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ABSTRACT 

Plasmonic Nanostructures for Biosensor Applications 

Akshitha Gadde 

 

Improving the sensitivity of existing biosensors is an active research topic that cuts across several 

disciplines, including engineering and biology. Optical biosensors are the one of the most diverse class of 

biosensors which can be broadly categorized into two types based on the detection scheme: label-based 

and label-free detection. In label-based detection, the target bio-molecules are labeled with dyes or tags 

that fluoresce upon excitation, indicating the presence of target molecules. Label-based detection is 

highly-sensitive, capable of single molecule detection depending on the detector type used. One method 

of improving the sensitivity of label-based fluorescence detection is by enhancement of the emission of 

the labels by coupling them with metal nanostructures. This approach is referred as plasmon-enhanced 

fluorescence (PEF). PEF is achieved by increasing the electric field around the nano metal structures 

through plasmonics. This increased electric field improves the enhancement from the fluorophores which 

in turn improves the photon emission from the fluorophores which, in turn, improves the limit of 

detection.  Biosensors taking advantage of the plasmonic properties of metal films and nanostructures 

have emerged an alternative, low-cost, high sensitivity method for detecting labeled DNA. Localized 

surface plasmon resonance (LSPR) sensors employing noble metal nanostructures have recently attracted 

considerable attention as a new class of plasmonic nanosensors. 

In this work, the design, fabrication and characterization of plasmonic nanostructures is carried out. Finite 

difference time domain (FDTD) simulations were performed using software from Lumerical Inc. to 

design a novel LSPR structure that exhibit resonance overlapping with the absorption and emission 

wavelengths of quantum dots (QD). Simulations of a composite Au/SiO2 nanopillars on silicon substrate 

were performed using FDTD software to show peak plasmonic enhancement at QD emission wavelength 

(560nm). A multi-step fabrication process was developed to create plasmonic nanostructures, and the 

optical characterization of emission enhancement was performed.   
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The development of nanoscale optical biosensor that enables real-time detection of target 

molecules with high sensitivity and selectivity is an active research topic that applies to many 

fields. The development of low-cost, portable and high-throughput sensing technologies that can 

enable point of care diagnostics and monitor various medical conditions are crucial for forensics, 

drug discovery, disease screening, and early detection of diseases.  

 

Chapter 1                                                       

INTRODUCTION  

Figure 1-1 Illustration of typical disease diagnosis pipeline, where samples may need to be sent 

to specialized medical facilities, resulting in longer wait times (Courtesy: Google Images). 
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Typical process flow for the diagnosis of a disease is illustrated in Figure 1.1. Traditional 

diagnostic technologies are often time-consuming and require complex, costly laboratory 

procedures, trained laboratory technicians, and advanced bulky medical instrumentation. For 

example, considering traditional method for detection of diabetes, blood glucose test strips were 

used, where reagent pad is coated with a drop of blood and the change in color signifies the 

glucose level in the blood. The reagent pad is a reaction system which includes glucose 

oxidation, peroxidase, and chromogen system which develops color upon the oxidation of 

glucose present in the blood. The drop of blood is placed on the reagent, where the glucose in the 

blood is oxidized and it passes through the semi-permeable membrane and reacts with 

chromogen to give blue color. It takes a minute for reaction to occur and then it’s matched with 

series of color blocks. But under normal lighting conditions it’s hard to visualize the color blocks 

and variation in visual acuity of each individual. It requires perfect lighting conditions to obtain 

precise and accurate readings. This procedure requires a physician, laboratory and technician [1]. 

Biosensor technologies show promise in overcoming problems mentioned above. For example, 

glucose biosensor technology has been developed to supplement and replace reagent-based 

detection, which uses an enzyme electrode strip. It involves of oxidation of glucose in blood. The 

current is measured during the electro chemical reaction, which can be detected by amperometric 

sensor [2]. These require 0.3 - 1 µL of blood and 10sec for result. The magnitude of the current 

is correlated to the concentration of glucose. This provides accurate identification in a portable 

and easy to use diagnostic mechanism. It doesn't require perfect lighting conditions as the 

amount of sugar is shown in the form of magnitude of current, which can be easily understood. 

Biosensor technologies have several advantages over conventional diagnostic analysis 

techniques. They include low cost and manufacturing and operation, as well as field portability 

[3]. Various technologies have been used and wide variety of different biosensors have been 

developed. Now the research focus is improving the sensitivity of these biosensors. 
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Advancements in biosensor research led to the discovery of continuous glucose monitoring 

system with an inbuilt sensor chip. An implantable glucose sensor with CMOS image sensor 

based chip which can be implanted into the body for the continuous monitoring of the blood 

sugar has been developed. This technology used an optical sensor system with a fluorescent 

hydrogel which is glucose responsive. As the glucose level in the blood increases, the 

fluorescence intensity from the dye increases [4]. LED is used to excite the fluorophores to 

obtain the fluorescence signal collected by the CMOS image sensor. This is experimentally 

verified by in-vivo experiments. There is continuous need for the improvement in sensitivity. 

Figure 1-2: Glucose biosensor utilizing a speck of blood for test [75] 
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The research of Interdisciplinary Research Team (IRT1) of the Nanotechnology Sensing 

Advances in Field and Environment (NanoSAFE) program in West Virginia University focuses 

on developing cost effective, portable biosensors for rapid detection of toxins and pathogens, 

with specific interest on DNA, heavy metals, and small molecule toxins [5]. The goal of IRT1 is 

creating a portable, high throughput, rapid DNA identification platform via collaborations within 

microbiology, pharmacy and chemistry disciplines to improve the sensitivity and selectivity of 

DNA-based detection methods. The isolation of various strains of pathogens is performed by Dr. 

Lumkomski’s group (Microbiology) at WVU Health Sciences. This isolation method results in 

the attachment of a fluorescent dye to the polymerase chain reaction (PCR) product. 

Nanocapillary separation of the PCR products in a novel phospholipid gel is performed by Dr. 

Holland’s group (Chemistry). Then separated PCR products attached with a dye flow onto the 

sensor designed and fabricated by Dr. Dawson’s group through the microfluidic channels 

designed by Dr. Holland's group. 

The capability of imaging and detecting labeled DNA molecules is critical in this study. 

Originally, photonic crystal device was employed for detection of DNA to take advantage of 

localization and concentration of fluorophore photon emission. However, plasmonic techniques 

Figure 1-3: CMOS based implantable glucose biosensor [4] 
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that show promise for greater levels of emission enhancement due to the potential for higher 

levels of sensitivity that can be gained through higher levels of enhancement.  

Detection of DNA is often performed by labeling DNA with a fluorescent dye, or fluorophore. 

Fluorophores absorb light at one particular wavelength and emit light in a different wavelength, 

typically longer wavelength. When employed in biosensor technologies, this kind of detection 

involving a label is often called label-based detection. For photonic crystal-based detection 

schemes, an excitation source is used to excite the fluorophore and the emission wavelength of 

the fluorophore is in the photonic bandgap. Within the photonic bandgap, the electric field 

energy becomes more concentrated in the material with high dielectric constant. By taking 

advantage of optical bandgap, the fluorescent tagged targets emit more light in comparison with 

an ordinary surface occurs by the detected by the reflecting mechanism of photonic crystals by 

taking advantage of optical bandgap [6, 7]. Until now, using photonic crystals, fluorescence 

experiments were performed by considering optical energy which is radiated into far field which 

is several wavelengths from the fluorophore, but detection is usually done at macroscopic 

distances from the sample. However, there is a rapidly growing demand for increasing sensitivity 

to detect trace amounts of analytes with advancements in fluorescence based technologies. One 

prominent way to improve sensitivity of label-based detection schemes is by enhancement of 

signal from fluorophore labels by coupling them with metal nanostructures [8]. This approach is 

referred as Metal-enhance fluorescence (MEF)/ plasmon-enhanced fluorescence (PEF) [9]. Metal 

nanostructures alter the near field around them by electron oscillations. Near-field interactions 

which occur within only 200nm distance of the metal nanoparticle [10]. These near-field 

interactions alter the spectral properties of fluorophore by interaction of fluorophore with the 

electron cloud present on the metal. These interactions improve the fluorescence signal by 

changing the emission. This technique has an advantage of: Improving the excitation rate of the 

fluorophore at its absorption wavelength (λab) and it enhances the efficiency of collecting 

fluorescence signal at emission wavelength (λem) by using highly coupled plasmon coupled 

emission [9]. In addition, metal nanostructures can create unique fluorophores with high 

quantum yield and shorter lifetimes. This thesis explores the plasmonic phenomenon and 

fluorescence enhancement using plasmonics for sensitive bio-sensing. This effort included the 

following tasks: 
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 Device Modeling and Design: Plasmonic nanostructures ware designed using Finite 

difference time domain (FDTD) software tool from Lumerical Inc. Critical dimensions 

were extracted for device fabrication. 

 Fabrication: A fabrication process was developed to realize the optimal of plasmonic 

nanostructures. This multistep process involved application of electron beam (e-beam) 

lithography, thin film deposition of metals and dielectrics using physical vapor deposition 

technique, and optical lithography.    

 Characterization: Characterization of plasmonic nanostructures is performed using 

various instruments: Scanning electron microscopy, Atomic force microscopy, Optical 

microscope, and Fluorescence microscope. 

1.1 Biosensor Applications 

The development of highly sensitive and selective biosensors is an active research topic that cuts 

across many disciplines and application areas. Research in the field of biosensors originated in 

1960s [11]. The term biosensor is an acronym for “biological sensor”, and refers to compact 

analytical devices that are used for detection of biological elements such as single-stranded 

DNA, enzymes, and receptors. Biosensors combine biological elements with transducers and 

detectors that can transform the signal resulting from the interaction of an analyte with a 

biological element into a measurable optical or electrical signal [11]. A transducer is typically 

physicochemical transducer that produces a physicochemical change upon detection. 

Physicochemical transducers can be optical, electronic, electrochemical, gravimetric and 

piezoelectric. Based on the type of bio-transducer, biosensors can be classified as optical 

biosensors, electrochemical biosensors, electronic biosensors, gravimetric biosensors and 

piezoelectric biosensors.  

Optical biosensors are most popular in analytical sensor field. This is because they can read and 

generate the signal rapidly, and have an advantage of applying Visible/ Ultra Violet (UV)/ 

Infrared (IR) optical energy as a source for detection compared with other transducers. Optical 

biosensors have capability of providing multiplexed detection and are immune to 

electromagnetic interference [12].  
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1.2 Optical Biosensors   

Optical biosensors are diverse class of biosensors, as they can be used for many different types 

of spectroscopy measurements, such as, fluorescence, phosphorescence, absorption, raman, 

refraction, and SERS [13, 14, 15, 16, 17, 18, 19]. Most commonly optical biosensors utilize light 

as source for excitation. Optical biosensors are designed to operate in UV/ Visible/ IR regions. 

The wavelength regimes for these region range from 100nm to 400nm for UV, from 400nm to 

700nm for visible, and then 700nm to 100µm for IR region. Optical biosensors can also measure 

different optical properties such as energy, fluorescence, polarization, amplitude, decay time, and 

phase [20, 21, 22, 23, 24, 25]. They can be used for in-vivo applications, since they are non-

electrical. They have the capability of allowing multiple analytes to be detected by using 

different monitoring wavelengths. Normally changes in wave propagation, time, wavelength, 

intensity, distribution of the spectrum, or polarity of the light are variables for detection. Devices 

based on fluorescence spectroscopy, interferometry, surface plasmon resonance are the most 

common [19, 13].  

Generally Optical biosensing is categorized into two types: labelled detection and label free 

detection. Normally changes in fluorescence, and luminescence are used as physical variables for 

detection in labelled optical sensor technologies and refractive index changes for label free 

detection. 

