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The primary theme of my research is the light-matter interaction that involves 

plasmon-exciton coupling effect on energy conversion and optical enhancement. 

Plasmons are collective oscillation of electrons in metal, which leads to concentration of 

optical fields in the vicinity when coupled with incident light. Excitons are bound states 

of electron-hole pairs in molecular or semiconductor materials, having size dependent 

transition optical frequencies and efficient optical emission in specific cases. Plasmon 

and exciton interact to form a hybridized light-matter state with multitude of potential 

applications including, enhanced energy conversion or transportation and sensing. 

However, the interaction of coupling with plasmonic nanoslit is still fragmentary. In 

particular, previous investigation is mostly based on interaction with the localized surface 

plasmon resonance (LSPR) modes and studies based on surface plasmon polariton (SPP) 

are still needs to be explored with the detailed energy transfer mechanism between 

plasmon and excitons. Furthermore, in comparison with the absorption/scattering spectra 

of the plasmon-exciton, which is well studied and understood, the emitting properties of 

exciton due to plasmon-exciton coupling are still unclear. To address these issues, we 

designed and fabricated the nanoslit structures having both LSPR and SPP plasmon 

modes and examined the different systems for plasmon-exciton coupling effect. This 

research work includes understanding of plasmon-exciton coupling of the nanoslit system 

with immobilized exciton moieties for energy conversion, specifically, light-light energy 

conversion, light-electric energy conversion and optical sensing of biomolecules. (1) For 



light-light energy conversion, fluorescence of Carbon Nanodots (CNDs) embedded in the 

nanoslit arrays is investigated. Two distinct designs are examined for fluorescence of 

CNDs: the CNDs immobilized in different width gold nanoslits and CNDs coupled gold 

nanoparticles (Au NPs) hybrids immobilized inside the gold nanoslit. Results 

demonstrate the enhanced fluorescence of CNDs when placed in nanoslit due to plasmon 

induced energy transfer to the CNDs. (2) A single nanoslit photoelectrochemical cell with 

CNDs and TiO2 immobilization is examined for light-electric energy conversion. 

Enhanced photocurrent generation observed and explained with plasmon-exciton 

coupling between plasmonic gold nanoslit and CNDs. (3) For sensing, the research 

investigated a microfluidic dam with plasmonic nanoledge array structure for detection of 

type 1 diabetes biomarkers. The shift of the plasmon frequency with respect to the 

refractive index of the surrounding medium utilized as a principle for detection method. 

In addition to the experimental studies, a semi-analytical model for surface plasmon 

generation analysis and Finite-difference time-domain (FDTD) method used for 

simulating and modeling the optical properties from the nanoslit systems, which provides 

insights into the underlying physics of the plasmon-exciton coupling interactions. We 

found plasmon-exciton coupling in the nanostructures increases the electromagnetic 

(EM) field intensity by plasmonic light trapping and plasmon-induced resonance energy 

transfer (PIRET). This enhanced field corresponds to the modification of excitation and 

emission rate in exciton which ultimately enhance the energy conversion process. 

Fundamental understanding of the plasmon-exciton coupling in this work will leads to the 



applications that includes plasmonic photovoltaic, low threshold laser, ultra-sensitive 

biosensors, and high efficiency optoelectronic nanodevices.
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CHAPTER I 

INTRODUCTION

Metals especially gold and silver with dimensions in the nanometer scale shows 

very bright colors and amazed people for many centuries. They have tremendous 

significance in the history of Arts, even before scientists started showing interest in 

investigating their fascinating optical properties. The optical properties of metal 

nanostructures have been used by artists all around the world to generate brilliant colors 

in glass artefacts. The Lycurgus cup, collection of the British museum as shown in Figure 

1.1 (a) looks green in reflected light and (b) red in transmitted light. The explanation for 

this phenomenon was not realized until 1990, when scientist analyzed the cup using 

Atomic Force microscopy (AFM) [1]. Scientist found that color is observed because of 

the presence of nanoparticles, silver 66.2%, 31.2% gold, and 2.6% copper, up to 100 nm 

in size, dispersed in a glass matrix [2]. 

https://www.sciencedirect.com/topics/engineering/glass-matrix
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Figure 1.1. Showing change in the color of different traditional artefacts when metal 

nanoparticles were incorporated in the design [2]. 

Metal nanostructures show very complex and interesting optical properties. These 

amazing properties are due to the presence of free conduction electrons at their surface. 

The interaction of metal nanostructures with electromagnetic (EM) radiation is largely 

governed by these free conduction electrons. At optical frequencies, free electron gas of 

metals can generate plasmon polaritons which are sustained surface and volume charge 

density oscillations. Plasmons are the characteristic property of the nanostructured metals 

when they interact with light. Surface plasmons (SP) or plasmon polaritons at the 

interface of metal and dielectric medium can cause strongly enhanced spatially confined 

optical near-fields at the interface. The interest in plasmons is from the beginning of 20th 

century, but recent advances in structuring, manipulating, and observing nanometer scale 

objects have revitalized this field. Enhanced EM fields depend on the geometry of the 

metal as some geometries strengthen the field in the vicinity. The study of this optical 



 

3 

 

phenomenon of metals is termed as Plasmonics or nanoplasmonics. This is a rapidly 

growing field and many studies have been carried out to control the optical radiation at 

the sub-wavelength scale metallic structures. Many interesting concepts and innovative 

applications have been developed on metal optics in the last few years and the number of 

publications on Plasmonics also increasing tremendously year by year. 

Surface Plasmon Resonance 

SPs are the collective electron oscillations at the interface of a metal and a 

dielectric that are confined evanescently [3, 4]. Surface plasmon resonance (SPR) is the 

resonant oscillation of conduction/free electrons at the interface between metal and 

dielectric medium stimulated by incident light. Interaction of plasmons with EM field 

may result in surface plasmon excitation. When photons incident at a particular angle on 

the metal surface, where the projected wave vector of the incident light matches with 

wave vector of surface plasmons at metal-dielectric interface, it eventually leads to 

plasmon excitation, as shown in Figure 1.2. When there is no match between the 

wavevector of incident light with the wavevector of surface plasmon, there is no plasmon 

excitation as shown in Figure 1.2. Plasmon excitation also depends on the dielectric 

properties of the prism, the wavelength of light used, metal layer and on the surrounding 

medium. 
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Figure 1.2. Schematic representation of the plasmon excitation phenomenon. 

Dispersion relationship as shown in equation 1 gives the insight for plasmon excitation. 

𝑘𝑠𝑝 =
𝜔𝑠𝑝

𝑐
√

𝑚 𝑑

𝑚+ 𝑑
         equation (1) 

Where ωsp, is the angular frequency, c the speed of light, εd and εm are the dielectric 

functions of the dielectric and metal, respectively. 

Figure 1.3, showing plot, illustrate the dispersion relation for incident light (sky blue line) 

and surface plasmons (blue line). For a given frequency, there will be mismatch of 

momentum of incident light and surface plasmon, i.e., the wavenumber or momentum of 

surface plasmon is always greater than incident light.  
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Figure 1.3. Plot between frequency and wave vector for dispersion relation of incident 

light (brown line) and surface plasmon (pink line). 

By increasing the wavenumber or momentum of incident light, plasmons can be 

excited. This can be achieved either by placing the grating structure at the interface or 

passing the excitation light through high refractive index medium like prism. The latter 

case can be activated by Otto configuration as shown in Figure 1.4(a) or Kretschmann 

configuration as shown in Figure 1.4(b). In Otto configuration, light is illuminated on the 

glass substrate which results in evanescent wave at glass-air interface. This evanescent 

wave comes in contact with a metal-air interface and results in plasmon excitation. 

Plasmon excitation in Otto configuration, largely depends on the gap width between 

metal layer and glass substrate.  In large gap width, the evanescent wave weakly 
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influenced by metal layer and for a small gap width, it results in inefficient excitation of 

plasmons [5]. 

 

Figure 1.4. (a) Otto configuration; (b) Kretschmann configuration. 

The Kretschmann configuration is the most common approach. In Kretschmann 

configuration, the metal layer is evaporated on the glass prism. The light is illuminated on 

the glass surface and evanescent wave is created at metal-glass interface. This evanescent 

wave then excites the plasmon at metal-air interface. For this configuration, thickness of 

metal layer plays an important role, thin metal layer results in damping of plasmons and 

if the metal layer is too thick then the plasmons will not be excited efficiently due to 

absorption of light by metal layer [5].  

Excited SPs are of two types, propagating SPs (PSPs, Figure 1.5 (a)) and localized 

SPs (LSPs Figure 1.5(b)) [6]. LSPs are the spatially confined oscillations of electrons 

localized at the metal-dielectric interface like in nanoparticle or nanospheres and 

localized surface plasmon resonance (LSPR) is an optical phenomenon generated by 
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light. LSPR occurs when light interacts with conductive nanoparticles which are smaller 

than wavelength of incident light. LSPR results in an enhancement of the localized EM 

field, which is a fundamental basis for surface-enhanced spectroscopy [7, 8]. SPs, when 

coupled with photons, result in collective excitation of conduction electrons that 

propagate in a wave-like manner in x-y direction along an interface between a metal and 

a dielectric, known as SP polaritons (SPPs). SPPs are confined at the interface of metal 

and dielectric surface and propagate along the metal surface until the energy dissipates 

into free space, either by heat loss and/or by radiation [9]. 

 

Figure 1.5. Schematic diagram showing Surface Plasmon Resonance at the interface of 

metal-dielectric (a) surface plasmon polariton (SPP) and (b) localized surface plasmon 

(LSP) [4]. 
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Besides LSPR and SPP, there is another interesting phenomenon, plasmon-

plasmon interaction[10, 11]. Plasmon-plasmon interaction, also called as plasmon-

plasmon coupling or plasmon coupling, is the interaction of plasmons among 

nanostructure in close proximity. Coupling of plasmons results in more enhancement of 

localized EM field. The interaction between the metal nanostructures depends on the 

distance between them. When the distance is 10 nm or less, the interaction will be more 

and results in strong enhancement of local EM field in the vicinity[12, 13]. Plasmon 

coupling have enormous application including in the field of optoelectronics and 

biosensing [14]. Plasmon-plasmon interaction or plasmon coupling can be explained by 

simple oscillatory model. Surface plasmon oscillations of two nearby metallic 

nanostructures assumed to be represented as single classical oscillator with natural 

frequency of oscillation corresponding to their plasmon absorption peaks. Their natural 

frequency of oscillations is assigned as ‘a’ and ‘b’ separated by distance ‘d’ with their 

centers at Xo. They will start to oscillate upon external perturbation as shown in Figure 

1.6. Their positions are defined as Xi and Xj respectively at any certain time. When these 

metal nanostructures are far apart, they will oscillate with their natural frequency and will 

not interact with each other. But when these metal nanostructures are at the distance of 10 

nm or less, they will start to interact, and their oscillations also modifies upon external 

perturbation or field. Less the distance between them, more will be the interaction that 

results in more enhancement of electromagnetic field around them. These metal 

nanostructures are considered as charge particles and their interaction is defined by 

columbic interaction [15]. It was reported that interaction between the plasmons will be 
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more when the distance between metal nanostructures is 10 nm or less than 10 nm and 

results in strong EM field [12]. 

 

Figure 1.6. Schematic diagram showing oscillations of coupled plasmons of two nearby 

metallic nanostructures separated by distance ‘d’. 

Plasmon-exciton Coupling 

A complex system, having both plasmon and exciton excitation and their 

coupling, provides new and fascinating optical properties beyond that can be achieved 

using either of them. Exciton plays an important role in defining optical properties of 

molecule or semiconductor which are related to device applications and different physical 

phenomena. However, at nanometer scale, there is a mismatch between incident light 

wavelength and exciton, which results in weak light-matter interaction and impede the 

energy conversion efficiency. Plasmons, collective oscillation of electrons in material, 

annihilate the diffraction limit and couple with external field for near field enhancement. 

This enhanced field interacts with excitonic material, at the same time exciton presents in 

the plasmon near field modify the optical properties of plasmons. Therefore, coupling of 
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plasmon and exciton provides an ideal playground for exploration of exotic optical 

properties and new applications [16, 17] .  

The concept of exciton was first proposed in 1931 by Frenkel [18]. When incident 

light is illuminated on the surface of solids , there is a formation of electron and hole [19] 

[20].  The electrons in the conduction band and the hole in the valence band bound by 

electrostatic coulomb interaction, form a new state which is called as exciton.  An exciton 

is nothing but an electrically neutral quasi particle, stabilized by electrostatic coulomb 

force. Excitons have the property to transfer energy without transporting net electric 

charge [21, 22]. Excitons are found in semiconductors, insulators, and some liquids. The 

excitons are resonance stabilized by overlap of the hole and electron wavefunction, which 

results in increase in their lifetime and limit their decay. There has been an enormous 

study carried out on the interaction of exciton-plasmon coupling and their conversion to 

exciton-plasmon-photon [23-27]. When the resonant frequency of the SP matches with 

the frequency of the molecular energy level of the excitons, then there will be exchange 

of energy and this exchanged energy is an important factor affecting their interaction. The 

interaction between SP and excitons can be explained by perturbation. Perturbation is the 

most important method to solve the problems in quantum mechanics. It is used to 

compute the change in wavefunction and energy levels with the successive corrections to 

the zero field. Perturbation is the approach to find the approximate solution by starting 

with exact solution of related problem or simple problem. When the exciton molecule and 

the SPs are coupled into a hybrid state, there can be perturbation or no perturbation 

between wave functions. If there is perturbation between the wave functions of molecule 
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and SP, the coupling is referred to as strong coupling and when there is no perturbation 

then the coupling is referred to as weak coupling [28]. The interaction having 

perturbation in the wave functions i.e., the strong coupling, the resonance exchange 

energy occurs between upper and lower levels of the newly hybrid states called as Rabi 

oscillation. Strong coupling can be explained or proved by Rabi splitting [29] and the 

anticrossing phenomenon [30]. The interaction with no perturbation between wave 

functions defined as weak coupling results in absorption [31], SERS effects [32], 

fluorescence enhancement [33], and fluorescence quenching [34]. The weak coupling 

regime, includes well-known phenomenon like increased radiation rate, enhanced 

absorption cross-section and energy exchange between exciton and plasmon [35]. Several 

classical and quantum mechanical approaches were developed to describe plasmon-

exciton system. Here, we are using Zubarev’s Green Functions, to explain the plasmon-

exciton coupling.  

Zubarev’s Green Function 

Manjavacas et al. develops the quantum mechanical approach to describe the 

plasmon-exciton coupling [25]. The formalism is based on Zubarev’s Green function and 

derived using Hamiltonian. 

  𝐻𝑂 = 휀𝑝𝑑+𝑑 + 휀𝑐𝑐+𝑐   and   𝐻𝑖𝑛𝑡 = −𝑉𝑝𝑐[𝑑+𝑐 + 𝑐+𝑑     equation (2) 

where εp is the energy of plasmon, εc is the energy of exciton, Vpc is the plasmon-exciton 

coupling, d and c (d+ and c+) are the annihilation operators for plasmon and electronic 

excited state in the excitonic material, respectively. Total Hamiltonian is 
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𝐻 = 𝐻𝑂 + 𝐻𝑖𝑛𝑡 + 𝐻𝑑𝑒𝑐𝑎𝑦      equation (3) 

Hdecay is the due to the dissipations of plasmon and exciton by coupling the hybrid system 

with a set of continuums distributed bosonic modes.  

The excitation of exciton can be described as generation of electron in excited state, 

which is handled as fermion. 

Equation for Green’s function are derived as 

(ℏ𝜔 − 𝜖𝑝 + 𝛿𝜔𝑝 + 𝑖
Γ𝑃

2
)𝐺𝑑𝑑+ = 1 − 𝑉𝑝𝑐𝐺𝑐𝑑+             equation (4) 

and, 

[ℏ𝜔 − 𝜖𝑝 + (1 − 2𝑛𝑐)(𝛿𝜔𝑐 + 𝑖
Γ𝑐

2
)]𝐺𝑐𝑑+ = −𝑉𝑝𝑐(1 − 2𝑛𝑐)𝐺𝑑𝑑+           equation (5) 

they can give us Green’s function Gdd+. Using the relation of absorption  

σ = -ImGdd+   equation (6), 

 the absorption spectrum of plasmon- exciton system is derived as  

𝜎 ∝ 𝐼𝑚[ℏ𝜔 − 𝜖𝑝 + 𝛿𝜔𝑝 + 𝑖
Γ𝑃

2
− 𝑉𝑝𝑐

2 𝛼𝑐]−1    equation (7) 

where, 

𝛼𝑐 =
(1−2𝑛𝑐)

ℏ𝜔−𝜖𝑐+(1−2𝑛𝑐)(𝛿𝜔𝑐+
𝑖Γ𝑐

2
)
       equation (8) 
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αc is the polarization of the exciton. This result indicates the plasmonic resonance 

modified by the interaction with the quantum emitter. The above equation can easily fit to 

the experimental absorption spectra and extract corresponding coupling strength. The 

result gives the absorption of the hybrid system as shown in Figure 1.7 [36]. When the 

energy detuning Δ = εp - εc is large, the spectra show Fano asymmetric resonance around 

the exciton energy. When the detuning is small, the spectra show Fano dip feature, the 

depth of Fano dip can be controlled by plasmon-exciton coupling. 

 

Figure 1.7. (a) Detail description of system used for study, (b) optical absorption 

spectrum for dimer quantum emitter system, calculated for different resonance energy (c) 

optical spectrum dependence on the quantum emitter resonance width (d) optical 

absorption spectrum dependence  on the coupling strength between plasmon and quantum 

emitter [25] [36]. 

The enhanced EM field arises from the plasmon excitation and plasmon coupling 

can transfer their energy to the nearby attached molecule. There are three major 
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mechanisms of plasmonic energy transfer from a metal to any nearby attached molecule 

in plasmon-exciton coupling: light scattering/trapping, plasmon-induced resonance 

energy transfer (PIRET) and hot electron injection (also called direct electron transfer 

(DET) as shown in Figure 1.8 [37]. 

The light scattering/trapping process is dominant in the LSPR having metal 

particle typically of 50 nm in diameter [38]. When plasmonic metal nanostructure 

integrated with any molecule or material to form heterojunction, the incident light 

scattered by metal nanostructure penetrates the nearby material or molecule, which leads 

to increase in photon flux. This scattering effect enhances the light absorption in active 

material or molecule, so also called as light trapping. The light trapping event maximizes, 

when the plasmonic band overlap with the absorption band of the active material. This 

mechanism is observed both in LSPR and SPP mode. The light scattering highly depends 

on nanostructure shape, size and on dielectric properties of surrounding medium. 

The non-radiative dissipation of plasmonic energy by metal nanostructures 

generates hot electrons which have high energy than the electron generated by thermal 

excitation. These electrons which have energy higher than the energy barrier at the 

interface (metal nanostructure-material/molecule), can be directly go the conduction band 

of the nearby material or molecule, so called as hot electron injection. These hot 

electrons have the energy higher than the conduction band and are stable and have more 

lifetime than the electrons generated by thermal excitation. 

When the light incident on the metal nanostructures, it results in the excitation of 

the plasmons. Plasmon excitation generates strong dipole. The plasmonic energy from the 
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metal nanostructures can be transferred to the nearby molecule or material by dipole-

dipole interaction. This results in generation of electron-hole pair in the nearby molecule 

or material. PIRET can occur even in the presence of insulating layer of ~25 nm between 

metal nanostructure and the nearby molecule or material. All these mechanisms are 

distance dependent. The PIRET efficiency depends on the distance between the metal 

nanostructure and nearby molecule or material and on the spectral overlap between the 

plasmonic band and absorption band of the molecule or material. 

 

Figure 1.8. Major mechanisms of plasmonic energy transfer from a metal to any attached 

molecules or material [37]. 

Application of Plasmon-Exciton Coupling 

Plasmon-exciton coupling have many amazing properties and applications. Few 

of the applications are discussed below. 

Surface enhanced fluorescence  

Lately, the use of metals to enhance the molecular fluorescence has become a hot 

topic of the research. Many scientists are studying the interaction between metal and 
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fluorescent materials to enhance their fluorescence and to get better understanding of the 

phenomenon [39, 40]. When light is irradiated on the surface of metal nanostructures, it 

creates an enhanced EM in their vicinity. This enhanced EM field absorbed by the 

fluorescent molecule by plasmon-exciton coupling results in increase in the luminous 

intensity as shown in Figure 1.9 [39, 41]. The cross section of the metal nanostructures is 

many times larger than the geometric scattering cross section which results in the 

enhancement of the local EM field when light incident on the surface of the metal 

nanostructures [42]. The interaction of the plasmons with the fluorescent molecule can 

improve the luminescence rate of the molecule, reduce the fluorescence lifetime, and 

improve the light stability of the luminescent molecule [33, 43, 44].  

 

Figure 1.9. Schematic representation of the design used for fluorescence enhancement of 

the fluorophore molecule coupled with the nanostructures [39]. 

Solar cells 

Plasmonic nanostructures are widely used in solar cells design to convert solar 

energy into enhanced plasmonic energy. In solar cell design the plasmonic nanostructures 

used with semiconductor material as plasmonic-semiconductor heterojunction serves as 

light antenna to transfer enhanced plasmonic energy to semiconductor and hence, 
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enhance the photoconversion efficiency both above and below the band gap as shown in 

Figure 1.10 [45, 46].  

 

Figure 1.10. (a) Shows the device design of solar cells incorporating Au NPs (b) is the 

comparison between IPCE curves of the solar cell and the reference [46]. 

