best excitation wavelength would be to choose between 780-790 nm and to 

choose fluorescent molecules whose two photon excitation cross section is within 15 nm from 

the plasmon absorption peak of the Au structures. Furthermore, from the emission data, we 

speculate that selecting dyes that emit between 500-650 nm would be optimal for maximum 

emission intensity.  

Figure 3.1. (a) Excitation spectra from 740-900 nm of 10 nm Au composite structures (b) 

Emission spectra of 10 nm Au composite structures. 

3.1.2 Optical properties of Au nanotriangles 

The optical properties of the Au nanotriangles were also investigated by reflectance 

spectroscopy. The reflectance spectra for the Au nanotriangles is presented in Figure 3.2. The 

reflectance of the unshrunk triangular particles was recorded to be broad and peak around 790-

810 nm. With a partial shrinkage of 25% in length, the triangular particles were noted to blue-
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shift to have a lower reflectance occurring between 750-770 nm. Further shrinkage revealed that 

as the triangular particles approached closer to each other, the particles blue-shifted and peaked 

around 730-750 nm. Finally with full shrinkage of the substrates, the reflectance dropped further 

down and revealed to have a very broad spectra. The decreases observed in the reflectance of the 

substrates was anticipated because as the PO film shrinks, the substrate becomes more opaque. 

 

Figure 3.2. Reflectance spectra of 30 s etched Au nanotriangles shrunk to different degrees (a) 

0%, b. 25%, c. 50%, d. 77% in length. 

 



55 

 

3.2 Surface plasmons 

When light interacts with a metallic surface, the collective excitation of the free valence 

electrons close to the surface of the metal is called a surface plasmon (SP) [162]. This effect was 

first discovered by Robert W. Wood in 1897 who observed irregular light distribution from 

metallic diffraction gratings [163]. In 1902, he also noted that energy was lost as heat when the 

SPs propagated along the metal surface. Fifty years later, Ritchie introduced the idea that on a 

metallic surface, the excited electrons had the possibility of coherent fluctuating into what are 

referred as SP oscillations. The existence of these SPs would later be confirmed by experiments 

by Powell and Swan in 1960 and improved by Otto, Kretschmann and Raether. Fano also 

developed a theory to explain Woods observations by coupling light into electromagnetic (EM) 

surface waves aided by metallic surface gratings. Two types of SPs exist: propagating (PSPs) 

and localized (LSPs)[164]. When the electrons oscillate to create surface plasmons at the surface 

of the metal, an electron wave is generated. This electron wave has interactions with a photon 

from light and electrons in the metal. This electron wave starts to accumulate electrons in an area 

and this leads to other areas having less electrons and as a result, become positively charged. The 

electron wave keeps propagating along the metal and dielectric interface until it decays. PSPs or 

SP polaritons proceed in the x-y direction along a flat smooth metal-dielectric interface, decaying 

exponentially away from the surface. These PSPs are also capable of transforming the incident 

light’s energy into a surface wave, and the incident angle is critical for the excitation and 

emission. LSPs occur when the incident laser light interacts with nanostructures and results in 

the conduction electrons to collectively oscillate to generate dipole fields [165]. A redistribution 

of the electric field intensities around the metal nanostructures may occur when the incoming 

electric field interacts with the dipolar fields. A positive charge is left behind when the electrons 
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are displaced and the positive charge tries to pull back the electrons to their original positions by 

exerting an attractive force on the electrons. The coulomb interaction between the electrons and 

metallic nuclei cause the plasmons to oscillate collectively. When the plasmons oscillate and 

move coherently at a resonant frequency, the incident electromagnetic (EM) field is significantly 

amplified; this results in an increased local EM at the surface of the nanostructures [166]. A 

molecule in close proximity to the metal nanostructures can feel the significantly increased 

electromagnetic (EM) fields generated at the surface of the nanostructures and have an increased 

induced dipole. Several factors affect the magnitude of the EM enhancement such as the metal, 

geometry of the structures, roughness, frequency of the incident light, and properties of the 

fluorophore. 

3.3 Brief theory behind electromagnetic field enhancement 

The conventional description of EM field enhancement is based on the classical Mie 

scattering theory that was theoretically described by Mie in 1908 for spherical nanoparticles 

[167]. In his theory he was able to explain the red color of gold nanoparticles cause by 

absorption and scattering of the light by solving Maxwell’s equations. He solved Maxwell 

equations for a small sphere that interacted with electromagnetic light wave and was surrounded 

by a dielectric medium using the dielectric constant of the bulk metal. When spherical 

nanoparticles were excited with an EM field, the nanoparticles produced an intense absorption 

attributed to plasmon resonance. Mie’s theory also has some assumptions that the particles and 

their surrounding environment are homogeneous and can be described by bulk dielectric 

properties[168]. At the same time, the Mie theory is a better model for spherical particles that are 

significantly smaller than the wavelength of light. With this taken into account, the light’s 

electric field can be assumed to be constant. This is often referred to as the quasi-static 
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assumption. Solving Maxwell’s equations led to a relationship for the extinction cross section of 

metallic nanospheres. The Mie theory starts by applying Maxwell equations (3.4.1-3.4.4) [167]. 

0 E  (3.4.1) 

0 H  (3.4.2) 

HiXE   (3.4.3) 

EiXH   (3.4.4) 

where E is the electric field, H is the magnetic field, ω is the angular frequency, μ is the 

permeability, and ε is the permittivity (dielectric constant). The optical properties of a sphere can 

be calculated by using Maxwell’s equations. When an electric field, Eo, is applied to a spherical 

particle, the electric field inside the particle is given by equation 3.4.5[168]. 
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 oEE  (3.4.5) 

In this equation, ε2 is the dielectric constant of the surrounding medium and ε 1 is the dielectric 

constant of metal.  Equation 3.4.6 presents a complex expression for the dielectric constant of the 

metal that can be applied 

ε(ω) = ε’(ω) + i ε”(ω) (3.4.6) 

where ε’ and ε” are the real and imaginary part of the dielectric function of the metallic 

nanoparticles[167]. When the electromagnetic field interacts with the spherical nanoparticle, the 

charges of the free conduction electrons become polarized and this polarization relation can be 

expressed in equation 3.4.7. 
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Polarizability is a measure of how easily electrons can be moved in response to an electric field 

[169]. Equation 3.4.5 can also be written in terms of when a molecule is in close proximity to the 

spherical particles[170]. The dipolar field, Esp, that spherical particle produces is represented in 

equation 3.4.8. The magnitude of the field felt by a nearby molecule depends on the radius of the 

sphere r, distance d from molecule, metal’s dielectric constant ε, and the incident field strength, 

Eo .  
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  (3.4.8) 

Here ε is the real dielectric constant of the metal structure and εo is the dielectric constant of the 

environment. A molecule in close proximity to the metal nanostructures feels an enhanced EM 

which is the sum of the electric field from the incident light and the dipolar field generated 

within the particle (Eo+Esp). As shown in equation 3.4.8, the maximum enhancement occurs 

when the denominator of the first term approaches infinity, satisfied when ε = - 2εo [167]. 

Furthermore, the field enhancement decays with r-3. 

The extinction cross section which is the power removed from the incident beam due to 

the particle can be calculated by taking the sum of the scattering and absorption cross sections. 

scaabsext    (3.4.7) 

Where σext, σabs, σsca are the extinction, absorption, and scattering cross section. The physical 

cross section of a sphere with radius a is noted as πa2. For particles significantly smaller than the 

wavelength of the light, the σsca is negligible and only the σabs is significant. The mean free path 

of the free electrons in the metal is around 50 nm and since the particles are relatively small, 
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scattering is generally inefficient. However, as the particle size increases, the σsca becomes 

dominant relative to σabs because larger particles have higher probability to scatter more light.  

The scattering cross section can be related to the power and can be calculated after 

determining the scattered fields. 
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Where Io is power density of incident light and α(ω) is the polarizability of the sphere presented 

earlier in 3.4.5. 

The dissipated power by the sphere can be applied to calculate the absorption cross section 
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[169]. In the Mie theory, vector spherical harmonics of the scattered field can be expressed in a 

series of multipole expansion, where the first term is a dipole mode, second is quadrupole mode, 

fourth is octupole mode and so on[171]. For particle sizes smaller than 50 nm, only dipolar 

modes are able to be excited by light at optical frequencies. However, particle sizes larger than 

50 nm, quadrupole and higher resonance mode contributions also appear. At these sizes, the 

dynamic depolarization and radiation damping occur[172]. Dynamic depolarization occurs when 

not all the conduction electrons are able to be excited in phase because the electric field oscillates 

as a function on position, leading to a reduction in the depolarization at the center of the particle. 

As a result of this, there is a red-shift in the particles resonance. The ability of AuNPs to convert 

incident radiation into absorption and scattering components is quantified by measuring the cross 
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sections and the sum of this represent extinction. The extinction cross section of the sphere is 

greater than the physical cross section of the sphere when -ε1 approaches to 2ε2.  

Thus far, a simple model has been considered to understand the scattering and absorption 

properties for small spherical nanoparticle. However, in reality most of the particles are not 

spherical and have other geometrical shapes that can also be modeled. According to the Mie 

theory, the extinction spectrum, E(λ) of an arbitrary shaped nanoparticle is described by Equation 

3.4.21  [173]: 
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The Mie theory is based on the assumption that the nanoparticles are spherical and 

homogeneous, but the surface plasmon oscillation in metallic nanoparticles deviates from this 

theory as the particles become non-spherical. In order to account for these deviations from 

spherical particles, the χ value is defined as the shape factor. For spherical particles, χ is two but 

for particles can be as high as 20[173]. Other theoretical models such as the Gans modification 

of the Mie theory, discrete dipole approximation (DDA), T-matrix method, and Finite difference 

time domain (FDTD) describe that a shift in the surface plasmon resonance occurs when the size 

or shape of the nanoparticle deviates from spherical geometry[174, 175].  The DDA 

approximation calculates the extinction cross section for particles by dividing it into polarizable 

cubes and assuming that the elements are small enough that they only dipole interactions with 

incident electric field.  In the FDTD method, the electromagnetic field distribution is calculated 

within an individual unit cell array. As a result, recent work has been focused on understanding 

the optical properties of nonspherical nanoparticles such as rods, disks, cubes, and prisms [176-
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181]. In these circumstances, the localized surface plasmon resonance (LSPR) is split into 

multiple other plasmon modes, dipole, quadropole , and octupole plasmon resonance[182]. 
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Chapter 4 Fluorescence and Approaches for Enhanced Detection 

4.1. Principles of fluorescence  

In 1852, British scientist George Gabriel Stokes reported and coined the term fluorescence[183]. 

In his experiment, Stokes observed that when ultraviolet light was shined on a tube of quinine 

sulfate, a bright blue light was emitted. Furthermore, he also noted a shift in the emission and 

absorption wavelength where the fluorescence emission always occurred at a longer wavelength 

than the excitation light. This shift in the emission and absorption is also referred to as the 

Stoke’s Shift. In the early 19th century, investigations showed that samples such as minerals, 

resins, crystals, chlorophyll, and inorganic compounds fluoresced when U.V. light was shined on 

them. It was not until the 1930s when fluorochromes were used as staining probes to identify 

components in tissues, pathogens, and bacteria for biological investigations[184].   

Fluorescence occurs when a fluorescent molecule absorbs light photons at one 

wavelength and emits at a longer wavelength. Fluorescent molecules are typically composed of 

polyaromatic hydrocarbons or heterocycles and have large conjugated π electron systems[185]. 

Unexcited fluorescent molecules have electrons in the ground state and after excitation by 

incident light from the U.V. visible spectrum, the electron transitions from the ground to excited 

state. The electronic states of a molecule and its transition between those states are often 

graphically depicted using a Jablonski diagram to illustrate the processes. The y-axis is a graph 

of energy which increases from the bottom, ground state, to the top, excited state. Figure 4.1 

presents the Jablonski diagram that illustrates the processes involved in creation of an excited 

electronic singlet state by absorption of a photon of light and the subsequent emission of 

fluorescence. In step 1, a photon of light is absorbed a specific wavelength and the electrons 

from the fluorophore are raised from the ground state (So) to a higher electronic energy level 
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(S1’). This absorption process is very fast and generally occurs within femtoseconds, 10-15 

seconds. In the second step, the electron relaxes from the highest vibrational state to the lowest 

electronic excited state by internal conversion processes such as vibrational or rotational. 

Vibrational relaxation is the process where the electron gives away the energy in vibrational 

mode in the form of kinetic energy and returns to the lowest electronic excited state. The 

vibrational relaxation process occurs typically due to collisions between molecules and occurs 

with picoseconds, 10-12, seconds between vibrational levels. Once, the electron has reached the 

lowest electronic excited state, the electron decays back to the ground state by either radiative 

and/or non-radiative processes. This could occur by either by heat or quenching which are both 

non-radiative or as depicted in step 3, the emission of a photon of light which is radiative. Since 

some of the initial energy within the molecule is lost through heat or vibration during the internal 

conversion process, the emitted energy is generally less than the excitation energy. This 

difference in the emitted energy from the excited energy is also referred to as the Stoke’s shift.  

 

Figure 4.1 Jablonski energy diagram for a fluorophore excited in free space (no metals) [186] 

 

The emission of a photon of light to return the electron back to the ground state occurs in 

a longer time domain within the range of nanoseconds and is also known as the fluorescence 

lifetime. A fluorescent molecule is characterized by its quantum yield Qo, which is defined as the 
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ratio of photons emitted to photons absorbed and lifetime, Ʈo.  Qo, and Ʈo are defined in equation 

4.1.1. 
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In these equations, Γ is the radiative decay rate or the fluorescence decay rate and knr is the rate 

of non-radiative decay. [186]. The knr is affected by the interactions between the fluorophores 

and local environment such as collisional quenching, molecular associations, and energy transfer. 

The maximum possible value for Qo that a molecule can have is 1.00. τo for a species is 

dependent on the surroundings and is affected by factors such as pH, temperature, polarity, 

viscosity, and binding. τo in particular, can be reduced by quenching, a process caused from 

collisions within the transient state excited interactions.   

Fluorescence lifetime measurements can be collected in the time or frequency domain 

depending on the type of microscope used. The time and frequency domain utilize the 

fluorescence decay law that is based on first order kinetics. In the fluorescence decay law, if 

populations of molecules are instantaneously excited when the photons are absorbed, then the 

fluorescence intensity as a function of time, I(t), decays slowly to the ground state. This equation 

to express this intensity decay relation is presented in 4.1.3 and I(t) is the intensity at time t, α is 

a pre-exponential factor, and τ is the lifetime[187]. 

