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Abstract

Nanoplasmonics has opened up the gates for numerous innovations. Recent studies

showed that metal nanoparticles, when introduced into the solar cells and organic

light emitting diodes, would greatly enhance their efficiencies. Though these advances

are promising, they require a tool for investigating the interactions occuring at the

microscopic level to further optimize their performance. In that context, we are

interested in understanding the energy transfer mechanism between molecules in the

vicinity of metal nanoparticle. Time-resolved fluorescence intensity and anisotropy

experiments on single and clusters of Silver-Silica core-shell nanoparticles coated with

Rhodamine B(RB) dye molecules, (Ag-SiO2-RB) were performed. We witnessed the

signature of the interaction between RB molecules and metal nanoclusters in the form

of the enhanced fluorescence intensity decay rates. The fluorescence lifetime of RB in

the vicinity of the nanoparticles was (600± 100) ps, as compared to (2.4± 0.3) ns in

the absence of nanoparticle. While the anisotropy of RB molecules in the absence of

nanoparticle has remained almost constant(0.075±0.029) over long times; anisotropy

in the presence of particles showed wide range of values immediately after excitation.

Surprisingly high anisotropy values, at about 10 ns after excitation, were observed

with a mean of about (0.145±0.025). We interpret the high and low initial anisotropies

of the clusters, relative to the case of RB alone, to be due to the interaction of dye
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molecules with collective plasmon modes of the clusters.

ii



Acknowledgments

First of all, I would like to thank my supervisor, Prof. Jean-Michel Nunzi, for his

unrelenting supervision and support all through my research work. I would like to

express my gratitude towards Dr. Erwin Buncel, for taking time out of his schedule

to proof-read my thesis.

I would like to thank all my friends and colleagues, whose presence always cheered

me up and helped me kick start the day. My special thanks to Feng Liu, who used

to prepare samples repeatedly but patiently until they matched my experimental re-

quirements. Thanks to Regis Barille, from University d’Angers, who in a short visit

helped me with suggestions to improve S/N in my experiments; and I am very much

inspired by his diligence.

I am very thankful to Dr. Rob Noble for allowing me to use his lab facility for

optical lithography, and also very much pleased to work Dr. Saydur Rahman, who

has taught me how to perform the technique. I extend my gratefulness to Dr. Jun

Gao, for allowing me use their Atomic Force Microscopy. Timely help of Dr. Fraser’s

group, by lending us some optical elements, saved us so much of time.

iii



Thanks to Berni, Steve Gillen and Dirkbouma for lending the electronic equip-

ments when needed; Chuck and Gary for helping me with machining; Kim for placing

all the orders with hardly any paper work left for us; Loanne and Tammie for taking

care of administrative stuffs. Thanks again to all of you.

Last but not the least, I am very much oblized to my family for their constant

support, and especially to my brother for instilling the confidence when needed.

iv



Table of Contents

Abstract i

Acknowledgments iii

Table of Contents v

List of Tables vii

List of Figures viii

1 Introduction 1

Chapter 2:
Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Plasmons, Surface Plasmons & Localized Surface Plasmons . . . . . . 7
2.3 Spectral Properties of Metallic Nanoparticles . . . . . . . . . . . . . . 8
2.4 Theory of fluorophores near metallic surfaces . . . . . . . . . . . . . . 16
2.5 Energy Transfer Mechanism . . . . . . . . . . . . . . . . . . . . . . . 28

Chapter 3:
Experimental Design . . . . . . . . . . . . . . . . . . . . . 33

3.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 Time Correlated Single Photon Counting Technique . . . . . . . . . . 34
3.3 Opto-mechanical Setup . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.4 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.5 Experiment procedure and data-analysis . . . . . . . . . . . . . . . . 45

Chapter 4:
Results and Discussion . . . . . . . . . . . . . . . . . . . . 47

4.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2 Preliminary Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

v



4.3 Steady-State Spectra Studies . . . . . . . . . . . . . . . . . . . . . . . 62
4.4 Single Particle/Cluster Intensity Decay Dynamics . . . . . . . . . . . 66
4.5 Single Particle(cluster) Fluorescence Anisotropy . . . . . . . . . . . . 68

Chapter 5:
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Chapter A:
Markers on Glass Slides . . . . . . . . . . . . . . . . . . . 98

Appendix B:
Fluorescence anisotropies . . . . . . . . . . . . . . . . . . 101

B.1 Anisotropies from ‘Horizontal’ Excitation . . . . . . . . . . . . . . . . 102
B.2 Fluorescence Anisotropies from ‘Horizontal’ and ‘Vertical’ Excitation 114

vi



List of Tables

2.1 Effect of energy transfer on the fluorescence characteristics of the donor
in the case of homotransfer. Information adopted from [1] . . . . . . 28