Many scientists used and proposed different design and different technologies to 

use plasmon excitation and light localization with SPR for the high and improved 

efficiency of solar cells. Plasmonic nanostructures can be used in at least three different 

configurations in the photovoltaic device as shown in Figure 1.11: on the surface of the 

device to capture incident light [47-50] embedded inside the active layer of the 

semiconductor to provide more light to the semiconductor by LSPR [51-54] or at the 

bottom interface between the semiconductor and the metal in the form of 

scattering nanoparticles [55, 56] or surface plasmonic gratings as shown in Figure 1.11 

[57-60]. In each case the increase in efficiency is due to the different physical principle 

involved. When the plasmonic nanostructure is at the surface as shown in Figure 1.11 (a), 

more light is captured and trapped by the semiconductor due to multiple and high angle 

scattering, which results in increase in optical path length inside the device. When the 

https://www.sciencedirect.com/topics/engineering/nanoparticles
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plasmonic nanostructures embedded inside the active layer as shown in Figure 1.11 (b), 

there is a strong localization and enhancement of the light within the proximity of the 

semiconductor which results in more or additional generation of electron-hole within the 

device. In the last device design as shown in Figure 1.11 (c) the use of metal gratings 

with periodic nanostructures array can be coupled with the light and results in surface 

plasmon polaritons (SPP), which propagates in the plane of the semiconductor layer and 

generate more electron-hole pairs [61]. 

 

Figure 1.11. Representing the use of plasmonic nanostructures at different configuration 

for enhanced energy conversion [62]. 

Sensing 

This is well known fact that a vast majority of the electro-magnetic field of the 

surface plasmon wave (SPW) concentrate in the vicinity of the metal-dielectric interface. 

The propagation of the SPW is very sensitive to the refractive index of the surrounding 

medium. Change in refractive index of the medium cause change in the SPW and this 

property can be utilized as the principle of biosensing [63]. In the SPR biosensors, the 

biomolecules attached to the surface recognize and capture the analyte present in the fluid 

sample and change the refractive index of the surrounding medium at the metal surface as 

shown in Figure 1.12. As the thickness of the material/sample increases on the surface of 



 

19 

 

the metal, there will be a change in the refractive index and that will eventually change 

the SPW propagation constant along the metal surface and that can be easily determined 

experimentally or theoretically by wavelength shift [64, 65]. According to SPR sensing 

principle, there is a relationship between the wavelength shift and thickness of layer 

added as shown in equation  [66]: 

 𝛥𝜆 = 𝑚(𝑛𝐴 − 𝑛𝐵)[1 − exp (−
2𝑑𝐸

𝑙𝑑
)]   equation (9) 

where Δλ is the peak or wavelength shift, m is the Refractive Index Unit (RIU) 

sensitivity, nA and nB are the refractive index of the medium at the plasmonic sensing 

surfaces after and before the biological binding, dE is the effective thickness of the added 

binding layer and, ld is the decay length of surface plasmon mode. Addition of different 

concentration of analytes into the plasmonic sensor results in different layer thickness 

which changes the dielectric constant of the surrounding medium at the metal surfaces, 

eventually leading to peak shift. There is red shift with the more concentration of the 

analytes because more concentration means more binding and more peak shift[66]. 

 

Figure 1.12. Illustration of the plasmonics based nano biosensing device used for the 

detection or sensing of cancer biomarkers [65].  
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Background and Significance 

Based on above discussion, we get to know that plasmon coupling and plasmon-

exciton coupling has amazing properties of light trapping and can be used for various 

applications. Here, we mainly focused on two applications: enhanced energy conversion 

and biosensing. Energy conversion devices has been a fascinating topic of research lately. 

Many researchers are working and trying to use natural resources like solar energy, wind 

energy to convert efficiently into other forms of energy, like electrical energy [67].  

Similarly, in the health sector, there is ongoing research to make the immunoassays label 

free, sensitive, selective and cost effective. Plasmons, characteristic of metal 

nanostructure, with amazing properties can be applied in the field of opto-electronics and 

biosensing, bio-imaging, and environmental monitoring. Incorporating Plasmonics into 

existing energy conversion devices can increase their efficiency and yield[68]. 

Plasmonics and nanophotonics are considered the future of traditional light science. 

Nanophotonics is the combination of photonics and nanotechnology, where spatial 

confinement dominates light propagation and light-matter interaction. Plasmonics have 

the ability to control or modulate light at nanoscale level via surface plasmons. Plasmons, 

both LSPR and SPP, can control collective and coherent oscillation of dielectrically 

confined electrons, thus providing unique optical properties to metal nanostructures. 

Unique set of properties such as large absorption and scattering cross-section, high 

sensitivity to local environment and enhanced electromagnetic field at the surface, make 

plasmonic nanostructures as a significant material for enhanced energy conversion 

devices and biosensing device in future[69].  
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Here, in this research we worked on three systems based on Plasmon-exciton coupling: 

Plasmon exciton coupling for Light to enhanced light energy conversion (fluorescence 

enhancement of CNDs), plasmon-exciton coupling for Light to enhanced electrical 

energy conversion (photocurrent generation) and plasmon resonance for biosensing. 

Fluorescence Enhancement in complex plasmon-exciton system 

Absorption/scattering spectra of plasmon-exciton system has been investigated 

and studied quite well, but on the other hand the emitting properties are still far from 

being clear. The strong coupling between plasmon-excitonic material results in 

modification of fluorescence spectra of the emitting material. Plasmon-induced field 

enhance the fluorescence by manipulating the excitation rate Ґex and quantum yield Q of 

the emitter [70]. Along, with the increase in excitation rate, quantum yield can also be 

increased by optimizing the balance between radiative and non-radiative rates by 

adjusting the distance between metal nanostructures and the emitter. Some of the studies 

shows that with distance less than 2 nm, results in weak fluorescence intensity due to 

large non radiative transfer rate from exciton to plasmons while others show that 

fluorescence enhancement can be achieved by modify the emission wavelength with 

increase in emission intensity [71]. Fluorescence wavelength tuning, the emission shift of 

plasmon-exciton hybrids and modified fluorescence spectra are proportional to: 

𝜒𝐴(𝜆) = 𝐹𝐿0(𝜆)  ∗ 𝐴(𝜆)  equation (10) 

where, FL0(λ) is uncoupled fluorescence spectrum and A(λ) is extinction spectrum of 

plasmon [36, 72]. A study by Feng et al. showed enhanced fluorescence of lanthanide-
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doped up conversion nanoparticles (UCNPs) using Au nanorods. They reported that 

fluorescence enhancement can be controlled by precisely tuning the distance between Au 

nanorods and UCNPs[73].  Another study shows that strong fluorescence enhancement of 

MoS2 monolayer when coupled with Ag nanoparticles. Moreover, they observed the 

exciton induced dip that indicates the coherent dipole-dipole coupling between excitons 

of monolayer and LSP of Ag nanoparticles. Their results highlight that integration of 

semiconductors with plasmonic nanostructure results in strong light-matter interaction 

and enables their application in photonics [6].  In the metal -molecule hybrid system, Al 

nanoantenna and J-aggregate cyanine dye molecules were studied for fluorescence 

enhancement. Enhanced fluorescence was explained by enhanced absorption and increase 

in local density of states at the exciton-plasmon energies. This new findings will give an 

insight to allow hybrid state for different applications [74].While fluorescence 

enhancement by LSPR in various quantum dots or dyes molecule has been investigated, 

but data showing fluorescence enhancement using SPP still needs to be investigated. It 

would also be interesting to find out the relationship between the Surface Plasmon 

Generation (SPG) efficiency and the fluorescence enhancement. 

Photocurrent Generation in Complex plasmon-exciton system 

Coupling the semiconductor material with plasmonic nanostructures results in 

improved photo conversion efficiency (PCE) of photovoltaics or photocatalytic.  

𝑃𝐶𝐸 = 𝑉𝑂𝐶  𝐼𝑆𝐶
𝐹𝐹

𝑃𝑖𝑛
   equation (11) 
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Where, Voc is open circuit voltage, Isc is short circuit current, FF is fill factor, and Pin is 

input power. 

Improvement in the photoconversion efficiency is due to (a) enhanced field 

created by LSP or SPP which results in better charge separation (b) increased absorption 

rate due to SPs and  more light trapping (c) direct transfer of electron from plasmonic 

nanomaterial to excitonic material  and, (d) electron storage effect that makes the fermi 

energy level more negative [75]. As noted earlier, the use of Plasmonics in energy 

conversion devices is not new, a lot of work has been carried out and investigated from 

last few years. To give a few examples, Wang et al. observed that embedding Ag 

nanoparticles into silicon solar cells enhances power conversion from 18.05% to 18.25% 

and also protects silicon solar cells from UV damage [76]. Zheng et al. fabricated a 

Photosystem I based biohybrid photoelectrochemical cell with Gold nanoslits and 

observed enhanced photocurrent generation with increase in SPG efficiency [77]. 

Plasmon-exciton coupling is a valuable means to enhance the photocurrent and improve 

the solar cell functionality. Though, some issue needs to be addressed before plasmonics 

can be applied to photovoltaics. First, the type of nanomaterial and geometry to use to 

attain optimal plasmonic functionality for practical applications. Second, type of solar 

cell to be fabricated to gain maximum improvement in efficiency by plasmon-exciton 

coupling.  Third, to find the relationship between SPG efficiencies and photocurrent 

generation for optimizing the device parameters. Although, initial studies show the 

success of modulating energy conversion process using plasmon-exciton coupling, still 
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major breakthroughs yet to be come. Improvement in plasmonic solar cells technologies 

and new strategies will be helm of next generation solar cells. 

Plasmonics for Biosensing 

Due to ability of plasmonic materials to generate nanoscale hot spots close to size 

of biomolecules, plasmonics has been applied in biosensing with enhanced sensitivity for 

refractive index change. Plasmonic nanomaterials results increase field intensity which is 

most common way to improve plasmonic biosensing performance, but this can cause 

photodamage to biological samples as they are light sensitive. There are routes to 

increase the sensitive without photodamaging the sample like, the peak shift instead of 

reflectance intensities or by using quantum light source [63]. Improvement in plasmonic 

biosensing enables its use as point of care device in near future with various benefits 

including miniaturization, low sample volume, low cost, high sensitivity and specificity, 

simple fabrication method and less sample processing time. Initial studies show the 

promising results, but further investigation needs to be done to integrate the whole system 

as point of care device with high sensitivity levels. Some of the work which has been 

done in the area of SPR based biosensing device. Ayda et al. fabricated SPR based plastic 

optical fiber biosensor for the detection of C‐reactive protein (CRP) in serum. The 

biosensor was integrated with microfluidic system for easy and stable detection. A 

working range of 0.006–70 mg L–1 and a limit of detection of 0.009 mg L–1 were 

achieved [78]. Ag nanoprism to round nanodiscs was used by kong et al. for the 

screening of an anti-diabetic drug, GAA inhibitor with the detection limit of 5nM 

[79]. Monteiro et al. built a SPR based microfluidic device using gold film for the 

https://www.sciencedirect.com/topics/chemistry/nanodisc
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detection of human epidermal receptor protein-2 (HER2) antigen with the detection limit 

of 30 ng/mL [80]. You et al. recently developed a system with Pdots and Au nanorods for 

colorimetric and fluorescent readout abilities. They utilized this hybrid system for 

screening and for the quantitatively determination of prostrate specific antigens (PSA). 

They observed that plasmon enhanced fluorescent Pdots possess much better detection 

sensitivity for PSA and can be used for on-site detection too [81]. 

However, the literature data in both the areas still shows very less efficiency 

improvement in order to be mass produced. We believe that it is essential to investigate a 

system that will not only improve the efficiency and sensitivity by a significant amount 

but also can be mass produced. Hence, we present here a new device design for all the 

systems for strong plasmon coupling and plasmon-exciton coupling which could 

overcome the challenges that we are facing now. This work provides an insight for the 

better understanding of the physics behind the plasmon generation efficiency and 

plasmonic field transfer which directly affects the energy conversion and sensing process. 

This new finding will facilitate the device designing that will provide the platform for 

fabrication of better biosensing devices and photoelectrochemical cells. To achieve the 

desired results, emphasis is given on the fabrication of the nanostructure films. Since 

nanostructured film has access to both LSPR and SPP. Patterned nanostructured film has 

displayed an enhanced specificity, selectivity and is cost effective. 

Nanostructured Substrate Designs  

One of the primary goals of the research was to vary and to investigate the 

nanostructure design, its composition and periodicity for enhanced EM field generation. 
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In order to study nanostructure geometries semi-analytical and numerical simulation was 

done. In the semi analytical model, the surface plasmon generation efficiency (SPG), e, 

defined as the rate of surface plasmon polaritons launching and scattering by matching 

the continuous electromagnetic field quantities at the interface, for the glass/Au interface 

at the bottom of the nanoslit aperture for one side of the aperture was calculated using the 

equations [82] discussed in chapter 2. SPG efficiency was calculated for the different 

width of the nanostructures design at different wavelength of light. Numerical 

simulations were conducted using the Finite Difference Time Domain (FDTD) method. 

For calculation of the electromagnetic field intensity profiles of the nanoslit a Lumerical 

FDTD method was used. FDTD is a versatile modeling technique that utilizes solution of 

Maxwell’s equations to attain the plasmonic modes for SPR. FDTD, being a time-domain 

technique where a single simulation can provide results from a wide range of frequencies 

and wavelengths, is beneficial as the resonant frequency and primary SP peak are 

unknown when faced with many variables such as slit width, period, material 

composition etc. FDTD provides fundamental understanding of the EM waves and SP 

modes along with images and movies of how the EM modes evolve over time. Moreover, 

FDTD provides a quick method for the experimentalist to gain some insight into what 

devices need to be fabricated and further investigated [83]. Nanostructures of interest are 

the nanoslit, nanoslit array and the nanoledge array as shown in Figure 1.12. In chapter 

two and three, we will introduce nanoslit and nanoslit array design and their complete 

simulation for EM field intensity and SPG efficiency. In chapter four, we will introduce 

H-shape design with nanoslit for enhanced energy conversion. In chapter five, we will 
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introduce a novel design, a nanoledge array. This design, being a stair-step feature, has a 

large opening of 280 nm and an inner slit of 50 nm in width. The primary benefit of this 

design is in the fact that the large opening (280 nm in width) is large enough to easily 

allow the entry of charge analytes such as proteins in an aqueous solution. The 50 nm slit 

is required because researchers have found that slits with a width less than 100 nm 

provide strong SPR signals. 

 

Figure 1.13. Different nanostructure design used: gold Nanoslit, gold nanoslit array and 

gold nanoledge array.  

Brief Introduction of all the chapters 

All the following chapters are in the area of plasmon-exciton coupling and micro-

nanofabrication. A brief introduction of all the chapters is outlined below. 

A nanoslit and nanoslit array design was fabricated in chapter II to examine its 

ability to enhance fluorescence of CNDs. Nanoslit and nanoslit array design of different 

nanoslit width was fabricated on glass substrate already coated with gold (Au) by 

Focused ion beam (FIB) lithography. A SiO2 capping layer was introduced to promote 

binding of CNDs inside the nanoslit. CytoViva Hyperspectral imaging system and Axio 

Z2M microscope was used to investigate the enhanced fluorescence of CNDs. 
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Relationship between Surface plasmon generation efficiency (SPG) and enhanced 

fluorescence was established. 

A coupled system with gold nanoslit and Au nanoparticles (Au NPs) to enhance 

the fluorescence of CNDs was studied in chapter III. Simulated 100 nm width nanoslit 

array was fabricated using e-beam lithography. The fluorescence of CNDs -Au NPs 

hybrid studied both in solution and inside the nanoslit array. CytoViva Hyperspectral 

imaging system and Axio Z2M microscope was used to investigate the fluorescence 

intensity. Enhanced fluorescence intensity was explained with the concept of plasmon 

coupling and plasmon-exciton coupling. Different size of Au NPs for the hybrid was also 

studied to examine the effect of size of Au NPs on the fluorescence of CNDs. 

Chapter IV focused on the enhanced electric energy conversion. This chapter 

discussed on how plasmon exciton coupling between gold nanoslit and CNDs enhances 

the photocurrent generation efficiency. A device was fabricated using lithography and 

FIB technique. Then, the device was functionalized with CNDs and TiO2 nanoparticles. 

Functionalized device with Methylene blue (MB) and KCl in PBS solution was used as 

photoelectrochemical cells. Solar simulator was used to take the i-v/p-v curve of the 

photoelectrochemical cell in light and dark condition. Effect of different concentration of 

MB on photocurrent generation was also studied. Control experiments were done on 

plain gold without any nanoslit to see the effect of plasmon energy on photocurrent 

generation and in nanoslit without CNDs to analyze the CNDs function as 

photosensitizer. 



 

29 

 

Biosensing for ant-insulin antibody of Type 1 diabetes, is investigated in Chapter 

V. The flow-over fluidic dams with nanoledge structures milled on the top was used as 

detection device. Plasmonic nanoledge device was functionalized with human insulin via 

SAM and different concentration of anti-insulin antibody was flown over the 

functionalized device. SPR resonant peak shifts were studied for binding reaction 

between human insulin and anti-insulin antibody. Control experiments were done using 

Epidermal growth factor (EGF) and Bovine serum albumin (BSA) to verify the 

selectivity and specificity of the device. 
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CHAPTER II 

PLASMON-ENHANCED FLUORESCENCE OF CARBON NANODOTS IN 

GOLD NANOSLIT CAVITIES

This chapter has been published as: Bagra, B., Zhang, W., Zeng, Z., Mabe, T., Wei, J. 

(2019). Plasmon-Enhanced Fluorescence of Carbon Nanodots in Gold Nanoslit Cavities. 

Langmuir 2019, 35, 27, 8903–8909. 

Overview 

Carbon nanodots (CNDs) are featured with wide range of light absorption and 

excitation dependent fluorescence. The emission enhancement of CNDs is of great 

interest for development of nanophotonics. While the phenomenon of plasmon-enhanced 

fluorescence for quantum dots and molecular dyes has been well investigated, rarely has 

it been reported for CNDs. In this work, a series of plasmonic nanoslit designs were 

fabricated and utilized for immobilization of carbon nanodots (CNDs) in nanoslit and 

examination of the best match for plasmonic fluorescence enhancement of CNDs. In 

concert, to better understand the plasmon effect on the enhancement, surface optical field 

is measured with or without CNDs immobilization using a hyperspectral imaging system 

as a comparison, and a semi-analytical model is conducted for a quantitative analysis of 

surface plasmon generation (SPG) under the plane-wave illumination. Both the 

fluorescence and surface reflection light intensity enhancement demonstrate as a function 

of nanoslit width and are maximized at the 100 nm nanoslit width. The analysis of 

surface plasmon-exciton coupling of CNDs in the nanoslit area suggests the enhancement 
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is primarily due to plasmonic light trapping for increased electromagnetic field and 

plasmon-induced resonance energy transfer. This study suggests that incorporating CNDs 

in the plasmonic nanoslits may provide a largely enhanced CNDs-based photoemission 

system for optical applications. 

Introduction 

Fluorescence is one of the most utilized phenomena in various fields like optical 

devices, microscopy imaging, biology, medical research, and diagnosis. For many of 

these applications, it is desirable to enhance the fluorescence to obtain greater signal from 

less sample. Surface plasmons (SPs)[1, 2] on subwavelength nanostructured surfaces 

were found to be capable of fluorescence enhancement.[3] The optical phenomena of SPs 

lies in considerably the conductive surfaces through manipulating the geometry of 

subwavelength apertures with a periodic structure.[4, 5] The plasmonic enhanced 

fluorescence results in a variety of applications, such as bio-detection and biosensing 

schemes.[6, 7] Specifically, many cancer biomarkers, hormones, allergens, and proteins 

have been detected by SPR biosensors with high accuracy and sensitivity.[8] 

Nevertheless, improving fluorescence sensitivity for single molecular detection is still 

undertaken for the development of the next generation fluorescent systems.[9-12] 

Propagating or localized surface plasmons can couple to incident photons, 

resulting in a confinement of the electromagnetic field. This interaction is associated with 

large enhancement of the field and local optical density of states. When a fluorophore is 

coupled to the plasmonic-coupling surface, the enhanced field can be utilized to increase 

excitation rate, thus enhancing and controlling far field angular distribution of 
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fluorescence.[13] Further, due to their high sensitivity to geometry and surroundings, SPs 

can concentrate light within sub-wavelength volumes.[14, 15] Lately, plasmon coupling 

interaction has been used to increase light absorption and fluorescence of CNDs based on 

coupling to a localized surface Plasmon resonance (LSPR) of metallic nanoparticles.[16, 

17] 

Carbon nanodots (CNDs) have attracted great attention because of their promising 

characteristics like having strong, tuneable photoluminescence and good opto-electronic 

properties.[18, 19] The fluorescence in CNDs is due to bandgap transitions, but the nature 

of the transitions is not fully understood.[20-23] These transitions could arise from 

conjugated π-domains, bond disorder induced energy gaps,[24, 25] and/or giant red-edge 

effects that give rise to fluorescence depending on strong excitation wavelength.[26, 27] 

Light emission has also been attributed to quantum confinement effects,[28] size 

dependent optical properties,[29] surface-related defect sites,[30] and radiative 

recombination of excited surface states.[31] 

While plasmonic enhancement of fluorescence from quantum dots (QDs) or dye 

molecules has been investigated,[13, 32-34] research of plasmonic effect on the 

fluorescence of CNDs is rare, especially CNDs on nanostructured conductors. Instead, 

CNDs were reported to have plasmonic effect to increase the fluorescence of ZnO 

QDs.[35] Over the past few years, a significant amount of work has been done to enhance 

the fluorescence of CNDs by working on tuning their structure. It has been noticed 

recently that fluorescence of CNDs can be enhanced on the gold films when CNDs were 

labelled on bacteria cells.[36] 
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Considering that the florescence properties of CNDs could be modulated by the 

enhanced fields derived from the spatially confined surface plasmons corresponding to 

the optical excitation at or near the resonant energies, there are few findings on the 

localized SPR (LSPR) and/or Surface Plasmon Polariton (SPP) effect and how it helps in 

enhancement of fluorescence of CNDs. It also would be interesting to find out the 

fundamental relationship between the fluorescence enhancement and the surface plasmon 

generation (SPG) efficiency. Here the SPG is described as the rate of SPP launching, 

propagation and scattering by matching the continuous electromagnetic fields quantities 

at the dielectric-metallic interface.[37, 38] Recently, we observed the plasmon-exciton 

coupling effect on light energy conversion to photocurrent by a system where 

photosystem I is embedded in plasmonic nanoslits and correlation to the SPG efficiency 

of the nanoslits-based photoelectrochemical cell.[39] 

In this study, a nanoslit design for fluorescence enhancement setup is used and 

fluorescence enhancement of CNDs in these plasmonic nanoslits is observed. The CNDs 

are immobilized in a nanoscale slit and the nanoslit is illuminated with a light source for 

spectral and fluorescent imaging measurements (table 2.1). The nanoslit arrays used in 

this study have slit widths of 50, 100, 200, 300, 400, or 500 nm. The present work 

demonstrates that tuning the width of nanoslit provides a good match for CNDs 

excitation and induces fluorescence enhancement from the CNDs immobilized in nanoslit 

arrays. The fluorescence enhancement correlates to the nanoslit width-dependent SPG 

efficiencies. In concert, the near-field light intensity spectra are measured in a reflection 

mode upon an incident white light as a comparison to the fluorescence enhancement. The 
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mechanisms for the optical enhancement are discussed on the basis of plasmonic-exciton 

coupling interaction in the nanoslit gap. 