.  
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In the time domain, a time-correlated single photon counting is applied to measure the 

exponential decay and a pulsed excitation source is required [188]. A short pulse of light excites 

the sample and the emission is recorded as a function of time. In the frequency domain, a 

modulated source of laser light is used to excite the sample. The fluorescence emitted from the 

sample has a similar waveform to the modulated light, but is modulated and phase shifted from 

the incident excitation laser light. The modulation (M) and phase φ are calculated from 

measuring the decrease in the amplitude of the modulated light and distance between the 

excitation light and emitted light. The phasor is described by its modulation (M) and phase φ. In 

the frequency domain, the φ and m are described by: 

)(tan)( 1 t 
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Where ω = 2πf is the angular frequency of the modulated excitation light and τ is the lifetime, f 

is the generator-set frequency [189]. The excitation of light is defined as the following:  

)cos()( Eo tEEtE    (4.1.6) 

Where ω is the frequency of excitation modulation and Eo and Eω are the DC (long time average 

of fluorescence signal) and AC (amplitude of oscillation) of the excitation. The phase of the 

excitation light is known and denoted as φE. The excitation light’s modulation of depth is defined 

as Eω/Eo. From equations 4.1.4 and 4.1.5., two different lifetimes, τθ and τM can be calculated. If 

the lifetimes τθ and τM are equal to each other, then the fluorescence lifetime is single 
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exponential. When the lifetimes are not equal to each other, then the fluorescence lifetime is 

multi-exponential. In order to measure multiple lifetimes, measurements of phase and 

modulation have to be performed at multiple frequencies.  

The phasor analysis can be applied to examine and visualize the lifetime distribution of 

the species. In this method, at each pixel, the lifetime data is converted into a coordinate pair 

which is called a phasor and a histogram of number of pixels with these phasor coordinates is 

called phasor plot. To identify the regions of an image that correspond to lifetime values, SIM 

FCS has been applied. Each of the phasor coordinates is written as s and g coordinates which is 

calculated using rapid intensity normalized cosine and sine of the histogram as presented in 

equations 4.1.7 and 4.1.8[190]. 
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In these equations, N is the total number of photons and np is the number of bins in phase 

histogram. The phase, φ, and modulation, m, can be related to the s and g coordinates by the 

following vector transformation equations:  
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Each of the s and g coordinates can then be treated as a vector referred to as a phasor and plotted 

on a two-dimensional histogram plot to yield a phasor plot. From the phasor plot, all single 

exponential lifetimes are located on the universal circle and is shown as a semicircle around g is 

0.5 where lifetime values are given as: 

fg
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If the lifetime falls within the universal circle, then the molecular species have a complex decay 

and are attributed to multi-exponential lifetime which can be modeled using higher Fourier 

harmonics[191]. Furthermore, if there are two molecular species present that have single 

exponential lifetime decay, then a normalized linear combination of component phasors fall 

within the universal circle. Depending on which species is predominant out of the two will affect 

where the lifetime lies on the line.  

4.2 One-photon versus two-photon excitation 

The environment that the fluorophore is placed in has a strong influence on the fluorescence 

lifetime and intensity. The fluorescent molecule can be excited by two different methods: one 

photon or two-photon. In one photon excitation, a fluorescent molecule is excited using a visible 

laser by a single photon of a particular energy from the ground state to an excited state [192]. 

From the excited state, the molecule will emit a photon at a higher wavelength to relax back to 

the ground state. In two-photon excitation, a laser excites the sample by using the near 

simultaneous absorption of two lower energy near-infrared photons that each contains half the 

energy[192]. From the excited state, the fluorophore relaxes by vibrational process to the lowest 
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energy state and then similar to one-photon excitation, emits a photon of light in the visible 

wavelength before relaxing back to the ground state (Figure 4.2). 

 

Figure 4.2. Jablonski diagram for (A) one-photon and (B) two-photon excitation of a 

fluorophore[193]. 

The two-photon absorption process is a second order process and has a much smaller 

cross section around 10-50 (cm4s/photon) than the one photon absorption process which is around 

10-16 cm4s/photon [194]. This means that with conventional lasers, the probability of two-photon 

excitation with light is significantly smaller than with one-photon excitation. Thus, for two-

photon excitation a highly focused single pulsed laser is used to deliver a high flux of photons 

through the objective. Another important aspect of two-photon excitation microscopy is that a 

high numerical aperture objective is required to finely focus the excitation source to a 

diffraction-limited spot. The number of photons absorbed per fluorophore per pulse can be 

calculated using equation 4.2.1[194]. 
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Where τp is the pulse duration, δ is the fluorophore’s two-photon absorption at a wavelength, λ, 

po is average incident laser intensity, fp is the laser’s repetition rate, NA is the numerical 

aperture, h is the Planck’s constant, and c is speed of light. From the above equation, it can be 

shown that for a fixed laser power and repetition frequency, the probability of excitation 

increases significantly with an increased NA for the objective or with a reduction in the pulse 

width of the laser[195]. Also as the NA is increased, the excitation power is locally restricted 

further to smaller focal volume. Typically, to achieve such a high photon flux, a femtosecond 

titanium-sapphire (Ti-sapphire) system is required for generating a 100-fs pulse at a repetition 

rate of 80 or 100 MHz[195]. 

In 1931, Maria Goerppert Mayer established the theoretical groundwork for two-photon 

excitation and investigated the theoretical impact of two-photon absorption by atoms [196, 197]. 

With the introduction of the laser in the 1960s, these assumptions were confirmed experimentally 

by Werner Kaiser and I.C Garrett for the first time in 1961 [198]. However, it was not until the 

development of mode-locked lasers in 1990 when W. Webb, W. Denk, and J. Strickler created a 

two-photon laser scanning microscope that biological applications became to fruition. Using 2-

photon laser scanning microscopy, they were able to show that photobleaching of the 

fluorophores was restricted to the focal plane and also that three-dimensional studies could be 

performed [199]. Furthermore, due to the nonlinear nature of the two-photon excitation, the 

fluorescence emission increased quadratically. 

The advantages of using two-photon excitation versus one-photon is that there is reduced 

photodamage, less scattering losses, and a deeper penetration into the specimen[192, 200]. The 

scattering losses that occur from the attenuation of the incident light are less in the near-infrared 

wavelengths regime because the scattering cross section decreases. Furthermore, the emission 
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pinhole aperture reduces the out-of-focus fluorescence light which leads to a higher collection 

efficiency of the fluorescence signal yielding a larger intensity in the signal. Since the excitation 

volume is limited to the sub-femtoliter regime, there is an improvement in the stability of the 

fluorophore. Furthermore, since the excitation is only achieved around the focal plane where 

laser light is concentrated, there is little biological specimen damage to the regions above and 

below the focal plane that are not being imaged.  The non-linear dependence of the fluorophore 

excitation on the laser light intensity restricts the photon absorption to a narrow region at the 

focal plane where the photon flux is the highest [201]. The differences in the excitation volumes 

using one-photon excitation or two-photon excitation are illustrated in Figure 4.3.  

 

 
Figure 4.3. A comparison of excitation profiles with laser of one photon (left) and two photon 

(right). [202] 

The absorption rates for one and two-photon excitation are calculated as: 

 One-photon excitation (OPE): OPEk 12      (4.2.2) 
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Two-photon excitation (TPE): k12= 2

2


TPE   (4.2.3) 

Where σ is the absorption cross section (cm2 and cm2/s) and Ѳ is intensity of the excitation light 

(photons/cm2s)[202]. From these, one can see that a linear relationship is expected for the 

fluorescence signal with one-photon excitation while a quadratic increase is expected with two-

photon excitation. 

4.3. Principles of metal enhanced fluorescence (MEF) 

MEF is an effect that yields increases in the fluorescence signal when fluorophores are placed 

nanometric distances from a metallic surface. MEF is characterized by an enhancement in the 

emission signal, quantum yield, photo stability, and a decrease in the fluorescence lifetime of 

fluorophores[203]. The pioneering work of Purcell started the notion that lifetime of an excited 

atomic state is dependent on a combination of its properties and also its surrounding 

environment[204]. This was then proven experimentally in the late 1960s with Chance et. al and 

Drexhage et. al’s studies [205]. Drexhage et. al observed that when a fluorescent molecule was 

placed within sub-wavelength distance to a reflective metallic film, a distribution of 

enhancements in the fluorescence signal and changes in the emissive lifetime were observed. In 

their studies, an europium complex was positioned at varying distances from a planar silver 

surface by creating a multilayer sandwich using the Langmuir-Blodgett technique. It was noted 

that the distance the fluorophore was place away from the surface affected the fluorescence 

lifetime. As the fluorophore was placed certain distances away from the metal surface, the 

fluorescence lifetime oscillated and close to the surface (below 10 nm), the fluorescence lifetime 

was strongly quenched. The quenching of the fluorescence lifetime was explained due to 

nonradiative transfer of energy from the fluorophore to the metal. A follow-up study by 
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DeMartini et. al noted that the fluorescence lifetime of the europium complex shortened in a 

microcavity composed of a dielectric mirror[206]. Suzuki and Yokoyama also followed similar 

experiments on an organic dye but did not observe significant changes in the lifetime 

values[207]. Thus far, these initial ground work studies mainly looked at how the fluorescence 

lifetime changes as the fluorophore was placed different distances from the metal surface, but did 

not investigate in depth the enhancements. Following these initial studies, Lackowicz and 

Geddes showed in 2002 that when the fluorophore was placed in close proximity to metallic 

structures, enhanced emissions in the fluorescence signal were also observed that complemented 

with the fluorescence lifetime changes[208]. They coined the term metal enhanced fluorescence 

for this phenomenon. Their work demonstrated that when the fluorophore was positioned at 

nanometeric scale distances from the metallic structures and the absorption/emission bands of the 

fluorophore overlapped with the plasmonic resonance of the metallic structure, enhancements 

were seen. Through these investigations, it was thought that the fluorophores can interact with 

the metal through three possible mechanisms.  

In the first, the interaction of the field from the incident light at a specific frequency with 

the free electrons on the metal surface localizes the incident electromagnetic (EM) field around 

the vicinity of the metal nanostructures. In the second, the near-field interaction of the dipole 

moment of the fluorophore couples with the metal surface to generate spatial oscillations of the 

electron density referred to as localized surface plasmon resonance (LSPR). In the third 

mechanism, this LSP field can modify the radiative decay rate of the fluorophore by altering the 

photonic density of states. The photonic density of states is defined as the number of 

electromagnetic modes allowed per frequency unit. In short, the LSP field can increase the 

excitation field and the radiative emission rate of the fluorophore. A fluorophore in the near-field 
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(within tens of nanometers) can have a significantly enhanced radiative emission rate and 

shortened lifetime. A shortening in the inherent lifetime of the fluorophore increases its 

photostability [209]. However, if the fluorophore at distances less than 5 nm away with the 

metallic surface, the molecular dipole of the fluorophore can directly and non-radiatively transfer 

its energy to the metal surface, such that the signal is quenched [210]. The optical properties and 

enhanced localized electromagnetic fields of these metallic nanostructures are strongly 

dependent on the composition, size, shape, and dielectric properties of the substrate and medium 

above the surface [211]. Early studies indicated that nanoscale confinement of the EM field 

within sub-wavelength volumes could enhance the field strength by several orders of magnitude 

relative to the incident light [212-214]. Furthermore, metallic nanostructures with sharp corners 

or tips could further enhance the local electric field [215, 216].  

As mentioned previously, the environment that the fluorophore is surrounded in has an 

effect on both the lifetime and intensity. As shown in equation 4 and 5, the Qo and τ are thought 

to be affected by both the non-radiative and radiative decay rate. When fluorophores are placed 

in nanometric distances from metallic surfaces, the Qo and τ, additional terms are added to 

account for these theoretical contributions due to the metallic surfaces.  
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Where Qo and Q are quantum yields due to the fluorophore in free conditions and close to the 

metallic surface. Under the circumstances where the fluorescence is closed to metallic 

nanostructures, the incident electric field is amplified significantly generated by the interaction 

of the light with the surface plasmons (Figure 4.4). 
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Figure 4.4. Jablonski diagram for a fluorophore excited near metallic surfaces [186] 

 

In this Jablonski diagram, the increase in the radiative decay rate induced by the metal 

surface is denoted by Γm and km is the non-radiative decay rate due to the metal. Hence, from the 

above equation, it can be inferred that an increase in the radiative decay rate caused by the metal 

will yield an increase in the quantum yield of the fluorophore in the presence of the metal while 

the lifetime will decrease.  

4.4 Techniques to enhance fluorescence detection by metallic structures 

The type of metallic surface the flurophore is placed on has an effect on if the fluorescence 

signal will be enhanced or quenched. When fluorophores are placed in close proximity on flat 

metal films, strong quenching effects in the fluorescence are mostly observed because the surface 

plasmons propagate on the thin metal films since they are not able to be effectively trapped.  

Unlike flat films, roughened metal films which have nanostructures smaller than the wavelength 

of light (200 nm) can support the ability to trap the surface plasmons. The MEF phenomenon is 

distant dependent and maximum enhancements for fluorophores have been shown to occur when 

the fluorophore was place 5-20 nm away from the metallic surfaces. Fluorophores placed within 

5 nm away from the metal surface are generally quenched [217-219]. As mentioned early, when 

the fluorescence is quenched, the energy from the molecular dipole that is excited is transferred 

to the metal surface. In addition to the distance dependence on the enhancement in the 
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fluorescence intensity, the localized electromagnetic field enhancements around these metallic 

nanostructures are strongly wavelength dependent. Thus, the spectral overlap between the dye 

and the LSPR modes of the metallic nanostructures also plays a role in the enhancements. The 

incident electric field enhancements that surround metal nanostructures[220]. Thus, along with 

the correct placement of the fluorophore on the metal nanostructures, studies have shown that the 

spectral properties of the fluorophore and LSPR properties of the nanostructured surface should 

be somewhat similar. 

While fluorescence is a very sensitive technique, its detection limit is dependent on the 

quantum yield of the fluorophore, photostability of the fluorophores, and autofluorescence of the 

background. Investigations in how to utilize MEF for surface assays has led recently to several 

applications focused on studying interaction of fluorophores with nanostructured metal 

surfaces[219, 221, 222]. Parfenov et. al created silver fractal structures to which they adsorbed 

10 µM fluorescein (FITC) bound to human serum albumin (HSA) and observed a 100 fold 

increase relative to glass[223]. HSA served as a spacer to position the FITC the appropriate 

distance away from the silver fractals. Mateeva et. al and Lukomska et. al observed that with Ag 

island films and monolayers of silver colloids, the emission signal could be increased an 

additional 5-15 fold with enhancements up to 300 fold at the hot spots [224, 225]. Sorenson et al 

showed that for Ag colloids on Au films, enhancements on average of 50 fold could be observed 

with almost a 200 fold enhancement at the hot spots. Zhang et. al generated a silver film by 

vapor deposition to create a fluoroimmunoassay that was used to investigate how the SiO2 

thickness and metal thickness affected the MEF enhancements [226]. In their study, they studied 

both how the SiO2 and Ag film thicknesses affected the enhancements in the fluorescence signal. 