In label-free detection protocol, the biomolecules are not labeled or modified, they are detected 

in their natural forms. In this methodology the changes in peak with change in refractive index 

are used as sensing transduction. In label free detection, with the presence of the biological 

matter, it displaced the background fluid and changes the refractive index of the surrounding 

environment. This change in refractive index leads to the change in optical properties of the 

sensor. By observing the shift in spectral properties like change in reflectance, transmission, the 

presence of the biomolecule can be identified. There are various label free optical biosensing 

platforms like using photonic crystals [26], interferometers [27], surface plasmon resonance [28], 

waveguides [29] were developed. This has various advantages as it is very cheap and easy to 

1.2.1 Label free biosensors 
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perform, this also allows kinetic and quantitative analysis of molecular interaction. Label free 

detection mechanisms usually measure refractive index changes induced by molecular 

interaction [12].  

In label based optical detection/ fluorescence based detection, bio recognition molecules/ target 

molecules are labeled with fluorescent dyes/ tags where intensity of fluorescence indicates the 

presence of target molecules. Labeled detection scheme is very sensitive type of detection which 

can detect even a single molecule [30]. But, it has a disadvantage of complex labeling process 

and attachment of label can change the behavior of the molecule to be detected [31]. 

Traditionally for DNA assays are based on measuring the emission of labeled target DNA, with 

the level of fluorescence emission (in relative fluorescence units (RFU)) proportional to the 

amount of material present.  

Fluorescence represents a widely used optical detection technique in current medical diagnostic 

technologies due to its sensitivity and selectivity. In fluorescence, a molecule is excited and 

detected to produce a bright signal that can be measured easily even at the single cell level. A 

molecule that is capable to fluoresce is called a fluorophore.  

For DNA labeling, fluorophores that emit light in visible range (400nm – 600nm) are used. After 

photons form a laser or other type of light source connected to am emission filter excites the 

molecule, the molecule descends back to ground state. Photon emitted from the laser has less 

energy in comparison with the input photon energy. Therefore, the wavelength of a photon 

emitted from a fluorophore has less energy than the wavelength of the photon delivered. Optical 

filters fitted onto the microscope so that the emitted light passes through and measured so that all 

the excitation light is filtered out. Generally, fluorescence detection is used to detect a specific 

molecule before and after reaction takes place. For medical applications, dye is attached to the 

target molecule which is to be detected, the dye will optically transduce to indicate the presence 

1.2.2 Label based biosensors 

1.2.3 Fluorescence - based biosensors 
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of the target molecule. Normally fluorescent tag, a fluorescent protein (FP) enables researchers 

to study the location, structure and dynamics of the molecular events in living cells [32].  

1.3 Photonic Crystals 

Photonic crystals are periodically varying dielectric nanostructures. This periodically varying 

dielectric potential of photonic crystals allows the existence of forbidden gaps which are called 

as photonic bandgaps. Varying the photonic crystal parameters; refractive index of the material, 

lattice constant, and periodicity, the frequency range of the light to be allowed, confined and 

blocked can be controlled. Physically, the periodic arrangement of varying dielectric constants 

can be in one/ two/ three dimensions. The refractive index and arrangement is engineered that 

only certain wavelengths can pass through the lattice of this arrangement. Photonic crystals can 

are described and modeled by Maxwell’s equations.  

One-dimensional photonic crystals have a dielectric material varying periodically in one 

direction. These have a smooth surface and reflect a specific wavelength. These are typically 

fabricated by spin coating, layer by layer deposition and photolithography [33, 34].  

2 dimensional photonic crystals have periodically varying dielectric constant in two directions 

[35]. The fabrication process of 2D photonic crystals is a top to down process and it is generally 

fabricated by electron beam lithography, etching and nanosphere lithography [36]. 

3 dimensional periodic structures have the dielectric constant varying periodically in 3 

dimensions. They can provide light confinement in all the 3 directions. 3D photonic crystals are 

periodic 3 D arrangement of nanospheres. Typically, the spheres material used are zinc oxide, 

silica, polystyrene beads, titanium oxide, and polymethyl methacrylate [37].  

Photonic crystals are used for various physical and chemical applications [38] including 

physical, biological, and chemical sensing. Photonic crystals can be used to design biosensors for 

label based and label free detection. 
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To improve the limit of detection, sensitivity and selectivity taking advantage of specific optical 

bandgap by photonic crystals is used for biosensing. There are two types of detection modalities 

in photonic crystals: Active detection and passive detection. 

1.3.1.1 Active photonic crystal biosensors 

Active detection of biomolecules by photonic crystal is based on the principle, reflected light 

from the photonic crystals can be altered by change in refractive index or the change in the angle 

of incident light.  In active detection, refractive index changes as the targets replace the low 

dielectric region of the photonic crystal. This change in refractive index leads to red/ blue shift in 

wavelengths. The shift in wavelength depends on the type of analyte. The analyte is detected by 

the shift in the peak refractive index wavelength [39].  

1.3.1.2 Passive photonic crystal biosensors 

In passive detection using photonic crystals, the label attached to the biomolecule is detected by 

the PhC. The light emitted from the label is controlled and guided to direct the photons towards 

the detector leading to the enhancement of the light emitted from the label by creating excess 

number of photons per unit time [40]. The fluorescence molecules attached to the biomolecules 

are detected even at low concentrations [41].  Various 2D photonic crystals have been modeled 

and fabricated for passive detection [42] [43] [44] [45]. A 2D photonic crystal structure was 

engineered by introducing holes of low dielectric material in silicon substrate and it is used for 

labeled detection of DNA. The periodic photonic crystal is designed to coincide the resonant 

reflection peak with the excitation wavelength of a fluorophore.  

 

 

 

1.3.1 Photonic Crystal Biosensors 
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1.4 Fluorescence Enhancement comparison  

 

 

The Figure 1.4 shows the behavior of the fluorophores placed on the substrate.  Figure (a) shows 

the fluorophores placed on a bare glass slide which emits photons in random directions, so 

number of photons reaching the detector are low. Figure (b) shows the fluorophores placed on 

the photonic crystal, the photons emitted from the fluorophores are directed towards the detector 

improving the number of photons detected per unit area. Figure (c) shows the fluorescent 

molecules placed on the top of a plasmonic lattice structure. Plasmonic lattice structure increases 

the electric field in its vicinity. The number of photons are emitted by the fluorescent molecule 

due to the electric field in the vicinity of the metal nanoparticle. 

1.5 Plasmonic biosensors 

The field of plasmonics is the study of the interaction between free electrons in a metal and 

incident light energy (i.e. photons). Plasmonics have applications in a variety of fields due to the 

advantage of light confinement. They are used in research areas like solar cells, PEC cells, etc 

[42]. For biosensing, plasmonic biosensors can be used for label based detection and label free 

detection schemes. The localized surface plasmon resonance peak is used as reference for label 

Figure 1-4: Fluorescence emission enhancement from the fluorophores on top of  (a) a normal 

substrate (b) a photonic crystal (c) Plasmonic lattice structure 

(a) (b) (c) 
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free biosensing, where the shift in the peak is notification for the presence of molecules. The 

presence of sensing molecules leads to the change in refractive index of the environment, which 

causes the shift in plasmonic resonance peak [43]. For label-based detection, biosensors taking 

advantage of the plasmonic properties of metal films and nanostructures have emerged as the 

alternative method for detection of DNA with lower cost and high sensitivity. There is a demand 

for compact, simple, low cost devices that can effectively detect very low concentration of 

biological molecules [44].  

One of the strategies to improve the detection sensitivity of fluorescence-based biosensors is by 

placing the fluorophore in the high electric field generated by confining the light with metal 

nanoparticles. This improves the detection sensitivity by enhancing the light emitted from the 

fluorophores. This whole process of enhancement in fluorescence due to metal nanostructures is 

called as metal enhanced fluorescence (MEF) [8]. 

Metal enhanced fluorescence is a special case of plasmonic biosensors, which involves the study 

of fluorophores in the vicinity of metal nanostructures. The increased electric field around the 

nano-patterned metal improves the enhancement from the fluorophores, which in turn improves 

the sensitivity of detection. LSPR sensors employ noble metal nanostructures for sensing 

applications they are defined as plasmonic nanosensors. The localized surface plasmon 

resonance in gold nanoparticles can be used as the basis for high-sensitivity label-based 

detection. The fluorescence enhancement is due to the localized surface plasmon polaritons 

associated with metal nanostructures, which increase the electric field in the vicinity of the 

nanostructure. The fluorescent molecules are modified by the increased electric field around the 

nanostructures.  The increased electric field creates an additional radiative decay source when the 

fluorescent molecule is in the vicinity of metal nanostructures. However, there are various other 

factors on which the enhancement factor depends on like, quantum yield of the dye, 

concentration in solution [9]. Additionally, metal nanostructures are known for their ability to 

interact with organic compounds to improve significantly the photo stability and fluorescence 

intensity of many fluorescent dye molecules [45]. Hence metal enhanced fluorescence is widely 

1.5.1 Metal Enhanced Fluorescence 
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investigated for labeled biosensor applications particularly for fluorescent dyes with low 

quantum yield. 

1.5.2.1 MEF in labeling proteins 

 

Fluorophores have been prominently used as probes in biological research to identify protein 

location and detect protein complex formation for in vivo monitoring of biological processes. 

The most commonly used fluorophore for this application is fluorescein dye. But this dye is often 

subjected to quenching due to foster resonance energy transfer between neighboring fluorescent 

molecules [46]. This problem limits the labeling density, which in turn decreases the intensity of 

the labeling protein. It is proved that self-quenching is eliminated by placing the dye in proximity 

to the silver island films. This reduction in self-quenching is due to the increase in radiative 

1.5.2 Applications of Metal Enhanced Fluorescence  

 

Figure 1-5: Photograph of fluorescein-labeled HSA on quartz 

(left) and on SIFs (right) as observed with laser excitation of 

430 nm excitation long pass emission filer at 480 nm. The 

excitation was progressively moved from the quartz side to the 
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decay rate of the fluorophores in the vicinity of the metal. The experimental investigations were 

performed with fluoroescein-5-isocyanate-labeled human serum albumin (FITC-HSA). As part 

of experiment, FITC-HSA was examined when it is bound to glass (quartz) and to Silver Island 

Films (SIF’s). It is proven that the emission intensity is about 17 times higher in the presence of 

SIFs than the glass alone as shown in the Figure 1.1 [46]. The increase in radiative decay and 

decrease in self-quenching is due to metal enhanced fluorescence caused by colloidal silver. 

Hence this proves that metal enhanced fluorescence can produce ultra-bright fluorescent probes 

for use in biological detection [46]. 

1.5.2.2 Metal Enhanced Fluorescence for Medical Imaging 

 

Indocyanine green (ICG) is a non-toxic dye approved by Food and Drug Administration (FDA) 

for medical imaging applications like optical detection of tumors [47], retinal angiography [48], 

optical tomography [49]. The dye absorbs and emits the light in the near infrared spectrum. The 

ICG dye bound to human serum was tested on silvered and unsilvered surfaces [44]. The silver 

islands were deposited by chemical reduction of silver nitrate on the glass substrate. The 

(a) (b) 

Figure 1-6: (a) Emission spectra of indocyanine green-albumin (ICG-HSA) bound to unsilvered 

quartz slides or silver island films. (b) Photo stability of ICG-HSA on quartz and on SIFs 
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diameter ranged of the silver islands ranged from 100nm to 500nm and about 60nm in height. 

The emission intensity of ICG dye in the proximity of silver island films (SIFs) is 20 times 

higher when compared to the bare quartz surface as shown in Figure 1.2(a). The fluorescence 

enhancement is due to the higher rate of excitation near the silver particles. Moreover, the 

increase of photo stability is observed, due to the reduction in photo bleaching is observed with 

time near the silver particles as shown in the Figure 1.2(b). Metal colloids have good scattering 

and they can enhance the fluorescence, so they have dual effect that could dramatically improve 

the detection in tissues [44]. 