 

Figure 2.1. A schematic view of the setup used for the light intensity measurements (top) 

and illustration of the protocol for the self-assembled monolayer (SAM) formation and 

CND immobilization on the gold nanoslit surfaces (bottom). 

Experimental Section 

Synthesis and Characterization of CNDs 

CNDs were synthesized from urea and citric acid using a previously reported 

microwave-assisted procedure.[19, 40]. Briefly, citric acid (1.0 g, 99%, ACROS 

Organics) and urea (1.0 g, 99.5%, Aldrich) were simultaneously added to 1.0 mL 

deionized water forming a homogenous solution. Then, a microwave synthesizer (CEM 

Corp 908005) was used to heat the solution (300 W for 18 minutes). Next, to remove 

aggregated and large particles, the cooled down aqueous reaction solution was purified 

using a centrifuge (Solvall Legend XFR Floor Model Centrifuge) for 20 minutes at 3500 
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rpm. The sample was dialyzed for 24 hours (1000 MWCO, Fisher Scientific) against 

deionized water (three times) to purify the dark-brown solution. Lastly, a freeze-dryer 

(FreeZone 6, Labconco) was used to dry the resultant solution for 24 hours to obtain the 

solid sample. 

Atomic force microscopy (5600LS AFM, Agilent) was used to test the size of the 

purified CNDs on a freshly cleaved mica surface. To study the chemical structure and 

elemental content of the CNDs, Fourier transform infrared spectroscopy (670 FTIR, 

Varian) was used. UV-vis spectroscopy (Cary 6000i, Agilent) and fluorescence 

spectroscopy (Cary Eclipse, Agilent) were used to study the optical properties of the 

CNDs.  Both UV-Vis and fluorescence were obtained using CNDs dissolved in DI water 

at a concentration of 0.05 mg/mL. 

Fabrication of device 

Glass cover slips were used as substrates and were cleaned in a piranha bath (3:1 

H2SO4/H2O2), rinsed with DI water, dried with a nitrogen stream, and cleaned in an 

oxygen plasma (200 W, 2 min). The substrates were then dehydrated on a hot plate at 180 

°C.  Metal deposition was performed by e -beam evaporation (Kurt Lesker PVD75 e-

beam evaporator). After reaching a base pressure of 1.4 x 10-6 Torr, Ti was evaporated at 

a rate of 0.3 Å/s to a thickness of 2.2 nm, Au was evaporated at a rate of 1.2 Å/s to a 

thickness of 150.3 nm, then Ti was evaporated at a rate of 0.4 Å/s to a thickness of 2.4 

nm. SiO2 was used as a capping layer and 10.2 nm was deposited atop the final Ti layer at 

a rate of 0.8 Å/s. Nanoslits were milled in the center of each substrate with focused ion 

beam milling using a 30kV;50pA probe and a dose of 0.250-0.400 nc/µm2. (Zeiss 
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Auriga). Each device was milled to have either one slit (with a slit width of 50, 100, 200, 

300, 400, or 500 nm) at the center (Figure S 2.1) or an array of nanoslits of different 

width (50, 100, 200, 300, or 400 nm) with periodicity of 500 nm (Figure S 2.2). As a 

control, a burn box was made by completely milling an area the same size as the nanoslit 

arrays.  

Preparation of immobilized CNDs onto the gold electrode surface 

Gold-coated cover slips with individual or arrayed nanoslits were first cleaned 

with O2 plasma (South Bay Technologies PC2000 Plasma Cleaner) for 10 minutes. The 

coverslips were then incubated in a mixture of 11-mercaptoundecanoic acid 

(HS(CH2)10COOH, Sigma Aldrich) and 8-mercapto-octanol (HS(CH2)8OH, Sigma 

Aldrich) in an absolute ethanol solution (ACROS Organics) with a 1:2 mole ratio for 24 

hours to form a self-assembled monolayer (SAM). After SAM formation, the gold slides 

were incubated in 0.5 mM 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC, TCI)/ N-hydroxysuccinimide (NHS, Sigma Aldrich) for 2 hours to 

activate the carboxylic acid groups. Next, the gold slide was rinsed with deionized water 

and immediately moved to a freshly prepared 10 mL solution containing 0.05 mg/mL of 

CNDs for 2 hours. The gold cover slips were rinsed with deionized water and dried 

before experiment. 

Fluorescence imaging and intensity 

Fluorescence measurements were carried out using Axio Z2M microscope in 

reflection mode. Axio Z2M microscope is an optical microscope with different filters 

(blue, green, red). For fluorescence measurements in reflection mode, images were 
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acquired using a 20X objective lens, 9.25 s exposure time, and one of two filters: 430 nm 

(395-440 nm) or 480 nm (450-490nm). These fluorescent images of the nanoslits were 

converted into gray scale images by MATLAB program and then ImageJ software were 

used to calculate the fluorescence intensity. 

Reflection Intensity measurement 

In addition to the Axio Z2M microscope, intensity measurements were also 

carried out using hyperspectral imaging (CytoViva). The CytoViva hyperspectral 

imaging system has both an optical imaging mode and a hyperspectral imaging mode. 

Hyperspectral imaging technology is specifically developed for spectral characterization 

and spectral mapping of nanoscale samples. The optical imaging system equipped with a 

100X objective lens and white light source (400-1000 nm) was used to focus the sample, 

allowing the hyperspectral image to be taken. Three measurements were taken for each 

device before the deposition of CNDs and 9 measurements for each device after 

deposition of nanodots. 

Results  

CNDs synthesis and characterization 

AFM (Figure 2.2a) with associated height profile analysis (Figure S 2.1) indicates 

that the CNDs have an average size of about 2-3 nm. Note that some of them are as large 

as about 5 nm as the orange circle shows. As a note; since the radius of curvature for the 

AFM probe is larger than the CNDs, the x and y data does not accurately represent the 

size of the particles, however the height data can be used to accurately determine the 

particle size. According to the FTIR spectra (Figure 2.2b), ν(N-H) and ν(O-H) are 
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observed according to the presence of broad bands (from 3100 cm-1 to 3400 cm-1), which 

suggests that the CNDs are hydrophilic and stable in aqueous solution.[19] The FTIR 

signals at 765 (C-C), 1182 (C-O), 1418 (C=C) and 1563 (C=O) cm-1 are assigned 

respectively.[40, 41] UV-Vis absorption (Figure 2c) shows two main features; the n-π* 

transition of the C=O moieties can be detected at about 330 nm,[20] and the feature 

between 400 nm and 500 nm is attributed to transition of surface states.[42] No 

absorption features can be found above 700 nm. CNDs have been used as a fluorescent 

dye in bioimaging applications because of their excitation-dependent 

photoluminescence.[43] Figure 2.2d shows the fluorescence emission spectra of CNDs in 

deionized water (0.05 mg/mL) under different excitation conditions (λex ranging from 330 

to 510 nm). The longer excitation wavelength induced an obvious red-shift in the 

fluorescence emission spectra. At an excitation wavelength of 360 nm, a maximum peak 

emission presents at 435 nm. Hence, the CNDs are characterized with a diameter of ~2-3 

nm sphere, possess surface functionalities (e.g. carboxylates and amines/amides), and 

display absorbance signals below 700 nm and excitation-dependent fluorescence 

properties. 



 

47 

 

 

Figure 2.2. Characterization of the CNDs by different techniques: a) AFM topography 

image, b) FTIR spectra, c) UV-vis absorption spectra, and d) fluorescence emission 

spectra. 

Metallic Nanoslit Fabrication and CNDs Immobilization 

Metallic nanoslit films of Au were designed and fabricated to conduct the 

fluorescence and light illumination experiments. Representative SEM images of the 

nanoslit arrays at slit width at 50, 100, 200, 300, 400 nm and individual nanoslits are 

shown in Figures S 2.2, S 2.3. The SEM images clearly show straight nanoslits or 

nanoslit arrays in metallic films. To study the fluorescence and light intensity signals, 

CNDs were immobilized on both sides of the nanoslit area with a self-assembly 

monolayer (SAM) formation using 11-mercaptodecanoic acid and 8-mercapto-
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octanol.[19] The SAM bridge makes the distance between the CNDs and gold surfaces 

around 1 nm. 

Fluorescence Imaging and Intensity 

Fluorescence measurements were taken using Axio Z2M microscope. The slit 

arrays of different width (Figure S 2.2) were used in this measurement, since a single 

nanoslit was invisible under the Axio Z2M microscope. CNDs were immobilized in 

nanoslit arrays and burn box (control) with a self-assembly method. Figure 2.3 (a,b) 

shows the optical fluorescence images and grey scale images of different width nanoslit 

arrays under the two excitation wavelengths after deposition of CNDs. There was no 

fluorescence in the nanoslit array before deposition of CNDs, but after deposition of 

CNDs, strong fluorescence images of the nanoslit arrays were obtained. No or little 

fluorescence was observed inside the burn box. 

The fluorescence images were converted to grayscale using the MATLAB image 

processing tool without changing the original intensity. Then ImageJ software was used 

to calculate the integrated intensity of each nanoslit array using the same area. Figure 

2.3(c) shows the calculated intensity of the two different filters used for fluorescent 

imaging (Table S 2.1, S 2.2). The resulting intensity distribution of the nanoslit arrays is 

similar upon two different excitation lights, but slightly higher when using longer 

excitation wavelength. Regardless of the excitation wavelength, maximum intensity is 

observed for the 100 nm width nanoslit array and minimum for the burn box. 
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Figure 2.3. Fluorescence images of different width Nanoslit arrays with Axio Z2M 

microscope. (a) upper panel are images taken using 395-440 nm filter light source, lower 

panel are the same fluorescent images when converted to grey scale images; (b) 

Fluorescence images (upper panel) taken using 450-490 nm filter and converted gray 

scale images (lower panel); and (c) A graphic plot showing the fluorescence intensity 

measured with different filters corresponding to different nanoslit width arrays. 

Reflection Light Intensity and Spectra 

The reflective light intensity spectra of the immobilized CNDs were obtained by 

the CytoViva hyperspectral microscope in a reflection mode (Figure S 2.4, S 2.5). Figure 

2.4a shows representative net intensity spectra measured for different nanoslits after 

deposition of CNDs by subtracting the background intensity of nanoslit only. Figure 2.4b 

presents the averaged peak intensity of the net light intensity spectra as a function of the 

nanoslit width (data see Table S 2.3, S 2.4). Note that the average value of the net light 

intensity was obtained from nine measurements (3 measurements from 3 devices) for 

each nanoslit width. The highest light intensity both with and without CNDs was 

observed when using 100 nm width slits, and this device also presented the highest net 

intensity. In contrast, the reflective intensity of burned box is very small and 

insignificant, and peak intensity less than 500 a.u. for CNDs on plane gold substrate vs 

~10,000 a.u. in 100 nm nanoslit. The intensity increases indicate the near field 
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electromagnetic (EM) field enhancement by the plasmonic nanoslits. The results from 

this experiment and the fluorescence show similar trends with respect to nanoslit width, 

suggesting a strong plasmon-exciton coupling effect on the EM field enhancement which 

promotes the fluorescence enhancement of CNDs. 

 

Figure 2.4. Light intensity spectra. (a) Representative net light intensity spectra of CNDs 

at different nanoslits after subtracting the light intensity of nanoslits before deposition of 

CNDs; (b) Net peak light intensity for different nanoslits with immobilized CNDs plotted 

as function of nanoslit width. 

Surface Plasmon Resonance (SPR) analysis of Gold Nanoslit 

To investigate the effect of plasmon-exciton coupling on the fluorescence 

enhancement, the SPR of various metallic nanoslit structures with respect to the light 

source was examined. A mechanistic description of the SPP scattering coefficients and 
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efficiencies at the slit apertures is needed regarding the geometric diffraction with the 

bounded SPP modes launching on the flat interfaces surrounding the slits.[37, 38, 44, 45] 

The scheme in Figure S 2.7(a) shows the various parameters of the nanoslit structure to 

calculate SPG efficiencies “e” by a plane wave at normal incidence. The SPG efficiency 

at one side of nanoslit aperture is calculated according to a semi-analytical mode reported 

earlier.[38, 39] The results of SPG analysis are shown in Figure S 2.7b and Table S 2.5, S 

2.6 which are used in following discussion as a comparison with experimental results 

(Figure 2.5). The surface plasmon excitation is efficient at visible frequencies while “e” 

decreases rapidly with increase in wavelength. The “e” value from a 100 nm nanoslit is 

the highest when the wavelength of incident light is longer than 600 nm, however 

decreasing nanoslit width increases the “e” value with incident light below 600 nm. 

Discussion 

Surface-attached molecular fluorescence signal enhancement depends on the local 

EM intensity to the molecules, quantum yield, and the energy transfer process.[6, 46-48] 

Assuming the same quantum yield of CND fluorescence at gold surfaces in different slits, 

the fluorescence enhancement of CNDs is arising from the local EM field enhancement, 

and/or energy transfer. Since the nanoslit structure generates both LSPR and SPP, SP-

induced trapping/scattering of incident light in nanoslit cavities containing CNDs will 

lead to exciton-plasmon coupling effect, dominating the enhancement of the 

fluorescence.[47] Hence, it is expected a mechanism of SP-coupled emission 

enhancement and/or excitation enhancement.[6] Namely, there should be some overlap of 

the SP-induced EM field with the wavelength of photoemission or absorption of CNDs. 
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The reflection spectra show SP-induced light wavelength ranging from 450-900 nm 

(Figure S 2.4, Figure 2.4) which has some overlap with the absorption band of CNDs 

(Figure 2.2c) (see Figure S 2.8). The fluorescence by two excitation wavelengths at 395-

440 nm and 450-490 nm produces emission spectra from 400 nm up to 650 nm (Figure 

2.2d), and these spectra overlap with the SP-induced EM field as well. It is interesting to 

observe that there is more emission overlap at the longer excitation wavelength with the 

local EM field at excitation light of 450-490 nm. This may be one of the factors that the 

longer excitation light (450-490 nm) has higher enhancement especially at larger nanoslit 

width than that of excitation light at 395-440 nm. 

One concern is that why the fluorescence of the immobilized CNDs would not be 

quenched by the gold surfaces. While fluorescence of a chromophore can be quenched by 

closely linked gold nanostructures, the quenched fluorescence can be enhanced by a 

paired plasmonic noble metal nanostructures if there are plasmon coupling interactions. 

Recently, Zhu et al reported that fluorescence of a cyanine probe is quenched by a linked 

gold nanoparticle, but its fluorescence can be turned on when the immobilized probe is 

put into the gap region of coupled gold nanoparticles.[49] In this work, the CNDs are 

immobilized in one side of the nanoslit surface and located in the gap of the nanoslit. It is 

believed that the plasmon exciton coupling effect in nanoslits is the origin of the 

fluorescence enhancement. A further analysis is discussed below. 

The SPG efficiency is a good parameter to further examine the relative strength of 

the plasmon-exciton coupling-induced EM field in the nanoslits of different width and the 

effect on fluorescence enhancement. For a comparison, Figure 2.5 presents a plot of 
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normalized values of averaged fluorescence, reflected light peak intensities, and the SPG 

efficiency “e” versus the width of nanoslits. Note that the SPG was analyzed without 

immobilization of CNDs, representing the SP field strength in the nanoslit cavities. Both 

the fluorescence and reflection light intensities follow the same order of L100 > L50 > L200 

> L300 > L400 (the subscripted number represents the nanoslit width in nm). In other 

words, the 100 nm nanoslit provides the strongest local field in terms of the enhancement 

of fluorescence and reflected light intensity, which is reasonably consistent with the 

calculated SPG efficiency. This suggests that the fluorescence property of CNDs is 

strongly influenced by the increase in localized EM field which results from the 

excitation of the plasmon resonance near the gold nanoslits. A previous report on EM 

field modeled using a finite-difference time-domain (FDTD) simulation (Figure S 2.9) 

demonstrated the same order of EM field strength and surface light intensity 

measurement.[39] 
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Figure 2.5. A plot of normalized values of fluorescence and reflection light intensity of 

CNDs deposited in nanoslits, and the SPG efficiencies “e” at 500 nm and 700 nm 

incident light vs. the width of nanoslits. 

The difference of the fluorescence enhancement from the reflection light and the 

SPG efficiencies suggests additional energy transfer process contributing to the 

fluorescence enhancement. Other than the aforementioned light trapping, there are a few 

energy transfer mechanisms proposed for plasmonic enhancement, including 

fluorescence resonance energy transfer (FRET),[50] hot electron injection (direct electron 

transfer), and plasmon-induced resonance energy transfer (PIRET).[51, 52] The small 

distance (< 10 nm) and absorption overlap between the CNDs and the gold surface makes 

plasmonic FRET possible, but efficiency is expected to be low due to Stoke’s shift 

energy transfer from the metal nanoslit structure to the CNDs.[50] Meanwhile, the hot 

electron injection is minimized due to the interfacial barrier and low efficiency (< 

1%).[53] Considering the lifetime of plasmon, near-field coherent PIRET would be an 
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alternative process for the efficient plasmonic energy transfer between the gold film in 

nanoslits and the attached CNDs while the plasmon still maintains excited.[54] 

 

Figure 2.6. Schematic diagram illustrating the proposed process of fluorescence 

enhancement of CNDs because of SPR generation and energy transfer in a gold nanoslit. 

Figure 2.6 depicts a schematic illustration of plasmon-exciton coupling effect on 

fluorescence enhancement of CND immobilized in the metallic nanoslit surface. For this 

hybrid metal-CNDs system, the plasmonic light trapping and the PIRET between gold 

nanoslit and CNDs play major roles in the enhanced fluorescence generation. Firstly, the 

enhanced field by light concentration in the nanoslit presents an overlap with the 

absorption and emission spectra of CNDs. Secondly, due to the existence of multiple 

interband transition dipoles in the CNDs,[19] first order dipole-dipole coupling between 

the plasmon in gold, and resonance dipoles in CNDs (purple color array in Figure 2.6), a 

resonance energy transfer from the metal film to the CNDs occurs, via the PIRET 
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process.[52] It is expected as well that higher SPG efficiency would provide increased 

dipole-dipole coupling, thus increasing energy transfer rate. Both the light trapping and 

PIRET enables generation of more energetic electrons in CNDs, causing increased 

populations in the conduction band (CB) from the valence band (VB). As a result, more 

electrons at the higher energy levels of conduction band of the CNDs may lead to 

enhanced photoemission. Furthermore, increased energetic electron generation in the 

conduction band potentially speeds the kinetics of relaxation to the VB, resulting in more 

emission per unit time. In this case, the fluorescence quantum yield increases. The above 

discussion conforms the effective fluorescence enhancement of the CNDs with the SPG 

efficiency of the plasmonic setup with nanoslit width dependence and maximized 

enhancement at 100 nm slit width in this work. 

Conclusion 

In this report, we demonstrate the influence of SPR on fluorescence intensity of 

the CNDs by immobilizing the CNDs on gold surface in nanoslits. The fluorescence 

intensity is greatly enhanced, which corresponds to the calculated surface plasmon 

generation (SPG) efficiency by comparing the experimental results to a semi-analytical 

analysis of the SPG efficiency. Among the studied width of nanoslits at 50, 100, 200, 

300, 400, 500 nm, respectively, the 100 nm width nanoslit presents the highest 

fluorescence enhancement of ~10x demonstrating an excitation wavelength dependence. 