The SiO2 layer acted as a spacer to position the fluorophores conjugated to anti-IgG different 
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distances from the Ag film. Interestingly, both factors, the Ag film thickness and SiO2 film 

thickness were important to obtain enhancements in the fluorescence signal. On a thin thickness 

of 2 nm of Ag, the fluorescence signal was quenched, but as the film thickness increased, the 

enhancement in the fluorescence signal increased. They attributed this to the fact that at thin 

thicknesses, Ag particles deposited on the surface were individual nanoparticles. Since at this 

small regime, absorption dominates over scattering, they thought that the small metal particles 

quenched the fluorescence. As they increased the Ag film thickness, the particles coalesced and 

became larger so that the scattering component dominated and could enhance the fluorescence 

signal. An additional enhancement in the signal was then provided by depositing a thin layer of 

SiO2 onto the metallic surface. SiO2 thicknesses below and above 10 nm provided less 

enhancement relative to when 10 nm SiO2 was deposited on the surface. Since the IgG molecule 

has a theoretical height of 10 nm, the additional 10 nm height from the SiO2 was considered to 

be efficient enough for obtaining enhancements. Zhang et. al used thermal vapor deposition to 

deposit copper, another noble metal, onto silanized glass slides that enhanced the fluorescence 

signal of their dye by 3 times[227]. Similar to their previous study with Ag, they noted that the 

fluorescence signal was best enhanced when copper was composed of continuous metal particles 

relative to continuous films where the fluorescence signal became quenched. Xie et. al used Au 

nanoparticles that had a shell layer of silver on the surface and deposited them onto a glass slide 

pre-functionalized with (3-aminopropyl)-trimethoxysilane (APTMS) [228]. By varying the time 

immersed in the silver enhancer solution and concentration of the Au colloid solution, the size of 

the nanoparticles could be tuned and Au nanoparticle layers with different interparticle distances 

were observed. FITC-HSA was incubated overnight on the surfaces to bind the proteins to Au-

Ag nanoparticles and enhancements were compared to fluorescence intensity observed on glass. 
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They determined that their fluorescence enhancements were dependent primarily on the size of 

the particles and observed the largest enhancement when the Au-Ag nanoparticles were left for 3 

min in the silver enhancer solution. Furthermore, they also examined how the size of pure Au 

nanoparticles with no Ag shell affected the emission intensities. Similar to Zhang’s study, they 

found that as the size of the Au nanoparticles increased, the emission increased. The fluorescence 

lifetime was also observed to shorten in the presence of the Au colloids. Goldys et. al. created 

silver fractal like structures and non-covalently bound HSA-FITC to the surfaces [229]. They 

observed that the highest enhancements in the fluorescence signal were observed for regions that 

occupied small fractions of structural areas. These structural areas when examined under an 

environmental scanning electron microscope (ESEM) were composed of fractals made of loose 

arrangements of silver nanowires. They also observed that the fluorescence lifetime in thin 

regions were shorter than in regions where the Ag layer was dense.  Fu et. al presented a novel 

method to fabricate metal wrinkles of nano to submicron size by sputtering Au onto a pre-

stressed polystyrene sheet. Controlling the thickness of the Au deposited on the polystyrene 

sheets tuned the size of the wrinkles [230]. Dye molecules were dissolved in a polymer solution 

and spin coated on the Au wrinkles to place the dye molecules a distance away from the metallic 

surfaces. A 7-fold fluorescence enhancement of the dye on the Au wrinkles was observed 

relative to glass. Szmacinski et. al fabricated a multilayer glass slide substrate composed of a Ag 

mirror, SiO2 layer, and Ag nanoparticles[231]. The surfaces of the multilayer substrates were 

coated with a layer of biotinylated bovine serum albumin (b-BSA) and immobilized with a 

streptavidin dye. In the visible wavelengths, enhancements in the fluorescence signal up to 31 

fold were demonstrated. Bek et. al placed a 40 nm fluorescent PS bead between two 60 nm 

AuNPs (gold nanoparticles) spaced and utilized AFM to mechanically push the AuNPs  towards 
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each other [232]. When the fluorescent PS bead was placed less than 90 nm apart from one of the 

AuNPs, the fluorescence increased by 150% and bringing the second AuNP closer to the 

fluorescent bead increased the fluorescence by 270%.  

 These studies showed that the magnitude of enhancement in the fluorescence signal is 

dependent upon several factors such as size of the structures, plasmon resonance of the 

structures, and the distance the fluorophores were placed away from these metallic surfaces.    

4.5 One-photon excitation of rhodamine B on composite structures 

Previous studies have demonstrated that a strong overlap between the surface plasmon resonance 

band of the metallic structures and the excitation/emission spectra of fluorophore has been 

crucial to obtain effective fluorescence enhancements[231]. Thus, based on preliminary 

transmission spectra measurements where a dip was observed around 555 nm, rhodamine B that 

has an absorption and emission peak that spectrally overlaps around 555 nm was selected. To 

prevent quenching of the fluorophore due to the close proximity of the fluorophore to the metal 

structures (5 nm Ni/10 nm Au), 5 nm SiO2 was sputtered on the bimetallic islands formed after 

heating to yield composite structures. For controls, 15 nm SiO2, 15 nm Au, and 15 nm Ni were 

sputtered on the shrink film and heated to generate similar structures to the composite structures. 

Also, 5 nm Ni/10 nm Au were sputtered on a glass slide to yield a bimetallic glass slide that was 

then heated and sputtered with 5 nm SiO2 to yield a composite glass slide. Two main possibilities 

for enhancing the fluorescence signal were investigated through these studies. First, the ability of 

the roughened surfaces to enhance the fluorescence signal was considered by not sputtering the 

thin spacer layer of 5 nm SiO2, post heating onto the controls. Second, the ability of the 

fluorescence signal to get enhanced through the scattering of light by the SiO2 structures was 

studied by measuring the enhanced fluorescence signal with the 15 nm SiO2 structures. A 
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confocal laser scanning microscope (LSM) with a 545 +/- 15 nm laser excitation was used to 

image the substrates and an emission filter of 575-650 nm was used to collect the fluorescence. 

A 40X objective (numerical aperture, N.A=0.75) and 25 µm X 25 µm laser scan area was 

selected for imaging purposes. Less than 1.0 µW laser power was chosen to excite the samples. 

A 200 nM solution of rhodamine B was added to the top of the substrates and then imaged.  

Figure 4.5.1 I-III presents the fluorescence images, line plot profile, and histogram 

profile, respectively, for the 200 nM rhodamine B on the composite structures, composite glass 

slide, and the controls. In general, the fluorescence signals of the rhodamine B molecules on the 

controls: glass, composite glass slide, Au structures, and Ni structures exhibited fluorescence 

intensities which were similar to each other. The average fluorescence signal of the rhodamine B 

molecules on the substrates is measured by taking the integrated intensity using the region of 

interest (ROI) analysis in Image J. The true fluorescence signal was calculated by taking the ROI 

of the fluorescence signal of rhodamine B on the substrates minus the background fluorescence 

signal on the substrates when they are in HPLC water. The ROI area is kept the same over the 

images and all values are compared to the true fluorescence signal on glass. A 15-17 times 

enhanced signal of the rhodamine B molecules on the SiO2 structures relative to glass is 

observed. Interestingly, though, more than a 150 times enhanced fluorescence signal of the 

rhodamine B molecules relative to glass was revealed to occur in select areas on the composite 

structures. While the fluorescence signal of the rhodamine B molecules on the SiO2 structures 

also exhibited an enhanced signal, the intensity was uniform throughout the structured areas 

unlike the composite structures where the bright spot was confined to very small regions. While, 

the composite glass slide did not show any appreciable enhancements in the fluorescence signal 

of rhodamine B, AFM analysis of the surface indicated that the surface was similar to a 
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continuous film (Figure 2.6). Figure 4.51-II shows an intensity profile of the rhodamine B 

molecules on the substrates as a function of position. The 25 µm line is drawn horizontally 

across the brightest spot in each of the images to determine the size in diameter of the hot spots. 

The diameter of the bright signals in the hot spot was measured to be less than 450 nm, which 

defined by Rayleigh criterion is at the spatial resolution limit of the microscope. According to 

physics and optics, the theoretical diffraction limited spatial resolution is defined according to 

equation 2.2, presented previously in Chapter 2. The laser’s excitation wavelength, λexc = 561 

nm, and the NA of the microscope objective was 0.75, so the spatial resolution limit of the 

microscope was calculated to be around 450 nm. 

To determine the overall distribution of the fluorescence signal per pixel generated by the 

composite structures relative to the other substrate, a histogram was plotted (Figure 4.5.1-III). 

Fluorescence values that were at least 10 times higher than the background noise was selected as 

the threshold for what was considered bright intensity. The background noise was calculated by 

measuring the fluorescence signal of the substrates with HPLC water. For the composite 

structures, fluorescence values higher than 300 were considered to be bright intensities. In 

general, the frequency of brighter intensities per pixel relative to the controls were observed for 

rhodamine B molecules on the composite structures. Rhodamine B molecules on the SiO2 

structures had the second frequency of bright intensities per pixel; while the glass had the lowest 

intensity per pixel. The glass slide, composite glass slide, Ni and Au structures, all had similar 

maximum fluorescence intensities. 
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Figure 4.5 Fluorescence images for 200 nM rhodamine B excited from 530-560 nm at excitation 

power of 1.0 µW on (a) glass (b) composite glass slide (c) SiO2 structures (d) Ni structures (e) 

Au structures (f) composite structures. II Line plot profile of 25 µm line drawn through brightest 

region III. Histogram distribution for rhodamine B on the corresponding substrates. 
 

The enhanced signals observed on the surfaces are specific to rhodamine B, as confirmed 

by the emission spectrum of the fluorescence signal (Figure 4.6). Emission spectrum were 

collected using a Zeiss confocal laser scanning microscope (LSM 710) with a 561 nm argon laser 

for excitation and an emission filter of 415 – 710 nm with a 40X (W) objective (NA = 1.20, 

Zeiss Korr C-Apochromat). Figure 4.6 illustrates that the emission peak for rhodamine B on the 

composite structures occurred at 575 nm. The emission peak of rhodamine B in solution 

occurred at 578 nm which was also observed on the composite glass slide, Ni, Au, and SiO2 

structures. Thus, a slight blue shift of 3 nm for the peak position of the emission signal was 

recorded to occur on the composite structures. This slight blue shift of 3 nm can be attributed to 

the change in the molecular environment of the dye and possibly the strong localized 

electromagnetic field observed by the fluorophore[233]. Similar, to the plot and histogram 
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profiles, the trend for the brightest emission observed on the composite structures, followed by 

the SiO2 structures was similar.  

The composite glass slide has an almost 4 times increase in the emission signal of 

rhodamine B which is possible since studies have shown metallic glass slides with a thin 

dielectric spacer can enhance the fluorescence signal due to LSPR effects[69]. If we look at the 

effect of roughened surfaces on enhancing the fluorescence signal, we estimate that the 

roughness from the structures caused an average of 2-4 times increase in the emission signal. 

This increase in the signal could be attributed to the surface roughness which has shown to 

increase the fluorescence signal by about 5 fold relative to planar surfaces or possibly more 

rhodamine B molecules on the structures. The scattering from the SiO2 structures was observed 

to enhance the emission signal by about 17-18 times relative to in solution on glass. Thus, we 

calculate that the actual plasmonic effect with the composite structures might be enhancing the 

fluorescence signal around 5-6 times. However, for the emission signal measurements, the 

background signal was not subtracted from the corresponding substrates and thus some of the 

fluorescence signal on the SiO2 structures could also be attributed to the background. The ROI 

analysis that was conducted to measure the noise from the substrates with HPLC water suggested 

that the fluorescence was minimal for the composite structures, Ni structures, and glass slide.  
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Figure 4.6 Emission spectrum of 200 nM rhodamine B on the substrates. 
 

Thus far, the results indicated that the fluorescence signal of molecules of rhodamine B 

was the brightest on the composite structures relative to the rest of the substrates. As has been 

depicted previously by other groups, if a plasmonic effect was related to an increase in the 

fluorescence signal, then the lifetime of the fluorophore is also expected to be reduced [69, 209]. 

Simultaneous fluorescence and lifetime characterization was performed using the one-photon 

confocal (LSM) and a white modulated laser (Fianium).  The lifetime decays were collected in 

frequency domain and analyzed using a SIM FCS program developed at the Laboratory of 

Fluorescence Dynamics (LFD), University of California, Irvine. Figure 4.7 shows a dramatic 

decrease of about 80% in the fluorescence lifetime of rhodamine B molecules on the composite 

structures relative to glass slide. The observed decrease in lifetime could be attributed to the 

enhancement of local excitation electric fields, leading to an increased excitation rate of 

fluorophores and radiative decay rate. This significant increase in the radative decay rate could 

imply an increase in the quantum efficiency of the fluorophore. In order to investigate this 
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further, however, a calculation of the radiative and non-radiative rate would need to be done. The 

fluorescence lifetime of the rhodamine B on the SiO2 structures is shorter by 200 ps than what is 

on glass. This slight shortening in the fluorescence lifetime could possibly be attributed to 

concentration quenching effects from the fluorescent molecules in close proximity to each other 

on the SiO2 structures or surrounding environmental effects. Interestingly, though, the 

fluorescence lifetime of the rhodamine B molecules on the Ni, and Au is longer than what it is in 

solution. This may be due to the fact that fluorescence lifetime of dyes are greatly affected by 

polarity interactions; since the structured surfaces are relatively hydrophobic, the hydrophobic 

interactions of the fluorophores with the metallic structures could induce changes in the normal 

lifetime of the fluorophore[234].  

From these experiments, it appears that the enhancement in the signal of rhodamine B 

molecules composite structures are not entirely due to LSPR effects, because for the large 

fluorescence increase of 100 times, a significantly shorter lifetime was expected. As alluded to 

before, though, the large increases in the fluorescence signal could be attributed to two possible 

factors. First, the SiO2 on the structures scatters the emitted light from the rhodamine B 

molecules by around 15-17 times. Then, the fluorescence signal is enhanced additionally by 

about 5-6 times due to plasmonic effects suggested by the 80% shortening in the fluorescence 

lifetime relative to the rhodamine B molecules in solution. However, another fact that we must 

consider is that the fluorescence enhancement in rhodamine B could be related to an aggregation 

of the rhodamine B dye molecules. There is a possibility that there are more molecules within the 

bright spots on the composite structures relative to controls which is why the fluorescence signal 

is significantly brighter.  
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Figure 4.7 Fluorescence lifetime distribution for 200 nM rhodamine B on glass, composite glass 

slide, Ni structure, Au structure, SiO2 structure, and composite structure. 
 