4.1 Standards of fluorescence decay lifetimes in nano- and subnanoseconds
regime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2 Anisotropy offered by the optical elements in the detection channel of
Optical Microscope . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.3 Corrected Fluorescence anisotropy. (*)- The anisotropy value shown is
not that of C343 but it is of C153. Due to the unavailability of the dye,
we considered the reported value as a reference as the two compounds
belong to the same family of chemicals . . . . . . . . . . . . . . . . . 58

4.4 Fluorescence intensity decay lifetimes and their weights . . . . . . . . 67

vii



List of Figures

2.1 Schematic diagram of Surface Plasmons at the metal-dielectric inter-
face and Localized Surface Plasmons in metal nanoparticle. . . . . . . 8

2.2 Schematic representation of radiative and nonradiative decay of parti-
cle plasmons in noble-metal nanoparticles . . . . . . . . . . . . . . . . 13

2.3 Real and Imaginary parts of dielectric permittivity of Silver(top) and
Gold(bottom) split into drude and interband contributions shown along
with experimental results of Johnson and Christy . . . . . . . . . . . 15

2.4 Experimental(top) and theoretical(bottom) radiative(left) and non-
radiative(right) decay rates of Lissamine molecules as a function of
radius of gold nanoparticle. The dotted curves in the plots atop are
just the interpolated curves to give a signature of possible dependence. 26

2.5 Jablonski diagram without and with the effects of metal surfaces . . . 27

3.1 Block diagram of apparatus used in TCSPC technique . . . . . . . . 36
3.2 (a) Laser coupled into the Optical Microscope, (b) Fluorescence signal

detection route. The double-sided arrow in blue is considered ‘hor-
izontal polarization’, while the similar arrow in green is considered
‘vertical polarization’. And the same convention holds at any point of
the experimental setup. . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 Dark-Field Microscopy setup . . . . . . . . . . . . . . . . . . . . . . . 41
3.4 Single Photon Detection Unit BC-Biconcave, PC-Plano-convex, P-Pinhole,

BX-Biconvex, PBS-Polarizing Beamsplitter, SPAD-Single Photon Avalanche
Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.5 Schematic diagram of single Ag-SiO2-RB particle(dimensions not to
scale).The diameter of Ag nanoparticle is ∼ 50nm and Silica layer is
of thickness ∼ 8nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.1 Optical images of Ag-SiO2-RB attached to marked slide in different
modes (a) Bright-field transmission mode image, (b) Dark-Field image,
(c) Fluorescence mode, (d) Dark-Field image using color camera. All
of them of the same location on the slide. The particles shown enclosed
in a box in (d) are enlarged in page following. . . . . . . . . . . . . . 50

viii



4.2 (a)Close up view of the two particles shown enclosed in figure 4.1d
and (b)AFM of the same particles: upper left cluster corresponds to
green-color and mid-right cluster corresponds to the red-color particles
in left-side picture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3 TEM images of Ag − SiO2 core-shell nanoparticle of controlled thick-
nesses by adding (A) 2mL, (b) 5mL, (c) 10mL, (d) 30mL TEOS(10mM
in anhydrous ethanol) . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.4 Instrument Response functions recorded using a) photolumiscence from
100nm thin gold film and b) scattered blue light from laser light. . . . 55

4.5 Corrected Fluorescence anisotropy (a) C343 in PMMA, (b) RB in
PMMA and, (c) RB in methanol . . . . . . . . . . . . . . . . . . . . 59

4.6 Optical power transmitted through the analyzer(polarizer) at the focus
of the microscope objective w.r.t. the angle between analyzer axis and
the polarization of the light coupled. Different plots correspond to
various polarizations of the light coupled. The solid lines are just
connecting lines and not the fits. . . . . . . . . . . . . . . . . . . . . 61

4.7 Enhancement factor versus spacer thickness measured at room tem-
perature. Feng L. et al [2] . . . . . . . . . . . . . . . . . . . . . . . . 63

4.8 Normalized absorbance spectra of Ag-NP(blue), Ag-SiO2(green) and
Ag-SiO2-RB(red) in CHCl3. Rao B.S. et al [3] . . . . . . . . . . . . 63

4.9 Normalized Steady-state Fluorescence spectra of Rhodamine B (red)
and Rhodamine B coated on Ag-SiO2 in chloroform(black) [3]. . . . . 65