The surface optical field measured as a reflection light intensity under a broad-spectrum 

incident light increases to ~ 6x when CNDs is deposited. The results are discussed using 

the phenomenon of plasmon-exciton coupling focusing on increase in the local EM field 
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surrounding the nanoslit and plasmon induced resonance energy transfer. These factors 

correspond to the enhancement in excitation and modification of emission rate of CNDs 

that ultimately enhance the fluorescence intensity of CNDs. This study offers promise for 

the development of a new CNDs-plasmon-based platform which can be used in optical 

biosensors and nanoscale optical devices. 
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CHAPTER III 

DYADS OF AU NANOPARTICLES AND CARBON NANODOTS CONFINED IN 

PLASMONIC NANOSLITS FOR OPTICAL ENHANCEMENT

Overview 

Many efforts have been carried out to enhance the fluorescence of Carbon 

Nanodots (CNDs) by engineering their surface or by surface functionalization. But all 

these methods change their properties and characteristics. Here, we offer a simple method 

to enhance fluorescence of CNDs, by immobilizing the hybrid of CNDs and gold 

nanoparticles (Au NPs) system inside gold (Au) nanoslit array. For better understanding 

of the plasmonic effect, the Finite difference time domain (FDTD) simulation was done 

for different sizes of Au NPs inside the Au nanoslit. The light intensity measurements 

and fluorescence measurements correlates with the simulation results and shows 

enhanced fluorescence of hybrid when immobilized inside the nanoslit. Enhanced 

fluorescence explained based on plasmon-plasmon and plasmon-exciton coupling. This 

new study offers promising ways for improvement in the areas of optics for optical 

devices and biosensing for biomedical application. 

Introduction 

Metallic nanoparticle has the special property called Surface plasmon resonance 

(SPR) which is due to presence of free electrons on their surface [1, 2]. Surface Plasmons 

(SPs) are the free oscillating electrons at the interface of metallic surface and a dielectric. 
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When these electrons are optically excited, the phenomenon is called SPR. SPR can be 

localized SPR (LSPR) or surface plasmon polariton (SPP) [3]. Both the SPRs have the ability 

to confine electro-magnetic (EM) field in their vicinity [3] and this makes them useful in 

different applications like analytical technologies [4, 5], photo-catalysis [6, 7], opto-electronic 

devices [8-12], fluorescence or optical enhancement [13, 14], and for amplifying 

spectroscopic signals in surface-enhanced Raman scattering (SERS) [4, 15, 16]. Besides, 

these, another phenomenon plasmon-plasmon coupling further results in EM field 

enhancement. In plasmon-plasmon coupling, when two or more metallic nanostructures 

separated by only a nanoscale gap, their individual plasmons can couple and leads to the 

further enhancement of either reflected, trapped or transmitted light.[17] [18-20] . If the 

gap width is 10 nm or less then there is exponential increase in enhancement [21-24] . 

Hence, devices based on plasmonic coupling with sub-10 nm gaps hold as promising 

technology in photovoltaics, SERS, biosensors, and other spectroscopies that utilizes 

enhanced optical capabilities. The enhancement is due to the hybridization of the 

plasmonic modes between the two metallic structures present in the proximity of sub-10 

nm gap [21, 25] .  

Optical Enhancement is one of the promising phenomena and widely used 

technology in various areas like in opto-electronics, microscopy, and biosensors in health 

care sector for qualitative or quantitative detection of biomolecules. For optical 

enhancement and its use in practical application, there should be increase in signal to 

noise ratio (SNR)  [26, 27]. To increase the SNR, various systems have been introduced 

such as plasmonic nanostructures [28, 29], photonic crystals [30, 31] and alumina 
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nanopores [32, 33]. It has been reported that optical enhancement with photonic porous 

structures like in silica [34] and in metal organic framework [35] is 7- to 10-fold, with 

optical interference mirrors (about 40-fold) [36], with metallic nanoparticles (6- to 25-

fold) [37-39], and by the prism-based surface plasmon resonance (SPR) (10- to 47-fold 

[40]. Therefore, for high SNR or to increase the enhancement, one of the best and 

efficient solutions is to use metallic plasmonic nanostructures. When metallic 

nanostructures were brought in proximity of a fluorescent molecule or dye, there is 

increase in optical enhancement. This increased optical enhancement results in enhanced 

fluorescence of fluorescent molecule or dye called as metal enhanced fluorescence [41-

44]. The enhancement from emitters can be achieved when there is a coupling or overlap 

between the excitation wavelength (λex) of the emitter with the SPs transitions. The SP will 

enhance the local field around the emitter which results in more SP-driven excitation rate [13]. 

Various metallic structures have been studied and used for fluorescence enhancement by 

coupling the absorption of emitter with the SPs transition including metallic thin films 

[45], and metallic nanostructures such as nanocubes [46], nanoholes [47, 48], nanorods [49, 

50], nanodisks [51], core–shell nanoparticles [52, 53], DNA-assembled nanoparticles 

[54], antennas-in-box [55] and nanoantenna [56]. The enhanced and amplified signals have 

applications in various areas including, biosensing or biodetection [5, 57] with high sensitivity 

and limit of detection reaching femtomolar of concentration  [58, 59].  

Absorption/scattering spectra of plasmon-emitter system has been investigated 

and studied quite well, but on the other hand their emitting properties are still far from 

being clear. The strong coupling between plasmon and nearby emitter material results in 
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modification of fluorescence spectra of the emitting material. Plasmon-induced field 

enhance the fluorescence by manipulating the excitation rate Ґex and quantum yield Q of 

the emitter [60]. Along, with the increase in excitation rate, quantum yield can also be 

increased by optimizing the balance between radiative and non-radiative rates by 

adjusting the distance between metal nanostructures and the emitter. Fluorescence 

wavelength tuning, the emission shift of plasmon-emitter hybrids and modified 

fluorescence spectra are proportional to  χA(λ) = FL0(λ) X A(λ), where, FL0(λ) [61, 62] is 

uncoupled fluorescence spectrum and A(λ) is extinction spectrum of plasmon. While 

fluorescence enhancement by LSPR in various quantum dots or dyes molecule has been 

investigated, but data showing fluorescence enhancement using SPP and plasmon 

coupling still needs to be studied. It would also be interesting to find out the relationship 

between the enhanced EM field intensity and the fluorescence enhancement. These new 

findings will help in building the exotic optical property of material with novel 

applications. 

CNDs have attracted very much attention because of their amazing properties like 

small size, biocompatibility, strong and tunable photoluminescence and good opto-

electronics properties [13, 63]. It was reported that fluorescence properties of CNDs is 

due to the band gap transition[63] but it has not been explored fully yet. A lot of work has 

been done to improve the fluorescence property of CNDs by changing their structure, 

functional groups and size. Lately, enhanced field from plasmonic metal was investigated 

to improve CNDs fluorescence without changing their properties and structure. Some of 

the recent Studies shows the enhanced fluorescence of CNDs can be achieved using Au 
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NPs [64-66]. Much of the studies were carried out to enhance the fluorescence using 

LSPR. A very less data showing the enhanced fluorescence using SPP and plasmon-

plasmon coupling. It would also be interesting to understand the underlying mechanism 

of enhanced fluorescence of CNDs due to plasmonic effect. 

In this work we are presenting a system as shown in Figure 3.1, which leads to 

optical enhancement and eventually the enhanced fluorescence of CNDs immobilized 

inside the nanoslit with the different size Au NPs. The SPR can enhance or generate the 

strong EM field around the CNDs which can result in the modulation of the fluorescence 

properties of the CNDs. Our recently published study shows that SPR enhances the 

photocurrent generation from photosystem I protein [67]and enhanced fluorescence of 

CNDs when immobilized in Au nanoslit [13]. Building on these findings, we hereby, 

presents a new coupled system with Au nanoslit and Au NPs. Our focus is to study how 

this new coupled system helps in modulating and enhancing the fluorescence properties 

of CNDs. Here, we fabricated 100 nm width of Au nanoslits array and in the nanoslit 

array we immobilized CNDs functionalized with different size Au NPs. Then, CNDs 

functionalized Au NPs hybrid (CNDs-Au) system in the nanoslit and without nanoslit 

was illuminated with white light source for light intensity and fluorescence 

measurements. This system will explain how the coupled plasmons (Au nanoslit- Au 

NPs) enhances the localized and propagating field and enhance the fluorescence of the 

CNDs. In addition, Finite difference time domain (FDTD) was done for coupled system 

with difference sizes of Au NPs to optimize the system by calculating the EM field 

intensity in the coupled system as a function of Au NPs size. We then further assessed 
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how this particle size variation impacts the fluorescence of CNDs. The mechanism for the 

fluorescence enhancement of CNDs with coupled system discussed on the basis of 

plasmon-plasmon and plasmon-exciton coupling. 

 

Figure 3.1. Schematic illustration showing the overall design used for fluorescence 

enhancement of the CNDs. 

Experimental Section 

Synthesis and Characterization of CNDs 

CNDs were synthesized using Microwave -assisted synthesis procedure reported 

previously [13, 63, 68]. Citric acid (0.96 g, 99%, ACROS Organics) and ethylenediamine 

(1mL, 99%, Alfa Aesar) were mixed in 1.0 mL deionized water to form a homogenous 

solution. Microwave synthesizer (CEM Corp 908005) was used to heat the solution with 

300 W for 15 minutes. Further, a dialysis membrane (1000 MWCO, Fisher Scientific) 

was used against the deionized water to purify the reddish-brown solution for 24 h. To 

get uniform particle size and remove the larger particles, dialysis water was changed 

three times. At last, freeze-dryer (FreeZone 6, Labconco) was used to dry the resultant 

solution for 24 h to obtain the solid sample. Further, the solid sample obtained were 

characterized by the different techniques. Transmission electron microscopy (TEM) was 

used to examine the size distribution and uniformity of the purified CNDs. Fourier 
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transform infrared spectroscopy (670 FTIR, Varian) was done to study functional groups 

or elemental contents and to know the chemical structure of the CNDs. UV-vis 

spectroscopy (Cary 6000i, Agilent) was used to know the absorption peak and 

fluorescence spectroscopy (Cary Eclipse, Agilent) was used to study the emission spectra 

of the CNDs at different wavelength of light. Both UV-vis and fluorescence spectroscopy 

techniques gives information about the sample’s optical properties. For both UV-Vis and 

fluorescence spectra, the samples were prepared by dissolving the CNDs in water at a 

concentration of 0.05 mg/mL. 

Synthesis and Characterization of CNDs-Au hybrid 

Au NPs of different sizes 5 nm, 10 nm and 20 nm were purchased from Ted Pella 

Inc. The Au NPs were monodispersed, water soluble and citrate stabilized with negative 

surface charge. The negative surface charge of Au NPs made them easy to conjugate with 

amine stabilized CNDs (FTIR spectra shows the presence of -NH group on the surface of 

CNDs). To make CNDs- Au NPs hybrid, the solution having same number of molecules 

of CNDs and Au NPs was used and stirred at the temp of 80oC for 5 mins. During the 

reaction, the solution changes color from reddish pink to dark blue which indicates the 

formation of CNDs-Au hybrid. After 5 mins, a dispersed solution was obtained having 

CNDs-Au hybrid nanoparticles. Transmission electron microscope (TEM) was used to 

image the hybrids. Optical properties were studied by UV-vis spectroscopy and 

fluorescence spectroscopy. For the UV-vis spectra and fluorescence spectra the 0.05 

mg/mL concentration of the sample was used. 
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Fabrication Of device 

Device design as shown in Figure S3.1 with 100 nm of nanoslit array and 600 nm 

of periodicity was fabricated by E-beam lithography as shown in Figure S3.2. Our 

previous study shows that 100 nm of nanoslit have the maximum Surface Plasmon 

Generation (SPG) efficiency[12, 13]. ITO coated glass substrate, 25 x 25 mm, 0.7 mm 

thick, resistivity < 10 Ω/sq, TECHINSTRO, product code TIXZ 001 were used for the 

fabrication. Multi-step cleaning and surface treatment was done. Firstly, ITO coated glass 

substrate was ultrasonicated and rinsed in acetone, methanol, isopropanol for 15 minutes 

for each step and blow-dry with nitrogen. Further, substrate was treated with oxygen 

plasma (e.g. 100 mT, 100 W, 40 sccm O2, 4 min, Vision RIE) to make the salinization 

more effective. Now, the substrate surface becomes hydrophilic. To make the substrate 

surface hydrophobic, 30 mL ethanol mixed with 150 µl of 3-(trimethoxysilyl) propyl 

methacrylate and submerge the substrates in the prepared ethanol/3-

(trimethoxysilyl)propyl methacrylate solution overnight. Rinse the substrate with acetone 

and distilled/deionized water afterwards. The surface should now be hydrophobic. Hence, 

the water should run off easily. Blow dry with nitrogen and bake at 90OC for 5 minutes to 

dry and then cool briefly. For patterning the nanoslit array, spin coat maN-2403 resist 

with SCS spin coater, step 1: 500 RPM, 1 sec ramp, 5 sec dwell, step 2: 4000 RPM, 3 s 

ramp, with 60 sec dwells. Further, soft bake at 90° C on hot plate for 1 minute. ELS-

G100 100 kV EBL system was used to pattern the substrate with 1 nA beam current, dose 

varies 184 – 258 µC/cm2 for pattern. After patterning, the Ti/Au was deposited on the 

pattern using Electron Beam Evaporation Denton Explorer, 40 Å Ti, with the rate of 1.0 
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Å/sec and 1200 Å Au with the rate of 1.0 Å/sec. The rate was monitored with the help of 

QCM. Further, the lift off was carried out to get the desired pattern using 1165 (1-methyl-

2-pyrrolidinone). Finally, submerge the substrate into 1165 at 70° C, for 1 hour and then 

ultrasonicate for 15 mins to get 100 nm of nanoslit array with 600 nm of periodicity. The 

Figure S3.1 (b) and S3.1 (c) shows the optical images of the final device design. 

Preparation of immobilized CNDs- Au NPs into the Au nanoslit array electrode 

surface 

Firstly, the Au nanoslit array of 100 nm width substrate was cleaned with ethanol, 

DI water and N2 dried. Then, it was treated with O2 plasma (South Bay Technologies 

PC2000 Plasma Cleaner) for 10 mins to thoroughly clean the surface. For formation of 

self-assembly monolayer (SAM) formation, 11-mercaptoundecanoic acid 

(HS(CH2)10COOH, Sigma Aldrich) and 8-mercapto-octanol (HS(CH2)8OH, Sigma 

Aldrich) were used. 11-mercaptoundecanoic acid and 8-mercapto-octanol were dissolved 

in 1:2 mole ratio, in absolute ethanol and substrate was incubated into this solution for 24 

hrs. Once the SAM is formed, then to activate the carboxylic acid groups1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, TCI) and N-

hydroxysuccinimide (NHS, Sigma Aldrich) were used. Substrate with SAM was put in 

0.5 mM solution of EDC and NHS dissolved in water for 2 hours. Then, the substrate was 

cleaned with DI water and immediately transferred to freshly prepared solution of CNDs-

Au hybrid for 2 hours to immobilize the hybrid into the Au nanoslit array. The 0.05 

mg/mL concentration of CNDs-Au hybrid was used for the immobilization. Lastly, the 

substrate was cleaned, dried, and used further for measurements. Note that, for the 
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fluorescence measurements and light intensity measurements, hybrid solution without 

nanoslit and hybrid in nanoslit were used. 

Finite Difference Time Domain (FDTD) of the Nanoslit array with or without Au NPs  

The EM field intensity profile of the nanoslit array with or without Au NPs was 

measured by Lumerical FDTD software [69]. The model used for EM field intensity 

calculation was Au nanoslits array of 100 nm width, 600 nm pitch with different size of 

Au NPs inside the nanoslits as shown in Figure S3.3. During the simulation, the 

refractive index of air was assumed 1.0 in the total mesh area. Perfectly matched layer 

(PML) was applied for the boundary conditions. EM field distribution was calculated for 

100 nm width nanoslit array with or without Au NPs using Drude-Lorentz model. Note 

that 5 nm, 10 nm and 20 nm Au NPs was used during simulation. The transverse electric/ 

magnetic (TE/TM) equation was obtained by Fourier transform of the polarization [70]. 

Fluorescence imaging and intensity 

Fluorescence measurement for both the system, CNDs-Au NPs hybrid solution 

and hybrid into the Au nanoslit array were taken. For the measurements, the hybrid 

solution was drop casted on the glass coverslip and dried overnight. AxioZ2M 

microscope was used in reflection mode to take the fluorescent measurements. This 

microscope is the simple optical microscope with different filters like blue, red and green 

for the fluorescence measurements. Firstly, the images for the substrate were taken using 

the objective lens and then the filters were used to take the fluorescence images. We used 

20X objective lens to capture the image and two filters: 395-440 nm and 450-480 nm 

were used for fluorescence images. The captured images were changed into the grey scale 
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images using MATLAB program without changing the intensity. Then, to measure the 

fluorescence intensity ImageJ software was used. 

Reflection Light Intensity Measurement 

CytoViva Hyperspectral Imaging microscope was used to measure the reflected 

light intensity of different systems. CytoViva Hyperspectral Imaging microscope is the 

advanced microscope which have both optical imaging and hyperspectral imaging built in 

same system. For the light intensity measurements, the optical images were taken with 

50X objective lens using white light source of wavelength ranging from 400-1000 nm 

and exposure time of 0.5s. Then those optical images were converted into hyperspectral 

images using ENVI software which not only gives the pixel by pixel image but also give 

the intensity spectra corresponding to the image. Hyperspectral imaging technology is 

specifically known for its capability for spectral characterization and spectral mapping of 

the samples that too in nanometer range. 

Results  

CNDs Synthesis and Characterization 

CNDs were synthesized by microwave assisted technique discussed above and 

then characterized by different techniques. The FTIR spectra as shown in Figure 3.2(a) 

show broad absorption bands at 3000-3500 cm-1 which corresponds to the stretching 

vibrations of O-H and N-H and assigned to the carboxylic acid and amine groups, 

respectively. The bands at 1538, 1432, and 1375 cm-1 of the E-CNDs can be assigned to 

the bending vibrations of N-H, C-N, and C-H, respectively [71, 72]. The presence of 

amino, carboxyl and hydroxyl groups on the surface of the CNDs were confirmed by 
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FTIR, shows the hydrophilic nature of the CNDs, that they are stable in aqueous solution. 

The Figure 3.3(a) shows the absorption spectra of the CNDs with the absorption band at 

350 nm. The Figure 3.2(b) shows fluorescence emission spectra of CNDs taken in DI 

water (0.05 mg/mL) under different excitation wavelength (λex ranging from 340 to 500 

nm). As the wavelength increase there was the red shift in the fluorescence emission of 

the CNDs. Maximum emission was observed at the 360 nm of excitation wavelength. At 

the longer wavelength too, they have some emission. TEM image in Figure 3.2(c) 

confirms the ~5 nm of particle size and shows that CNDs particles were monodispersed 

and spherical in shape. 

 

Figure 3.2. Characterization of the CNDs by different techniques (a) FTIR spectra (b) 

Fluorescence emission spectra (c) TEM image of the CNDs. 

CNDs-Au Characterization 

CNDs-Au hybrids were characterized by different techniques. UV-vis in Figure 

3.3(a) shows the absorbance band of the hybrid. The CNDs-Au have two absorption 

band, one is at 350 nm and another broad band around 575 nm confirm the formation of 

hybrid. Figure S3.4(a) shows the absorption spectra for different size of Au NPs and 

Figure S3.4(b) shows the absorption spectra for CNDs-Au hybrid with different size of 
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Au NPs. There was red shift in absorbance spectra with increase in size of Au 

nanoparticles. Figure 3.3(b) shows the emission spectra of the hybrid for different 

wavelengths of light. The maximum emission noticed at 400 nm and as the wavelength of 

light increases there was red shift. Hybrids have emission at longer wavelength of light 

too as shown in Figure S3.5. Both the UV-vis and emission spectra defines the optical 

properties of the hybrid. Figure 3.3(c) and (d) shows the TEM images of the CNDs-Au 

hybrid. TEM images show that particles are bonded together and of size ~15 nm, 

spherical and uniformly distributed. Note: All the characterization shown in Figure 3.3 

were done for CNDs-Au hybrid, used 10 nm of Au NPs. 

 

Figure 3.3. Characterization of the CNDs-Au hybrid by different techniques (a) UV-vis 

spectra (b) Fluorescence emission spectra (c) TEM images of the hybrid showing 1:1 

interaction. Note: All characterization in above Figure 3.3 for hybrid was done using 10 

nm Au NPs, for all other sizes, data is shown in supplementary information. 
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Au nanoslit array fabrication and immobilization 

Au nanoslit array of 100 nm width fabricated by E-beam lithography. Scanning 

electron microscopy (SEM) shows the 100 nm width of nanoslit array with 600 nm of 

periodicity. The array was made onto the 500 µm X 500 μm area of the substrate. SEM 

images in Figure 3.4(a) and 3.4(b) shows the straight nanoslit array with the constant 

periodicity of 600 nm between the nanoslits. 

 

Figure 3.4. SEM images of the 100 nm width of nanoslit array fabricated by E-beam 

lithography. (a) shows the straight line of 100 nm width, (b) is the enlarged version of the 

100 nm width nanoslit array. 

Immobilization of CNDs-Au inside the nanoslit array was done using the SAM 

formation for the fluorescence and light illumination measurements [13]. SAM results in 

the gap of around 1 nm between the Au nanoslit and CNDs-Au attached to it.  



 

77 

 

Fluorescence Light intensity and Images 

Fluorescence light intensity were measured by Axio Z2M microscope. 

Fluorescence images and intensity spectra were taken for CNDs-Au NPs hybrid with 

different sizes of Au NPs inside the nanoslit and without the nanoslits. For the 

measurements two filters 395-440 nm and 450-490 nm were used. Once the images were 

taken with both filters, fluorescence images were converted into grey scale images using 

MATLAB code without changing the intensity. Then, the intensity was measured using 

the ImageJ software for each image with the same area. The Figure 3.5 shows the 

fluorescence light intensity measurement for the CNDs-Au hybrid system for different 

sizes of Au NPs (5nm, 10nm or 20 nm). The Figure 3.5 shows that the Au NPs without 

any CNDs have very negligible intensity while there is very slight difference in the 

fluorescence intensity when different size of Au NPs were used with CNDs. The CNDs 

shows increased in fluorescence intensity when used with Au NPs in compare when used 

alone. 