4.6 One-photon excitation of IgG-Alexa Fluor 555 

Next, to evaluate the antibody detection capabilities of the composite structures, 1 µg/mL (5 nM) 

goat anti-mouse immunoglobulin (Ig)G labeled with Alexa Fluor 555 (IgG-A555) was tested. 

IgG was chosen as the model protein because it is one of the most abundant class of 

immunoglobulin in blood and Alexa Fluor is known to be a relatively photostable 

fluorophore[235]. 5 nM IgG-A555 was pipetted on top of the composite structures, SiO2 

structures, and glass. For each mole of an antibody, there are approximately 4 molecules of 

Alexa 555 dye. Figure 4.8 (a-d) shows the fluorescence images and the corresponding emission 

spectra.  Enhancements in the fluorescence signal of up to 250 were observed on the composite 

structures. We conjecture that the IgG antibody adds an additional 2-6 nm as a spacer to the 5 nm 

SiO2, placing the fluorescent molecules at an optimal distance from the metallic structures 

similar to previously reported work [236, 237]. Previous studies have also demonstrated that a 

strong overlap between the surface plasmon resonance band of the metallic structures and the 
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excitation/emission spectra of fluorophore has been crucial to obtain effective fluorescence 

enhancements. The inset in Figure 4.8(d) also shows an enhanced emission spectrum of the IgG-

A555 on the glass slide to compare the emission spectrum obtained from the composite 

structures to glass. The emission spectrum suggest that they are similar, with the exception that 

the emission spectrum from the composite structures is significantly enhanced. 

 Figure 4.8(e) illustrates that the enhanced fluorescence signals of the bright spots on the 

composite structures also follows a shortening in the fluorescence lifetime. However, for the 

largest increase in the fluorescence signal of IgG-Alexa-555 on the composite structures, the 

shortening in the lifetime is not as significant compared to the results with rhodamine B. As was 

previously shown, the enhanced signal is not purely due to a plasmonic effect, rather a 

combination of plasmonic and light scattering by the SiO2 structures. With the rhodamine B 

results, the fluorescence signal was observed to increase by approximately 15-17 on the SiO2 

structures relative to glass. If this is factored into the 250 increase in the signal, then the 

enhanced fluorescence signal due to a plasmonic effect would be around 20 times. Although, for 

a 20 times increase in the fluorescence signal, we would anticipate a significantly shorter 

fluorescence lifetime; we hypothesize that the since the fluorescent molecules are now fixed to a 

protein, their rotational motion is restricted which could induce changes in the photo-physical 

properties of the fluorophore [238, 239]. Similar to the rhodamine B studies, another possibility 

is that some of the enhanced single is attributed to the aggregation of proteins. Thus, potentially 

in the enhanced areas there are possibly more labeled antibodies than on the glass slide. In order 

to understand these enhancements better, it would be important to find methods to be able to 

determine the number of molecules that are getting enhanced and compare among the surfaces. 

A method that could potentially be applied to calculate the number of molecules within a fixed 
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region is using fluctuation correlation spectroscopy (FCS) to determine if any of the molecules 

within the bright spots have intensities that are fluctuating.  

 

Figure 4.8 Fluorescence images for 5 nM A555-IgG on (a) Glass slide (b) SiO2 structures (c) 

Composite structures (d) Emission spectrum of 5 nM A555-IgG on the substrates (e) Lifetime 

distribution of 5 nM A555-IgG on the substrates.  
 

 

4.7 One-photon excitation of biotin-streptavidin-TRITC on composite structures 

 

The results presented in section 4.5-4.6 suggested that as a proof of concept, the composite 

structures could be potentially used as substrates to enhance the emission of dye molecules and 

labeled antibodies. However, for a functional biosensor, biomolecules such as proteins have to be 

able to covalently attach to the surface so that during washing steps non-specifically bound 

proteins are removed from surfaces. Thus, in our next study, we improved our approach by 

covalently linking biomolecules to our metallic surface.  Covalent attachment of the 

biomolecules to the metal surfaces also enables more control of the number of labeled molecules 
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attaching to the surface which would enable a better understanding of the enhanced emission 

signal better. Furthermore, we also examined the dependence of the enhanced signals on the 

thickness of SiO2 by depositing 5, 7.5, 15, and 20 nm SiO2.  In the text, from here on out, the 

metallic substrates with the different thicknesses of SiO2 will be, in general, referred to as 

bimetallic islands prior to heating and composite structures, post heating. When discussing about 

a specific SiO2 thickness, the amount of SiO2 deposited will be mentioned. For example a 

composite structure with 5 nm SiO2 will be labeled/discussed as 5 nm SiO2. 

A tape mask with an array of 1 mm size holes in diameter was applied to the PO-shrink 

film and deposited with a thin film of 5 nm Ni, followed by 10 nm Au to yield bimetallic islands. 

Different SiO2 deposition thicknesses (5 nm, 10 nm, 15 nm, and 20 nm) were sputtered on top of 

the masked PO shrink film. After the metal and SiO2 depositions, the bimetallic islands were 

oxygen plasma treated and immersed in 2 (v/v)% 3-aminopropyl trimethoxysilane (3-APTMS) to 

introduce functional amine groups. After rinsing in 100% ethanol, substrates were left to cure 

overnight. As a model bioassay, we selected a biotin-streptavidin binding system. Streptavidin 

conjugated to TRITC, a low quantum yield dye (0.1) that excites at 543 nm, was selected to 

overlap with the previous one-photon studies performed with rhodamine B and Alexa 555. The 

bimetallic islands and glass slide were covered with 700 µL of 100 µg/mL biotin solution in 1X 

phosphate buffered saline (pH 7.4). After 1 hour of incubation, the unbound biotin were rinsed 

with copious amounts of nanopure water. Subsequently, after drying the substrates completely, 3 

µL of 10 µg/mL streptavidin conjugated to TRITC was added to the bimetallic islands and left to 

incubate 1 hour. The substrates were rinsed first with 0.05% Tween-20, followed by rinsing with 

copious amounts of nanopure water.  After substrates were dried completely with air, the 

adhesive masks were slowly removed and the substrates were exposed to a heat gun (HL 1810S, 
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Steinel, Bloomington, MN) for less than 5 seconds. To flatten out the pieces, the shrunk 

substrates were left for 5 minutes in a toaster oven at 1600C.  

The imaging conditions were the same as was applied for the rhodamine B and Alexa 555 

studies. Figure 4.9 shows that the average fluorescence signal on the composite structures 

increased with SiO2 thickness and were overall brighter than the fluorescence signal observed on 

the glass slide. In contrast, significantly bright spots were observed on the composite structures 

with 15 nm SiO2 relative to glass. The emission spectrum presented in Figure 4.9(g) shows that 

the signal for the bright spots was also observed to increase with increasing thickness of SiO2 

until reaching a maximum at 15 nm before decreasing.  The enhanced signal observed from the 

composite structures were 35 for 5 nm SiO2, 200 for 7.5 nm SiO2, 310 for 15 nm SiO2, and 40 

for 20 nm SiO2. The increases in the fluorescence intensities was calculated by taking the ratio 

between the maximum intensities observed at 575 nm, where the dye emitted the strongest, for 

glass and the composite structures.  The increases in the emission observed with 7.5 and 15 nm 

SiO2 is consistent with other previous studies where optimal fluorescence signal increases were 

observed between 5-15 nm and decreased with higher thicknesses [240]. To determine the 

overall distribution of the fluorescence signal per pixel generated by the composite structures, a 

histogram was plotted (Figure 4.9f). Similar to the emission spectrum, pixels with higher 

intensities relative to glass were observed for all the silica thicknesses on the composite 

structures. The highest intensities were also similarly observed with 15 nm SiO2 and observed to 

decrease after 20 nm SiO2.  

We postulate that in the regions where the significantly bright spots were observed were a 

result of the fluorophores being localized in a region with strong electromagnetic field. We also 

hypothesize that the decrease in the enhancement signal observed with the covalently linked 
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fluorophores to the passively adsorbed may be because of the fluorophores random distribution 

when they are not covalently linked. Thus, in some regions the fluorophores may be an 

appropriate distance from the metal surface to produce effective enhancements and quenched in 

others. However, without knowing the number of molecules in the spots that are getting 

enhanced, it is hard to accurately compare the results. We speculate that covalently linking the 

fluorophores to the bimetallic surfaces, the fluorophores are more evenly positioned than without 

covalent linkage.  

 
 

Figure 4.9 Fluorescence, histogram profile and emission spectrum of streptavidin conjugated to 

TRTIC on (a). Glass slide, (b). Composite structures with 5 nm SiO2 (c). Composite structures 

with 7.5 nm SiO2 (d). Composite structures with 15 nm SiO2 (e). Composite structures with 20 

nm SiO2 (f). Histogram profile for effect of SiO2 thickness on enhanced signal (g) Emission 

spectrum for bright spots. Scale bar is 5 µm. 

 

Arguably, the magnitude of the fluorescence signal could also include a contribution from a 

larger number of fluorophores on the surface on the bimetallic nanostructures due to an increase 

in the surface relative to glass. However, if it was purely a concentration effect, we expect that 

the fluorescence signal should increase at most by 20 fold. As previously reported, the PO film 
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experiences a 77% reduction in each length upon heating, which results in a theoretical 20-fold 

consolidation of surface area[83]. We also know from Lin et. al’s studies that the SiO2 structures 

are able to enhance the fluorescence signal of covalently linked biotin-streptavidin-TRITC 

molecules by almost 100 times relative to a glass slide[241]. Thus based on these results, we 

predict that the composite structures further enhance the fluorescence signal by about 3 times due 

to LSPR effects. To investigate if the increased fluorescence intensities observed were due to a 

plasmonic effect, lifetime decay were also measured. A confocal laser scanning microscope 

(LSM) with a 545 +/- 15 nm laser excitation was used to image the substrates and an emission 

filter of 575-650 nm was used to collect the fluorescence. A 40X objective (numerical aperture, 

N.A=0.75) and 25 µm X 25 µm laser scan area was selected for imaging purposes. Less than 1.5 

µW laser power was chosen to excite the samples. Simultaneous fluorescence and lifetime 

characterization was performed using the one-photon confocal (LSM) and a white modulated 

laser.  The lifetime decays were collected with a frequency modulated analyzed using a SimFCS 

program and the lifetime distribution were represented in a phasor plot.  

Since the emission spectrum and histogram showed that the brighter signals were 

observed with the composite structures with 7.5 nm SiO2 and 15 nm SiO2, lifetime analysis was 

performed on these to understand the fluorescence enhancements better. Figure 4.10 (A-G) 

shows that a dramatic decrease in the fluorescence lifetime of streptavidin-TRITC immobilized 

on the composite structures with 15 nm SiO2 was observed relative to glass. Furthermore, similar 

to the brighter signal seen on the composite structures with 15 nm SiO2, the lifetime was shortest 

too. The lifetime mapping also showed that the shortest lifetime was observed at the brightest 

intensity and slightly radially away from the brightest spot, the lifetimes became longer. This 

could be a result of the increased excitation field localized at the center. The fluorescence 
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lifetime in the unenhanced regions on the bimetallic nanostructured islands is less than glass 

probably because the fluorophores in these regions are oriented in different positions such that 

the non-radiative decay rate dominates over the intrinsic radiative decay rate. 

Thus, the observed decrease in lifetime could be attributed to the enhancement of local 

excitation electric fields, leading to an increased excitation rate of fluorophores and radiative 

decay rate. This significant increase in the radiative decay rate could imply an increase in the 

quantum efficiency of the fluorophore. In order to investigate this further, however, a calculation 

of the radiative and non-radiative rate would need to be done.  

 

 

Figure 4.10 Fluorescence lifetime profile for streptavidin conjugated to TRITC on (a,b) FLIM 

map of the composite structures with 15 nm SiO2 and corresponding phasor plot histogram (c,d) 

FLIM map of the composite structures with 7.5 nm SiO2 and corresponding phasor plot 

histogram, (e,f) FLIM map of the glass slide and corresponding phasor plot histogram. (g) 

Summary of lifetime profile for composite structures and glass slide. 
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4.8 Summary 

Our results indicate that the composite structures created are suitable for surface 

functionalization and enhancing through a combination of scattering and LSPR effects, the 

emission of the rhodamine B molecules by 100 times and by more than 250 times for IgG 

conjugated to Alexa Fluor 555 with one photon excitation. We also demonstrate that our metallic 

surfaces have the capabilities of enhancing the emission signal of bound labeled biomolecules by 

around 300 times. The fluorescence enhancements observed are thought to occur by a 

combination of light scattering of the SiO2 on rough surfaces and plasmonic effects around the 

composite structures. The light scattering from the SiO2 structures is observed to increase the 

fluorescence signal of the labeled biomolecules by around 15-17 times for unbound and 100 

times for bound relative to glass. However, these studies need further investigation into 

calculating the number of molecules getting enhanced within the localized region and 

normalizing this across the different substrates. The composite structures can be tuned to have a 

diverse range of nanostructures and nanogap sizes that can potentially have other plasmon 

resonances for achieving large fluorescence enhancements in other regions of the visible 

wavelength spectrum. Other fluorescently labeled proteins that excite in the blue and red 

wavelength regimes can be selected to investigate if enhanced emission signals can be generated. 

We have also recently demonstrated that our Ni structures can generate strong localized 

magnetic gradients to serve as effective nanogaps [242]. Combining this useful advantage with 

our gold structures can pave a way to create a comprehensive integrated device that can trap and 

detect magnetically labeled molecules and nanoparticles. Furthermore, our approach can be 

easily integrated into a portable microfluidic device to serve as a relatively low-cost and 

powerful technique for fabricating highly sensitive microfluidic sensors. Development of such 
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tools opens up the potential to bring a rapid, portable, diagnostic device that can detect 

biomarkers at a lower concentration than traditional sensors. Future work also with laser 

polarization studies will help understand if the fluorescence enhancements can be increased 

further. 
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Chapter 5 Single Molecule Detection 

5.1 Introduction 

For diseases diagnosis, having the ability to isolate and detect a single protein molecule 

associated specifically with the disease would facilitate with being able to diagnosis the disease 

at an earlier stage when it is treatable and can be halted from spreading further [243, 244]. 

Methods to achieve single molecule detection have been extensively explored by either reducing 

the observation volume to reduce the number of molecules examined and/or trapping single 

biomolecules by using metallic apertures [125, 245-247]. When compared to bulk measurements, 

single molecule techniques have numerous advantages that make it an attractive approach to 

explore further. First, they provide individual information about the dynamics of an individual 

molecule as opposed to an average of the population [248]. Also, tracking individual particles is 

a good way to understand the how biomolecules behave when interacting with their surrounding 

environment [249]. In addition, small changes in individual molecules are easier to monitor than 

when it is a collection of molecules. 