1.5.2.3 Metal Enhanced Fluorescence in DNA hybridization  

In biotech and diagnostic applications, detection of DNA hybridization is important for 

polymerase chain reactions (PCR). The general approach is to change the fluorescence intensity 

upon hybridization. Thiolated oligonucleotide SS DNA bound to silver nanoparticles on glass 

substrate were investigated and are compared with SS DNA in solution. A complementary 

labeled fluorescein oligonucleotide was added to solution containing silver-bound DNA.  

 

 Figure 1-7: Emission spectra of SS DNA bound (solid line) 

to silver nanoparticles and in solution (dashed line). 
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The proximity of F1 DNA to silver nanoparticles during hybridization with the capture resulted 

in 12-fold increase in fluorescence intensity as shown in the Figure 1.3 and decrease in 

fluorescence life-time [50]. The increase fluorescence intensity is observed, hence improving the 

sensitivity of detection [50] 

1.5.2.4 Metal enhanced fluorescence for luminescence enhancement quantum dots: 

Metal enhanced fluorescence can be used to improve the luminescence of the colloidal 

nanocrystals with the nanoscale gold triangular nanopillars [51]. A square array of triangular 

gold nanopillars of height 40nm and lateral dimension of 200nm and period of 400nm is 

Figure 1-9: Enhancement of the quantum dots on the gold nanopillars 

compared with the silicon substrate 

Figure 1-8:Enhancement factor of 30fold on the gold nanopillars 

compare to the background (silicon substrate) 
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fabricated. A strong enhancement in luminescence of the quantum dots mixed in polymer 

PMMA spun over the gold nanopillars is observed. An enhancement factor of 30fold is observed 

onthe gold nanopillars compared to the silicon substrate is observed. 

1.5.2.5 Metal enhanced fluorescence for reduction in photobleaching 

Metal enhanced fluorescence showed applications in reduction of photobleaching and random 

blinking in fluorophores. The organic fluorophore Cy5 dye has random blinking behavior and 

irreversible photobleaching. Cy5 dye placed in close proximity to the silver islands and when 

coupled to the slver nanopartciles showed reduction in photobleaching. The metal- fluorophore 

interaction greatly suppressed the blinking of Cy5 dye and also reduced the photobleaching and 

enhanced the photostability. The surface plasmon resonances from the silver nanoparticles 

modified the spectral properties of Cy5 dye. 

1.6 Scope of this thesis 

The work presented herein, a new SEF (surface enhanced fluorescence) substrate fabricated by e-

beam lithography is demonstrated which utilizes a 2 dimensional array of gold square 

Figure 1-10: (a) Cy5 dye labeled DNA spin coaeted on glass (b) Cy5 dye 

labeled DNA tethered to SIFs (c) Cy5 dye labeled DNA coupled to silver 

nanoparticles 
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nanopillars. An average fluorescence enhancement of 2.01 fold is achieved on the plasmonic 

nanostructures compared to the flat gold surface.  

Simple DNA detection equipment requires a microscope to visualize DNA under a microscope. 

DNA applications require DNA labeled with dyes emitting in visible spectrum. Plasmonic 

enhancement is directly proportional to the wavelength of the emission. 

The array is engineered to achieve a high enhancement factor due to plasmonic resonance, which 

is influenced by the physical parameters of the plasmonic lattice. Tailoring of the resonant 

optical properties of plasmonic nanostructures requires an understanding of the physical 

parameters that influence the plasmonic resonances. A finite difference time domain (FDTD) 

software tool developed by Lumerical was used to understand the dependence of electric field 

enhancement on the peak resonant wavelength, spacing between the nanostructures, and 

thickness of gold deposition. Simulations of the plasmonic crystal designed to provide the 

enhancement peak at 560nm are described in Chapter 3. The critical dimensions of the simulated 

device were extracted and used in fabrication processes, which are presented in Chapter 4.  

Electron-beam lithography was used to realize 2D plasmonic square nanopillars on a 

semiconductor (silicon) substrate.  

The plasmonic lattice was created using gold deposition. The fabricated nanostructures were 

inspected and analyzed by using high-resolution scanning electron microscope to achieve desired 

geometrical parameters, required by the design. 

Chapter 5, presents the results of fluorescence enhancement characterization. The fabricated 

substrates were used to enhance the fluorescence of the CdSe/ZnS quantum dots with an 

excitation wavelength of 565nm. The fluorescence enhancement of the fabricated samples are 

tested by drop coating the quantum dot solution on the top of fabricated plasmonic nanostructure 

using a confocal microscope with laser excitation of 543nm 

Finally, overall conclusions of the thesis and future work are discussed in chapter 6.  



 

19 

 

This chapter explains the theory upon which this thesis project is based, specifically, the 

exploitation of light interaction with metallic nanostructures and the effect of metal 

nanostructures on fluorescent dye molecules. 

For centuries, metal colloids were used to make colored glass [52]. In fact, colloidal gold was 

responsible for origin of color in medieval cathedral windows. The experimental investigation of 

interaction of light with metal nanostructures was first recognized by Faraday in 1857 using a 

beaten gold leaf with 
1

282000
𝑡ℎ of an inch in thickness, where the gold leaf is translucent, 

reflecting yellow, transmitting green light and absorbing a portion [53]. Localized surface 

plasmons (LSPs) are collective charge density oscillations which are excited when a light at 

resonance wavelength is incident on the metal nanoparticle [54]. These are confined to surface of 

metallic nanostructures. This phenomenon causes strong light scattering and local 

electromagnetic field enhancement. The localized surface plasmon resonance wavelength and 

surface plasmon extinction peak intensity depend on the type of material, size and shape of the 

nanostructures [55, 56]. These properties of metallic nanostructures have been used for creating 

optically sensitive biosensors, and as molecular recognition elements, sensors, solar cells, and 

photo electro chemical (PEC) cells [42]. This thesis emphasizes on the interaction of metallic 

nanostructures with fluorophores to create unique optical labelled biosensors [57].  

Metal enhanced fluorescence (MEF) or plasmon enhanced fluorescence (PEF) describes the 

interaction of light with metallic nanoparticles which in turn effect the fluorescent dyes. This 

Chapter 2                                                                                      

THEORITICAL REVIEW 
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theory can be categorized into two parts: the resulting effect of the light incident on metallic 

nanostructures and interaction of the nanostructures with fluorescent dye molecules [13].  

The phenomenon of increase in electric field in the proximity of metal plays an important role in 

the enhancement of fluorescence of a dye molecule. The increase in electric field depends on the 

shape of the nanoparticle. Normally this increase is about 2 orders of magnitude of electric field 

higher at the proximity of the nanoparticle compared to magnitude of electric field of incident 

photons. But the magnitude of electric field decays as the distance from the metal nanostructure 

increases.  

2.1 Plasmonics: 

The field of plasmonics is the study of interaction between the free electrons in the metal and 

electromagnetic field produced by light. 

Light is an electromagnetic wave which has transverse electric field and magnetic fields. On 

applying an incident light to the metal nanoparticle, it will displace the free electrons from their 

corresponding nuclei - their equilibrium position. This displacements of charges lead to the 

formation of an electronic and an ionic cluster on the surface of the particle: a dipole, induced by 

the incident light. The charges will follow the harmonically oscillating external field. Therefore 

the dipole will oscillate and hence will radiate electromagnetic waves. Localized surface 

plasmon resonance occurs when the oscillating plasmon resonance equals the wavelength of the 

incident electromagnetic wave [58]. The radiated electromagnetic waves will increase the 

electric field in the vicinity of the metal nanostructures. 

Solid state physics defines surface plasmons are the electromagnetic oscillations that propagate 

along the metal-dielectric interface. As part of electrodynamic theory, surface plasmons are 

defined as a particular case of surface wave. As per as optics, surface plasmons are modes of an 

interface [59]. When noble metal nanoparticles are incident with electromagnetic radiation, the 

surface electron cloud on the top of the metal oscillates coherently relative to the incident 

electromagnetic radiation, which causes the displacement of charge cloud from the nanoparticle. 

2.1.1 Surface Plasmons 
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This coherent motion of electrons on the surface causes a wave. Hence this wave is called a 

surface plasmon wave.  

The electromagnetic waves oscillate with the frequency of the incident light. A dipole 

approximation is used to describe the optical properties of sub wavelength metal nanoparticles. 

Mie theory is used to describe the optical properties of spherical metal nanoparticles. 

Localization of the plasmon resonances between the nanostructures is by patterning which results 

in the higher surface area causing scattering to be higher in a patterned structure. LSPR depends 

on size, shape, material, refractive index of the environment.  Change in size and shape and 

material can result in tunable plasmonic peak which can be controlled. The electric field around 

the nanoparticle is highly charged compare to the incident electric field. The light scattering by 

the metal nanoparticle increases the optical path length which, enhances the probability of light 

absorption.  

2.2 Plasmonic Theory 

 

 

2.1.2 Localized Surface Plasmon Resonance (LSPR) 

Figure 2-1: Induced dipole moment in a metal particle with an external 

electromagnetic field 
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The plasmonic phenomenon occurs only under specific conditions: 

a) The material permittivity of the metal 𝜀𝑚 is a complex function (𝜀𝑚 = 𝜀𝑟𝑒 + 𝑖𝜀𝑖𝑚) of 

frequency, surface plasmons occurs only when the real part is negative in the frequency 

range. 

b) The exciting freespace wavelength is large compared to the particle dimensions   

The extinction energy which is the sum of scattering and absorption energy can be evaluated by 

mie theory for spherical nanoparticles. The theory of plasmonics can be split up by means of two 

different aspects: electromagnetic theory and theory of material properties of metals. The 

complex dielectric constant is the connection between these two parts. 

2.3 Mie theory 

The metallic sphere when irradiated by an incident electromagnetic field generates electric field 

around it which was solved and published in 1908 by Gustav Mie [60]. Mie theory is the 

rigorous mathematical solution for ‘the scattering by a dielectric sphere’ problem by means of 

solving Maxwell’s equations. Scattering, excitation of surface plasmon polaritons, and 

penetration into the material, etc are completely covered by Maxwell’s equations. Mie theory 

describes a small metal nanoparticle can be approximated by a radiating dipole, as shown in 

Figure 2.1. Free electron gas model is used to describe the behavior of electrons in a metal. The 

interaction of spherical nanoparticles and electromagnetic waves is explained by Mie’s theory 

[10].  

A result of the Mie theory is, that a small particle can be approximated by a radiating dipole. In 

Figure 2.1 this is illustrated. An external electric field will displace the free electrons from their 

corresponding nuclei - their equilibrium position. This displacements of charges lead to the 

formation of an electronic and an ionic cluster on the surface of the dipole. The charges will 

follow the harmonically oscillating external field. Therefore the dipole will oscillate and hence 

will radiate electromagnetic waves. The charges will follow the harmonically oscillating external 

field. Therefore the dipole will oscillate and hence will radiate electromagnetic waves. For small 

2.3.1 The Radiating Dipole 
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particles, i.e. l << λ, the incident electric field penetrates considerably through the particle. The 

particle is placed in a homogeneous electric field E-. The particle gets polarized and generates a 

field, which modifies the total field. The induced dipole moment is described by 

 𝑝⃗ =  𝛼 𝐸⃗⃗                                 Equation 

2.1 

where,  𝑝⃗ Induced dipole moment, 𝛼 is polarizability, 𝐸⃗⃗ is Electric field strength of the incident 

electromagnetic wave 

Actually, this relation defines the polarizability of a particle. The polarizability of a sphere can 

be obtained by solving the Laplace equation and is given by the Clausius-Mosotti relation 

 𝛼𝑠𝑝ℎ𝑒𝑟𝑒 = 4𝜋𝑎3𝜀𝑜

𝜀1 − 𝜀𝑚

𝜀1 + 2𝜀𝑚
 

Equation 

2.2 

where a is the radius of the nanoparticle, 𝜀𝑖 complex electric permittivity of the metal, 

𝜀𝑠 complex electric permitivity of the surrounding medium, 𝜀0  Electric permittivity of the 

vacuum. 