Figure S3.6 shows the fluorescence images and Figure 3.5 shows intensity graph 

when CNDs-Au hybrid used inside the 100 nm width array of nanoslit. The Figure S3.6 

(a) shows the fluorescence images and grey scale images taken using 395-440 nm filter, 

S3.6 (b) shows the fluorescence images and grey scale images taken using 450-490 nm 

filter and Figure 3.5(a) (b) shows the corresponding intensity. The fluorescence intensity 

of CNDs-Au hybrid increased when they were placed inside the nanoslit. Nanoslit array 

did not show any fluorescence without the CNDs or the CNDs-Au hybrid. The difference 

in fluorescence intensity of CNDs-Au hybrid inside the nanoslit for different size of Au 
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NPs shows very slight difference, the fluorescence intensity is slightly maximum when 

20 nm of Au NPs was used. It was observed that fluorescence intensity was more when 

450-490nm excitation wavelength used in compare to 395-440 nm of wavelength. The 

table S3.1 and S3.2 shows the intensity values calculated for all the images of CNDs-Au 

hybrid inside the nanoslit and without the nanoslit with the same area for different filters 

or different excitation light wavelength. 

 

Figure 3.5. Fluorescence intensity spectra. (a) shows the fluorescence intensity spectra for 

CNDs-Au hybrid with different size of Au NPs without the nanoslit array, (b) graphical 

plot showing the fluorescence intensity measured with different filters corresponding to 

different size of Au NPs in CNDs-Au hybrid inside the nanoslit array. 

Reflection Light intensity spectra 

The reflective light intensity spectra were taken for the CNDs-Au NPs hybrids 

inside the nanoslit and without the nanoslit by CytoViva Hyperspectral microscope in the 

reflection mode. The Figure 3.6(a) shows the reflection light intensity spectra for CNDs-

Au NPs hybrid for different size of Au NPs without nanoslit. Figure 3.6(b) shows the 

light intensity spectra for CNDs-Au NPs hybrid inside the nanoslits. Figure S3.7 and S3.8 

shows the normalized light intensity spectrum for the CNDs-Au NPs hybrid inside the 
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nanoslit and without the nanoslit. Each light intensity spectrum is the average of 9 

measurements. The intensity graphs show that reflective light intensity increased when 

the hybrid CNDs-Au were placed inside the nanoslit. The intensity spectra for the hybrid 

without nanoslit and inside nanoslit follow the same trend i.e., it is maximum when the 

CNDs attached to 20 nm of Au NPs and minimum for 5 nm of Au NPs. The difference in 

intensity is very less but can be seen. The reflection light intensity measurements and 

fluorescence intensity measurements follow the same trend which can be explained based 

on coupling of plasmons which enhances the local EM field intensity. 

 

Figure 3.6. Representative net light intensity spectra of CNDs-Au NPs hybrid with 

different size of Au nanoparticles (a) without nanoslit and (b) inside the nanoslit. 

Finite Difference Time Domain (FDTD) of the Nanoslit array with or without Au 

nanoparticles 

The EM field distribution for 100 nm width nanoslit array with or without Au NPs 

calculated using FDTD as shown in Figure S3.9. TE/TM equation was obtained for all 

the models using Fourier transform polarization. The EM field distribution shows the 

plasmonic intensity at the Au-glass interface which is due to the coupling of Au nanoslit- 

Au NPs with different size of Au NPs. The trend for the EM distribution for different size 
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of Au NPs inside the nanoslit is almost the same with slight difference and is as follows: 

EMAu20nm> EMAu10nm> EMAu5nm >EM. The FDTD results for all the models were 

compared with the light intensity spectra and fluorescence intensity. It has been seen that 

the simulation results agree well with experimental results, which explains that enhanced 

EM field intensity results in enhance fluorescence. 

Discussion 

The optical enhancement of CNDs occurs when they were combined with Au NPs 

and placed inside the nanoslit which is having exposed gold on both the side. The optical 

enhancement here can be explained by two phenomena: plasmon-plasmon coupling and 

plasmon-exciton coupling. Plasmon-plasmon coupling between Au nanoslit and Au NPs 

enhances the optical field intensity which eventually increases the fluorescence of CNDs 

by plasmon-exciton coupling. It was observed that unlike the single nanostructure, 

plasmon coupling increases the overlapping field strength with the increase in size of the 

nanoparticle and with decreasing the distance between them. Less the distance between 

the nanostructures more will be the intensity of EM field around them [73]. In our study, 

the distance between the Au NPs and Au nanoslit was constant for different size of Au 

NPs, the enhanced fluorescence in 20 nm of Au NPs was observed because of its large 

size which results in more coupling then other size Au NPs. Experimental results for 

enhanced fluorescence intensity were consistent with the FDTD simulation results and 

both follow the same trend, maximum for 20 nm of CNDs-Au NPs hybrid in nanoslit and 

minimum for 5 nm of CNDs-Au NPs hybrid in nanoslit. 
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Fluorescence signal enhancement for CNDs depend on the intensity of EM field 

and energy transfer process. Au nanoslit cavities containing CNDs with AuNPs generates 

both LSPR and SPP, results in SP-induced light trapping/scattering of incident light that 

leads to plasmon-exciton coupling effect, influencing the fluorescence of CNDs. 

Moreover, Au NPs and Au nanoslit have plasmon-plasmon coupling too to further 

enhance the local EM field intensity to enhance the signal intensity. 

 Plasmon-plasmon coupling between Au nanoslit and Au NPs, can be investigated 

by simple classical oscillatory model. Both the metallic structures (Au nanoslits and Au 

NPs) have natural frequency of oscillation corresponding to the plasmons separated by 

some distance. When these metallic structures are apart (more than 10 nm) they will not 

interact with each other and keep oscillating with their natural frequencies. Upon external 

perturbation or external field, Au nanoslit and Au NPs start to oscillate in different 

direction. They both are in close proximity to each other, so they start affecting each 

other and modify their oscillation in response to external field. These oscillation 

interaction increases as the gap between these structures decreases[74]. Here, the gap 

between Au nanoslit and Au NPs is ~7nm which leads to strong oscillations and enhances 

the local EM field around CNDs. Few energy-transfer mechanisms were proposed to 

transfer this enhanced local EM field including Hot electron injection, plasmon-induced 

resonance energy transfer (PIRET) and light scattering/trapping. Here, because of the 

interfacial barrier hot electron injection is minimized. PIRET and light trapping/scattering 

are other efficient energy transfer process between Au nanoslit - CNDs -Au NPs. 
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Here, two systems were studied: CNDs-Au NPs hybrid placed in between the Au 

nanoslit cavities and CNDs-Au NPs hybrid without nanoslit as shown in Figure 3.7. 

Figure 3.7 (a) and (b) illustrates the plasmon-plasmon coupling and plasmon-exciton 

coupling effect on fluorescence of CNDs. In case of CNDs-Au NPs hybrid immobilized 

inside the Au nanoslit light trapping, PIRET and plasmon-plasmon coupling plays a 

major role in fluorescence signal enhancement. , First, the enhanced field by light 

trapping in Au nanoslit presents overlap with emission and absorption spectrum of 

CNDs. Second, because of the coupling between plasmons in gold and resonance dipole 

of CNDs, a resonance energy transfer from metal film and metal nanoparticle to CNDs. 

Third, plasmon-plasmon coupling between Au NPs and Au nanoslit enhance the local 

EM field intensity around the CNDs. Light trapping, PIRET and plasmon coupling 

generates more energetic electrons in conduction band (CB) of CNDs from valence band 

(VB), resulting in high population of electrons in CB. More number of electrons in CB 

increases the relaxation per unit time, which results in more and enhanced emission per 

unit time and contributes to more fluorescence quantum yield 

In CND-Au hybrid case, only light trapping and PIRET process involved for 

signal enhancement, so the local EM field intensity will be less compared to the Au 

nanoslit-CND-Au NPs system which have plasmon-plasmon coupling too. Both PIRET 

and light trapping generates energetic electrons in CB, but they will be less compared to 

above mentioned system, which results in less enhancement of fluorescence.  
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Figure 3.7. Schematic illustration of the mechanism proposed for enhanced fluorescence 

of CNDs in two systems, (a) CNDs immobilized in between the Au nanoslit Au NPs, (b) 

CNDs with Au NPs without Au nanoslit. 

Conclusion 

In this work, we reported the influence of plasmon-plasmon coupling and 

plasmon-exciton coupling on the optical enhancement of the CNDs. Here we studied the 

effect of SPR on fluorescence of two systems, CNDs with Au NPs and CNDs with Au 

NPs immobilized inside Au nanoslit. The fluorescence intensity is greatly enhanced in 

both the cases, but it is more when hybrid immobilized inside the nanoslit because of the 

coupling effect of both the Au NPs and Au nanoslits that have both LSPR and SPP, 

respectively. 100 nm width of nanoslit array was chosen as it has maximum SPG 

efficiency. FDTD simulation was done for the different sizes of Au NPs (5nm, 10 nm, 

and 20 nm) inside the Au nanoslit, to get the EM field intensity. The light insanity spectra 

show the approx. 4X increased intensity when the hybrid used inside the nanoslits. The 

results were discussed based on plasmon-plasmon and plasmon-exciton coupling. 
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Plasmon-plasmon coupling corresponds to enhance EM field and plasmon-exciton 

coupling leds to exchange of EM fields which results in enhanced excitation and 

emission rate of CNDs. This study offers a new platform for development of optical 

devices and optical biosensors. 
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CHAPTER IV 

PLASMON ENHANCED PERFORMANCE OF CARBON NANODOTS BASED 

PHOTOELECTROCHEMICAL CELL USING GOLD NANOSLIT CAVITIES

Overview 

Plasmonic nanostructures have the property of light manipulation at the sub-

wavelength scale which has been utilized to improve/enhance the efficiency of the 

photoelectrochemical cell. The device performance is measured by its ability to absorb 

light and light conversion ability. Incorporation of the Plasmonic metallic nanostructures 

boost both these properties by concentrating the light into active region. In this 

perspective, we developed a new device design where we fabricated gold nanoslit 

electrode and immobilize the electrode with Carbon nanodots (CNDs) and titanium 

dioxide (TiO2) nanoparticles to evaluate the photocurrent generation efficiency. This 

current model provides a framework for the performance enhancement of the 

photoelectrochemical cells when plasmonic nanostructures used with active materials. 

Furthermore, intersection between Plasmonics and photovoltaics offers an outlook on the 

future high efficiency solar cells. 

Introduction 

Sunlight is one of the abundant natural resources and can be used to meet the 

requirements of the future energy needs. Use of solar energy to fabricate 

photoelectrochemical cell has the potential to overcome the energy crisis, environmental 
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problems and to make a great contribution in the large portion of energy. Recently, the 

use of solar energy for photoelectrochemical cell fabrication has attracted a lot of 

attention due to its better energy conversion efficiency and low fabrication cost. Most of 

the research carried out to replace the traditional organic dyes with the nanostructures to 

improve the Power conversion efficiencies (PCE). Recently, above 22% of PCE was 

reported in last seven years from 2009 when nanostructures used as sensitizers in device 

designing [1-4]. The most important key factor that determine the performance of any 

photoelectrochemical cell is its capability to absorb the light and its capability to extract 

the generated charge carriers [5]. Light absorption or trapping can be enhanced by 

engineering the device designing and fabrication process. Number of promising 

approaches has been identified to enhance the light absorption [6-11], among them, one 

of the approaches is to use plasmonic nanostructures in the device. Plasmonic 

nanostructures have Localized Surface Plasmons or propagating surface plasmons, that 

can couple with incident photons, resulting into confinement of the electromagnetic (EM) 

field.  This localized EM field maximize the absorption of incident light and improved 

the efficiency [12-14].  Other key factor to improve performance and cost reduction of 

the photovoltaic device performance is efficient light management by minimize the 

reflection and scattering of the upcoming light and to enhance the optical absorption [15, 

16]. Use of nanostructure with graded refractive index [17-20] and plasmonic structures 

and layers [21-25] can be used as antireflection coatings which offer great potential for 

light absorption enhancement [9].  Plasmonics structure offers a most promising and 

significant potential application [26], in the field of the photovoltaics [27-30]. Many 
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scientists used and proposed different designing and different technologies to use 

plasmon excitation and light localization with surface plasmon resonance (SPR) for the 

high and improved efficiency. Plasmonic nanostructures can be used in at least three 

different configurations in the photovoltaic device as shown in Figure 4.1  : on the 

surface of the device to capture incident light [31-34], embedded inside the active layer 

of the semiconductor to provide more light to the semiconductor by localized surface 

plasmon resonance (LSPR) [35-38] or at the bottom, interface between the semiconductor 

and the metal in the form of scattering nanoparticles [39, 40] or as surface plasmonic 

gratings [41-44]. In each case the increase in efficiency is due to the different physical 

principle involved. When the plasmonic nanostructure is at the surface as shown in 

Figure 4.1 (a), more light is captured and trapped by the semiconductor due to multiple 

and high angle scattering, which results in increase in optical path length inside the 

device. When the plasmonic nanostructures embedded inside the active layer as shown in 

Figure 4.1 (b), there is a strong localization and enhancement of the light within the 

proximity of the semiconductor which results in more or additional generation of 

electron-hole pair within the device. In the last device design as shown in Figure 4.1(c) 

and (d) the use of metal gratings with periodic nanostructures array can be coupled with 

the light and results in surface plasmon polaritons (SPP), which propagate in the plane of 

the semiconductor layer and generate more electron-hole pairs [5]. 

https://www.sciencedirect.com/topics/engineering/nanoparticles
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Figure 4.1. Light trapping or absorption by plasmonic nanostructures in device structure 

when used in different configurations (a) on the surface, (b) inside the active layer, or (c) 

and (d) as periodic arrays at metal-semiconductor interface. 

Many studies have been carried out where researchers used TiO2 or ZnO 

nanostructures with low band gap semiconductor Quantum dots (QDs) such as CdS, 

CdSe, PbS, PbSe etc[45-47] to increase the efficiency of the photoelectrochemical cell. 

But recently, graphene quantum dots (GQDs), carbon quantum dots (CQDs) and carbon 

nanodots (CNDs) received much more attention due to their amazing properties. These 

particles have small size and their optical properties like absorption and emission can be 

tuned with the size [48]. CNDs or CQDs have received extensive attention because they 

are spherical shape with less than 10 nm of size, and have amazing properties like 

photoluminescent (PL), easy preparation, cost effective synthesis,  tunable PL properties  

[49]. More importantly they are biocompatible and nontoxic for the environment and the 

biological system which is very advantageous. Few of the research work where scientist 

used CQDs or CNDs in their design to improve the PCE. Mirtchev et al. observed the 

PCE of 0.13% when they used TiO2 photoanode with CQDs which is synthesized by 
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using acid dehydration of γ-butyrolactone [50]. Like Mirtchev et al., Zhang et al. reported 

the same PCE that is 0.13% by fabricating photoelectrochemical cell  using N-doped 

CQDs as photosensitizers [51]. Briscoe et al. synthesized the three different types of 

biomass-derived CQDs and used them as photosensitizers. He used these photosensitizers 

with ZnO as photoanodes and observed the PCE of 0.077%  [52] . Recently, Margraf et 

al. reported the PCE of 0.24% where he used CQD in their device design [53]. Wang et 

al. also construct the photoelectrochemical cell with CQD by integrating CQDs and 

TiO2 photoanodes in acetone and a PCE of 0.79% was obtained [54]. Zhang et al.  

fabricated the device using hybridized CQDs/TiO2 as photoanode and observed the 

improved PCE of 0.87%, which is higher than all of the reported CQD cells adopting the 

simple post-adsorption method [55].  

Considering the above studies shows that, use of CQDs or CNDs in 

photoelectrochemical cell to increase PCE has been investigated, but the research of the 

plasmonic effect on the CNDs to increase PCE is very rare and needs to be explored. 

Considering that, here, in this work we are presenting a plasmonically enhanced 

photoelectrochemical device with nanoslit design. Optimized 100 nm of nanoslit design 

immobilized with CNDs and TiO2 nanoparticles was used as a working electrode. Here, 

we investigated the enhanced electron transfer interaction between CNDs, TiO2 and gold 

electrode due to plasmonic effect. The efficiency and fill factor were measured for the 

plasmonic device design in light and dark condition. The results will offer a new way to 

develop the photovoltaic device for enhancing the efficiency and photocurrent generation 

using the plasmonic nanostructures. 
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Experimental Section 

Fabrication of device 

We used simple photolithography technique with FIB for the fabrication of device 

as shown in fig 4.3. A high resolution transparent dark -field photomask was developed 

by AutoCAD using 25400 DPI printer as shown in Figure 4.2. 

 

Figure 4.2. Dark field mask prepared by AutoCAD used during photolithography for the 

fabrication of device, (a) is the mask used for first step of lithography, (b) showing the 

mask used for second step of lithography.  

Globe diamond white glass slide were used as substrates. Glass substrates were 

first treated with piranha solution, then cleaned with DI water and N2 dried. Further 

substrates were exposed to oxygen plasma at 200 W, for 2 min for proper cleaning and 

then they were dehydrated on hot plate at 180oC. JSR NFR 016 D2 negative photoresist 

was spin applied on the cleaned substrates with the thickness of 3.5 μm, and then soft 

baked on hot plate for 90s at 90oC. After that, they were exposed for 6s by OAI mask 

aligner for the patterning and post baked at 90oC for 90s. Then, the resist was developed 

in PD523AD for 60s at room temperature. At each process steps, microscopy images and 

profilometry measurements were taken. Once patterned was developed all the substrate 

moved for metal deposition to evaporation chamber (Kurt Lesker PVD 75 e-beam 

evaporator). Ti/Au/Ti/SiO2 was deposited on the patterned surface once the base pressure 
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of evaporator reached to 2.7 x 10-6. 4.4 nm thickness of Ti was deposited at the rate of 

0.5 Å/s, 225.4 nm of Au was deposited at the rate of 3.5 Å/s, 4.6 nm of Ti was deposited 

at the rate of 0.4 Å/s and the 26.7 nm SiO2 was deposited at the rate of 1.5 Å/s. Ti was 

used as adhesive layer and SiO2 was used as a capping layer to protect the device from 

wear and tear. Once the metal deposition was done, then we did the lift-off of the metal 

using acetone bath with sonication for 5 mins. To make the electrodes on the device, 

second lithography step was performed. For the second photolithography step, photoresist 

Shipley1827 with HMDS was spin coated on the patterned device and exposed to the 

second photomask for 26s using OAI mask aligner. Next step was to etch the SiO2 

capping layer with the reactive ion etching tool (LAM Rainbow 4400). CF4 at 45 sccm 

and O2 were used at 5 sccm were used at 40mT of etch pressure to etch. Afterwards, the 

positive resist S1827 was stripped using 1165 to make the pattern on the device. A 100 

nm width of nanoslit was milled at the center of each device with focused ion beam 

milling (Zeiss Auriga) to get the final device. 
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Figure 4.3.  Illustration of the approach used for fabrication of the gold electrode device. 

Self-assembly monolayer formation 

The self-assembly monolayer (SAM) was formed on the gold electrode surface 

for its functionalization using the same method previously reported by our lab group as 

shown in Figure 4.4 [56]. 
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Figure 4.4. Schematic representation of the steps used for functionalization of the gold 

electrode surface. 

Firstly, the fabricated Gold electrode with 100 nm nanoslit width was cleaned 

with O2 plasma (South Bay Technologies PC2000 Plasma Cleaner) for 10 min. Then, the 

mixture of 11-mercaptoundecanoic acid (HS(CH2)10COOH, Sigma-Aldrich) and 8-

mercapto-octanol (HS(CH2)8OH, Sigma-Aldrich) in an absolute ethanol solution (Acros 

Organics) was used to form a self-assembled monolayer (SAM). After SAM formation, 

the solution of 0.5 mM 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 

(TCI)/N-hydroxysuccinimide (Sigma-Aldrich) was used to activate the carboxylic acid 

groups formed by SAM. Once, the carboxylic acid groups activated then the freshly 

prepared 0.05 mg/mL concentration of CNDs solution was used to bind with the 

functionalized gold electrode surface. Then, the electrode surface was rinsed with DI 

water and dried and prepared for further functionalization. Meanwhile, a TiO2 citrate 

solution was prepared to functionalize the TiO2 surface with the carboxylic groups so that 

it can bind with the amine groups of the CNDs. After that, the gold electrodes were 
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moved to freshly prepared 10 nm size, 0.05 mg/mL of TiO2 solution for 2h. During this 

surface chemistry, the TiO2 bonded to CNDs surface which was already attached to the 

gold electrode surface. Further, the functionalized electrode was washed with DI water, 

N2 dried before the experiment. After each step of functionalization, the light intensity 

measurements on the electrode surface were carried out using CytoViva microscope in 

reflection mode. The Figure 4.5 shows the shift in the peak and decrease in intensity after 

each step of functionalization which indicates successful functionalization of the device 

surface. 

 

Figure 4.5. Light intensity spectra showing shift in peak and decrease in light intensity 

after each step of functionalization. 