 The first demonstration of single molecule detection was performed in 1961 by Boris 

Rotman who sprayed a solution of enzyme and a fluorgeneic substrate over silicone oil to create 

droplets in oil [250]. After waiting for several hours, Rotman was able to detect and measure 

single enzyme molecules by examining the droplets that became fluorescent. Hirschfeld and his 

team used total internal reflection microscopy (TIRM) and applied a high laser power to 

photobleach labeled proteins [251]. After a majority of the labeled proteins were photobleached, 

only a few remained that needed to be analyzed. However, practically speaking, photobleaching 

of labeled protein molecules is not as feasible for early disease detection because typically there 

are only a few biomolecules to start with [247].  
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A more practical approach involves using techniques to reduce the observation volume 

significantly so that less number of molecules is studied. However, even with this method there 

is a limit to how far light can be confined in a small volume [252]. Several different methods 

have been developed to investigate and isolate single molecules from a bulk solution such as 

fluctuation correlation spectroscopy (FCS), total internal reflection microscopy (TIRF), zero-

mode wave guides, and near-field scanning optical microscopy. Each of these methods have their 

advantages and disadvantages which have been listed below.  

5.2 Single molecule detection methods 

5.2.1 Fluctuation correlation spectroscopy (FCS) 

FCS has emerged as a powerful experimental technique to study the molecular motions of a few 

fluorescent molecules in solution, cells and tissues[253]. In this method, examining the 

fluorescence intensity for spontaneous fluctuations can elucidate a wide variety of information 

about the molecule such as the diffusion coefficients, local molecular concentrations, rate of 

binding, and inter or intramolecular reactions [254]. FCS was introduced in 1972, Elson, Magde, 

and Webb used FCS to observe the fluctuations in the binding reaction process between ethidium 

bromide (EtBr) to double-stranded DNA. [255]. When EtBr bound in between the DNA bases, 

the fluorescence quantum yield increased significantly relative to when it was free moving in 

solution. Following these studies, further investigations were performed and two sources of 

fluctuations in the fluorescence intensity were noted. The first was related to the diffusion of 

molecules in and out of the sampling volume, and second was related to the chemical 

fluctuations in the binding/debinding of EtBr. Several years after the introduction of FCS, the 

theoretical framework behind single-point FCS had been somewhat understood, but optical 
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technology that could monitor the fluctuations in a small excitation volume still needed to be 

developed. With the introduction of confocal microscopy and two-photon microscopy, advances 

in FCS have been achieved[252]. Typically, the FCS analysis is done by exciting at small 

volumes using confocal microscopy or two-photon excitation and recording the fluorescence 

intensity as a function of time as molecules diffuse in and out of the excitation volume. In order 

to analyze the time when the fluctuations in the intensity occur, the analysis is performed using 

autocorrelation functions.  For FCS analysis, the amplitude spectrum and temporal spectrum of 

the fluctuations are examined for understanding the fluctuations in the fluorescence intensity and 

these are obtained by using the photon-counting histogram and autocorrelation function, 

respectively[256]. 

By mathematical treatment of the fluctuations in the fluorescence intensity, a 

mathematical model can be derived. The following autocorrelation function can be derived 

which is presented in 5.2.1.1[257]. 
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  (5.2.1.1) 

In this equation, I is the intensity, t is the time, and τ is a time after t. From the amplitude of the 

autocorrelation function, the concentration of the fluorophore can be calculated because the 

amplitude is inversely proportional to the number of molecules. From the autocorrelation 

function, another relevant parameter that can be described by looking at the decay of the 

autocorrelation function is the diffusion time. The diffusion coefficient, D, is calculated at the 

half point of the autocorrelation function and is represented in equation 5.2.1.2 [258].  



98 

 

D

oD




4

2

  (5.2.1.2) 

In equation 5.2.1.2, ωo is defined as the distance from the optical axis and τD is the diffusion 

time. The Stocks-Einstein equation can be applied to obtain a relation between the diffusion 

coefficient D and hydrodynamic radius of a spherical object which is given by 5.2.1.3[257]. 
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In this equation, kB is Boltzman constant, T is thermodynamic temperature and η is viscosity 

coefficient.   

In order to fully understand a single fluorescence molecule, a few requirements must be 

met. Typically for FCS analysis to be effective, a high fluorescence count rate per molecule and 

low background noise is required. This means that the signal to noise ratio of the fluorescent 

molecule has to be greater than 3:1, while still keeping the excitation volume small enough to be 

able to distinguish individual objects. Also, for FCS analysis, the optimal biomolecule 

concentration has to be within the nM to 1 μM regime to observe few events [259]. 

5.2.2 Total internal reflection fluorescence (TIRF)  

In 1981, Axelrod developed the technique of total internal reflection fluorescence (TIRF) which 

utilizes the interaction of light with different refractive indexes to observe fluorescent molecules 

diffusing at the interface[260]. When a beam of light travels from a media with a higher index of 

refraction to another media that has a smaller index of refraction, at the interface, some of the 

excitation is light reflected and at a specific angle some is refracted. When the illumination angle 

approaches the critical angle, the refracted beam becomes almost parallel to the interface. In this 
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case, all the excitation light is reflected back to achieve TIR. Higher than the critical angle, the 

beam’s electric field generates an evanescent wave which extends into the second medium. 

Moving distances further away from the interface, the evanescent wave decays exponentially and 

is not able to sufficiently excite fluorescent molecules beyond 100 nm. When the laser beam 

shows TIR on the interface between the mediums with the different refractive indexes, the 

fluorescent molecules are excited by the evanescent wave. With this setup, an almost 2 orders of 

magnitude difference is observed in the observation volume relative to the conventional confocal 

microscope[261]. TIRF can also be combined with FCS techniques to provide excellent 

confinement in the z-direction, but still requires the use of a pinhole to reduce the lateral 

resolution. Thus, one of the issues with TIRF-FCS is that out of focus photobleaching that can 

result in a reduction of the fluorophores [262, 263].  

5.2.3. Zero-mode waveguides (ZMW) 

Similar to TIRF, ZMW use evanescent waves to reduce excitation volume to within 100 nm 

above the surface[264]. This idea was introduced in 2003 by Craighead and Webb[265]. Unlike 

TIRF, ZMW confines the excitation volume further than TIRF microscopy by utilizing sub 

wavelength holes that are on the order of 100 nm milled in metal films. These sub wavelength 

holes restrict the propagation of light from traveling further than the aperture. For a 

nanoaperature diameter of 100 nm, a three order magnitude of reduction in the detection volume 

from regular confocal microscopy can be obtained[266].  Furthermore, the sub-wavelength 

aperture can also enhance the signal to noise ratio for single molecule detection by increasing the 

fluorescence rate per emitter. However, as the aperture diameter decreases below 100 nm, the 
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fluorescence signal has observed to become quenched due to the nonradiative energy transfer to 

the metal. 

5.2.4 Near-field scanning optical microscopy (NSOM) 

NSOM operates similarly to an AFM by using a sharp tip to scan the surface and the height 

movement of the scanning probe is tuned by the atomic force interaction between the sample and 

probe tip. Pohl et. al was the first to demonstrate the use of NSOM as a feasible approach for 

improved resolution past the diffraction limit in imaging[267]. NSOM uses a nanoaperature 

similar to ZMWs to reduce the observation volume to within the attoliter regime. The resolution 

of this method is dependent on sample-to-probe distance and the size of the aperature. The 

sample is illuminated with evanescent light by a single-mode optical fiber probe and is strongly 

localized to the aperature. Further away from the probe, the evanescent field decays rapidly. 

However, similar to TIRF, NSOM is best for imaging samples that are positioned and held 

within nanometers of surface as the probe is scanned.  

5.2.5 Two-photon microscopy 

Almost all of the techniques described previously use some method to reduce the excitation 

volume so that a lower number of molecules are present in the system.  This way it would be 

easier to monitor the fluctuation of individual molecules distinctly. However, one of the 

problems is that when there are less labeled biomolecules present in the system, the fluorescence 

signal for the molecules can be significantly weaker and difficult to detect over the background. 

In fact, one of the persistent challenges in fluorescence microscopy is to increase the signal to 

noise ratio of weakly fluorescent biomarkers or of biomolecules present at low concentration 

[268, 269]. Thus, in combination with small observation volumes, methods to enhance the 
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intensity of molecules have been exploited by researchers. Strategies to increase both the 

quantum yield of the dye as well as to reduce the excitation volume have been demonstrated 

using nanoplasmonic structures such as gold (Au) bowtie antennas, zero-mode waveguides, 

nanoparticles, and thin films [270-274]. These strategies have significantly enhanced 

fluorescence signals due to near field plasmonic interactions. Two-photon excitation 

fluorescence (TPEF) microscopy is a widely used imaging method in biomedical 

diagnostics[275].  TPE is leveraged extensively for biological imaging studies because in the 

near infrared region, there is less scattering loss, reduced photodamage, and a greater penetration 

depth [276]. TPE is able to significantly decrease the out-of focus fluorescence which is excited 

by scattered light and ultimately reduce background fluorescence. There is limited fluorescence 

from the background because the excitation probability is only noticeable at the diffraction 

limited focal point of the laser beam. The reduction in laser excitation scatter arises from the fact 

that the Rayleigh and Raman scatter from the laser excitation can be filtered out since they differ 

significantly from the emission. Recent studies have shown that illuminating nan scale metallic 

structures by a broadband femtosecond pulsed laser such as those used in two-photon 

microscopy can be an effective way to study the localization of light [82, 277]. One of the key 

advantages with using two-photon microscopy is that with this method, the fluorophore 

excitation is localized to the excitation focal volume which is generally within the femtoliter 

regime [192, 278, 279]. This is especially useful when studying fluorescence hotspots generated 

within nanoscale gaps. Furthermore, due to the nonlinear quadratic dependence of the two-

photon excitation process, the intensity scales to the fourth power of the EM field in the metal so 

a larger enhancement in the fluorescence signal is typically expected [280].  
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Due to the quadratic increase in the electric field, two-photon absorption has shown to 

provide even more significant enhancements over one-photon absorption because the 

fluorescence emission intensity also scales quadratically. Efforts to improve the performance of 

TPEF have been achieved mainly by using Au nanoplasmonic substrates to enhance the two-

photon absorption (TPA) cross-sections of dyes [281-286]. The enhanced fluorescence signal 

observed with these plasmonic substrates has been attributed to metal enhanced fluorescence 

(MEF) effects. 

Sanchez et. al used an Au metal tip fabricated by etching and FIB to provide an enhanced 

electric field at the tip for the localized excitation of a dye [287]. They calculated that 

theoretically their Au tip could provide an enhancement of more than a 1000 fold in the intensity 

of the electric field relative to the incident light. Jung et. al fabricated an Au nanopattern with 

different thicknesses of polymeric film to which Cy5-DNA was attached. They observed that by 

tuning the thickness of the polymeric film, they were able to control the enhancements in their 

emission[288]. Enhancements in the emission were observed best with thicknesses between 5-25 

nm and dropped with increasing thickness. They also showed that with two-photon excitation of 

the Cy5-DNA attached to the Au nanopatterns, they were able to detect two orders of magnitude 

more relative to the glass surface. Cohanoschi and Hernandez demonstrated a 480 fold increase 

in the two photon absorption cross section of Hoechst 33 258 with activated Au colloids[289]. 

Fischer et. al fabricated Au elliptical nanostructures (180 nm X 240 nm) and attached a 40 nm 

polymer spacer to which a dye was covalently attached [290]. Two plasmon resonances at 720 

nm and 1300 nm were observed due to the elliptical geometry of the structures. Adding the 

polymeric spacer layer to the elliptical structures forced a red-shift of the plasmon resonances by 

80 nm. They detected a 16 fold enhancement in their intensity when the dye was on their 
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elliptical nanostructures relative to when it was far away from the structures. Wenseelers et. al 

fabricated Ag fractal structures that were able to enhance the TPA of chromophores by 5 orders 

of magnitude [284].  Similar work by Hernandez et. al showed that with their Au fractals, a 157 

fold enhancement in the TPA of chromophores was achieved. Sivapalan et. al attached organic 

chromophores to polyelectrolyte-coated nanorods and observed enhancements up to 40 fold in 

their fluorescence signal[291]. Varying the thickness of polyelectrolye coated on the gold 

nanorods yielded different enhancements in the fluorescence signal similar to previous studies. 

Aouani et. al used 3 µm dielectric latex spheres to enhance the fluorescent signal from Alexa 488 

molecules 10 fold by illuminating the microsphere with a tightly focused Gaussian beam [292]. 

These studies, in short, showed that aggregated metallic clusters had extremely strong localized 

electric field enhancement effects resulting in improving the TPA cross-sections of 

chromophores.  

5.2.6. Enhanced fluorescence detection of single molecules 

However, these studies were primarily interested in enhancing the fluorescence signal of 

a collection of chromophores and were focused on single molecules, which would be important 

for early disease diagnosis. Methods to enhance the intensity of a single labeled molecule have 

been explored by researchers. Kinkhabwala et. al used electron beam lithography (EBL) to 

fabricate an array of Au bowtie nanoantennas with various gaps between the bowties [293]. 

What they noted was that when the gaps between the bowties were smaller than 20 nm, they 

were able to enhance a single molecule’s fluorescence by up to 1340 times. Furthermore, their 

electromagnetic simulations revealed that the huge enhancements were a result of increased 

absorption and an increased radiative emission rate.  Zhang et. al created Ag particle dimers with 

coupled metal nanoparticles and placed single Cy5 molecules in between the nanoparticles [294]. 
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They observed a 7 fold increase in the signal molecule fluorescence on the metal monomer and a 

13 fold increase for metal dimers relative to free Cy5 without metal. For the silver monomers 

and dimers, the lifetimes was also noted to be shortened. Yuan et. al observed more than 1100 

fold enhancements using gold nanorods to increase the fluorescence of single molecules [295]. 

They also noted that the best increase was observed when the dye’s emission and absorption 

overlapped with the surface plasmon resonance of the gold nanorods. Khatua et. al used their 

gold nanorods to enhance the single molecule fluorescence of crystal violet by more than 1000 

fold[296]. Heuke et. al positioned a single DNA molecule tagged with one fluorophore into their 

150 nm nanoaperatures by using passivated metal walls and biotin-neutravidin on the bottom of 

their aperatures [297]. They looked at the fluorescence lifetimes to quantify their fluorescence 

intensities and observed shorter lifetimes of their nanoaperture substrates relative to glass slide. 

Zhao et. al used gold nanorods with various layers of silica shell thicknesses to enhance the 

fluorescence signal of their fluorescent molecule, porphyrin, by 12 fold [298]. They noted that 

maximum enhancement of 12 fold in the fluorescence signal of the single molecule occurred 

with a 20 nm silica shell thickness. They also recorded a 70% decrease in the fluorescence 

lifetime.  

5.3 Confocal microscopy with FCS to isolate single molecules 

A couple of groups have combined the advantages of FCS with confocal microscopy to 

monitor the sudden increase in fluctuation in the fluorescence intensity of a single molecule. 