The absorption cross-section of a spherical metal nanoparticle placed in a transparent dielectric 

matrix, where the imaginary part of the relative complex electric permittivity approaches zero 

(Im[𝜀𝑠 ͢] -> 0 ), is then given as: 

 
𝜎(𝜔) = 12𝜋𝑅3

𝜔

𝐶
𝜀𝑠

3
2

𝜀𝑖
𝑖𝑖(𝜔)

[𝜀𝑖
𝑖(𝜔) +  𝜀𝑠 ]2 +  𝜀𝑖

𝑖𝑖(𝜔)2
 

Equation 2.3 

 

𝜀𝑖
𝑖(𝜔)  real part of electric permittivity of the metal, 𝜀𝑖

𝑖𝑖(𝜔)  imaginary part of electric 

permittivity of the metal, 𝜀𝑠 complex electric permitivity of the surrounding medium. 
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The complex electric permittivity can be described by Drude-Sommerfeld formula in the 

Equation 2.4 

 𝜀𝑖(𝜔) =  𝜀𝑏 + 1 −  
𝜔𝑝

𝜔2 + 𝑖𝛾𝜔
 

Equation 2.4 

 

𝛾 is the damping constant of electron oscillation, 𝜀𝑏 complex electric permittivity associated with 

interband transitions of the core electrons of the atom, 𝜔𝑝 is the free electron plasma frequency. 

Equation 2.5 gives equation of plasma frequency 

 

𝜔𝑝 =  √
𝑁 𝑒2

𝑚𝜀0
 

Equation 

2.5 

Where N is the density of free electrons, M is the effective mass of the electron 

Mie resonances occur at surface plasmon frequency 𝜔𝑠𝑝 only under the following conditions 

 [𝜀𝑖
𝑖(𝜔) +  2𝜀𝑠 ]

2
+  𝜀𝑖

𝑖𝑖(𝜔)2  → 𝑀𝑖𝑛𝑖𝑚𝑢𝑚       Equation 

2.6 

If the condition in the Equation 2.6 is fulfilled, then the dipole moment is produced and the local 

electric field in the vicinity of the nanoparticle grows. The magnitude of the electric field 

enhancement can be many orders more than the incident wave. 

 𝜀𝑖
𝑖(𝜔𝑠𝑝) = − 2𝜀𝑠 Equation 2.7 

The above condition requires the equation to be minimum, if the imaginary part of metal electric 

permittivity is small in comparison with the real part. Equation 2.7 requires the real part of 

dielectric function of metals to be negative.  
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2.4 Extinction power 

Extinction is the sum of absorption and scattering power. If the scattering power dominates, then 

the metal enhanced fluorescence occurs. If absorption dominates, it results in quenching of 

fluorescence. According to literature, for nanoparticles greater than 40nm, scattering dominates. 

And for nanoparticles less than 40nm, absorption dominates. 

2.5  Fluorescence Spectroscopy 

Fluorescent spectroscopy is widely used in applications related to chemistry, photonics and 

material science, and molecular biology. Fluorescence is defined as the process of absorption of 

energy of light at one wavelength and nearly instantaneous re-emission at a longer wavelength. 

Surface enhanced fluorescence consists of modification of fluorescence intensities and lifetimes 

of the molecules on the metal surface [61] [62]. This is due to the metal particles resulting in 

strong electromagnetic (EM) response.  

Fluorescence biosensors work based on the emitted wave produced by the dyes attached to the 

analytes or biomolecules. The emission intensity of the dye is the limitation for the detection in 

labeled biosensor detection. Metal nanoparticles can be used to improve the fluorescence 

intensity of the dye in their close proximity. When a fluorophore is brought in close proximity to 

the metallic nanostructure, the intensity of the fluorescence of the fluorophore has been shown to 

increase dramatically and the fluorescence lifetime of the fluorophore has been shown to 

decrease, resulting in an increased photostability. This phenomenon is known as Metal Enhanced 

Fluorescence (MEF). This phenomenon was first invented and named by Geddes and Lakowicz 

in 2002 [63]. MEF is caused by the non-radiative coupling of the fluorophore dipole with the 

electron cloud of the metal (surface plasmons), there by altering the characteristics of the 

fluorophore. MEF is a near-field phenomenon which occurs only when a fluorophore is within 

10 – 100 nm of a metal which supports surface plasmons [45]. 

Fluorescence involves two processes, adsorption of photon, followed by emission. This process 

is similar to scattering. The enhanced local electric field leads to the change in absorption cross 

section, but the modification in the decay rates can be only modified by radiative enhancement.  
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Surface Enhanced Fluorescence is the enhancement of the fluorescence molecules in the vicinity 

of the nanoparticles. The presence of the nanoparticles reduces the lifetime of the molecule in the 

excited state. The theoretical explanation for fluorescence enhancement and the experimental 

results defines that the enhancement can occur only for fluorophore - metal enhancement can 

occur for distances greater than 10nm. The spacer layer leads to increase in relaxation rate and it 

helps to undergo more excitation and emission cycles before photo bleaching. 

 

Fluorescence is a property of some molecules or atoms to absorb light at a particular wavelength 

and emit the light at a longer wavelength than the incident light. When the fluorescence molecule 

absorbs light, the electron is excited form ground state to the higher energy state. In the higher 

energy state, the electron loses some of the energy in the form of vibrational energy which is 

2.5.1 Photophysics of fluorophore 

Figure 2-2:  Process of fluorescence 
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non-radiative transition, vibrational relaxation is the emission of infrared radiation (lower 

energy) the high energy electron returns to the ground state by emission of photon which is a 

radiative transition. The shift in the wavelength between the absorption and the emission spectra 

is called as the strokes shift. The extinction coefficient of the fluorophore is the intrinsic ability 

of the fluorophore to absorb the light at the given wavelength.  Quantum yield of the fluorophore 

is the ratio of the radiative decay rate to the total decay rate (radiative and non-radiative decay) 

rate of the fluorophore as in Equation 2.8.   

 
𝑄 =  

𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
 

Equation 2.8 

where Q is quantum yield, 𝑘𝑛𝑟is non radiative decay rate, 𝑘𝑟is radiative decay rate 

  Lifetime of the fluorophore is the average value of time spent in the excited state as in Equation 

2.9. 

 

 

𝜏 =  
1

𝑘𝑟 + 𝑘𝑛𝑟
 

 

Equation 2.9 

where 𝜏 is Lifetime of the fluorophore, 𝑘𝑛𝑟is non radiative decay rate, 𝑘𝑟is radiative decay rate 

Laser excited fluorescence is widely used for biological applications as the fluorescence signal 

can be significantly red-shifted (strokes shift) from the excitation wavelength, resulting in 

rendering a background free signal. The intensity of fluorescence depends on the spontaneous 

emission of photons, isotropically in all directions. As the emission of photons is isotropic, the 

efficiency does not depend on controlling the observation direction and the collection optics. The 

information of the sample is obtained by the radiative decay rate 𝑘𝑟 and non-radiative decay 

rate(𝑘𝑛𝑟). The changes in 𝑘𝑟 and 𝑘𝑛𝑟 result in change of life time and intensity. Introducing a 

fluorophore in the vicinity of metal adds an additional radiative decay rate, 𝑘𝑚.  The 

fluorescence rate from a fluorophore Г𝑓𝑙 is determined by the intrinsic quantum yield 𝑄𝑖 and the 

excitation rate Г𝑒𝑥𝑐 [64].  
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2.6 Enhancement of Fluorescence 

Metal nanoparticles increase the fluorescence intensity of the fluorophores located in their 

proximity. To explain this phenomenon, two mechanisms have been proposed. The first 

mechanism, Energy transfer between fluorophore and the metal nanoparticle, resulting in surface 

enhanced fluorescence. The effective energy transfer occurs if the absorption wavelength of the 

fluorophore matches with the surface plasmon resonance wavelength of the metal nanostructure. 

In order to obtain an effective transfer, the surface plasmon resonance peak of the nanoparticles 

can be tuned by monitoring the physical dimensions and the material composition of the 

particles.  

The second mechanism, the enhancement of the fluorophore molecules results in the decrease of 

the radiative and non-radiative decay lifetimes due to coupling of the dye dipole moment with 

the electric field induced by surface plasmon resonance [64]. The light coupled as surface 

plasmon in a metal nanostructure, induces an electric field around the nanoparticle which decays 

2.6.1 Plasmon- Dye Interactions 

Figure 2-3: Interaction of fluorophore with the electric field generated by gold 

nanoparticle 
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with the distance away from the nanoparticle. The distance between the fluorophore and the 

nanoparticle is crucial in both the cases. 

When a fluorophore is located in the vicinity of the metal nanostructure, the energy levels of the 

fluorophore and the surface plasmons may couple, resulting in the energy transfer between them 

as shown in Figure 2.3. The energy transfer may be observed as the increase in the radiative 

decay rate of the fluorophore with an additional radiative decay channel added due to the metal 

nanostructure.  

There are two different scenarios occurring between dyes and nanoparticles with the interaction 

of the light (shown in the figures) 

a) When the excited electron in the dye molecule relaxes to the ground state, it releases 

some energy. The energy from the dye molecule is received by the metal nanoparticle 

which acts as the reservoir. So, rather than the far field radiation of the energy emitted, 

most of the energy is transferred to the metal nanoparticle which results in quenching. 

This energy is transferred to metal nanoparticle to excite surface plasmons. Hence very 

few dye molecules generate far field radiation by returning to the ground state by 

radiative decay path. But this decreases the lifetime of the molecules in the excited state 

and the molecules rapidly drop to the ground state. So this increases the population of 

electrons in the ground state. So more electrons are available for excitation. Hence the 

dye molecules in ground state absorb additional photons is increased, which results in the 

enhancement of the absorption of the dye. 

b) The dye molecule is normally excited by the incident light, but in metal enhanced 

fluorescence there is an additional energy transfer from the optically excited localized 

surface plasmon polaritons. Metal nanoparticle has higher absorption cross section 

compared to the dye molecule, hence when the metal transfers energy to the dye 

molecule, an enhancement of fluorescence is expected. For the transfer of energy from 

metal to fluorophore, tow resonance conditions exist:  

1. Energy level of surface plasmon is equal to upper energy level of the dye molecule  

2.6.2 Energy Transfer 
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2. Energy level of surface plasmon is equal to radiative transition of the dye molecule  

In the first scenario, the transfer of energy can either happen from excited surface plasmons to 

the ground state of the dye molecule, leading to enhancement in fluorescence or the energy from 

the relaxed dye molecule in the excited state, excited the surface plasmons in the metal 

nanoparticle, which leads to surface enhanced absorption or quenching. Enhancement or 

quenching depends on the excited molecule and the life time of surface plasmon polaritons. The 

lifetime of the fluorophore decreases in the presence of metal nanoparticles. The reduction in 

lifetime depends on the material composition of the nanostructure and its dimensions and the 

separation between the nanoparticle and dye molecule [65]. Lifetime of the surface plasmon 

polaritons in gold and silver nanostructures is between 25fs and 800fs depending upon the 

structure [66].  

The second scenario, leads to the quenching of the fluorescence as the energy transfer from the 

excited dye molecules in the intermediate energy level to the energy level of the surface plasmon 

occurs rather than relaxing to the ground state of the fluorophore. This energy transfer from the 

dye molecule to the metal nanoparticle decreases as the separation of the spatial distance 

increases. Quenching decreases with cube of the distance between the dye molecule and the 

metal surface. So the distance between metal nanoparticle and dye molecule needs to be between 

10 and 30nm. 

As discussed earlier, localized surface plasmons are produced by coupling of electromagnetic 

radiation with the metal nanoparticle. This surface plasmons which are localized to the surface of 

metal nanoparticle induces the electric field near the surface of nanoparticle and the electric field 

intensity decreases away from the surface of the metal nanoparticle.  Maximum electric field 

enhancement is achieved at the localized surface plasmon resonance frequency. The 

manipulation of radiative decay rate of the dye molecule in the vicinity of the metal 

nanostructures is referred as Radiative decay engineering 

The quantum yield 𝑄0  and lifetime 𝜏0 of a fluorophore in the absence of the metal surface. 