Photovoltaic Measurements 

For the photovoltaic measurements, we have the photoelectrochemical cell having 

gold nanoslit electrode functionalized with CNDs and TiO2 nanoparticle. Photovoltaic 

measurements (i-v/p-v curve) were conducted using 4- probe Photo Emission Tech Inc-

Solar Cell IV measurement solar simulator with power of 1000 W/m2. The functionalized 
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gold electrode was immersed into the methylene blue (MB) redox-active mediator with 

100 mM KCl and 10 mM PBS electrolyte solution. Both side of the functionalized 

electrode was electrically connected through a piece of copper tape for the connection to 

the solar simulator. The concentration of MB was varied from 5mM to 30 mM (5mM, 

10mM, 15mM, 20mM, 25 mM and 30mM). The i-v and p-v curves were measured for 

different concentration of MB in dark and light condition. For control, two measurements 

were recorded: plain gold electrode without nanoslit was functionalized with CNDs and 

TiO2 and other was gold nanoslit electrode functionalized with only TiO2 nanoparticles. 

Results  

The Figure 4.6 (a-f) shows the i-v curve for different concentration of MB in light 

and dark conditions. The table 4.1-4.3 shows the different parameters and efficiency 

measured for working electrode with different concentration of MB. Table 4.2 and table 

4.3 shows the data for the functionalized gold electrode in presence of light and dark, 

respectively. All the variables calculated for the control in presence of light shown in 

table 4.3. While calculating the efficiency, current density was used with active area of 

0.004 m2 (fabrication information). We found that 20 mM of the MB have the maximum 

efficiency with 4.07%. For the 20 mM MB the number of electron acceptor and electron 

donor balance each other which result in maximum photocurrent and efficiency. For the 

control measurements, photocurrent was measured on the plain gold surface with CNDs 

and TiO2 as shown in Figure 4.7(a) and in gold nanoslit electrode without CNDs and only 

with TiO2 nanoparticle immobilization as shown in Figure 4.7(b). For controls, efficiency 

measured was low as shown in table 4.3. 
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Figure 4.6. (a-f) i-v curve for the functionalized gold nanoslit electrode for different 

concentration of MB in light and dark condition. 

 

Figure 4.7. i-v curve for the control experiment in light using solar simulator in presence 

of light (a) photocurrent on plain gold immobilized with CNDs and TiO2 (b) 

photocurrent measurement of gold nanoslit electrode with only TiO2 nanoparticle.  
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Table 4.1. Different variables calculated for the working electrode in light. 

MB 

conc. 

V
max 

(V) I
max 

(A) I
sc 

(A) V
oc 

(V) FF efficiency 

5mM 0.5 0.00118 0.00201 0.53 0.553 3.68 

10mM 0.49 0.00121 0.0021 0.51 0.553 3.70 

15mM 0.48 0.00126 0.00212 0.51 0.553 3.78 

20mM 0.498 0.00131 0.0023 0.55 0.545 4.07 

25mM 0.48 0.00125 0.0021 0.48 0.595 3.75 

30mM 0.47 0.00123 0.0021 0.505 0.545 3.61 

Table 4.2. Different variables calculated for the working electrode in dark. 

  
MB 

conc. 

V
max 

(V) I
max 

(A) I
sc 

(A) Voc (V) FF efficiency 

5mM 0.405 0.00013 0.00105 0.146 0.34 0.329 

10mM 0.38 0.00014 0.00101 0.14 0.37 0.332 

15mM 0.36 0.00015 0.00104 0.14 0.37 0.337 

20mM 0.358 0.000142 0.00106 0.144 0.33 0.317 

25mM 0.36 0.000135 0.00108 0.139 0.32 0.303 

30mM 0.358 0.000136 0.00107 0.138 0.32 0.304 
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Table 4.3. Different variables calculated for the control experiment in presence of light. 

  Control MB 

conc. 

V
max 

(V) I
max 

(A) I
sc 

(A) Voc (V) FF efficiency 

Plain gold 

with 

CNDs and 

TiO2 

20 mM 0.32 0.00014 0.00101 0.14 0.31 0.28 

Gold 

nanoslit 

electrode 

with TiO2 

nanopartic

le only 

20 mM 0.37 0.00014 0.00102 0.152 0.33 0.32 

 

We studied the photocurrent generation for the gold nanoslit functionalized 

device. Under the light illumination, photon-induced electron-hole pair generated in the 

CNDs. Electrons from CNDs transferred to TiO2 nanoparticle by direct electron transfer 

process and then from TiO2 electros were accepted by gold electrode via MB, leading to 

photocurrent generation as shown Figure 4.8. Before, other photon re-excites the CNDs, 

CNDs must be reduced by accepting electron. MB in the solution act as electron donor to 

oxidize the CNDs and electron transfer chain continues.  
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Figure 4.8. A schematic view of the electron transfer chain from CNDs to TiO2 to Au 

electrode. 

Discussion 

In this study, we used 100 nm of gold nanoslit functionalized with CNDs and 

TiO2 nanoparticle as the working electrode. As in our previous work we already proved 

that 100 nm of nanoslit have the maximum Surface Plasmon Generation (SPG) efficiency 

which results in enhanced electro-magnetic (EM) field intensity [56, 57].  
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Figure 4.9. Schematic representation showing how plasmon induced the enhanced 

photocurrent generation. 

Enhanced photocurrent generation arises from local enhanced EM field and 

energy transfer between gold nanoslit and CNDs. Nanoslit structure generates both LSPR 

and SPP, surface-plasmon induced light trapping/scattering of incident light in nanoslit 

cavities containing CNDs leads to generation of more energetic electrons in conduction 

band. Beside this, plasmon-induced resonance energy trapping (PIRET) also contributes 

for plasmonic enhancement. Dipole-dipole interaction between plasmons in gold and 

resonance dipoles in CNDs, results in resonance energy transfer from metal film to CNDs 

via PIRET process. Light trapping or scattering and PIRET generates more electron-hole 

pairs in CNDs, resulting in highly populated conduction band (CB) with excited 

electrons. These high energetic electron in conduction band can have three different 

relaxation pathways. First one, these excited electrons relax to a lower energy level i.e. 
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valence band (VB) and results in photoemission. Second, is the electron-phonon 

scattering i.e., phonon emission, leads to rapid thermalization of excited electrons. Third 

one is electron-hole separation and transfer of electron to nearby molecule or material. In 

our case, recombination of electron hole pair in excited CNDs is inhibited by TiO2. 

Photogenerated energetic electrons in CNDs directly transferred from CB of CNDs to CB 

of TiO2 via direct electron transfer or injection mechanism. LUMO levels of CNDs is in 

the range of 4.2-4.4 eV and the conduction band potential of TiO2 is 4.45 eV [52] which 

makes the electron transfer from CNDs to TiO2 thermodynamically favorable. 

Furthermore, lower work function of CNDs results in more photogenerated electrons 

when excited by visible light. These photogenerated highly energetic electrons efficiently 

transferred to CB of TiO2. From TiO2, the electron transferred to MB which act as redox 

activator results in electron transportation to gold electrode which leads to photocurrent 

generation. More the EM field intensity produces more generation of excited (high 

density of state (DOE) at the CB of CNDs, as a result more electron moves to CB of TiO2 

which accelerates electron transfer kinetics, from TiO2 to gold electrode. As a result, gold 

electrode, will receive more electrons per unit time scale and resulting in enhanced 

photocurrent. Figure 4.9 demonstrates the overall picture of the electron generation and 

their flow within the device. Low efficiency and photocurrent on plain gold immobilized 

with CNDs and TiO2 nanoparticle can be explained by the less EM field intensity 

generation by plain gold surface than gold nanoslit. Low EM filed intensity results in a 

fewer number of electron-hole pair generation that eventually leads to minimal 

photocurrent. Similarly, it was noted that in absence of CNDs the photocurrent generation 
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and efficiency was lower than the CNDs TiO2 immobilized gold nanoslit electrode. This 

result well supported the above conclusion that CNDs played an important role of 

photosensitizers for generation of more electron-hole pairs which eventually enhance the 

photocurrent generation in photoelectrochemical cell. 

Conclusion 

This work demonstrates the use of a single metallic nanoslit gap as a 

photoelectrochemical device design to investigate the plasmon-exciton coupling effect on 

photocurrent generation and the power conversion efficiency. Metallic nanostructures 

have the property of SPR which attributed to the light trapping and enhanced EM field in 

their vicinity which results in more electron-hole pair generation of the CNDs and charge 

separation when using TiO2 nanoparticle for photocurrent generation, hence, contributes 

to enhanced photocurrent. This new study offers the promising breakthrough in the 

development of a novel plasmonic based solar cells with high energy conversion 

efficiency
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CHAPTER V 

A PLASMONIC NANOLEDGE ARRAY SENSOR FOR DETECTION OF ANTI-

INSULIN ANTIBODIES OF TYPE 1 DIABETES BIOMARKER

This chapter has been published as: Bagra, B., Mabe, T., Tukur, F., Wei, J. A plasmonic 

nanoledge array sensor for detection of anti-insulin antibodies od type 1 diabetes 

biomarker. Nanotechnology 2020, Volume 31, Number 32. 

Overview 

Here we present, a plasmonic nanoledge device with high sensitivity and 

selectivity used to detect protein biomarkers simply by functionalizing the device, which 

specifically binds to particular biomolecule or biomarkers. We employ this plasmonic 

nanoledge device for the detection of anti-insulin antibody of  type 1 diabetes (T1D) in 

buffer and human serum at the range of pg ml-1 to 100 ng ml-1. The signal transduction is 

based on the extraordinary optical transmission (EOT) through the nanoledge array and 

the optical spectral changes with the biological binding reaction between the surface 

functionalized insulin with anti-insulin antibody. Control experiments indicate little 

interferences from the human serum background and addition of other proteins such as 

bovine serum albumin (BSA) and epidermal growth factor (EGF) at 20 ng ml-1. The high 

sensitivity, specificity and easy adaptability of plasmonic device offer new opportunities 

in biosensing and diagnostic applications for T1D.  
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Introduction 

Biomolecules or biomarkers play an important role in disease diagnosis and 

treatment [1]. A few methods have been demonstrated for biomolecules or biomarker 

detection, including Surface Enhanced Raman Spectroscopy (SERS) [2], Enzyme-Linked 

immunosorbent assay (ELISA) [3], colorimetry [4] and, electrochemical assay [5]. There 

are unmet needs which motivate to improve performance in terms of sensitivity, detection 

limit, turnaround time, sample amount, sample preparation requirements, multiplexing 

(multiple samples at a time), instrumentation, compactness, and portability [1]. Use of 

metal nanostructures in the biosensors has been an attractive and one of the most 

promising alternative methods [6]. Noble metal nanostructures have the property of 

Surface Plasmon Resonance (SPR) [7] and this property can be utilized to improve the 

sensitivity and selectivity of the currently available methods [8].  

SPR detection methods have been gaining popularity lately because of their 

ability to handle complex samples and to provide label-free optical biosensors with real 

time detection [8-10]. These sensors can handle complex samples such as human 

serum/blood without tedious preparation and pretreatment [11, 12]. SPR makes use of 

nanostructures and/or nanostructured metal films which removes the need for complex 

detection instrumentation [13].  These abilities of SPR make it a good candidate for 

creating a plasmonic sensor which is easy to use, reliable, capable of on-site detection, 

selective, and sensitive enough to measure low concentration of biomolecules or 

biomarker targets[14-17]. Coupled with microfluidics, SPR detection can be used as a 

handheld device for easy diagnosis and treatment [18].  
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SPR can presents localized surface plasmon resonance (LSPR) or Surface Plasmon 

Polariton (SPP) [19] which can increase the local field near the metallic surfaces for 

sensing, optical enhancement, and/or energy conversion. When the metal structure gets 

smaller than the wavelength of incident light, it gives rise to a phenomenon called LSPR. 

LSPR is caused by electron oscillations (plasmons) at the surface that are “localized” 

within the nanostructure [20]. Various nanostructures such as nanoparticles, nanorods and 

other shapes have been studied for the LSPR generation [20, 21]. LSPR is very sensitive 

to the refractive index of the surrounding medium [22] and this property can be harnessed 

for biomolecule or biomarker detection. Whenever there is a binding between the 

surface-bound ligands and free biomarkers or biomolecules on the plasmonic surface, 

there will be change in the refractive index (dielectric constant) of the surrounding 

medium. This change in refractive index contributes to a change in the resonant 

frequency of the plasmon and that phenomenon can be used for detection of various 

biomarkers or biomolecules [23]. Various different shapes like lines, ledges, circles, 

rings, and squares can be milled on the surface of nanostructured metal films [24]. Metal 

films with the subwavelength nanostructures [25] exhibit the phenomenon called 

extraordinary optical transmission (EOT) [26] and scientists make use of this property 

while fabricating various detection devices. The array of  nanostructures milled over the 

metal surface in periodic fashion transmit more light than the bulk at certain wavelengths 

[27]. Transmission SPR spectroscopy (tSPR) based on EOT and LSPR [28, 29] is of 

interest to many researchers for sensing or detection devices. The tSPR can be used by 

measuring the EOT allowing for high transmission of light.  The small size of these 
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structures allows for easy incorporation of a light source and detector. This easy 

alignment and sensitivity due to EOT and LSPR allows for advancement in new lab on 

chip technology. This technology does not require any prisms, precision optics, or 

temperature control, further making tSPR based-sensors small, compact, and easy to 

carry [30] 

In this work, detection of anti-insulin antibodies as a biomarker of type 1 Diabetes 

(T1D) was chosen as a model system. Anti-insulin antibody present in the body fights 

against the body’s own insulin cells [31] and decreases the amount of insulin in the body 

which leads to insulin deficiency and results in T1D. The World Health Organization 

projects that the global prevalence of diabetes will increase from 217 million cases in 

2005 to 366 million by 2030 [32].  Along with being a common disease in adults, 

diabetes is now the second most common pediatric disease. T1D is an autoimmune form 

of diabetes and the rate of T1D in children is rising with 3% annual rate [33, 34]. Known 

for being a pediatric disease, T1D is now diagnosed during adulthood for approximately 

one-fourth of patients [35]. T1D results from cellular mediated autoimmune destruction 

of the insulin producing pancreatic β-cells [36]. Patients suffering from T1D, frequently 

show life threating symptoms like ketoacidosis, and all of them require insulin therapy 

for life. With the commencement or onset of T1D, patients have autoantibodies to at least 

one of the following: islet cell cytoplasm, insulin [insulin autoantibodies (IAAs)] [37], 

the 65-kDa isoform of glutamic acid decarboxylase (GAD65), insulinoma-associated 

antigen 2 (IA-2), and zinc transporter 8 (ZnT8) (these are collectively termed islet 

autoantibodies) [38, 39].  The development of T1D is predicted by islet autoantibodies. 
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While both electrochemical and SPR methods have been developed for insulin assays 

[40], there is an unmet need of medical devices for quantification of islet autoantibodies. 

Current diabetes diagnostics tests like ELISA and lateral flow assay are slow and costly, 

thus making this key test less accessible in areas with limited resources. In spite of a need 

for better diagnostics tests, their development has been challenging. It has been 

demonstrated over the past two decades that usual platforms like lateral flow assays and 

ELISA do not perform up to the mark when applied to T1D diagnostics, and thus don’t 

meet the sensitivity and specificity required for this medical situation [41, 42]. 

 

Figure 5.1. Illustration of the gold surface functionalization at the gold surfaces of the 

nanoledge array to immobilize human insulins and the model of plasmonic nanoledge 

device used for biomarker or biomolecule detection. 
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Based on recent advances in plasmonic nanoslit and nanoledge cavities for 

trapping and detection of various biomolecules or biomarkers[43], a plasmonic chip with 

a nanostructured nanoledge array in the metal film on a dam cross a microfluidic channel 

[43] was developed as shown in Figure 5.1 for detection of anti-insulin antibodies of 

T1D. The dam structure crosses a micro-channel that offers an advantage of using less 

sample volume for analysis. The nanostructured ledge array fabricated on the dame 

provides better capture of small biomolecules/biomarkers than straight nanoslits as it 

combines 50 nm of inner slits and 280 nm of outer slit. Small biomolecules/biomarkers 

can be trapped inside the nanoledge slits and hence give better sample delivery and 

detection sensitivity. The fluidic dam was fabricated with lithography technique. Self-

assembled monolayers (SAMs) were formed on the surface of the exposed gold in 

nanoledge array. This allowed for easy linkage of Human insulin to the gold surface. 

Then anti-insulin antibodies were flowed over the human insulin and monitored by a 

wavelength shift after binding between the anti-insulin antibodies and the human insulin 

platform. This overcomes the major challenges in rapid, sensitive, and specific diagnosis 

of T1D, by allowing successful detection of ultra-low volumes of samples (buffer and 

human serum) containing T1D anti-insulin antibodies. This new platform offers promise 

to point-of-care detection of several isotypes of anti-insulin antibodies without any 

fluorescence labelling on a single chip [44].  
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Experimental Section 

Materials and reagents 

Cystamine, Glutaraldehyde, Polyethylene glycol (PEG), Human insulin and auto-

Insulin antibody were purchased from Sigma-Aldrich and used without further 

purification. All other solvents and chemicals were purchased from Sigma-Aldrich. LS 1 

light source was purchased from Ocean Optics. 

Fabrication of nanoledge plasmonic chip 

In this study, a lithography technique with FIB (Focused Ion Beam) was 

developed as shown in Figure 5.2 to fabricate a flow-over fluidic dam with nanoledge 

structures. A multi-layer resist was used to get the side-wall sloped profile in desired 

direction. Photomask was designed in Auto computer-aided design (Auto CAD) software. 

Glass substrates (Glove Scientific) were prepared by treatment with a piranha acid (3:1 

H2SO4:H2O2) solution, rinsing with deionized (DI) water, and N2 drying. The substrates 

were dehydrated on a hot plate for more than 5 min at temperature 90 oC. SU-8 3050 

photoresist (MicroChem) was applied to a clean, dry glass slide. Subsequently, the 

substrate was soft-baked and flood-exposed (no mask) by OAI mask aligner (Milpitas, 

CA, USA) and then hard-baked to develop a structural layer of SU-8. A 100 nm SiO2 film 

was then deposited by physical vapour deposition (PVD75, Kurt Lesker) upon the SU-8 

layer. Subsequently, second layer of NFR 016 D2 negative photoresist (JSR Micro) was 

applied and patterned by standard photolithography technique. NFR 016 D2 was first 

spin applied and soft baked at 90 °C for 150s on hot plate. Followed by exposure through 

the negative CAD photomask for 9s by OAI mask aligner with the dose of 100mJ/cm2. 
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Then the post bake was performed at 90 °C for 120 s, and resist was developed using 

PD523AD for 1 min, then rinsed with water, and dried with N2 gun. Using the NFR resist 

as an etch mask, CF4 and O2 gases from a LAM Rainbow 4400 reactive ion etcher (RIE) 

were used to etch the oxide layer. The SU-8 layer was dry etched isotropically, in a 

controlled manner, with an O2 plasma using SiO2 as an etch mask. Etch parameter used 

were 100 mT pressure, RF power 100 W, bias -152 V, time 5 mins, CF4 45 sccm and O2 

5 sccm flow rate.  A small amount (about 3% to 5%) of SF6 was added to the gas mixture 

and it improved the surface roughness of the SU-8 layer. Regulating the etch chamber 

pressure, gas mixture, and RF power gave tunability to the slope and sidewall profile of 

the dam structures. Overcut sidewall profiles (slopes < 90°) were desired and achieved by 

tuning the RIE’s chamber parameters. The sloped profile with less than 90o angle can be 

easily coated uniformly everywhere by PVD. As PVD is directional deposition technique 

so we need to have overcut profile for uniform deposition of metal everywhere. The 

sloped profile was then transferred to PVD for deposition of 4 nm Ti + 250 nm Au + 4 

nm Ti + 100 nm SiO2, with the Ti layers serving as adhesion layers. The thicknesses of 

the film and the deposition rate were monitored with a quartz crystal microbalance 

(QCM) and were further checked with a profilometer (KLA Tencor P-10). Nanoledge 

structures were then milled into the devices on top of the dam structures. Fibics software 

and a Zeiss Auriga Dual beam FIB/SEM were used for milling. Arrays of 100 nanoledge 

with 600 nm spacing periodicity between each structure were milled on the dam along 

with a reference box or burn box which did not have any gold film or any nanoledge 

structure. The 50 nm inner slit was milled using a 50-pA probe while the outer 280 nm 
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step was milled using a 140-pA probe. We used 280 nm-50 nm dimensions as these 

dimensions have maximum plasmons generation efficiency based on previously reported 

results[45]. 

 

Figure 5.2. Fabrication Process for the Flow-over Fluidic Dam using a Multi-layered 

Resist (MLR) Method. (A) Spin Apply SU-8 Photoresist and Soft Bake, (B) Flood 

Expose and Bake the SU-8 post Exposure, (C) Deposit 100 nm of SiO2 atop the Cross-

linked SU-8 Structural Layer, (D) Spin Apply JSR NFR 016D2 Photoresist, (E) Expose 

the JSR NFR Photoresist through the Photomask with Design of the Flow-over Dam, (F) 

Bake and Develop the JSR NFR Post Exposure, (G) Dry Etch the SiO2 Layer with a 

CF4/O2 Plasma, (H) Dry Etch the SU-8 Layer with an O2 Plasma, (I) Deposit 4 nm Ti, 

250 nm Au, 4 nm Ti, and 100 nm SiO2. 