Aouani et. al used FIB to create a corrugated chromium/Au nanoaperature on a coated glass slide 

[299]. With FCS, they were able to quantify the fluorescence enhancement by examining the 

average number of molecules in the observation volume. From this, they were able to calculate 

the fluorescence count rate per molecule. Punj et. al used a spherical gold nanoparticle to 
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enhance the fluorescence brightness per molecule of Alexa 647 by 60 times and reduce the 

detection volume to 270 zeptoliters [300]. What was interesting about their work is that they 

were able to enhance the fluorescence of a single molecule from a micro molar stock 

concentrations.  FCS analysis demonstrated that approximately one molecule was enhanced in 

the presence of a single Au particle with a 12 times increase in signal to noise ratio. In a follow-

up to their work, Punj et. al used focused ion beam to fabricate an antenna-in-box that was milled 

in a 50 nm gold film on glass coverslip[301]. The plasmonic nanostructures were able to restrict 

the light down to nanoscale volumes and trap their fluorescent dye within the smallest gap of 12 

nm. They showed that more than a 1000 fold increase in the fluorescence signal of a single 

fluorophore and an 8000 fold reduction in the observation volume occurred when it diffused in 

and out of the plasmonic gap.  

5.4 Two-photon microscopy with FCS 

Combining the advantages of two-photon excitation fluorescence with FCS could be a 

useful technique for single molecule detection due to its limited background fluorescence and 

reduction in laser excitation scatter compared to one-photon excitation. Thus integrating the 

advantages of FCS with TPEF into a nanoplasmonic device could serve to be a useful method for 

detecting higher concentrations of weakly fluorescent biomarkers.  

Recently studies have demonstrated that a ferromagnetic material such as nickel (Ni) has 

the optical properties to support plasmons in the near-infrared to infrared region [302, 303]. 

However, one of the main disadvantages with using pure ferromagnetic materials is the strong 

absorption losses that occur resulting in a strong damping of the surface plasmonic features [304, 

305]. To overcome this damping, there has been significant interest in combining ferromagnetic 
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materials with noble metals to create hybrid structures for increasing the plasmonic response 

[304, 306, 307]. These composite structures, also referred to as magnetoplasmonic structures, 

have demonstrated that magneto-optical effects such as the Faraday and Kerr effect fields can be 

implemented to control the surface plasmon propagation along nanostructured surfaces [304, 

308-314]. We present here the first demonstration of leveraging the plasmons in Ni/Au 

composite structures for enhanced fluorescence signal by MEF in the near-infrared wavelengths 

[315].  

5.4.1 Two-photon excitation of FITC-IgG on composite structures 

In this section, we present a roll to roll compatible manufacturing process to create large areas 

of nanostructured bimetallic substrates fabricated by simply depositing Ni and Au thin films onto 

commodity shrink wrap polyolefin (PO) film. When the shrink film retracted, the thin stiffer 

metal films buckle to create ‘wrinkle’ structures [85, 87-89, 316]. This film shrinks considerably 

more than previously reported and thus results in significantly smaller structures [80-82]. A thin 

dielectric layer of silica (SiO2) on top of the bimetallic structures served as a spacer layer. We 

characterized our metallic structures by depositing goat anti-mouse immunoglobulin G (IgG) 

antibody conjugated to fluorescein isothiocyanate, FITC, (FITC-IgG) onto our composite 

structures and determined the enhancements in the fluorescence signal by a combination of two-

photon microscopy, FCS, and fluorescence lifetime imaging microscopy (FLIM) to spatially and 

temporally map the hot spots on an MEF surface. Importantly, we were able to achieve 

significantly higher resolution than previously reported and show for the first time down to 33 

nm resolution with FCS and correlate this with FLIM mapping [82]. FCS revealed that the hot 

spots observed are reduced to below the confocal volume, and FLIM shows a shorter lifetime 
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present on the composite structures than in solution. This increase in the fluorescence signal and 

shortening in the fluorescence lifetime is due to the strong EM field localized around nanoscale 

gaps within our metallic structures. Finally, with this, we demonstrated we could detect single 

biomolecules by monitoring fluctuations in the fluorescence intensity of FITC-IgG antibody. 

1 µM FITC-IgG (Sigma-Aldrich, USA) prepared in phosphate buffered saline (PBS) was 

pipetted on top of the composite structures and sandwiched by a thin glass coverslip before being 

mounted on the Zeiss LSM 710 microscope. The microscope was coupled to a mode-locked two-

photon titanium (Ti)-sapphire laser (Spectra-Physics, Mountain View, CA) operated at 785 nm 

with a 80-MHz repetition rate. Samples were imaged with a 40×/1.2NA water immersion 

objective lens (C-Apochromat Water Corr, Carl Zeiss, Jena, Germany) and excited at 785 nm 

with a laser power of 150 µW. The emitted fluorescence light was selected by a spectral detector 

from 495-650 nm and detected by a photomultiplier tube. Images were captured at 8.5 µm X 8.5 

µm zoom.  

IgG was chosen as the model protein because it is one of the most abundant classes of 

immunoglobulin in blood [235]. FITC, a derivative of fluorescein, is one of the simplest and 

prevalently used fluorescent dyes for labeling peptides, proteins, and antibodies. Thus, for 

biological relevance, enhancing the fluorescence signal of FITC-IgG on the composite structures 

was chosen. As the fluorescently tagged antibodies diffused by Brownian motion, and passed 

within nanometer proximity over specific regions of the composite structures, the fluorescence 

signal was observed to suddenly burst, becoming significantly enhanced relative to the 

background signal. After the sudden burst in the fluorescence signal was observed, the signal 

immediately dropped, indicative of a hot spot [144, 317]. To determine the width of each of the 

bursts in the fluorescence signal, FCS line scanning was conducted. 
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FCS line scanning was obtained by scanning a line of length of 256 pixels 100,000 times, 

with a pixel size of 33 nm and a pixel dwell time of 1.00 μs to capture the rapidly diffusing 

molecules. An 8.5 µm horizontal line was scanned over the region where fluctuations in the 

intensity were observed. A time trace of the fluorescence intensity was collected for 60 seconds. 

Data analysis was processed by the SimFCS software developed at the Laboratory of 

Fluorescence Dynamics (LFD). Intensity data are presented using a carpet representation in 

which the x-coordinate corresponds to the point along the line (pixels) and the y-coordinate 

corresponds to the time of acquisition. Using the SimFCS program, the intensity data was 

threshold from 2500 to 4095 which is the maximum measurable intensity to look at the counts 

with the higher intensities. The value of 2500 was selected as the minimum intensity threshold in 

order to only look at the intensities that were at least 10 fold higher than the background noise. 

The background noise was measured using the composite structures with PBS. The specific line 

with point(s) of intensity larger than 2500 counts was examined to determine the size of the hot 

spot and the duration of the intensity fluctuation. 

Fig. 5.1(a) presents the line scan carpet image for a region where a burst in the intensity signal 

was observed. The high fluorescence intensities are color coded red while the background and 

areas of lower fluorescence are color coded blue. Fig. 5.1(b) illustrates that the sudden increases 

in the fluorescence intensity occur for only one pixel and are at most 1 µs before dropping to the 

less enhanced signal. An estimation of the enhancement in the fluorescence signal revealed that 

more than three orders of magnitude relative to glass was observed. The horizontal line profile 

also argues against the fact that the bright signals are due to aggregation effects; if such were the 

case, the intense fluorescence signal would last several pixels long. Furthermore, these findings 

are consistent with previous work that have shown that as the gaps between metallic structures 
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become less than 50 nm, the fluorescence signal significantly increases [125]. Since the diffusion 

coefficient of FITC-IgG is around 40-50 µm2/s, the molecules are moving relatively fast and the 

hotspots would only be observed for a brief time. Figure 5.1(b) reveals that these short bursts in 

the fluorescence signal were not observed on the control samples which were the composite 

structures with PBS, glass coverslip with PBS, and glass coverslip with FITC-IgG. This further 

supports that these bursts in intensity are related to the near-field effects from interaction of 

FITC-IgG with the composite structures and not due to possible artificial noise effects (i.e laser) 

or from the analog detector. The low level fluctuations in the signal observed on the control 

conditions, glass coverslip with PBS and FITC-IgG and composite structures with PBS were 

similar; we further confirmed that at 150 µW laser power, FITC-IgG on the glass coverslip was 

undetectable. While slight fluctuations in the signal occurred on the control samples, they were 

negligible relative to the magnitude increase in the fluorescence signal observed on the 

composite structures. Previously, amplitude analysis was used to estimate the hot spot volume 

because the spatial resolution was diffraction limited to ~300 nm [82]. In this work, using FCS to 

analyze the line scan data significantly improved the spatial resolution and quantified the hot 

spots to be less than 33 nm, translating to attoliter hotspot volumes. For the 1 µM FITC-IgG 

stock concentration pipetted on top of the composite structures, we observed one molecule 

diffusing into the “hotspot” region at a time. To examine the number of times a single molecule 

diffused to the “hotspot” region and became significantly brighter, a position in the sample was 

fixed and monitored for 60 seconds. Figure 5.1(c) illustrates that for a fixed position, multiple 

hotspots of comparable magnitudes occur. The vertical line profile also confirms that these short 

bursts in the fluorescence signal are not due to the FITC-IgG molecules adhering to the metallic 

surface; aggregation would result in the bright signal to last for several lines or more than the 
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line time of 0.6 ms. The vertical line profile revealed that the enhancements in the signal 

achieved with these composite structures is comparable in intensity to those achieved with 

bimetallic nanopetals, but at a laser power that is almost 12 fold lower [82]. As expected, as the 

laser power was increased, an increase in the population of hot spots was noted. Since the 

intensity scales to the fourth power of the EM field in the metal in two-photon excitation, the 

enhancements achieved are significantly larger than previously demonstrated.  

Figure 30(d) shows the histogram profile for the collection of line trace scans and illustrates 

that significantly brighter pixels are observed on the composite structures compared to the 

controls. The PBS on the composite structures has a slightly higher signal but does not produce a 

significant amount of background signal to contribute to the enhanced signals observed on the 

composite structures.  
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Figure 5.1 Fluorescence line scan analysis of 1 µM FITC-IgG and PBS at 785 nm 

excitation on glass coverslip and composite structures (a) Fluorescence image 

from scanning FCS of composite structure where hotspots were observed 

indicated by white arrow (b) Horizontal line intensity profile for fixed time point 

(c) Vertical line intensity profile for a fixed pixel position collected for 60 sec (d) 

Histogram distribution profile of the fluorescence intensities. 

 

We also investigated if higher thicknesses of Au, 20 and 30 nm, could support such bursts in 

the fluorescence signal. Figure 5.2(a) reveals that for both the 20 and 30 nm Au composite 

structures, bursts in the fluorescence signal were also recorded. However, as the Au thickness 

increased, the intensity of the burst decreased. For the 20 nm composite structures, the burst in 

the fluorescence intensity was noted to be around 3100 while for 30 nm, the burst was around 

2000. One interesting point to mention is that the bursts in the fluorescence intensity were 

determined to occur also within one pixel similar to what was observed with the 10 nm 

composite structures. However, it is possible that since 1 pixel is at the very most 30 nm in size, 

these fluorescence enhancements could all be occurring at different sizes less than 30 nm. We 

predict that the enhancement from the 10 nm Au composite structures arises from the smallest 

gaps in the structure compared to the 30 nm Au composite structures. The other  

 

 

Figure 5.2. Fluorescence line scan analysis of 1 µM FITC-IgG at 785 nm 

excitation on glass coverslip and composite structures (a) Horizontal line intensity 
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profile for fixed time point (c) Vertical line intensity profile for a fixed pixel 

position collected for 60 sec.  

 

The histogram profile for the collection of line trace scans presented in Figure 5.3 also 

illustrates a similar point that significantly brighter pixels are observed with thinner Au 

composite structures relative to the thick, 30 nm composite structures. In all cases, the 

fluorescence intensity on the composite structures is significantly brighter relative to the 

controls. 

 

 

 

Figure 5.3. Histogram distribution profile of the fluorescence intensities for the 

10 nm, 20 nm, and 30 nm composite structures. 

 

If the increase in fluorescence signal is due to plasmonic effects, the lifetime of the 

fluorophore is also expected to be reduced [69, 209]. The phasor approach in the frequency 



113 

 

domain has the ability to visualize and distinguish multiple species present in a mixture and can 

filter out unwanted artifacts such as erroneous background noise (i.e. room light) [191].  

Fluorescence lifetime images were acquired with a Zeiss 710 microscope coupled to a 

Ti:Sapphire laser system. A 40X/1.2NA water immersion objective was used for imaging. For 

image acquisition the following settings were used: image size of 256 X 256 pixels and scan 

speed of 25 μm/pixel. A dichroic filter (760 nm) was used to separate the fluorescence signal 

from the laser light and the fluorescence emission was collected from 515-565 nm. For the 

acquisition of FLIM images, fluorescence was detected by a photomultiplier (H7422P-40, 

Hamamatsu, Japan) and a 610 nm short pass filter was placed in front of the detector. FLIM data 

was acquired and processed by the SimFCS software developed at the LFD. The excitation 

wavelength used was 785 nm. An average power of about 150µW was used to excite the FITC-

IgG on the composite structures and 800 µW for FITC-IgG in solution. The FLIM calibration of 

the system was performed by measuring the known lifetime of fluorescein with a single 

exponential of 4.04 ns at a laser power of 800 µW. The phasor transformation and data analysis 

of the experiments was also performed using the SimFCS software, as described in previously 

published papers [318]. The phasor approach to FLIM converts at each pixel in an image the 

fluorescence decay histogram into the sine and cosine components. These components are then 

represented in a two dimensional histogram also referred to as a phasor plot. Each of the pixels in 

the image results in a single point in the phasor plot and when used in reciprocal mode, each 

point of the phasor plot can be mapped to each pixel in the image. The histogram was plotted by 

finding the average phasor, τp, in the program. 