2.6.3   Electric Field effects 
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𝑄0 =  

𝛤

𝛤 + 𝑘𝑛𝑟
 

Equation 2.9 

 
𝜏0 =  

1

𝛤 + 𝑘𝑛𝑟
 

Equation 2.10 

𝑄0 quantum yield of the fluorophore in the absence of metal surface,  𝜏0 life time of the 

fluorophore in the absence of metal surface 𝛤 – Radiative decay rate of fluorophore, 𝑘𝑛𝑟 – Non 

radiative decay rate of the fluorophore 

The natural life time of the fluorophore is the inverse of radiative decay rate  𝜏𝑁 =  
1

𝛤
 . This is the 

life time that is observed when the non-radiative decay rate is equal to 0 (𝑘𝑛𝑟 = 0). From the 

above equations, we can evaluate that the dye molecules with high radiative decay rate has high 

quantum yield and very short life times. The radiative decay rates are constant for a fluorophore, 

internally. But externally it depends upon the surrounding medium. Hence, for a fluorophore in a 

particular medium the radiative decay rate of it is considered to be constant. Hence quantum 

efficiency may be increased by reducing the non-radiative decay rate (𝑘𝑛𝑟). 

In the vicinity of the metal, due to the near field enhancement, the radiative decay rate is 

increased by the addition of one more radiative decay channel (𝛤𝑚). Hence quantum yield and 

the life time of the dye are modified by    

 

 
𝑄𝑚 =  

𝛤 +  𝛤𝑚

𝛤 + 𝛤𝑚 + 𝑘𝑛𝑟
 

Equation 2.11 

 
𝜏𝑚 =  

1

𝛤 + 𝛤𝑚 + 𝑘𝑛𝑟
 

Equation 2.12 

𝑄𝑚 is the quantum yield of the fluorophore in the presence of the metal, 𝜏𝑚 is the lifetime of the 

fluorophore in the presence of the metal 
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𝛤 – Radiative decay rate of fluorophore, 𝑘𝑛𝑟 – Non radiative decay rate of the fluorophore, 𝛤𝑚 – 

Radiative decay rate of fluorophore in the presence of the metal  

The increase in the radiative decay rate of the fluorophore, the quantum yield increases and the 

life time decreases. As we can see the quantum yield fraction has highest value of one, if a 

fluorophore has highest quantum yield, the additional radiative decay rate induced by metal 

cannot result in much change of the quantum yield. If a dye has low quantum yield, then the 

additional radiative decay rate induced by the metal will increase the quantum yield enormously 

[67].  

Microscopic theory of radiative transition explains gives further understanding of radiative decay 

rate . In this theory, a metal nanoparticle in the proximity of a fluorophore acts as a mirror and it 

causes the emitted photon to bounce back from the dye. This bouncing of photons increases the 

interaction of photons with dye molecules. This forces them to drop to ground state by simulated 

emission. The quantum mechanical transition probability 𝑊𝑖𝑗 describes the probability that dye 

molecules will make a simulated jump to ground state. This is given by Fermi's Golden rule: 

 
𝑊𝑖𝑗 =   

2𝜋

ℎ
 |µ𝑖𝑗|

2
𝜌(𝑣𝑖𝑗) 

Equation 2.13 

 

µ𝑖𝑗 - Transition dipole moment, ℎ - Planck's constant, 𝜌(𝑣𝑖𝑗) - Photon mode density, 𝑖 - Initial 

state, 𝑗 - Finial state, 𝑣𝑖𝑗 - Transition density 

A fluorophore located in the close proximity to the metal nanostructure experiences an 

enhancement in its fluorescence intensity. The fluorescence enhancement occurs due to the 

increase in population in the excited state and increase in quantum yield of the fluorophore. 

Increased electric field causes enhanced causes excitation in the fluorescent dye and its directly 

proportional to the square of intensity of electric field enhancement [58]. The maximum 

fluorescent enhancement occurs when the wavelength of the dye absorption equals the 

fluorescent dye absorption wavelength [58].  
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In this case, when the absorption wavelength of the fluorescent dye equals the resonance 

wavelength at which localized surface plasmon resonance occurs then the maximum 

fluorescence enhancement occurs. If the dye molecule has very low quantum yield 𝑄0 ; the 

fluorescence enhancement is very effective. However it’s not significant for a dye with high 

quantum yield [58]. This phenomenon actually increases the photostability and decreases the 

fluorescence lifetime [67]. However, if the metal-dye distance is within 5nm, a quenching effect 

occurs [58].  

Electric fields can be increased by creating an array of metal nanoparticles, where the electric 

field is highest between the metal nanoparticles. Hence fluorophores located in between the 

metal nanoparticles where the electric field is larger, can contribute significantly for metal 

enhanced fluorescence [9] 

Surface enhanced fluorescence is directly proportional to the field enhancement factor and the 

modified quantum yield. 

 𝑆𝐸𝐹 𝛼  𝑀(𝜆𝑜) 𝜙 Equation 2.14 

SEF – Surface enhanced fluorescence, 𝑀(𝜆𝑜)- Electric field enhancement factor, 𝜙 – Modified 

quantum yield of the dye. 

The electric field is confined to the surface of the nanoparticle, this is called as the near field 

enhancement. The electric field enhancement is dependent on the wavelength. Upon excitation of 

the nanostructure with the resonance wavelength, produces highest near field enhancement. The 

electric field enhancement factor is directly proportional to the Extinction cross section. The 

extinction cross section is directly proportional to the wavelength  [67]. 

When the fluorophore is located within the near field enhanced electric field of the surface 

plasmon, the radiative decay rate of the fluorophore increases. This improves the enhancement of 

the fluorophore in the vicinity of the metal nanoparticle. 

2.6.4 Fluorescence enhancement  
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2.7 Confocal Microscopy 

Confocal microscopy is a very sensitive method for recording fluorescence images. It consists of 

a laser which is focused onto a diffraction-limited spot and the surface is raster scanned with 

respect to z-axis with each z-slice of about 1micron in size. 

The emitted fluorescence signal from the sample is focused through a pinhole then to the 

detector. The fluorescent image is built from each spot pixel-by-pixel.  

Confocal microscope consists of a laser excitation source, which is directed towards pinhole and 

then towards the beam splitter, where the light is reflected back and focused back on to the 

sample through objective. The laser is scanned over the surface in the focal plane and the 

fluorescence signal is emitted back to the detector through the objective and it passes through the 

emission filter which allows only the wavelengths greater than the particular wavelength [68]. 

The microscope consists of photomultiplier detector (PMT) which blocks the fluorescence light 

that is out of focus. The data is later collected by the computer for recording, processing, display 

and analysis of images. Zen Lite software is used for this purpose. Laser scanning confocal 

microscope is used to scan the sample and build the fluorescent images. 

Optical biosensing techniques have flexibility to be portable, sensitive, simple and easy to use. 

To test plasmonic nanostructures, CdSe/ ZnS Quantum dots with wavelength 560nm is chosen.  

Optical biosensor with visible wavelength dye will require less instrumentation to test the 

biomolecules and hence can be easily portable. It have advantage of multiple detection of 

biomolecules by attaching labels with different wavelengths to detect various biomolecules. 

To test the plasmonic nanostructures CdSe/ ZnS Quantum dots from nanomaterials and 

nanofabrication laboratories were used which has the peak excitation wavelength at 560nm and 

peak emission wavelength at 585nm as shown in the Figure 2.4. The spectrum below shows the 

excitation and emission spectra of the CdSe/ZnS quantum dots. 
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2.8   Concentration calculation for Quantum dots: 

The quantum dots used for the characterization are CdSe/ZnS quantum dots from Nanomaterials 

and Nanofabrication labs. The molecular weight of the CdSe/ZnS quantum dots is 970,000. The 

concentration of quantum dots is 25mg quantum dots in 5ml of toluene. The number of dots per 

ml is 1017. 

 

Calculation of concentration of quantum dots, 

 Molar Concentration = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑀𝑜𝑙𝑒𝑠

𝑉𝑜𝑙𝑢𝑚𝑒
 Equation 2.14 

Figure 2-4: Spectrum of CdSe/ ZnS Quantum dots 
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 Number of Moles = 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑄𝐷′ s in  𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑄𝐷′𝑠
 Equation 2.15 

 

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑞𝑢𝑎𝑛𝑡𝑢𝑚 𝑑𝑜𝑡𝑠 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 = 

25𝑚𝑔

970,000
5𝑚𝐿

⁄  = 5x 10 -6  𝑀𝑜𝑙𝑒𝑠

𝐿
 = 5x 10 -6  M 

 Original Molar concentration of QD's = 5x 10 -6  M 

The Original solution is diluted 3 times mixed with toluene for the experiment 

0.5mL of the original concentration solution with molar concentration of 5x 10 -6  M 

is taken and mixed with 1.5 mL of toluene to make the total volume of the solution to 2mL ,  

Calculation of the concentration after dilution from Equation 2.16, 

 C1V1 = C2V2 Equation 2.16 

where C1 is the original concentration, V1 original volume, C2 concentration after dilution,  V2 

volume after dilution 

 (5x 10 -6  M)(0.5mL) = C2 (2mL) 

C2 = 1.24x 10 -6  M 

Hence, the concentration of 1.24x 10 -6 M is used for the experiment (discussed in chapter 5).   
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The optical properties of metallic nanoparticles are a subject of considerable interest 

experimentally in the fields of sensing and medical and solar fields. The optical response of 

metallic nanoparticles is dominated by their plasmon resonances, which can be defined as 

collective motion of the conduction electrons. The plasmon resonances occur at specific 

wavelngths and can be easily identified experimentally as pronounced peaks in the optical 

absorption spectrum. In general, the plasmon energies depend on the density of conduction 

Chapter 3                                                                                

SIMULATIONS 

Figure 3-14:  

Figure 3-1: Simulation space for plasmonic nanostructure simulation 
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electrons and the geometry of the nanoparticle. If the dielectric function of the metallic phase is 

known, the optical response of the particle can be calculated using the equations of classical 

electromagnetism. 

Finite difference time domain algorithms analyze structures by solving the differential form of 

coupled Maxwell’s equations in time domain. This method involves discretization of the 

Maxwell’s equations in both the time and the space domains in order to find the E and H fields at 

different positions and at different time-steps. They can be used for the analysis (electric and 

magnetic fields distribution and determination of energy and power distributions, etc.) of 

metallic nanoparticles, nanorods, nano-apertures substrates and other nanostructures on planar, in 

liquid media, in or on the surface of waveguides, etc.   

The nano-plasmonic phenomenon happens when the permittivity of the particle is a complex 

function of frequency and its real part of the permittivity is negative in some frequencies, and the 

free-space wavelength is large in comparison with the particle dimensions; these two conditions 

only occur in nanoscale [8].  In plasmonic nanosensors, t Lorentz-Mie theory is used to evaluate 

the extinction energy for small spherical particles. 

3.1  Lumerical 

In this work, FDTD software called Lumerical is used to carry out FDTD analysis for the 

plasmonic nanostructures. This software enables FDTD analysis of the metallic media using the 

dispersion model - Johnson and Christy model for determining the dielectric constant for gold 

and palik reference for silicon. The more detail steps of the working of Lumerical are discussed 

in Appendix B. 

Electromagnetic fields (i.e., E and H fields in the x, y, and z directions) in the vicinity of the 

metallic nanostructures were calculated assuming plane wave illumination, with wavelengths 

varying between 400 nm and 700 nm. The magnitude of the incident electric fields was taken to 

be unity and the enhancement of electromagnetic fields, around the gold nanostructures is 

evaluated. Tuning the plasmon or extinction spectrum is the main concern in designing nano-

plasmoinc devices. Nano-particle geometries and incident wave attributes are important for 
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careful design of extinction spectrum. The goal of this simulation effort was to understand the 

different parameters that influence the LSPR extinction spectrum. The simulated nanostructure is 

shown in the Figure 3.1. The calculated electric field intensity around the nanostructure is shown 

in the Figure 3.2.  