Functionalization of the plasmonic chip 

Cystamine and glutaraldehyde chemistry was used to establish the self-assembled 

monolayer (SAM). A chip surface was thoroughly cleaned with an ethanol rinse, O2 

plasma clean, ethanol rinse, N2 dry, and UV/Ozone treatment. The oxygen plasma 
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treatment was done for 5 min at 100 W in an oxygen plasma cleaner (South Bay 

Technologies PC-2000 Plasma Cleaner) at 178.6 mTorr O2 pressure and a -783 volts DC 

bias. A 5 mM solution of cystamine in 90% ethanol solution was used to form a SAM 

with the reaction catalysis done by a microwave synthesizer. The disulfide bond within 

the cystamine molecule breaks and yields two sulfur-gold bonds at the surface of the 

chip. The substrate was then rinsed with an ethanol solution of 90% concentration and 

then rinsed with DI water in order to remove the unbound molecules. The terminal amine, 

sticking up from the surface, would then be able to bond to an aldehyde on next reagent, 

glutaraldehyde, forming an imine bond. A 2.5% solution of glutaraldehyde was used to 

self-assemble atop of the formed cystamine layer. This provided a terminal aldehyde 

group to which human insulin can bind. A stock solution of 1 mg ml-1 of anti-Insulin 

antibody solution was diluted with a buffer and with human serum to yield working 

solution of different concentration. This solution was then delivered to the nanostructured 

Plasmonic Nanoledge area of the chip and allowed to bond for a few minutes. During this 

time, the entire chip was encased in a high humidity environment so that anti-insulin 

antibody solution would not dry up and results in good binding between human insulin 

and anti-insulin antibody. Afterwards, the chip was rinsed and dried with a N2 stream. 

Then, the EOT measurements were taken with the modified microscopic spectroscopy. 

The chips were re-usable. In order to regenerate the clean metallic surface, the 

adsorbed SAM could be removed by subjecting the substrates to oxygen plasma (South 

Bay Technologies, PC-2000 Plasma Cleaner) for 5 minutes at 100 W. The plasma treated 

substrates were then exposed to sonication in acetone, ethanol, then to water[46] and then 
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were cleaned for 20 minutes by UV/Ozone exposure[47] using a Bioforce UV/Ozone 

ProCleaner. It had previously been demonstrated that plasma cleaning does not adversely 

affect the metallic surfaces and does not add roughness to the surface[48]. This is in 

contrast to the roughness and pinholes that can occur by some cleaning methods, such as 

the use of piranha (H2SO4 and H2O2)[49]. 

Results and Discussion 

Fabrication results and optical characterization 

SEM images of a typical fabricated plasmonic nanoledge device is shown in 

Figure 5.3 (a). Figure 5.3 (b) shows the FIB images with good contrast which clearly 

shows the inner 50 nm nanoslit and outer 280 nm nanoslit. Each nanoledge has 280 nm 

outer width and 50 nm inner width slits with a periodicity of 600 nm. The 50 nm inner 

slits are to capture more biomolecules or biomarkers, thus increasing sensitivity and 

specificity. 

 

Figure 5.3. (a) SEM image of nanoledge array with 600 nm of periodicity.  (b) represent 

the FIB images of the nanoledge. 
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Transmission spectrum measurements of plasmonic nanoledge chip were taken in 

air to gain the resonant peak locations. As shown in optical transmission spectra in Figure 

5.4, the primary resonant peak locations are around 630-640 nm and 690-700 nm. Note 

that transmission spectra showing below is the final transmittance calculated after 

subtracting dark and reference that we will discuss below. For the measurement, the light 

source was placed underneath the substrate and shone directly onto the underside of the 

dam, which contained the nanoledge structures without any modification. For nanoledge 

structures, which behave as 2-d metallic nanomaterial, have two plasmon bands: 

longitudinal plasmons band (690-700 nm) and transverse plasmons (630-640 nm) [50]. 

The transverse plasmons are insensitive to size and surrounding medium but longitudinal 

plasmon band changes with change in dielectric properties, size, shape and, refractive 

index of the surrounding medium [51]. This change of the peak or band with the change 

in surrounding medium is an indicator of sensor response. Here, the peak around 690-700 

nm is due to longitudinal plasmons band and changes with the change in the refractive 

index of the surrounding medium. The Gans theory explained the absorption spectra of 

the 2-d metallic nanomaterials and shows how absorption spectra changes with the 

surrounding medium [52]. 
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Figure 5.4. Represents the transmittance curve (smoothed in red color and unsmoothed in 

black color) of fabricated plasmonic chip without any modification. 

Optical detection of T1D biomarker 

The anti-insulin antibody was used as a target in determining the sensitivity of the 

plasmonic nanoledge device fabricated and functionalized with different techniques as 

shown in figure S5.1, with the goal of determining if the device would be perceptive 

enough to determine the low concentration of anti-insulin antibody in buffer and in 

human serum (HS). The plasmonic nanoledge device was functionalized with human 

insulin and then different concentrations of anti-insulin antibody in buffer or human 

serum were flown over the functionalized device, and the optical transmission spectra 

were recorded using modified microscopic spectrometer (Figure S5.2 and S5.4). Further, 

the recorded spectra were smoothed and fitted with the best fit polynomial function (up to 

8th degree) for peak position determination. These experiments were performed with a 

microscopic spectrometer since it has a microscope and stage that allows for 

measurements to be taken only from the area of the device with the fabricated dam and 

nanoledge structures. For our transmission spectra measurements, we used a broadband 
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white light source (LS 1 Light source, 400-1100 nm) instead of typical lasers. The LS 1 

light source was connected to the instrument with a fiber optic cable and light was 

shining on the back of the sample, allowing optical spectrum collection. The light 

transmittance of a sample at the detection nanoledge arrays was obtained by equation 

below: 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 = 100 ×
𝑠𝑙𝑖𝑡 − 𝑑𝑎𝑟𝑘

𝑟𝑒𝑓 − 𝑑𝑎𝑟𝑘
 

where, slit represents the Nanoledge array, ref. is a burn box without any metal coating 

for full light transmission and, dark is any area coated with gold without any nanoledge 

or burn box and light is blocked. 

To determine the peak wavelength shift in the transmission spectrum, a MATLAB 

program was created to fit the data using a certain order polynomial function to obtain 

smoothed transmittance curves. The transmittance spectra show red shift along with the 

antibody biomarker concentration increase. A linear relationship between the 

concentration (Logarithm value) and wavelength shift was obtained (Figure 5.6) which is 

typical for an affinity reaction-based sensing [53, 54]. Concentrations of 0.1, 1, 10, and 

100 ng ml-1 of anti-insulin antibody were used to demonstrate the detection capability of 

the plasmonic nanoledge device. The reaction time for each concentration was 15 mins 

and then the device was rinsed and dried with nitrogen stream. Then the three sets of the 

transmission spectra measured three times (3X3) for each concentration in buffer and in 

human serum, respectively, were recorded. For each concentration total 9 measurements 

were taken. The results are summarized in tables S5.1 and S5.2.  
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Figure 5.5 (a)-(b) show the normalized transmittance spectra of anti-insulin 

antibody taken for different concentration in buffer and in human serum. 100 ng ml-1 

shows the maximum shift and for 1 pg ml-1 the shift is very small and almost 

insignificant.  The peak shift was obtained by averaging the three sets of measurements. 

Figure 5.5 (c)-(d) show the wavelength shift with respect to different concentrations of 

anti-insulin antibody in buffer and in human serum, respectively. These plots both show 

high linearity, with correlation coefficient (R2) above 0.97-0.98 for both buffer and 

human serum.  The peak shift observed was due to the change in the refractive index at 

the surface of the plasmonic chip with the binding of anti-insulin antibody. During the 

surface functionalization, the peak shift after each step of plasmonic chip 

functionalization was also recorded as shown in Figure S5.3. In order to examine the 

background of human serum, Human serum contains multiple proteins, so without added 

anti-insulin antibody Human serum was run and the results are shown in Figure S5.5. The 

minimal plasmon peak shift during this control concludes that the specificity of human 

insulin functionalized plasmonic nanoledge chip is very high. 



 

131 

 

 

Figure 5.5. Representation of peak shift for anti-insulin antibody (a) in buffer and (b) in 

human Serum; (c) and (d) show correlation of concentration of anti-insulin antibody with 

respect to wavelength peak shift, the straight line shows the linear fit. 

Control experiments 

Control experiments were performed to verify the specificity and selectivity of the 

human insulin modified plasmonic nanoledge device. Bovine serum albumin (BSA) and 

epidermal growth factor (EGF) of concentration (20 ng/mL) were used as a control. The 

optical peak shift of the insulin functionalized devices with flowing of BSA or EGF in 

the concentration (20 ng ml-1) gives 0.1-0.2 nm from three trials (see Table S5.3), 

indicating minimal non-specific binding of BSA and EGF to the human insulin-modified 

plasmonic nanoledge device. Three sets of individually functionalized devices for BSA 

and EGF binding were measured and the average peak shift is shown in Figure 5.6. 
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The measured results of the BSA and EGF interference are consistent and 

effective for the bioassay. The minimal non-specific binding of BSA and EGF to the 

detection devices indicates the high specificity of the designed biosensor. These results 

indicate that the plasmonic nanoledge device, along with tailored surface modification 

with appropriate receptors, can be used as biomarker or biomolecule detection with 

excellent sensitivity and specificity. 

 

Figure 5.6. Measured peak shift for BSA and EGF to test the specificity of the plasmonic 

nanoledge device. 

According to SPR sensing principle, there is a relationship between the 

wavelength shift and thickness of layer added as shown in equation 1 [43]: 

Δλ = m (nA – nB)[1 − exp(−2dE/ld)]        (1) 

where Δλ is the peak or wavelength shift, m is the Refractive Index Unit (RIU) 

sensitivity, nA and nB are the refractive index of the medium at the plasmonic sensing 
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surfaces in nanoledge arrays after and before the biological binding, dE is the effective 

thickness of the added binding layer and, ld is the decay length of surface plasmon mode. 

Addition of different concentration of analytes into the plasmonic nanoledge device 

results different layer thickness which changes the dielectric constant of the surrounding 

medium at the gold surfaces, eventually leading to peak shift. There is red shift with the 

more concentration of the analytes because more concentration means more binding and 

more peak shift. The peak shift obtained in this work as a function of the concentration is 

consistent with our previous results from both the theoretical simulation and experiments 

[43]. Advance in this work of using the plasmonic nanoledge device in human serum 

biomarker sensing further demonstrates a few advantages over other thin film based SPR 

devices in terms of sensitivity and specificity. The device is SiO2 coated at the top gold 

surfaces so it allows only in-cavity detection and avoids nonspecific binding at other 

surface [55]. The plasmonic nanoledge device with outer and inner width generates more 

coupled SPR-induced optical transmission and trap small size biomolecules or 

biomarkers to increase sensitivity [43]. This device has the potential application in the 

field of sensing and may be integrated with smart devices for point-of-care applications.  

Conclusion 

A novel plasmonic nanoledge device was fabricated with simple lithography and 

FIB technique which have high sensitivity and selectivity. The plasmonic nanoledge 

device can be reused with simple cleaning in a plasma cleaner. The device can be used 

for biomolecule or biomarker detection by simply functionalizing the device accordingly. 

In this work, human insulin is used to modify the nanoledge devices and demonstrated 
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for detection of anti-insulin antibody, a protein biomarker of T1D. The optical 

transmission peak shift was observed with the change in concentration of the protein 

biomarker binding reactions at the insulin functionalized device. The shift in peak 

wavelength is due to change in the refractive index or dielectric constant at the surface of 

the plasmonic nanoledge device. The sensitivity is high as it can detect in picograms 

concentration in buffer and in human serum. The background of human serum and 

additional control experiments using BSA and EGF indicate minimal interferences that 

caused by non-specific binding to the insulin functionalized nanoledge arrays. This study 

offers promise for the development of a new planar plasmonic microfluidic LOC device 

for early and quick diagnosis of biomarkers in health care sectors.
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CHAPTER VI 

CONCLUSION AND FUTURE CONSIDERATIONS

The primary theme of this dissertation was to develop new scientific understanding 

of plasmon-exciton coupling and to use the understanding to help development of 

nanostructured devices for energy conversion or for biosensing. The approaches and 

activities of the thesis included computational simulation-assisted device design, micro-

nanofabrication, surface functionalization and testing of the corresponding optical 

properties. The phenomenon of plasmon-exciton coupling effect was examined in a few 

systems that either present the optical enhancement regarding photo-energy conversion or 

photo-electrical energy conversion. In chapter I, we provided an introduction of plasmon-

exciton coupling and current state-of-arts in terms of the scientific concepts, background, 

recent findings and potential applications. Chapter II and III illustrated the fluorescence 

enhancement of CNDs confined in plasmonic nanoslit arrays. Chapter IV concentrated on 

the plasmonically enhanced photoelectrochemical cell with good efficiency and chapter 

V described a plasmonic nanoledge array design that was used for detection of protein 

biomarkers with high sensitivity and specificity. 

In chapter II, gold nanoslit and nanoslit array of different width were introduced for 

enhanced fluorescence of CNDs. Different width nanoslit were chosen to get the 

optimized nanoslit width for enhanced fluorescence of CNDs. Fluorescence of CNDs was 

measured with or without nanoslit and nanoslit array of slit width, 50, 100, 200, 300, 400 
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and 500 nm. Experimental and theoretical results show maximum enhancement of CNDs 

when the CNDs were immobilized in 100 nm of nanoslit or nanoslit array. A 5X increase 

in fluorescence was reported when CNDs were used with the 100 nm width nanoslit or 

nanoslit array. This enhancement was explained on the basis of plasmon-induced 

resonance energy transfer (PIRET) and light trapping or scattering based on plasmon-

exciton coupling between gold nanoslit or nanoslit array and CNDs. The findings of this 

study provide insights into the how CNDs fluorescence was enhanced, and the system 

may be utilized in photonic device development or biosensing application. 

Plasmonic coupled gold nanoslit-CNDs-Au NPs hybrid system was proposed for 

further fluorescence enhancement of CNDs in chapter III. The above optimized gold 

nanoslit array of 100 nm width was chosen to investigate plasmon-plasmon coupling of 

gold nanoslit-Au NPs on the CNDs fluorescence. FDTD simulation was done for nanoslit 

array and nanoslit array with Au NPs to get better understanding of EM field intensity. 

CNDs fluorescence was observed in the solution both with or without Au NPs, and inside 

the gold nanoslit array both with and without Au NPs. It was observed that EM intensity 

was higher for nanoslit-Au NPs system which results in enhanced fluorescence of CNDs. 

Maximum fluorescence was observed when CNDs-Au NPs hybrid were immobilized 

inside the nanoslit array by SAM functionalization. Further, for the hybrid synthesis, 

different size of Au NPs was used to examine the effect of size on fluorescence of CNDs. 

It was observed that fluorescence was maximum when 20 nm of Au NPs were used, 

followed by 10 nm and minimum for 5nm of Au NPs. The difference in fluorescence 

with different size Au NPs was not much but it can be observable and fluorescence 
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intensities follows the same trend with the EM field intensity, EMAu20nm> EMAu10nm> 

EMAu5nm >EM. The fluorescence enhancement was explained by two phenomena: 

plasmon-plasmon coupling and plasmon-exciton coupling. Plasmon-plasmon coupling 

between gold nanoslit and Au NPs enhanced the local electric field intensity around the 

CNDs which was utilized to dramatically enhance the fluorescence intensity of CNDs. 

Furthermore, energy trapping and PIRET between gold nanoslit-CNDs and Au NPs-

CNDs generate more energetic electrons in CNDs, resulting more population of electrons 

in conduction band from valence band. More the number of electrons in the conduction 

band means more photoemission per unit time that eventually result in enhancement of 

CNDs fluorescence. This plasmon-coupling enhanced fluorescence phenomenon could be 

further utilized to develop platforms for highly sensitive sensing and imaging 

applications. 

Chapter IV examined the plasmon-exciton coupling effect on light-electrical energy 

conversion. A single nanoslit photoelectrochemical cell was used to immobilize CNDs 

and TiO2 to realize the testing for dye-sensitized light energy conversion. The nanoslit 

device was designed and fabricated by microlithography and FIB. Nanoslit of 100 nm 

width was milled in the device which acts as a working electrode along with CNDs and 

TiO2 nanoparticles. CNDs and TiO2 nanoparticles were immobilized inside the nanoslit 

and whole system was placed inside an electrolyte solution to form photoelectrochemical 

cell. KCl and MB in PBS act as electrolyte solution which provides charge carriers to 

form a circuit for measuring electrical energy conversion. CNDs act as light sensitizer 

and TiO2 played a vital role by acting as a charge separator for photocurrent generation. 
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The i-v and p-v curve was measured with solar simulator both in presence of light and 

without light for the functionalized cell. Concentration of MB was also varied to see the 

effect of its concentration on the photocurrent generation and light energy conversion 

efficiency. It was noted that 20 mM of MB have the maximum efficiency as it balances 

the electron-hole pair in the solution. CNDs with TiO2 nanoparticles result in absorbance 

of near UV and visible light wavelength range which further leads to increase in 

efficiency. The presence of gold nanoslit activates plasmon generation, which enhances 

the EM field intensity and leads efficiency of 4.07% while without the nanoslit the 

efficiency was only 0.28%. The enhanced photocurrent generation and efficiency was 

described by the plasmon-exciton coupling between gold nanoslit and CNDs. Presence of 

gold nanoslit concentrates more incident energy which non radiatively transferred to 

CNDs through PIRET to generate more electron-hole pairs in CNDs. These high 

energetic electrons transferred to gold electrode via TiO2 nanoparticle and MB leading to 

enhanced photocurrent. These new findings potentially lead to the development of cost-

effective solar cells with high efficiency and less engineering.  

Chapter V described a plasmonic gold nanoledge array device and the use of as a 

plasmonic sensor chip for detection of protein biomarker of type 1 diabetes (T1D). 

Plasmonic nanoledge device had two openings, outer 280 nm and inner 50 nm, to 

efficiently capture the biomolecules. The device was functionalized with human insulin 

and then the different concentration of auto anti-insulin antibody in buffer and human 

serum were flown over the device. Binding events between the human insulin and auto 

anti-insulin antibody were monitored by resonant peak shift. The sensitivity of the device 
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was very high, with the range of detection pg ml-1 to 100 ng ml-1. The selectivity of the 

device was tested by running control experiments using BSA and EGF of concentration 

20 ng ml-1. This new device with high sensitivity and selectivity can be used for detection 

or sensing of any biomolecules or biomarkers simply by functionalizing the device 

accordingly. The device can be reused simply by regenerating the metallic surface by 

subjecting the surface to oxygen plasma for cleaning, it is very cost effective and can be 

used with complex samples like human serum or blood. Future work will be to develop 

the device for multiple biomarker detection i.e. multiplexing simply by fabricating 

multiple channels into the device.  

We believe the findings in this work present some advances in knowledge of 

plasmon-exciton coupling in newly designed systems which will aid facilitating the 

development of more advanced plasmonic based optical and biosensing devices.  

  



 

145 

 

APPENDIX A 

PLASMON ENHANCED FLUORESCENCE OF CNDS IN GOLD NANOSLIT 

CAVITIES 

Semi-analytical Analysis 

 In order to study nanoslit geometries that are of interest in practice and consider 

the geometric diffraction with the bounded surface plasmon (SP) modes launching on the 

flat interfaces surrounding the slits, the SP scattering coefficients and efficiencies at the 

slit apertures need to be considered. With the semi-analytical model, the SPG efficiency, 

e, which is defined as the rate of surface plasmon polaritons launching and scattering by 

matching the continuous electromagnetic fields quantities at the interface, for the 

Au/glass interface at the bottom of the nanoslit aperture for one side of the aperture can 

be calculated using the following equations: 

𝑒 = |𝛼+(𝑤/2)|2 = |𝛼−(𝑤/2)|2 =
4𝑤′𝑛1

3

𝜋𝑛2
2 |

휀1 2⁄

휀 + 𝑛1
2| |
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where, 
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∞
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𝑤′ = 𝑛1𝑤/𝜆 

where e is the SPG efficiency, α is the SPG coefficient, w is the width of the nanoslit 

structure, ε is the dielectric constant, n is the refractive index, I is the integration 

calculation, w’ represents the scaled width and u and v are applied for numerical 

integration with u2+v2=1. 