Figures 5.4(a)-5.4(c) display the FLIM images of FITC -IgG on the glass coverslip and on the 

composite structures as well as the phasor plot to map out where the fluorescence lifetimes lie for 
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each pixel. Briefly, all points that are on the universal circle in the phasor plot have single 

exponential lifetimes which are related to one species while those inside the circle have multiple 

exponential lifetimes.  The fluorescence lifetime of FITC-IgG on glass is observed to be uniform 

and centered around 2.8 ns on the universal circle as depicted by the red color shown in Figure 

5.4(a) [319]. In contrast, on the composite structures with FITC-IgG, mapping the lifetimes from 

the FLIM image reveals a distribution of lifetime which extends from 2.8 ns to less than 50 ps. In 

our previous work, we performed FLIM by using the time correlated single photon counting card 

and were only able to present the average lifetime of the species in an image [82]. Here, using 

the phasor approach with FLIM, lifetime differences across the image can easily be observed and 

mapped. Mapping out where lifetimes shorter than 100 ps exist confirms that these lifetimes are 

observed in areas with high fluorescence intensity.  This is also represented quantitatively by 

plotting out a normalized histogram of the lifetime values shown in Fig. 33(d). Similar to the 

FLIM map, the FITC-IgG on the glass coverslip is centered around 2.8 ns. In contrast, the 

histogram profile of the lifetime values for FITC-IgG on the composite structures has a range 

from 2.8 ns to mostly less than 50 ps, which is at the limit of the lifetime detection system. The 

observed decrease in lifetime on the composite structure at the points where the structures are the 

brightest is attributed to the enhancement of local excitation electric fields, leading to an 

increased excitation rate of fluorophores and radiative decay rate. This significant increase in the 

radiative decay rate implies an increase in the rate of emission of the fluorophore. The slight 

shifts in the fluorescence lifetime of FITC-IgG on the unenhanced regions on the composite 

structures could be due to changes in the refractive index which is known to also affect 

fluorescence lifetime [320].  
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Figure 5.4 Fluorescence lifetime analysis of 1 µM FITC-IgG at 785 nm 

excitation. (a) FLIM image on glass (b) FLIM image on composite structures (c) 

Phasor plot to show lifetime distribution (d) Normalized frequency profile of 

lifetimes. 

 

 

Figure 5.4 (a)-(c) shows the FLIM images for FITC-IgG on the 10 nm Au, 20 nm 

Au, and 30 nm Au composite structures. Using the phasor plot presented in Figure 

5.4(d) to map out where the short lifetimes occur reveals that the in the areas 

where intensity is higher than the background, the lifetimes are shorter. However, 
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the fluorescence lifetime histogram profile presented in Figure 32(e) indicates that 

the as the Au thickness increase, the fluorescence lifetime extends to longer 

lifetimes. The average fluorescence lifetime for the bright spots on FITC-IgG 

were noted to be at the limit of detection of the system, while the lifetimes on the  

20 nm and 30 nm Au composite structures (c.s) indicated that the lifetime was 

around 180 ps and 250 ps, respectively. For the 30 nm Au composite structures, 

the majority of lifetimes were actually revealed to be closer to the lifetime of the 

FITC-IgG in solution.   
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Figure 5.5.  Fluorescence lifetime analysis of 1 µM FITC-IgG at 785 nm 

excitation. (a) FLIM image on 10 nm Au composite structures (b) FLIM image on 

20 nm Au composite structures (c) FLIM image on 30 nm Au composite 

structures (d) Phasor plot to show lifetime distribution (e) Normalized frequency 

profile of lifetimes. 

 

 

5.4 Summary 

The 10 nm Au composite structures described in the previous section have the ability to enhance 

the fluorescence emission of labeled biomolecules by more than three orders of magnitude 

relative to a glass slide. These structures can be tuned to have a diverse range of architectures 

and nanogap sizes with tunable plasmon resonances. This is important to achieve large 
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fluorescence enhancements in other regions of the excitation wavelength spectrum. We have also 

recently demonstrated that our Ni structures can generate strong localized magnetic gradients to 

serve as effective nanotraps for capture and separation [88]. Combining this utility with the large 

signal enhancements demonstrated here can pave the way to create a comprehensive integrated 

device to readily magnetically trap and sensitively detect labeled molecules and nanoparticles.  

The ability to create large areas of nanostructured substrates is also possible because the process 

can be compatible with roll to roll manufacturing processes We characterized our metallic 

structures by depositing goat anti-mouse immunoglobulin G (IgG) antibody conjugated to 

fluorescein isothiocyanate, FITC, (FITC-IgG) onto our composite structures and determined the 

enhancements in the fluorescence signal by a combination of two-photon microscopy, FCS, and 

fluorescence lifetime imaging microscopy (FLIM) to spatially and temporally map the hot spots 

on an MEF surface. Importantly, we were able to achieve significantly higher resolution than 

previously reported and show for the first time down to 33 nm resolution with FCS and correlate 

this with FLIM mapping [82]. FCS revealed that the hot spots observed are reduced to below the 

confocal volume, and FLIM shows a shorter lifetime present on the composite structures than in 

solution. This increase in the fluorescence signal and shortening in the fluorescence lifetime is 

due to the strong EM field localized around nanoscale gaps within our metallic structures. 

Finally, with this, we demonstrate we could detect single biomolecules by monitoring 

fluctuations in the fluorescence intensity of FITC-IgG antibody. 
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Chapter 6. Enhanced Fluorescence Detection with Non-Metallic Structures 

6.1 Introduction 

As described in the previous chapter, noble metal nanostructures and nanoparticles can 

significantly enhance the fluorescence signal through the concept of MEF. These techniques use 

surface plasmons to modify and improve the spectral and photo physical properties of 

fluorophores [321, 322]. However, these metallic structures typically require precise and 

sophisticated equipment to yield near-field metal enhanced fluorescence (MEF) effects (within 

nanometric lengths from the surface) in heterogeneous areas of ‘hot spots’.[323-326]  While 

fluorescence enhancements greater than 1000 fold have been observed, these plasmon-coupled 

effects are hindered by the fact that enhancements are heterogeneous with small areas of ‘hot 

spots’ and are the enhancements are wavelength dependent.  

Fluorescent nanoparticles have emerged as a competitive method that have been applied 

as labels, tracers, and biosensors[327]. Examples of effective fluorescent nanoparticles are 

quantum dots which are basically semiconductor colloidal crystals with dimensions of a few 

nanometers [328]. These quantum dots are generally brighter and more photo stable than organic 

fluorescent dyes and fluorescent proteins [329]. They also benefit from the fact that they require 

less energy to be excited regardless of the size of the quantum dot. Still, the idea of using 

quantum dots for enhancing the emission of fluorophores is not widely accepted because of a 

couple of disadvantages. Some quantum dots could possibly have surface defects which could 

affect the quantum yield properties of quantum dots. Another disadvantage is that quantum dots 

have shown to pose a cytotoxic risk to biological specimens.  
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6.2 Enhanced fluorescence detection with SiO2 nanoparticles, reflective surfaces 

Instead, an alternative to quantum dots is to use reflective surfaces such as silica (SiO2) on 

silicon (Si) as a platform for enhancing fluorescence microarrays [330-332]. These reflective 

substrates typically require a transparent spacer layer provided by the SiO2 between the reflective 

surface (Si) and the fluorescent material. The fluorescence signal enhancement is based on the 

principle of optical interference [333, 334]. Redkar et. al coated borosilcate glass with alternate 

high to low refractive index coatings to form a multilayer stack of dielectric, thin film 

coatings[335]. The multilayer design facilitated with making the interference constructive so that 

the electric field strength could be enhanced within 60 nm to the surface and also reflects and 

redirect microarray fluorescence signals towards the detector. DNA microarray experiments 

were conducted on the optical interference slides and an 8 fold increase in the signal 

amplification relative to glass slide was observed. Cretich et. al coated a silicon substrate with a 

thermally grown layer of silicon dioxide, SiO2, and functionalized it with a thin polymeric 

film[336]. Similar to Redkar et. al’s study, the SiO2 layer provides constructive interference 

between the incidence and reflected waves of the fluorescence radiation. Another important 

aspect of their substrate was the sub-nanometer surface roughness provided by the SiO2 on the 

silicon aided in a reproducible coverage with biomolecules. They tested the performance of their 

substrates by enhancing the fluorescence signal of protein and peptide microarrays and noted a 5-

10 fold increase in the fluorescence signal. Marino et. al deposited first a thin aluminum-silicon 

copper alloy followed by a thin SiO2 layer onto their silicon substrate[333]. The advantage of 

adding the aluminum is that in the visible spectrum, it has high reflectance without 

autofluorescence. In other words, the metal with silicon acts as an optical reflector for the 

fluorescence signal by collecting a majority of the light. The SiO2 layer contributes to the 
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enhanced signal by optical interference and allowing for the maximum electric field of the laser’s 

electromagnetic wave on the surface. 

In addition to their optical properties, SiO2 surfaces have also been attractive surfaces for 

their high biocompatibility properties and the ease of surface functionalization. [337, 338] 

Recently, studies have shown that enhancements of fluorescence quantum yield of dye molecules 

can be achieved through covalent encapsulation of dye into SiO2-based nanoparticles [339-343]. 

In particular, the use of dye-doped SiO2 nanoparticles has presented significant interest due to its 

advantageous high surface to volume ratio, photochemical stability, and ability to amplify the 

fluorescent signal [344-346]. The mechanism of fluorescence enhancements is related to the 

internal SiO2 architectures shielding the fluorescent dyes from being quenched by its 

surroundings, thus reducing the kinetics of the irradiative decay of the excited fluorophores [345, 

347]. Furthermore, immobilization of the fluorescent dye within the SiO2 matrix has been 

thought to restrict the mobility and flexibility of the molecules, which can lead to reduced 

nonradiative relaxation and subsequently increased photoemission brightness [343, 345, 348].  

Typically, two chemical approaches have been applied to encapsulate the dyes into silica 

nanoparticles[349]. In the first approach, the dye is covalently bound to the silica matrix by 

linking the chemical groups from the dye with the silica matrix. In the second approach, the dye 

is entrapped within the silica matrix by electrostatic interactions through a reverse 

microemulsion process[350]. Gilliland et. al embedded various dyes into their silica sol-gel thin 

films and observed changes in the photostability depending on its surrounding environment[340]. 

Liang et. al investigated the effects of the nanoscale matrix on the properties of molecules that 

were encapsulated within[347]. The nanoscale matrix reduced the collision between the dye 

molecules and atmospheric oxygen preventing the dye molecules from quenching. The lower the 
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number of dye molecules present in the nanomatrix, the higher was the quantum yield. 

Furthermore, the size of the nanomatrix also played a role in the enhancement of the 

fluorescence quantum yield. The larger the nanomatrix, the higher was the fluorescence quantum 

yield when same amount of dye molecules were encapsulated within. Larson et. al covalently 

encapsulated multiple rhodamine dyes molecules into their 30 nm silica nanoparticles and 

observed a 20 times brighter signal relative to free dye[351]. They noted that the photophysical 

properties of the dye could be manipulated by making small changes in the internal architecture 

of the silica nanoparticles. They attributed the enhanced fluorescence signal to occur due to a 

combination of incorporating multiple dye molecules and enhancement of the quantum yield 

efficiency of the incorporated dye molecules.  

However, typical enhancements from this approach have been modest, with increases in 

the fluorescence signal of 5-30 fold [352, 353]. Recently, Lin et. al reported generating SiO2 

structures from a pre-coated thermoplastic polyolefin (PO) shrink film (PO-SiO2) to enhance the 

fluorescence signal of covalently bound biotin-streptavidin-Tetramethylrhodamine 

isothiocyanate (TRITC) biomolecules [241]. In this method, through a combination of surface 

concentration, light scattering, and changes in photophysical properties of the confined dye 

molecules, 116 times fluorescence signal enhancements and increased signal-to-noise ratio 

(76:1) were demonstrated using the SiO2 structures as the platform. 

6.3 Silica structures using shrink film to enhance fluorescence signal 

 Inspired by the fluorescence enhancements observed of the streptavidin-TRITC system using the 

SiO2 nanostructures, we expanded upon this strategy and demonstrated its applicability to DNA 

fluorescence microarrays. The development of DNA microarrays has proven invaluable for high 

throughput quantification of gene expression profiling, genomic analysis, disease diagnosis, and 
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drug screening. [354-358] Fluorescence based DNA microarrays offer numerous advantages, 

such as high sensitivity and multiplexing capabilities. [359, 360] Despite these benefits, the 

challenge to improve the detection sensitivity persists. [361, 362] Strategies to increase the 

fluorescence sensitivity of DNA microarrays include increasing the amount of the capture probes 

or alternatively, amplifying the fluorescence signal using surface enhancements. To increase the 

density of DNA probes immobilized on the surface, techniques involving nanostructured 

substrates using three-dimensional structures, such as dendrimeric/nanopillar-like structures or 

grafting polyethylene glycol (PEG) layers onto silanized glass slides, have been pursued. [352, 

353, 362-365] Increases in the fluorescence intensity of 2-30 fold were observed using these 

approaches to enhance the DNA probe density. However, oversaturation of probe density can 

reduce target DNA binding efficiency because of strong electrostatic repulsions, which leads to 

retardation of hybridization kinetics. [352, 366, 367]. 

In this section, we improve the limit of detection (LOD) sensitivity of the DNA 

hybridization assay by more than 40 fold compared to controls (a glass substrate). Our results 

demonstrate that our PO-SiO2 structured substrate is an attractive approach for DNA 

fluorescence microarrays. 

Experimental 

The fabrication of these substrates is simple, inexpensive, robust, and scalable. To prepare the 

substrate, a laser cut tape mask with an array of 1 mm holes was applied to a clean polyolefin 

(PO) shrink film (955-D, Sealed Air Corporation, 1 mil) prior to sputter deposition of 20 nm 

SiO2 to generate PO-SiO2 substrate (Figure 6.1(a-b)). The PO-SiO2 substrate was chemically 

activated by oxygen (O2) plasma treatment and then functionalized with primary amine groups 

for DNA probe attachment (Figure 6.1(c-d)). The PO-SiO2 surfaces were incubated with 2 
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mg/mL poly(L-glutamic acid) in PBS buffer for 1 hour (Figure 6.1(e)). 250 μM amine-modified 

single stranded (A30 ssDNA) solution in a PBS buffer that contained 75 mM 1-ethyl-3-(3-

(dimethylamino)propyl)carbodiimide hydrochloride (EDC) and 15 mM N-

hydroxysulfosuccinimide (NHSS) was prepared. 0.5 μL of two amine-terminated 30mer 

oligonucleotides A (A30 sequence) and B (GFP) with an A:B percentage of 80:20, 60:40, 50:50, 

40:60, 30:70, 20:80, 10:90, 5:95, 1:99, 0.5:99.5, and 0:100 were incubated overnight on the PO-

SiO2 surfaces (Figure 6.1(f)). After rinsing the PO-SiO2 substrates with PBS and water, 0.5 μL of 

1 μM complementary ssDNA to A30 tagged with Cy3 fluorophore was allowed to react for 40 

minutes (Figure 6.1(g)). After rinsing again with PBS and water, the substrates were dried with 

nitrogen (N2), and then immediately imaged using a custom built upright fluorescence 

microscope (Olympus) with a 2x/0.55NA objective (Edmond Optics) and TRITC filter. The 

fluorescence intensities were analyzed using the region of interest (ROI) feature in ImageJ 

(National Institute of Health-NIH). PO-SiO2 substrates were heated at around 160º C for 2 

minutes, which induced retraction of the PO shrink film (Figure 6.1(h)). This caused the thinner 

SiO2 film to buckle and fold into nano to micro-scale structures with high aspect ratios (Figure 

6.2(a-b)). This resulted in a PO-SiO2 structured substrate referred to here on as shrunk PO-SiO2. 