 

3.2 Localized surface plasmon resonance (LSPR) Design 

Parameters: 

Tuning LSPR parameters is important for maximum sensitivity and accuracy. In this section, the 

most important parameters affecting the plasmon spectrum are described, providing knowledge 

required to design and fabricate a LSPR device suitable for biosensing applications. 

LSPR nanosensors work based on the fact that the metal nanoparticles have strong extinction 

spectrum. Extinction spectrum is the sum of rayeligh scattering and absorption. The collective 

oscillation of conduction band electrons results in extinction peak. The extinction peak depends 

on the physical parameters like type of the material, shape and size of the material. The 

extinction peak defines the electric field enhancement around the nanostructure. 

 

Figure 3-2: Electric field intensity enhancement around the nanostructure 
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Typically a metal is considered as a solid material with many free outer band electrons, which 

respond to the incident electric field, so the incident electric field inside the metal is considered 

to be zero. This actually makes the metal to be perfectly reflective to the incident light 

(electromagnetic field). Typically from this, the conductivity of the metal is assumed to be 

infinite.  But upon observation of the frequency response of the metal to the incident 

electromagnetic radiation, some of the waves become attenuated. The waves become attenuated 

above a particular angular frequency which is referred as plasma frequency (ωp), above which 

the electron gas is transparent to the incident field allowing it to pass through the metal. Above 

the plasma frequency, the fields oscillate too fast that the metal loses its reflectivity. Typically 

for the metals the plasma frequency is in deep UV region except for gold and silver. Light below 

the plasma frequency is reflected and light frequencies above the plasma frequency are 

transmitted. As the electrons cannot screen so fast above the plasma frequency, hence they are 

transmitted. Gold and copper have inter-band transitions in the visible region, where specific 

wavelengths of light is absorbed which gives out a different color. 

Every metal cannot exhibit plasmonic properties but exhibit metallic behavior. Most of the times, 

the plasmonic behavior, and plasma frequency is observed in ultraviolet region.  Only few metals 

exhibit plasmonic frequency in visible region like silver, gold and copper. The most common 

metals used in LSPR applications are silver (Ag), gold (Au), copper (Cu), and aluminum (Al). 

Silver and gold are more common than the others because of their high enhancement capability 

they are mostly used for plasmonic application. Copper is typically suitable for longer 

wavelengths usually greater than 600nm. But copper and silver have probability of high 

oxidization. Gold has good stability in atmospheric conditions and good biocompatibility.   

The plasmonic phenomenon occurs only in the reflection mode, where the nanostructures rather 

than reflecting the light they scatter the light. Silver is reflective in visible region, whereas gold 

is reflective at wavelengths greater than 520nm.  

3.2.1 LSPR Design Parameters, Material Effect 
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The LSPR resonance frequency depends on the real part of the permittivity constant of the metal, 

and resonance line width. Thus, the smaller the real part of the permittivity is, the higher the 

plasmon frequency becomes. 

3.3 LSPR Design Parameters, Size Effect 

For higher scattering rate, the metal feature size must be much smaller than the excitation 

wavelength of light. Typically the excitation wavelength is 500nm and the size of the 

nanostructures typically vary from 5nm - 100nm [69]. 

The nanoparticle size has two different impacts on the generation of plasmons  

(i) If the nanoparticle is small enough (less than 20nm for gold), the intrinsic effect of 

the particle directly affects the metal permittivity.  

(ii) Extinction peak variation with refractive index If the particle is not small enough 

(larger than 25nm for gold), the extrinsic effect is enabled, where the extinction 

coefficient is dependent on the size r. 

3.3.1 LSPR design parameters, effect of refractive index 

Figure 3-3: Extinction peak variation with refractive index 
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The extinction peak is shifted towards right with increase in refractive index of the background. 

This sensitivity of plasmon resonance peak to the refractive index is sued as the basis for label 

free detection of biomolecules. 

The potential application of electron beam lithography is that an array of nanoparticles can be 

fabricated. As part of the design, upon gold deposition on top of the dielectric nanopillars, 

creates an array of gold nanoparticles. This array creates a sum of the potential energies of the 

generated single plasmons of each nanoparticle. This gap produces "hot spots", where surface 

plasmons interact mutually, and thus, provide the hottest point of the plasmon signal. Therefore, 

if a target molecule trapped in these hot spots, it will generate the highest fluorescence 

enhancement signal. 

 

 

3.3.2 LSPR design parameters, spacing effect 

Figure 3-4: Electric field intensity indicating hotspots in between the gold nanopillars 
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The single plane gold surface, the extinction spectrum peak has been increased 3 fold compared 

to the plain gold layer as shown in the Figure 3.5. The main reason for increase in extinction 

coefficient in multiple particles gold nanoparticles as compared with the plain thin film of gold is 

due to two factors, firstly due to localizing the potential to a confined region due to the presence 

of multiple nanoparticles and secondly, the coupling of the singlet resonances in each particle, 

and large interparticle coupling effects can be achieved in LSPR substrates fabricated with 

electron-beam lithography. 

 

 

 

Figure 3-5: Extinction peak variation thin gold film vs patterned 

gold film 
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It can be seen that the maximum enhancement occurring between wavelengths 546nm -560 nm, 

increases with decreasing the spacing as shown in Figure 3.6. 

 

  

Figure 3-6: Extinction peak variation with diameter of the nanoparticles 
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 The simulations shows that the increase in gold deposition leads to red shift in the localized 

surface plasmon peak as shown in the Figure 3.7, this is due to the increase in lateral size of the 

pillars which red shifts the surface plasmon peak. Gold deposition of 60nm is having highest 

electric field enhancement at 565nm wavelength. So, gold deposition of 60nm is chosen for 

fabrication. 

 

3.4 CONCLUSION 

In this chapter, the effects of morphological and electromagnetic parameters on the LSPR 

extinction spectrum are formulated based the simulation using FDTD software. The required 

sensitivity and electromagnetic field enhancement variation with the spacing and thickness of 

3.3.3 LSPR Design Parameters, thickness of gold deposition  

Figure 3-7: Extinction peak variation with gold deposition thickness 
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gold deposition were modeled. Finally the paramters were modeled for high enhancement in 

electric field around the nanostructures 

The following table gives the list of parameters modeled crystals and the tolerance to the 

fabrication. The parameters taken form the simulation are used for real time fabrication and 

testing of plasmonic nanostructures. 

Refractive index maintained at 1.4 for toluene, Table 3.1 gives the list of modeled parameters 

and tolerance to the fabrication. 

Parameter Modeled Value Tolerance 

Lattice Constant 200nm +/- 5nm 

Radius of SiO2 Nanopillars 115nm +/- 5nm 

Thickness of gold deposition 60nm +/- 2nm 

 

 

 

 

Table 3-1: Table showing the modeled parameter and the tolerance for the fabrication 
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This chapter includes the fabrication process of plasmonic nanostructures. The fabricated 

structure includes 2D periodic square SiO2 nanopillars fabricated by e-beam lithography then 

followed by gold deposition and thin layer of dielectric spacer layer. This chapter also includes 

high resolution scanning electron microscopy images of the nanostructures. 

4.1 Summary of process 

Process step  Pictorial version Process 

1. Cleaning   

 

 

 

Cleaning process is carried out 

using Sonication for: 5min in 

Acetone, 5min in Methonol, 2 

min rinsing with flowing water 

Drying out with Nitrogen gun 

Chapter 4                                                    

FABRICATION 

Table 4-1: Summary of the process: Fabrication of plasmonic nanopillars 
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Process step  Pictorial version Process 

2. Spinning of e-

beam resist 

  

 

Spinned XR 1541 @ spin speed 

of 1200rpm, acl of 13(1729/ 

1728) for 1 min. 

3. Electron beam 

lithography 

 

 

Spinned XR1541 resist is 

subjected to electron beam 

lithography using the pattern 

generated using design CAD file  

4. Oxygen 

plasma Asher 

  

 

Oxygen plasma ashing is done 

at power of 300milli watts, time 

for 10 min and @ pressure of 

300 torr 

5.Gold 

deposition 

  

 

 

Gold deposition is done on KJL 

ebeam evaporator in 2 steps : 

1. 5nm Titanium deposition is 

used as adhesive layer and is 

done using the deposition rate of 

0.2 A/s and then followed by 

60nm gold deposition of 0.5A/s 

. 
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Process step  Pictorial version Process 

6. Spacer layer 

deposition 

 

 

 

  

 

Using Temescal Ebeam 

evaporator, thin 10nm layer of 

SiO2 is deposited with 

deposition rate of 0.2A/s  

 

  

4.2 Fabrication process 

The structure of the fabricated plasmonic nanostructure is shown in Figure 4.1. The fabrication 

Figure 4-1: Fabricated square plasmonic gold nanopillars on silicon substrate 
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of plasmonic nanostructures is carried out in class 100 and class 1000 cleanroom environments. 

A 6 inch silicon wafer (100) is cut into small (1 cm x 1 cm) square samples and these samples 

are used for fabrication.  

 

The sample is cleaned by sonication for 5min in acetone, followed by 5min sonication for 5min 

in methanol. This process removes organic impurities and dirt from the silicon samples and then 

the samples are then cleaned with flowing water for 2 min then dried with the nitrogen gun. 

4.3 Nanopillar Fabrication 

The Figure 4.1 and Figure 4.2 shows fabricated square plasmonic gold nanopillars, where a, d, h 

and t indicate the periodicity, diameter of pillars, height of pillars and the metal deposition 

thickness, respectively. The parameters of the nanostructure are properly chosen to design a 

4.2.1 Sample Cleaning 

Figure 4-2: Side view of the fabricated plasmonic nanostructure 
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plasmonic resonance peak at ~560nm. The fabrication process of 2D arrangement of gold square 

nanopillars in square lattice involved three main processing steps and each one required an 

optimization and check process.  

The first step is the optimization of the e-beam writing process on silicon substrate. To define the 

square geometry for the 2D pattern, e-beam resist XR1541 is used which is a negative resist. The 

fabrication of plasmonic nanostructures is carried out using EBL (electron beam lithography). 

Electron beam lithography allows fabrication of nanostructures with high resolution, and 

reproducibility. High density nanopattern features are required in order for plasmonic 

nanostructure exhibiting the desired functions. 

 

4.3.1.1 Sample preparation - Spinning of resist 

100nm thickness of XR 1541 is spin coated on silicon substrate to fabricate nanopillars, the resist 

is spun at speed 1200rpm for 60sec acceleration of 13 (1728/1729) to achieve the thickness of 

about 100nm.  

Top to down fabrication process is implemented with electron beam lithography through which 

excellent control of dimensions and the shape of the nanostructures with high resolution can be 

achieved by electron beam lithography [70, 71]. The high density 2D periodic SiO2 square 

nanopillars on silicon substrate are fabricated by electron beam lithography. The electron beam 

lithography is based on the principle that the e-beam resist polymers are sensitive to the electrons 

and it can be patterned by the beam of electrons. In this process, e-beam resist XR1541 is used 

for writing 2D periodic nanostructures using JEOL 2600 SEM equipped with nanopattern 

generating system (NPGS) software with acceleration voltage of 30KV and beam current of 

40pA.   

4.3.2 Electron beam Lithography 
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In this work, 100nm nanopillars are fabricated in a total area of 20µm X 20µm with varying 9 

different dosages from 295 µC to 340 µC, with each dosage area of 5 µm as shown in the Figure 

4-3. An array of 4 similar patterns with 5 µm spacing between them are fabricated on silicon 

substrate. Leading to the total fabricated area of 100 µm X 100 µm.            