Python Numerical Calculation used for solving semi-analytical model. 

import numpy as N 

from scipy import special 

 

def I0_integrand(u, w): 

    return N.sinc(N.outer(u, w)) ** 2 

 

def I1_integrand(u, w, gamma): 

    v = N.sqrt(N.asarray(1 - u ** 2, dtype=complex)) 

    wu = N.outer(u, w) 

    return N.sinc(wu) * N.exp(-1j * N.pi * wu) / (v + gamma)[:, N.newaxis] 

 

def lalanne_integral(func, order=20, *args): 

    points, weights = special.orthogonal.p_roots(order) 

    x1, w1 = (N. pi / 4) * (points + 1), (N.pi / 4) * weights 

    x2, w2 = (points + 1) / 2, weights / 2 

    gauss1 = func(N.cos(x1), *args) + func(-N.cos(x1), *args) 

    uuu = 1 / x2 - 1 

    uu = N.sqrt(uuu ** 2 + 1) 

    gauss2 = (func(uu, *args) + func(-uu, *args)) \ 

        * (((uuu + 1) ** 2) / uu)[:, N.newaxis] 

    return (w1[:, N.newaxis] * gauss1).sum(axis=0) \ 

        - 1j * (w2[:, N.newaxis] * gauss2).sum(axis=0) 

         

def calc_I0(w_norm): 

    return lalanne_integral(I0_integrand, 20, w_norm) 

 

def calc_I1(w_norm, epsilon, n):    

    gamma_SP = -N.sqrt(n ** 2 / (n ** 2 + epsilon)) 

    return lalanne_integral(I1_integrand, 120, w_norm, gamma_SP) 

 

def interface_calculation(w, wl, epsilon, n1, n2, theta): 
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    w_norm = w * n1 / wl 

    temp = (n1 / n2) * w_norm * calc_I0(w_norm) 

    r0 = (temp - 1) / (temp + 1) 

    alpha = (-1j * (1 - r0) * calc_I1(w_norm, epsilon, n1) 

        * N.sqrt((w_norm * n1 ** 2 / (n2 * N.pi)) 

        * (N.sqrt(N.abs(epsilon)) / (-epsilon - n1 ** 2)))) 

    t0 = ((1 - r0) * N.sinc(w_norm * N.sin(theta)) 

        ) * N.sqrt(n1 / (n2 * N.cos(theta))) 

    beta = -alpha * t0 / (1 - r0) 

    return r0, t0, alpha, beta 

     

def calculation():    

    # Iteration 1 

    w = N.array([0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0]) 

    epsilon = -1.1148 + 6.4176j 

    I0 = calc_I0(w) 

    I1 = calc_I1(w, epsilon, 1.0) 

    print ' w 

{0[0]:10.2}{0[1]:10.2}{0[2]:10.2}{0[3]:10.2}{0[4]:10.2}{0[5]:10.2}{0[6]:10.2}{0[7]:1

0.2}{0[8]:10.2}{0[9]:10.2}'.format(w) 

    print ' I0 

{0[0]:10.2f}{0[1]:10.2f}{0[2]:10.2f}{0[3]:10.2f}{0[4]:10.2f}{0[5]:10.2f}{0[6]:10.2f}{0

[7]:10.2f}{0[8]:10.2f}{0[9]:10.2f}'.format(I0) 

    print ' I1 

{0[0]:10.2f}{0[1]:10.2f}{0[2]:10.2f}{0[3]:10.2f}{0[4]:10.2f}{0[5]:10.2f}{0[6]:10.2f}{0

[7]:10.2f}{0[8]:10.2f}{0[9]:10.2f}'.format(I1)   

    print('\n'); 

     

    # Iteration 2 

    w = N.array([0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0]) 

    epsilon = -1.9435 + 3.8004j 

    I0 = calc_I0(w) 

    I1 = calc_I1(w, epsilon, 1.0) 

    print ' w 

{0[0]:10.2}{0[1]:10.2}{0[2]:10.2}{0[3]:10.2}{0[4]:10.2}{0[5]:10.2}{0[6]:10.2}{0[7]:1

0.2}{0[8]:10.2}{0[9]:10.2}'.format(w) 

    print ' I0 

{0[0]:10.2f}{0[1]:10.2f}{0[2]:10.2f}{0[3]:10.2f}{0[4]:10.2f}{0[5]:10.2f}{0[6]:10.2f}{0

[7]:10.2f}{0[8]:10.2f}{0[9]:10.2f}'.format(I0) 

    print ' I1 

{0[0]:10.2f}{0[1]:10.2f}{0[2]:10.2f}{0[3]:10.2f}{0[4]:10.2f}{0[5]:10.2f}{0[6]:10.2f}{0

[7]:10.2f}{0[8]:10.2f}{0[9]:10.2f}'.format(I1) 

    print('\n'); 
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    # Iteration 3 

    w = N.array([0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0]) 

    epsilon = -7.3203 + 1.6786j 

    I0 = calc_I0(w) 

    I1 = calc_I1(w, epsilon, 1.0) 

    print ' w\' 

{0[0]:10.2}{0[1]:10.2}{0[2]:10.2}{0[3]:10.2}{0[4]:10.2}{0[5]:10.2}{0[6]:10.2}{0[7]:1

0.2}{0[8]:10.2}{0[9]:10.2}'.format(w) 

    print ' I0 

{0[0]:10.2f}{0[1]:10.2f}{0[2]:10.2f}{0[3]:10.2f}{0[4]:10.2f}{0[5]:10.2f}{0[6]:10.2f}{0

[7]:10.2f}{0[8]:10.2f}{0[9]:10.2f}'.format(I0) 

    print ' I1 

{0[0]:10.2f}{0[1]:10.2f}{0[2]:10.2f}{0[3]:10.2f}{0[4]:10.2f}{0[5]:10.2f}{0[6]:10.2f}{0

[7]:10.2f}{0[8]:10.2f}{0[9]:10.2f}'.format(I1) 

    print('\n'); 

     

    # Iteration 4 

    w = N.array([0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0]) 

    epsilon = -13.134 + 1.3044j 

    I0 = calc_I0(w) 

    I1 = calc_I1(w, epsilon, 1.0) 

    print ' w\' 

{0[0]:10.2}{0[1]:10.2}{0[2]:10.2}{0[3]:10.2}{0[4]:10.2}{0[5]:10.2}{0[6]:10.2}{0[7]:1

0.2}{0[8]:10.2}{0[9]:10.2}'.format(w) 

    print ' I0 

{0[0]:10.2f}{0[1]:10.2f}{0[2]:10.2f}{0[3]:10.2f}{0[4]:10.2f}{0[5]:10.2f}{0[6]:10.2f}{0

[7]:10.2f}{0[8]:10.2f}{0[9]:10.2f}'.format(I0) 

    print ' I1 

{0[0]:10.2f}{0[1]:10.2f}{0[2]:10.2f}{0[3]:10.2f}{0[4]:10.2f}{0[5]:10.2f}{0[6]:10.2f}{0

[7]:10.2f}{0[8]:10.2f}{0[9]:10.2f}'.format(I1) 

    print('\n'); 

    if __name__ == '__main__': 

    calculation() 

 

Finite-Difference Time-Domain (FDTD) Simulations 

 Numerical simulations were conducted using the FDTD method. To calculate the 

electric-magnetic field intensity profiles of the nanoslit a Lumerical FDTD method was 

used with the following simulation details. The background RI of the total mesh area was 

1.0 (air).  Perfectly matched layer (PML) was applied for the boundary conditions. The 
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indices of Au and glass followed the data of optical constants of solids. Electric-magnetic 

field distribution calculations were performed on the slit width of 50 nm, 100 nm, 200 

nm, 300 nm, 400 nm, or 500 nm (Fig. S6). Fourier transform of the polarization, with 

help of the Drude-Lorentz model, was used in the model and its implementation into the 

FDTD formalism resulted in the transverse electric (TE) and transverse magnetic (TM) 

equations. TE equations can be solved using the components of Ex, Ey, and Hz and TM 

equations can be solved using components of Hx, Hy and Ez. 

 

Figure S2.1. Height profile of CNDs (CNDs) measured by AFM. 
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Figure S2.2. SEM images of the nanoslit array (width of 50 nm, 100 nm, 200 nm, 300 

nm, or 400 nm). 



 

151 

 

 

 



 

152 
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Figure S2.3. SEM images of the nanoslit (width of 50 nm, 100 nm, 200 nm, 300 nm, 400 

nm or 500 nm) 
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Figure S2.4. The absolute light reflection intensity (upper panel) and normalized intensity 

(lower panel) of the different nanoslit width before deposition of CNDs. 
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Figure S2.5. The absolute light reflection intensity (upper panel) and normalized intensity 

(lower panel) of the different nanoslit width after deposition of CNDs. 
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Figure S2.6. CytoViva hyperspectral light intensity spectrum of CNDs on gold surface 

 

Figure S2.7. (a) The scheme illustrates the parameters to calculate the SPG efficiency “e” 

for the nanoslit structure by a plane wave at normal incidence. (b) The SPG efficiencies e 

at the Au-glass interface are plotted as a function of λ and w’ obtained by semi-analytical 

model. 
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Figure S2.8. Plot of normalized absorption spectrum of CNDs reflection spectrum of 

nanoslit. The overlap of absorption and reflection is obvious. 
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Figure S2.9. FDTD simulation of transverse electric-magnetic field intensity for different 

nanoslit structure. E: transverse electric field intensity; H: transverse magnetic field 

intensity. The units of electric field intensity (E2) is (V/m)2 and (A/m)2 is unit of magnetic 

field intensity. 
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Table S2.1. Intensity calculation for different width nanoslit array using 395-440 nm 

filter after the deposition of CNDs. 

Slit width 

(nm) 

Area Calculated  Mean Intensity  Standard Deviation 

50 nm 990 253.575 4.71 

100 nm 990 255.51 4.80 

200 nm 990 222.00 0 

300 nm 990 212.00 0 

400 nm 990 161.661 3.21 

Burn Box 990 43.94 8.45 

Table S2.2. Intensity calculation for different width nanoslit array using 450-490 nm 

filter after the deposition of CNDs. 

Slit width 

(nm) 

Area Calculated Mean Intensity Standard Deviation 

50 nm 990 238.87 5.88 

100 nm 990 251.85 5.51 

200 nm 990 231.60 7.54 

300 nm 990 228.86 8.19 

400 nm 990 225.45 10.90 

Burn Box 990 19.88 6.51 
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Table S2.3. Intensity and surface plasmon generation efficiency calculation for different 

nanoslit. 

Nanoslit width 

(nm) 

Light intensity 

before CNDs 

deposition (a.u) 

Light intensity 

after CNDs 

deposition (a.u) 

SPG efficiency 

50 1177.48, 

32.81 

8132.77, 

533.7 
     0.336,0.185 

100 1539.313, 

46.7 

9629.83, 

529.8 

0.341,0.151 

200 1024.18, 

138.19 

6856.88, 

472.1 

0.224,0.054 

300 701.37, 

113.12 

5878.44, 

429.4 

0.102,0.086 

400 603.74, 

63.82 

4598.88, 

425.5 

0.0449,0.030 

500 464.01, 

75.91 

3543.88, 

327.1 

0.018,0.015 

Table S2.4. Intensity difference between the slit of different width before and after the 

deposition of CNDs. 

Slit width 

(nm) 

Before 

deposition 

of CNDs 

After 

deposition 

of CNDs 

100 1 1 

50 0.76 0.85 

200 0.60 0.67 

300 0.45 0.57 

400 0.39 0.47 

500 0.30 0.35 
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Table S2.5. I0 and I1 for gold at different wavelengths when the refractive index n2 is 1.45 

(I0 equals to each other for different λ). 

  400nm 

ε= -1.65+ 

   5.7i 

 

500nm 

ε=-2.56+ 

   3.6i 

    

600nm 

ε=-9.38+ 

   1.5i 

700nm 

ε=-16.48+ 

   1.0i 

800nm 

ε=-24.06+ 

   1.5i 

900nm 

ε=-32.71+ 

   1.9i 

1000nm 

ε=-41.84+ 

  2.9i 

w’ I0 I1 I1 I1 I1 I1 I1 I1 

0.1 3.09-

4.09i 

0.01-3.46j -0.24-3.26j 0.23-2.88j 0.42-2.90j 0.51-2.92j 0.57-2.93j 0.62-2.94j 

 

0.2 

2.94-

2.61i 

0.84-3.12j 0.55-2.96j 0.96-2.48j 1.15-2.46j 1.25-2.47j 1.32-2.46j 1.37-2.46j 

 

0.3 

2.72-

1.69i 

1.48-2.55j 1.16-2.46j 1.45-1.90j 1.63-1.83j 1.73-1.80j 1.80-1.78j 1.84-1.77j 

 

0.4 

2.43-

1.05i 

1.85-1.84j 1.53-1.83j 1.66-1.24j 1.81-1.13j 1.90-1.07j 1.96-1.04j 2.00-1.01j 

 

0.5 

2.13-

0.64i 

1.94-1.12j 1.64-1.19j 1.61-0.62j 1.72-0.48j 1.78-0.41j 1.82-0.36j 1.85-0.32j 

 

0.6 

1.82-

0.34i 

1.76-0.49j 1.52-0.62j 1.36-0.14j 1.41+0.00j 1.45+0.08j 1.46+0.13j 1.48+0.17j 

 

0.7 

1.54-

0.18i 

1.41-0.04j 1.24-0.21j 1.00+0.14j 1.00+0.27j 1.01+0.34j 1.01+0.38j 1.01+0.42j 
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0.8 

1.30-

0.10i 

0.99+0.18j 0.89+0.02j 0.63+0.23j 0.60+0.32j 0.59+0.37j 0.57+0.40j 0.56+0.43j 

 

0.9 

1.11-

0.06i 

0.59+0.20j 0.55+0.06j 0.34+0.15j 0.30+0.20j 0.27+0.23j 0.26+0.25j 0.24+0.26j 

 

1.0 

0.97-

0.07i 

0.30+0.07j 0.31-0.03j 0.17-0.01j 0.13+0.00j 0.12+0.01j 0.10+0.02j 0.09+0.02j 

2.0 0.49-

0.02i 

0.21-0.02j 0.20-0.03j 0.11-0.01j 0.09+0j 0.08+0.01j 0.07+0.01j 0.07+0.02j 
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Table S2.6. Surface plasmon generation efficiency calculation under different incident 

wavelengths for different nanoslit. 

  

50 nm 

 

100 nm 

 

200 nm 

 

300 nm 

 

400 nm 

 

500 nm 

 

400 nm 

 

0.56 

 

0.52 

 

0.21 

 

0.016 

 

0.015 

 

0.013 

 

500 nm 

 

0.66 

 

0.65 

 

0.39 

 

0.10 

 

0.024 

 

0.023 

 

600 nm 

 

0.38 

 

0.37 

 

0.25 

 

0.09 

 

0.014 

 

0.004 

 

700 nm 

 

0.26 

 

0.27 

 

0.21 

 

0.12 

 

0.03 

 

0.004 

 

800 nm 

 

0.20 

 

0.22 

 

0.19 

 

0.13 

 

0.06 

 

0.009 

 

900 nm  

 

 

0.15 

 

0.19 

 

0.17 

 

0.13 

 

0.08 

 

0.03 

 

1000 nm 

 

0.14 

 

0.17 

 

0.15 

 

0.13 

 

0.09 

 

0.04 
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APPENDIX B 

DYADS OF AU NANOPARTICLES AND CARBON NANODOTS CONFINED IN 

PLASMONIC NANOSLITS FOR OPTICAL ENHANCEMENT 

 

Figure S3.1. (a) shows the device design used for fabrication (b) and (c) shows the optical 

images of the final device fabricated. 

 

Figure S3.2. Fabrication Process for the Nanoslit array using E-beam lithography. (A) 

Cleaning of ITO coated glass substrate (B) Spin Apply maN-2403 resist and Soft Bake, 

(c) use E-beam with 1nA current and dose of 184 – 258 µC/cm2  to write the pattern on 

resist, (D) Deposit 4nm/120 nm of Ti/Au atop of the pattern, (E) Lift-off the Au layer 

using 1165 solution to get the desired structure as shown in Figure. 
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Figure S3.3. (a) The model used for FDTD calculation with gold nanoslits and Au 

nanoparticles (b) SEM image showing the nanoslit array with Au nanoparticles inside 

them. 

 

Figure S3.4. Absorption spectra for (a) different size of Au nanoparticles (b) CNDs-Au 

hybrid with different size of Au nanoparticles. 
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Figure S3.5. Fluorescence intensity spectra for (a) CNDs (b) CNDs-Au (10 nm of Au 

nanoparticles) hybrid at different excitation wavelength. 

 

Figure S3.6. shows the fluorescence images and grey scale images taken using a light 

source with (a) 395–440 nm filter, (b) 450–490 nm filter, of the different CNDs-Au 

hybrid inside the nanoslit. 
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Figure S3.7. Normalized reflection light intensity spectra showing intensity for CNDs 

and different size CNDs-Au hybrid system. 

 

Figure S3.8. Normalized reflection light intensity spectra showing intensity for nanoslit, 

CNDs and different size CNDs-Au hybrid system inside the nanoslit.  
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Table S3.1. Fluorescence intensity calculated for different size CNDs-Au hybrids without 

using nanoslits with different filters. 

Sample Name Filter Mean Intensity Standard Deviation 

CNDs 395-440 nm 65.469 2.670 

  450-490 nm 84.795 3.291 

CNDs- 5nm Au 395-440 nm 101.623 2.570 

  450-490 nm 110.445 2.551 

CNDs- 10nm Au 395-440 nm 106.848 8.366 

  450-490 nm 113.24 2.166 

CNDs- 20nm Au 395-440 nm 108.245  5.67 

  450-490 nm 115.38  3.98 

Au NPs 395-440 nm 5.197 1.008 

  450-490 nm 2.053 1.530 
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Table S3.2. Fluorescence intensity calculated for different size CNDs-Au hybrids when 

placed inside the nanoslit array with different filters. 

Sample Name Filter Mean Intensity Area Standard Deviation 

CNDs 395-440 nm 102.289 886 3.029 

  450-490 nm 108.776 886 4.641 

CNDs- 5nm Au 395-440 nm 216.683 886 12.5 

  450-490 nm 236.431 886 6.473 

CNDs- 10nm Au 395-440 nm 223.129 886 8.802 

  450-490 nm 248.852 886 6.288 

CNDs- 20nm Au 395-440 nm 241.990 886 8.604 

  450-490 nm 250 886 0 

Au NPs 395-440 nm 5.197 886 1.008 

  450-490 nm 2.053 886 1.530 
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Figure S3.9. FDTD simulation showing the electro-magnetic field intensity for the 

various structure. E is transverse electric field intensity with the unit of (v/m)2 and H is 

transverse magnetic field intensity with the unit of (A/m)2. 
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APPENDIX C 

A PLASMONIC NANOLEDGE ARRAY SENSOR FOR DETECTION OF ANTI-

INSULIN ANTIBODY OF TYPE 1 DIABETES BIOMARKER 

 

Figure S5.1. Schematic representation of different set-ups used for the fabrication and 

functionalization of the Plasmonic Nanoledge device. 

 

Figure S5.2. One of typical transmittance spectra showing peak shift of the various anti-

insulin antibody concentration solutions in buffer when attached to human insulin in 

plasmonic nanoledge device. 
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Figure S5.3. Transmittance spectra showing peak shift at each step of functionalization of 

plasmonic nanoledge device. 

 

Figure S5.4. One of typical transmittance spectra showing peak shift of the various anti-

insulin antibody concentration solutions in Human serum (HS) when attached to human 

insulin in plasmonic nanoledge device. 
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Figure S5.5. Transmittance spectra showing almost no peak shift or negligible peak shift 

(~0.207 nm) when Human serum (HS) was added to plasmonic nanoledge device 

attached human insulin, showing non-specific binding.  
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Table S5.1. A summary of the three sets of experiments in buffer with the peak positions 

(nm), peak shift and standard deviation. 

 Trial 1 Trial 2 Trial 3 Avg. peak 

shift (nm) 

Standard  

deviation 

Blank (no SAM) 

0 conc (Human insulin) 

100 pg 

1 ng 

10 ng 

100 ng: 

703.239 

705.128 

706.758 

708.792 

712.593 

715.852 

 

 

703.288 

707.725 

708.08 

711.429 

713.249 

 

 

704.363 

707.98 

709.973 

710.466 

716.826 

- 

- 

2.293 

4.682 

6.503 

9.996 

 

1.032 

0.727 

0.910 

1.03 

2.06 

 

Table S5.2. A summary of the three sets of SAM control experiments in Human serum 

(HS) with the peak positions (nm), peak shift and standard deviation 

 Trial 1 Trial 2 Trial 3 Avg. peak 

shift (nm) 

Standard 

deviation 

0 conc (Human 

insulin) 

100 pg   

1 ng  

10 ng 

100 ng 

690.489 

691.78 

696.398 

698.528 

704.56 

 

690.178 

692.453  

696.524 

697.499 

702.268 

 

690.127 

 694.12 

695.083 

698.371 

703.495 

- 

2.893 

6.036 

7.962 

12.642 

0.224 

1.34 

0.52 

0.63 

1.19 
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Table S5.3.  Table showing peak position of BSA and EGF in presence of Human insulin 

in plasmonic nanoledge device 

 SAM + Human 

insulin 

 

BSA EGF 

Peak Position 

(nm) 

697.86 697.757  697.655 

Peak Shift (nm)  0.103 0.205 

 

MATLAB code used for smoothing of graph 

clear workspace; 

clc; 

M = readtable("HSA+diff conc 0 day.xlsx");      

arr = M{:, :}; 

  

rowsCount = size(arr, 1); 

filteredArr = []; 

for i=1:rowsCount 

    wavelength = arr(i, 1); 

    if (wavelength > 680 && wavelength < 800) 

       filteredArr = [filteredArr; arr(i, :)]; 

    end 

end 

  

wavelenghts = filteredArr(:, 1); 

c1 =filteredArr(:, 2); 

c2 =filteredArr(:, 3); 

c3 =filteredArr(:, 4); 

c4 =filteredArr(:, 5); 

c5 =filteredArr(:, 6); 

  

  

  

[f1, e1] = polyfit(wavelenghts, c1, 6);       

c1_fit = polyval(f1, wavelenghts, e1); 
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[f2, e2] = polyfit(wavelenghts, c2, 6); 

c2_fit = polyval(f2, wavelenghts, e2); 

  

[f3, e3] = polyfit(wavelenghts, c3, 6); 

c3_fit = polyval(f3, wavelenghts, e3); 

  

[f4, e4] = polyfit(wavelenghts, c4, 6); 

c4_fit = polyval(f4, wavelenghts, e4); 

  

[f5, e5] = polyfit(wavelenghts, c5, 6); 

c5_fit = polyval(f5, wavelenghts, e5); 

  

figure;  

plot(wavelenghts, c1_fit); 

hold on; 

plot(wavelenghts, c2_fit); 

hold on; 

plot(wavelenghts, c3_fit); 

hold on; 

plot(wavelenghts, c4_fit); 

hold on; 

plot(wavelenghts, c5_fit); 

  

  

legend('HS+0 conc', 'HS+100 ng', 'HS+10 ng', 'HS+1 ng','HS+100 pg');  

 

 

 