The substrates were imaged again with the upright fluorescence microscope at the same 

conditions as previously mentioned. 
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Figure 6.1 Schematic for fabrication of DNA fluorescence microarray on shrunk PO-SiO2.  

 

Figure 6.2. (a) Top down SEM image of the shrunk PO-SiO2 is a representative image of the 

heterogeneous populations of nano and micro-scale structures observed (b) Zoomed in SEM 

image illustrating the micro and nano-scale features. 
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Figure 6.3. DNA fluorescence microarray of Cy3-DNA on heated glass slide and shrunk PO-

SiO2. (a) Fluorescence images of Cy3-DNA on heated glass and shrunk PO-SiO2 and (b) their 

corresponding line plot profiles (c) Concentration curve of DNA fluorescence microarray on 

heated glass and shrunk PO-SiO2. 
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Comparing the fluorescence images for the DNA microarray on the glass slide and shrunk PO-

SiO2 substrate, respectively, the dramatic fluorescence enhancements due to the substrate is 

apparent. As depicted in Figure 6.3(a), the fluorescence signal at 80 and 50% A30 ssDNA on the 

shrunk PO-SiO2 substrate was detectable with the naked eye while the fluorescence signals on 

the glass substrate at those concentrations were not discernible. In fact, even at the lowest 

concentration of 1% A30 ssDNA, the fluorescence signal was still be observed on the shrunk PO-

SiO2 substrate. Another noticeable difference is that within the field of view selected (5 X 4 μm), 

32 spots were visible on the shrunk PO-SiO2 substrate while 6 spots were visible on the glass 

slide. This highlights the ability to rapidly detect multiple concentrations on the shrunk PO-SiO2 

substrate relative to a planar surface in regards to multiplexing capabilities. The dotted vertical 

white line represents where the plot profile was obtained for the different % of A30 ssDNA. The 

line profile shown in Figure 6.3(b) illustrates the fluorescence signal uniformity over the SiO2 

islands on the shrunk PO-SiO2 and glass slide substrates. Furthermore, the enhanced 

fluorescence signal observed on the shrunk PO-SiO2 substrates is not localized to nanoscale 

regions, as with plasmonic effects. The larger working range on the PO-SiO2 substrate is 

apparent by the concentration curves for each substrate (Figure 6.3(c). The linear range on the 

shrunk PO-SiO2 substrate was observed to be from 5-40% A30 ssDNA while on the glass slide, 

was observed to be from 10-30% A30 ssDNA. The detection limit (χLOD) was calculated, as 

shown in Equation 6.3.1, by taking three times the standard deviation of the background signal, 

bg , on glass or the shrunk PO-SiO2 substrate and adding the mean background signal, bg .[368] 

The  bg was measured by calculating the fluorescence intensity of the nonspecific binding of the 

Cy3 DNA to the 0:100 sequence on glass and shrunk PO-SiO2. 
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bgbgLOD  3  [6.3.1] 

The concentration curve demonstrates that a relative surface coverage of 0.5% A30 ssDNA can 

be detected on the shrunk PO-SiO2 substrate in contrast to 20% A30 ssDNA observed on the glass 

slide.  

Fluorescence signal enhancement was measured quantitatively and results were compared to that 

obtained from the DNA hybridized on the glass slide. The average fluorescence signal (FS) 

increase of the substrates is calculated according to Equation 6.3.2 as previously reported by 

measuring the mean FS obtained after heating (AH) ( ahs ) minus the mean background FS AH 

( ahbg ) over the mean FS before heating (BH) ( bhs ) minus the background FS BH ( bhbg ). 

 
bhbgbhs

ahbgahs







  [6.3.2] 

As previously mentioned, the PO film shrinks by 77 % in each length post heating, which leads 

to an approximately 20-fold concentration of surface area. [83] Lin et. al showed that with the 

substrate alone, a 14 fold increase in the fluorescence signal of TRITC was noted to occur with 

the biotin-streptavidin model system relative to the planar PO substrate and a 50 fold increase 

with the silica structures relative to the planar PO-SiO2 substrate. [241] This increase in 

enhancement was determined to be due to photophysical effects of the highly scattering PO-SiO2 

structures. Here, the fluorescence signal of the Cy3-DNA was observed to increase by 45 times 

(standard error (S.E.) 3.5) on the shrunk PO-SiO2 substrates relative to the planar PO-SiO2 

substrate. This is more than 2.5 times higher than expected due to concentrating alone. The 

integrated intensity of the entire DNA spots was calculated before and after shrinking on the PO-

SiO2 substrate for confirmation. A concentrating effect alone would result in the same integrated 

intensity value. Therefore, this additional increase in intensity is attributed to the optical effects. 
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Interestingly, more than a 120 fold (S.E. 5.00) increase in the fluorescence signal was observed 

on the shrunk PO-SiO2 substrates relative to glass for 80-10% A30 ssDNA presented in Figure 

6.4(a). Furthermore, heating the hybridized DNA did not appear to significantly decrease the 

fluorescence signal. The fluorescence signal was observed to decrease by less than 15% (S.E. 

2.5%) over the different percentages of A30 ssDNA when comparing the hybridization signal on 

the heated glass slides to the signal prior to heating.  

An increase in the fluorescence intensity was also coupled with a significant improvement in the 

signal to noise ratio (SNR) which is defined as the ratio of the average fluorescence signal minus 

the mean background signal to the standard deviation of the background as presented in Equation 

6.3.3. [369] 

 
bg

bgahs



 
 [6.3.3] 

For the SNR, any value higher than 3 is generally considered to be detectable. [370] The SNR 

shown in Figure 6.4(b) was noted to increase by more than 46 fold on the shrunk PO-SiO2, 1455 

(S.E. 35) for 80% A30 ssDNA relative to the glass slide, 30.87 (S.E. 0.15). For the glass slide, the 

limit in the SNR was 20% A30 ssDNA, while on the shrunk PO-SiO2 substrate was 0.5%. The 

limit in the SNR results supported the LOD results. 

The enhancement in the fluorescence signal also resulted in an improvement in the 

detection sensitivity of the DNA microarrays. To assess the analytical detection performance of 

the shrunk PO-SiO2 and glass substrates, the concentration corresponding to the limit of 

detection, xLOD, was calculated. According to the Langmuir adsorption coefficient (Kads) for 

DNA hybridization, a single monolayer has a value of 1.8 X 107 M-1. [371] Equation 6.3.4 is 

used to convert the A30 ssDNA percentages into concentrations using the following relation.  
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adsK

c


  [6.3.4] 

In equation 6.3.4, Kads is 1.8 X 107M-1
 and θ is the percent coverage of A30 ssDNA. This 

corresponds to an xLOD on shrunk PO-SiO2 of 280 pM versus an xLOD 11 nM on glass. Hence, an 

overall 40 fold improvement in the LOD relative to a glass slide.  

 

 

Figure 6.4. Analytical assessment of the improvement for different percentages of A30 ssDNA 

hybridized on the shrunk PO-SiO2 substrate relative to the glass slide (a) A plot of the 
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fluorescence signal increase on shrunk PO-SiO2 substrate relative to heated glass (b) SNR on 

heated glass slide and shrunk PO-SiO2 substrate for the hybridized DNA at various A30 ssDNA 

percentages. 

6.4 Summary 

In this work, we have presented a rapid method to create DNA fluorescence microarrays using 

SiO2 structures and demonstrated the ability to enhance the fluorescence signal of bound 

fluorophores. This demonstrates that the PO-SiO2 substrate has higher detection sensitivity (280 

pM) relative to planar glass surface (11 nM). Furthermore, a 30-45 fold improvement in the SNR 

was observed on the shrunk PO-SiO2 substrate relative to a glass slide depending on the A30 

ssDNA concentration. The fabrication of these substrates is simple, inexpensive and readily 

adoptable as a parallelization for microarray analysis. Furthermore, in contrast to MEF 

substrates, the enhanced fluorescence signals are uniform and not confined to nanometric 

hotspots. This ability to reach lower limits of detection suggests potential applications in DNA 

microarrays for earlier disease diagnostics.  
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Chapter 7 Summary and Future Directions 

7.1 Summary 

In this thesis, wrinkled structures created using three different techniques with the shrink film 

technology was studied. In Chapter 2, the fabrication of non-periodic (wrinkles) and periodic 

structures (nanopillar beads, nanotriangles) using simple top-down and bottom-up approaches 

were investigated. The deposition of thin metal films on heat shrink shape memory polymers 

achieved heterogeneous wrinkles after heating the substrate. These size of the wrinkles and gaps 

between them were shown to be tunable by varying the thickness of metal deposited. SEM, 

AFM, and EDX analysis were used to characterize the surface topology of these wrinkles.  For 

the fabrication of the periodic structures, NSL was combined with the shrink film technology to 

yield periodic nanopillar bead arrays and nanotriangle arrays. The size and gaps between these 

particles were controlled by varying the oxygen plasma etch time and temperatures the substrates 

were heated to. In Chapter 3, the heterogeneous wrinkles were characterized for their optical 

properties in two-photon excitation. In Chapter 4, the wrinkles were evaluated for their ability to 

be used as biosensors by depositing fluorescently tagged antibodies onto the surface and 

applying methods to measure the enhancements in the fluorescence signal. In Chapter 5, the 

wrinkled substrates were evaluated for their ability to be used as single molecule detection 

sensors and characterized by combining FCS, FLIM, and two-photon microscopy. The methods 

presented in this section to isolate single molecules from a higher concentration of molecules 

would be useful to future researchers interested in similar topics. Chapter 6 introduced the idea 

of using highly scattering structures made by integrating SiO2 onto shrink wrap film for 

applications in far-field fluorescence enhancements. The SiO2 structures demonstrated a 40 times 
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improvement in the LOD relative to a glass which was accompanied by a 30-45 times 

improvement in the SNR. 

 The structures presented in this dissertation are simple to create and could serve as 

powerful biosensors, but require optimization before being able to leap to the next step which is 

to detect various types of diseases. If you just imagine for a minute, that several years from now 

you have a device similar to a USB stick that has our platform integrated into. The infected 

patient, instead of waiting for a doctor to test him can test if he has the disease at home and then 

record the results using a cell phone camera and if needed get the proper treatment. 

 

7.2 Future Directions 

The research presented in this dissertation has introduced the idea of using shrink wrap 

technology to create various structures for applications as biosensors. The results obtained from 

these various structures are very promising, but there are still some challenges left to overcome. 

The two-photon studies with the wrinkle structures yielded the highest results for the fluorescent 

enhancement of a single biomolecule. However, this technique is not a feasible option for 

developing countries because the current setup requires the use of two-photon laser microscopy 

which is not only bulky, but expensive. Furthermore, one of the main challenges with the 

wrinkled substrate is that the surfaces are hydrophobic limiting the diffusion of molecules to the 

surface. Recent work from our lab has shown that we can capture magnetic particles by 

combining ferromagnetic materials such as Ni with the shrink film technology. The composite 

structures presented in this dissertation are made of a combination of Ni and Au. Thus, an avenue 

that could be explored is to use the Ni to capture magnetic nanoparticles onto the wrinkles. The 

magnetic nanoparticles could be conjugated with specific bioprobes such as an antibody to bind 
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to antigens from the diseased patient. Then, fluorescently tagged antibodies that recognize the 

antigen could be added and their signal enhanced by utilizing the optical properties of the shrink 

film structures. This work could potentially pave the way to creating an integrated, low-cost 

device to trap and identify various types of biomarkers.  

A slightly more cost-effective approach to the two-photon set-up would be to use the one-

photon excitation setup to enhance the fluorescence signal of the labeled biomarkers. However, 

at this moment, the results presented are inconclusive and need extensive work done to be able to 

understand where the fluorescence enhancements stem from. It is unclear if the fluorescence 

enhancements are purely due to plasmonic effects or a collection of fluorescent molecules stuck 

within one area. If the former is true, then it would be important to try to determine the number 

of labeled molecules and apply methods such as FCS to quantify this. Recent work by Punj et. al 

presented some useful techniques where FCS was used to measure the autocorrelation functions 

and quantify the number of molecules in their system [125]. With their method, they were able to 

calculate the brightness per molecule and estimate the number of molecules in their system. 

These studies would also help elucidate better the reasons why the lifetime of the labeled 

biomolecules is shorter on the composite structures relative to the other substrates. Once a full 

understanding of the enhancements with one-photon excitation have been explored, the same 

magnetic capture technology proposed with two-photon microscopy can also be applied to the 

one-photon studies. 

For the periodic structures, the nanobead pillar and nanotriangle arrays created are very 

interesting and hold a lot of promise for future applications as plasmonic biosensors. However, 

one of the main hurdles to overcome is the stiffness mismatch of the oxide layer to the shrink 

film which generated wrinkles during the shrinkage process. Ultimately, the wrinkles mask and 
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ruin any periodic structures that were initially there prior to heating. Thus, to maintain the 

integrity of the structures during the shrinkage process, transferring the particles over to another 

material that is not a shape memory polymer might be a feasible option that has not been 

explored. In this process, a thin coating of PVA would be applied to a glass slide and then cured 

to adhere the PVA. Following the curing process, PS-COOH beads would be spin coated on the 

glass slide and self-assembled to form the hexagonal pack. Following this process, metal can 

then be evaporated onto the surface. After this step, the PVA layer would be transferred over to 

the PO film and then dissolved in water to remove the PVA. Through this process, there should 

not be an extra stiffness introduced to the heat-shrink film and thus the integrity of the structures 

could be maintained. However, this method is suited best for the nanotriangles and not a viable 

option for the nanopillar bead arrays because etching into the plastic is critical for tall structures. 

An area that might be worth exploring for the Au nanobead pillar arrays is depositing gold 

nanoparticles on top and investigate if any interesting coupling effects are observed.  

Perhaps the most compelling and interesting application that would be relevant for POC 

diagnostics is using the SiO2 structures for far-field fluorescence enhancements.  However, there 

are improvements that need to be made before proceeding further. Probably the most crucial one 

is to reduce the background of the silica substrates that limits the enhancements in the SNR. Pre-

heating the noise from the unshrunk silica substrates is comparable to glass, but post-heating the 

noise is about 12 times higher than on glass. It is thought that the increase in the noise can be 

attributed to an increase in the autofluorescence of the polymer which is scattered more on the 

SiO2 structures. Still, a DNA microarray can performed using the SiO2 structures by extracting 

mRNA from a diseased patient and then converting the mRNA into cDNA by reverse 
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transcription. Following this step, the cDNA can bind to its complementary DNA strand that is 

fluorescently tagged and the DNA microarray can be performed. 

The applications of the shrink film technology are endless and this work aimed to 

investigate a very small portion of them. There is strong potential for the shrink film technology 

to be used as way to create sensitive biosensors for disease detection. 
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