The e-beam resist, XR1541 is comprised of hydrogen silsesquioxane resin in a 

methylisobutylketone (MIBK) solvent. It's a negative tone resist. The electron beam resist which 

is spun-on the silicon substrate and is used to fabricate dense 100nm SiO2 nanopillars. 

Subsequently the sample was developed in MFCD26A solution and then rinsed with water and 

dried with nitrogen gun. The fabricated nanostructures are analyzed using scanning electron 

microscopy (SEM). 

Trimethyl ammonium hydroxide (MFCD 26A) is used as developer. Development is carried out 

at 800 C in a petri dish for 2
1

2
 𝑚𝑖𝑛. 

 

4.3.3 Development 

Figure 4-3: Fabricated square nanostructures with varying dosages 
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XR 1541 upon oxygen plasma ashing converts into SiOx. HSQ curing is carried under the 

following conditions. 

Figures 4.4 and 4.5 show the fabricated square SiO2 nanopillars on silicon substrate. These 

pictures are taken using high resolution SEM at the magnification of 25000X and 90000X 

respectively. 

 

 

 

 

 

 

 

 

4.3.4 HSQ Curing 

Parameter Value 

Pressure 300millitorr 

RF power 300 Watts 

Time 60sec 

DC bias 5 

Base pressure 80 

Gas flow 
~47 (Depends on the time and gas flow 

pressure) 
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Figure 4-5: Fabricated square nanostructures on silicon substrate 

using e-beam lithography 

Figure 4-4: SEM image of square nanostructures at magnification of 

90,000X 
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4.4 Gold deposition  

Metal deposition is carried out using physical vapor deposition method, e- beam evaporation 

using Kurt J Leskar e-beam evaporator in class 1000 cleanroom environment. Gold is deposited 

on top of thin titanium layer, which acts as adhesion layer. Titanium is deposited at 0.2A/s 

deposition rate and gold is deposited at 0.5A/s and to achieve thin smooth film. E-beam is used 

as heat source and the deposition power percentage of 27.4% for deposition of gold and 6.7% 

deposition power percentage for deposition of titanium. The process is carried out under the 

vacuum of 8 x 10 -8 Torr. 5nm thick titanium is used as adhesion layer between SiO2 and gold. 

60nm gold is evaporated by using e-beam evaporator. It took about an hour to deposit the metals 

gold and titanium at the deposition rate of 0.5A/s and 0.2A/s.  

Gold is deposited at the deposition rate of 2.0A/s. But, gold deposited with the high deposition 

rate had a problem of non uniform distribution and stability on the top of pillar. As shown in 

Figure 4.7. The picture is high resolution SEM image of the fabricated plasmonic structure taken 

at angle of 700                        

4.4.1 Optimization of gold deposition 

Figure 4-6: Designed parameters for gold deposition on top 

of nanopillars 
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Figure 4-7: SEM picture showing gold deposition with deposition 

rate of 2.0 A/s 

Figure 4-8: Measured values of gold deposition thickness 

with deposition rate of 2.0A/s 
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Upon calculations, as shown in Figure 4.8, the deposited gold thickness measurements on the top 

of nanopillars did not match the designed simulated parameters as shown in Figure 4.6. 

To optimize the gold deposition according to the simulated parameters, deposition rate is 

decreased and is maintained at 0.5A/s. The Figure 4.9 is the top view SEM image of the gold 

deposited on the top on square nanopillars.  

 

Figure 4-9: SEM image of Gold deposition on top of SiO2 square nanopillars 
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Upon calculation of the thickness, shows that about 80nm of gold stayed on the top of 

nanopillars  matching the simulated model. As shown in the Figure 4.10. 

Figure 4-11: Optimized gold deposition on top of square nanopillars 

with deposition rate of 0.5A/s 

Figure 4-10:SEM image of fabricated structure at an angle of 700 
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4.5 Spacer deposition 

The process of reduction in fluorescence is referred as quenching. Direct contact of the labels 

with the metal causes quenching of the dye. A thin layer of SiO2 is deposited on the gold 

nanopattern to avoid direct contact of the labels with the gold surface. To avoid quenching of 

quantum dots, 10nm of SiO2 is deposited on top of gold using e-beam evaporator at the 

deposition rate of 0.2A/s.  The process is carried out in the vacuum of 8 x 10 -7 Torr. To deposit 

SiO2, the oxygen gas flow is maintained at 20sccm and to break the O2 molecules, the current of 

1.31mA and voltage of 165V is applied. 

Figure 4-12:SEM image of fabricated structure at an angle of 30deg  
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Figure 4-14:SEM picture showing square nanopillars after deposition 

of SiO2 

Figure 4-13:SEM image showing thickness of gold deposition at an 

angle of 90deg 
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4.6  Atomic Force Microscopy 

Atomic force microscopy is used to generate topographical images of the surface. It has 

capability of generating images with atomic resolution. AFM images are captured with 

Asylum MFP-3D Atomic Force Microscope (AFM). Images are processed using imaging 

software Gwyddion. Using tapping mode AFM, the deposition of 10nm dielectric layer is tested 

on the silicon substrate. The image showed the formation of SiO2 islands at the top of the 

sample.  

Figure 4-15:AFM image (5µm X 5µm) SiO2 deposited Si substrate which 

formed as islands 
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The electron beam lithography (EBL) fabricated nanostructures are characterized by scanning 

electron microscope (SEM) for the analysis of structure. The roughness of the deposition is 

characterized by using atomic force microscope (AFM). Optical microscope is used for the 

characterization of the structure and the fluorescence microscope is used to observe the 

fluorescence enhancement. 

Chapter 5                                                     

Characterization 

Figure 5-1: Optical image of the fabricated nanostructures with varying 

dosages 
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5.1 Optical Characterization 

The visible region of the electromagnetic spectrum includes radiation at wavelengths between 

400nm to 700nm. The optical characterization is carried out using an olympus BH2 - UMA  

microscope located in class 100 cleanroom in WVU SRF, equipped with a white light source that 

is focused on the sample by a 50X microscope objective. Transmitted light is collected with 50X 

and NA=0.5 objective. The Figure 5.1 shows the optical image of the plasmonic nanopattern. 9 

similar arrays of nanoarrays of 9 varying dosages are fabricated. As in the Figure 5.1, 9 larger 

squares represent 9 similar nanoarrays and the smaller squares within the larger squares represent 

the varying dosages.  

Plasmonic nanostructures have designed to have less reflection. As shown in the Figure 5.1, the 

nanostructures are darker compared to the background. 

5.2 Fluorescence Spectroscopy 

Fluorescent spectroscopy is widely used in applications related to chemistry, photonics and 

material science, and molecular biology. Fluorescence is defined as the process of absorption of 

energy of light at one wavelength and nearly instantaneous re-emission at a longer wavelength. 

Surface enhanced fluorescence consists of modification of fluorescence intensities and lifetimes 

of the molecules on the metal surface [61]. The presence of metal nanostructures can reduce the 

lifetime of the molecule in the excited state and it results in quenching of fluorescence faster 

[62]. This is due to the metal particles resulting in strong electromagnetic (EM) response.  

Fluorescence involves two processes, adsorption of photon, followed by emission. This process 

is similar to scattering. The enhanced local electric field leads to the change in absorption cross 

section, but the modification in the decay rates can be only modified by radiative enhancement.  

Surface Enhanced Fluorescence is the enhancement of the fluorescence molecules in the vicinity 

of the nanoparticles. The presence of the nanoparticles reduces the lifetime of the molecule in the 

excited state. The theoretical explanation for fluorescence enhancement and the experimental 

results defines that the enhancement can occur only for fluorophore - metal enhancement can 
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occur for distances greater than 10nm. The spacer layer leads to increase in relaxation rate and it 

helps to undergo more excitation and emission cycles before photo bleaching. 

Ziess Violet Laser scanning confocal microscope is used to test the photoluminescence 

enhancement of the quantum dots.  

5.2.1 Microscope Settings  

Glass stage 

Laser 

excitation  
source 

Emission filter 
CCD Camera 

HeNe laser 543nm 

560nm 

LPF 

Figure 5-2: Block diagram of microscope 
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1.24x 10 -6 M Molar solution of CdSe/ZnS quantum dots dispersed in toluene is drop coated on 

the plasmonic device and the fluorescence images are collected by Zeiss confocal microscope 

using HeNe 543nm laser with power of 1.2 watts is used for the excitation. Only 4% power of 

the total power is used for excitation with excitation wavelength 543nm. The emission filter 

configuration is set to 560nm with a longpass filter, which allows only the wavelengths above 

560nm. The plain apochromat oil immersion objective (63X, 1.40 NA) is used. The scanned size 

of the image is 512 x 512 and the emission of the dye is collected using a long pass filter of 

wavelength 560nm. The emission from the dye is collected in the range of 560nm -700nm. The 

images were obtained before and after adding the quantum dot solution on the top of sample. 

5.2.1.1 Optical filters 

Optical filters are chosen to be optimal and to pass selectively pass a portion of visible spectrum. 

The light source in combination with excitation filter allows only light of particular wavelengths 

and the emission filter allows the fluorescence from the samples to pass to the decoder and 

blocks the stray light form the interfering components in the sample and light source. The filters 

are used to select the desired spectral band. The images are processed using Zen Lite software. 

Long pass filters pass a broad band of light above a particular wavelength. For example, a 560nm 

filter with long pass filter, will pass light from 560nm to 700nm. 

Figure 5-3: Spectrum of CdSe/ZnS quantum dots 
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The Nanostructure is modeled to have high scattering. The total excitation energy can be 

converted as the sum of transmission, reflection, scattering and absorption. As the silicon 

substrate is a solid sample, the transmission into the sample is zero.  

The incident light till a particular frequency can oscillate the free electrons on the top of the 

metal surface and above the particular frequency, the light is absorbed into the material as is 

converted into heat. The operating wavelength of the incident light is above the plasma 

frequency, hence the light is all scattered rather than being absorbed. Scattered light will cause 

increase in electric field around the nanostructure which increases the quantum yield if the 

fluorophore in its vicinity. 

5.2.2 Reflection Images 

Figure 5-4: Reflection image of the sample focused with a 

laser 
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Reflection + Scattering + Absorbtion = Incident field  

As seen from the picture, the nanostructure shows low reflection compared to the plain gold, so 

the amount of extinction (scattering + absorption) is higher on the nanopattern compared with the 

plain gold surface. The scattered light can be visualized by the normally incident dark field 

microscopy technique, but is not available in WVU SRF. 

As scattered light cannot be captured by the optical microscope, the nanopillars are dark 

compared to the background as in the Figure 5.4.                  

The scattered light  increases the electric field around the nanostructure and the quantum yield of 

the fluorophores in the vicinity of the nanostructures increases due to enhancement in electric 

field. As shown in the Figure 5.5 the nanostructures are modeled to have high scattering field 

intensity compared to the background plain gold material. The enhancement in fluorescence is 

only observed within 200nm near to the nanostructure as the near field enhancement can be 

5.2.3 Fluorescent Microscope Images 

Figure 5-5: Fluorescent microscope excited with a laser 

source 
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observed only in the vicinity of the nanostructures. 

To test the nanostructures, CdSe/ ZnS quantum dots dispersed in toluene are used. Toluene has 

higher evaporation rate. As toluene evaporates settling down the quantum dots on the substrate 

helped to get quantum dots in the vicinity of the nanostructure 

5.3 Results analysis 

Data represented in the following tables is the pixel values of the R, G, and B on the nanopattern 

and in the background. 

        R G B 

 

R G B 

174 0 0 

 

81 0 0 

167 0 0 

 

87 0 0 

162 0 0 

 

82 0 0 

503 0 0 Total 250 0 0 

167.7 0 0 Average 83.3 0 0 

 

Enhancement: 
173.4

84
  = 2.01 times compared to the background,  

2.01 times the enhancement is achieved on the nanopattern compared to the plain gold surface. 

MATLAB code is written to observe the enhancement of the fluorescence. It is observed that the 

enhancement of the fluorescence compared to the background is about 2.07 times enhancement. 

MATLAB program is given in the appendix. 

Table 5-1:Comparing pixel values on (left) plasmonic nanostructure and (right) thin gold film 
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Metal enhanced fluorescence theory suggests that the enhancement is due to the increase in 

intensity of the excitation field which is localized onto the metallic nanostructures and due to the 

increase in radioactive decay rate of the fluorophore which can be interpreted by the lifetime 

measurements for the fluorophores to support this interpretation. 

The efficiency of the metal enhanced fluorescence depends on the distance between the metallic 

nanostructure and the quantum dots and the fluorescence emission from 0-10 nm is mostly 

quenched by metal nanoparticles.  

Electron beam lithography is used to fabricate the nanostructures through which the size and 

shape and distance between the nanostructures can be effectively and accurately designed.  
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The sensitive DNA detection is based on the enhancement of the labelled dye attached to DNA 

with localized surface plasmon resonance (LSPR) sensor. The enhancement results in a 

significant decrease of the limit of detection labeled DNA. Applications of localized surface 

plasmon resonance (LSPR) such as surface enhanced fluorescence (SEF) devices are growing. 

The localized surface plasmon resonance in gold nanopillars is used in this thesis as the basis of 

a labelled biosensor detection scheme. This is accomplished by enhancement of the 

luminescence of the quantum dots due to high electric fields generated at plasmonic frequency 

by gold nanopillar arrays. Plasmonic biosensor arrays for labeled and high throughput detection 

of DNA were simulated, fabricated and tested.  

Metallic nanostructures supporting localized surface plasmons (LSPs) which can amplify the 

signal in fluorescence biosensors. Finite difference time domain (FDTD) software, Lumerical is 

used for simulations, a novel LSP structure is designed that exhibit resonance overlapping with 

absorption and emission wavelengths of assumed fluorophore. The shape and size of the metal 

and distance between the nanostructures play a typical role in the enhancement of the electric 

field around the nanostructures.  

 

Understanding and investigating of the parameters that affect the localized surface plasmon 

resonance spectrum is important for design and fabrication of LSPR devices. The extinction 

spectra of Au nanopillars on silicon substrate is simulated by finite difference time domain 

(FDTD) method, using FDTD software from Lumerical simulation. This thesis studies different 

parameters, including material effect, geometrical structures, such as the spacing between gold 

Chapter 6                                                        

Conclusion and Future scope 
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nanostructures which affect the LSPR spectrum properties such as plasmon wavelength which in 

turn affects the enhancement factor. The dependence of the LSPR wavelength is investigated and 

plasmonic peak sensitivity on the diameter and height of nanopillars and gold deposition 

thickness, with the aim to find an optimum configuration for effective LSPR based biological 

sensing. 3D finite difference time domain simulations confirm that high local electric fields in 

between the nanopillars which results in the enhancement of luminescence of quantum dots.   

Dense SiO2 nanoparticle arrays on silicon substrate are fabricated by electron beam lithography 

(EBL) and the patterned structure is subsequently covered with thin layers of Au.  The sensor 

array was composed of a 60nm thick gold deposited on 115nm diameter, 200nm gap SiO2 

nanopillars array fabricated on silicon substrate. Each array size was 20µm X 20µm. 

A Normally focused light wave in these metallic nanostructures generated resonant surface 

plasmons at a wavelength of about 560nm in a toluene environment. Luminescence enhancement 

of quantum dots on plasmonic arrays was observed by testing the enhancement of cadmium 

selenide zinc sulfide (CdSe/ZnS) quantum dots (from Nanomaterials and Nanofabrication (N & 

N) Laboratories) with excitation peak wavelength at 560nm and emission peak wavelength at 

585nm. Using the resonant wavelength in the nanopillar array, we achieved detection sensitivity 

up to 2.01 times enhancement.  

This thesis is comprised of simulated and experimental results, combined with high resolution 

scanning electron microscopy images. 

6.1 Future scope 

For biosensor applications, it’s desirable that the plasmonic nanostructures to be integrated into 

microfluidic channels. Plasmonic nanostructures can be integrated into a chip based biosensor 

array for label based detection to create a portable sensitive biosensor.  

The fluorescence enhancement due is to the light scattered by the nanostructures. The scattering 

peak of nanostructures is taken from simulation design, rather than that we can use UV-Vis 

absorption spectra to find the plasmonic peak. Near field scanning optical microscope (NSOM) 
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can be used to characterize the plasmonic nanostructures to find the electric field enhancement at 

the vicinity of the nanostrutcures. 

Deposition of the spacer layer using atomic layer deposition can increase the efficiency of the 

deposition and further the fluorescence enhancement for varying spacer layer deposition 

thickness can be accurately calculated.  

By preparing solutions with varying molar concentrations can be useful in calculating the best 

concentration suitable for quantum dots dispersed in toluene to generate maximum enhancement. 

Agglomeration of quantum dots due to the settling of the quantum dots on the sample. In order to 

avoid it, a flow cell configuration can be built to allow continuous flow of quantum dots above 

the sample, where the flow avoids the agglomeration of the quantum dots. 
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E - BEAM LITHOGRAPHY CAD FILE  

To fabricate the square nanopillars by e beam lithography, SEM equipped with nanopattern 

generating system is used. The nanopattern generating system utilizes a software, Design CAD 

express to create a design CAD file, i.e, creating the nanostructures in a CAD based 

environment. Run file actually helps in creating the e-beam dosages and then integrating the 

design CAD file to the e-beam writing.   

APPENDIX A:  PREPROCESS PREPARATION 

Design CAD file created varying dosages for each nanopattern of size 20x20 µm 
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The Figure shows the square nanopillars in square lattice. 

 

 

 

 

 

Square nanopillars created by Design CAD file 
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GOLD STANDARD 

                    

                   

                                     

Gold standard showing nano gold particles, imaged at magnification of 

7000X 

 

Gold nanoparticles imaged at maginification of 130X 

 



 

87 

 

The goal of the simulation is to generate a nanopattern with highest electric field ehnacement 

arounf the nanostructures at 550nm. FDTD simulation allows to simulate wavelength scale 

photonic devices. It allows to design and optimize in a 3D TCAD environment. Lumerical is a 

finite difference time domain software. It is a 3D Maxwell solver. FDTD can solve equations in 

time domain and can analyze the interaction of UV, visible, and IR radiation with complicated 

nanostructures structures much less than the operating wavelength of the excitation source. The 

local electric field enhancement can be calculated by creating an electric field analyzation 

window. 

Lumerical consists of an inbuilt fully vectorial 3D/ 2D computational engine to solve the 

Maxwell equations. 

Simulation setup: 

Structure building 

 

 

 

 

 

 

APPENDIX B: LUMERICAL 
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The plasmonic nanostructure is constructed using gold nanostructures. Using Si Substrate, over 

which SiO2 formed a square lattice structure. with width of 115nm and the lattice constant of 

200nm. Then assuming the real time gold deposition, gold nanopillars were formed on the top of 

SiO2 pillars and also in between the SiO2 pillars. When we simulate the struucture, we added a 

slab out of the rectangles to create Si substrate and then square base rectangles were added on the 

top of substrate to create the square nanopillars with height of 100nm. The refractive index for 

the materials were chosen from the material index database. Johnson and Christy model is 

chosen as material refractive index for gold. A plane wave source with wavelength range of 

400nm to 700nm is used for excitation and  the Lumerical is a Nanophotonic FDTD solver. In 

built material modellin is available. Extinction crossection were measured. 3D structure is 

formed by having a silicon substrate, then siO2 pillars on top of it, arranged in square lattice and 

Simulated plasmonic structure using lumerical 
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gold square nanopillars on top of it. Then the simulation, sources and monitors are added. Movie 

monitor provides the time domain response of the fields The electric field intensity at the surface 

of the gold nanopillars are detected using field monitor 

 

 

The plain wavelength of light is used. Parameter sweeps were ran to calculate the response 

varying gold deposition thickness, distance between the pillars, and the refractive index. The 

sweeps were ran and optimized to get the optimized values. 

Simulated structure showing structure and analysis windows and sources 
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Material Modeling 

 

 

Refractive indices of the sample fabricated 

 

Side view of the simulated structure 
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Lumerical consist of inbuilt material refractive index data files for the wide range of 

wavelengths.  

Boundary conditions 

The orange boundaries which can be seen in the screenshot above are Perfectly Matched Layer 

(PML) boundary conditions. PML boundaries absorb incident radiation, and are intended to 

absorb all radiation propagating away from the cavity.  It is important to leave some distance 

between the cavity and the PML boundaries.  If the boundaries are too close to the cavity, they 

will start to absorb the non-propagating local evanescent fields that exist within the cavity.  A 

simple rule is to leave at least half a wavelength of distance above and below the structure. 

  

Next, notice that the lower half of the simulation (z<0) is shaded blue. This is because we used a 

symmetric boundary condition on the z min boundary in order to reduce the computation time by 

a factor of two. The drawback of using the symmetric boundary condition is that it will forbid 

certain modes from appearing in the results (modes that do not exhibit the same symmetry 

relation as the boundary condition). For this PC cavity, there is a plane of symmetry through the 

center of the slab (z=0 plane). Using a symmetric boundary condition on this plane will only 

allow TE-like modes and eliminate TM-like modes from the results. 

Sources 

Lumerical supports a large number of souces example: plane wave, dipole, Total field scattered 

field, wave guide mode. 

Scripting  

Absorption power scripting: 

f=getdata("Rx","f"); 

lambda=c/f; 

t_bottom = transmission('Tx'); 

t_top = -transmission('Rx'); 

t_bottom_no = 1-t_bottom - t_top ; 
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plot (lambda,t_bottom_no,'lambda','Absorbed Power','Absorbed Power'); 

matlabsave("plain",lambda,t_bottom_no); 

Electric field calculation script 

 

 

f = getdata("R","f"); 

lambda = c/f; 

T = -transmission("T"); 

R = transmission("R"); 

plot(lambda*1e9,T,"wavelength (nm)","NORMALIZED EXTINCTION"); 

legend("Normalized extinction"); 

r=100e-9; 

period=400e-9; 

 look at the field profiles recorded at 550 nm, reflected surface 

E2_r = getelectric("profile_at_675nm_R"); 

E2_t = getelectric("profile_at_675nm_T"); 

E2_xz = getelectric("profile_at_675nm_xz_plane"); 

x = getdata("profile_at_675nm_R","x"); 

y = getdata("profile_at_675nm_R","y"); 

z = getdata("profile_at_675nm_xz_plane","z"); 

image(x*1e6,y*1e6,E2_r,"x (microns)","y (microns)","|E|^2 at reflected surface"); 

image(x*1e6,y*1e6,E2_t,"x (microns)","y (microns)","|E|^2 at transmitted surface"); 

image(x*1e6,z*1e6,E2_xz,"x (microns)","z (microns)","|E|^2 at y=0"); 

setplot("colorbar min",0); 

setplot("colorbar max",10); 

 

Parameter sweep script 

#runsweep; 
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r=(getsweepdata("Au Thickness","Au_pattern")); 

k=(getsweepdata("Au Thickness","Au")); 

f=getsweepdata("Au Thickness","f"); 

tx=getsweepdata("Au Thickness","T"); 

rx=-getsweepdata("Au Thickness","R"); 

f=getdata("Tx","f"); 

lambda=c/f; 

t_bottom_norm = 1 - tx - rx; 

# plot normalized transmission 

plot(lambda,t_bottom_norm,'lambda','normalized power','Absorbed Power'); 

legend("45","50","55","60","65","70","75","80","85"); 

 

 



 

94 

 

Select the folder where the image is present  

Run the following code, 

X= Imread('Test1.png'); 

imshow(X); 

These commands will open the image and using the data cursor tool in the tool box, find the 

RGB pixel values 

 

 

 

APPENDIX C: MATLAB program for image 

analysis 
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