4.10 Normalized fluorecence intensity decays of RB in PMMA(black), Ag-
SiO2-RB in PMMA coated on fused silica and their corresponding fits 67

4.11 Bright-field transmission mode optical images of sizes approximately,
a) 200nm(S), b) 350nm(S), c) 500nm(M), d) 750nm(L). The scale bar
measuring 2µm is same for all. . . . . . . . . . . . . . . . . . . . . . . 69

4.12 Time-resolved fluorescence decay of parallel and perpendicular polar-
ization of RB in PMMA matrix. . . . . . . . . . . . . . . . . . . . . . 70

4.13 Time-resolved fluorescence anisotropy of RB in PMMA matrix. Data
plotted in solid black boxes is the anisotropy calculated by 5-point ad-
jacent averaging the actual data and the solid red line is the anisotropy
calculated after fitting the individual emission curves. . . . . . . . . . 71

4.14 Time-resolved fluorescence anisotropy of some selected Ag-SiO2-RB
particles(clusters) obtained by five-point adjacent averaging the inten-
sity decays of each polarization(black dots). Also show in red are the
anisotropies obtained by fitting each intensity decay curves. . . . . . . 74

ix



4.15 Time-resolved fluorescence anisotropy of two Ag-SiO2-RB particles for
‘Horizontal’(left) and ‘Vertical’(right) polarized excitation obtained by
five-point adjacent averaging the intensity decays of each polariza-
tion(black dots). Also shown in red are the anisotropies obtained by
fitting each intensity decay curves. Find the anisotropies of other par-
ticles for both the excitations in Appendix B. . . . . . . . . . . . . . 75

4.16 Final vs initial anisotropy of RB alone (Hollow red box) and Ag-SiO2-
RB in PMMA(solid black box). The grey line is an indicator of un-
changed anisotropy over time. . . . . . . . . . . . . . . . . . . . . . . 76

4.17 Scattering spectra of silver nanoparticle trimers showing mode split-
ting due to gradual opening of the vertex angle. Thin black lines, raw
experimental data; color lines, are the fits. The clusters are excited
by either unpolarized light(green) or plane-polarized light along the
transverse(blue) or longitudinal(red) direction The clusters with arti-
ficial colors show the surface charge distributions of selectively excited
modes. Picture courtesy [4] . . . . . . . . . . . . . . . . . . . . . . . 82

A.1 Bright-field image of gold markers coated on glass slide using optical
lithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

x



Chapter 1

Introduction

Energy transfer phenomena are omnipresent in one kind or another. A photoinduced

electronic excitation of an entity, such as molecule, atom, quantum dot, etc. can trans-

fer their energy to another entity, either by radiatively emitting a photon(Radiative

reabsorption), by non-radiatively inducing dipole in the neighbouring ones (Förster-

type), or by electron-exchange (Dexter-type). Energy transfer by photon emission

by a donor and its reabsorbtion by an acceptor molecule is quite obvious. However,

there is proof that there exists a non-trivial energy transfer mechanism, too [5]. It

was shown that even when the quantum yield of the sensitizer (or donor) molecule

is very low, the energy transfer efficiency was about unity. The mechamism behind

these observations is known as Non-radiative Resonance Energy Transfer (NRET),

now known as Förster Resonance Energy Transfer (FRET) or simply Resonance en-

ergy transfer (RET).

RET was classically explained first by J. Perrin, and Förster gave a quantum
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CHAPTER 1. INTRODUCTION 2

mechanical description of the same. FRET is mediated by coupling of donor and ac-

ceptor molecules through dipole-dipole interaction. The energy transfer rate varies as

power of 6 with distance inverse (R−6) for non-radiative transfer whereas as (R−2) for

radiative transfer. Thus FRET is more sensitive at shorter distances (10-100Å) and

radiative transfer is dominant at longer distances. At very close distances (<10Å),

Dexter-type energy transfer dominates where the wavefunctions of the two entities

start overlapping allowing for electron exchange [6]. As it would be seen in the

chapters to follow, the prime regime of our interest is FRET, and our samples were

prepared accordingly.

On the one hand, extensive research is being conducted to understand the role of

FRET in highly-efficient light-harvesting capabilities in plants [7, 8] and some bacte-

ria [9], so that mimicking the same processes artificially could prove efficient sources

of energy storage. On the other hand, it gave way to some very good applications like

‘spectroscopic ruler’ [10], ultrasensitive molecular imaging [11], studying interlayer

structures of Langmuir-Blodgett(LB) [12], etc.

Although the understanding of RET mechanism is far from complete, RET-

mediated by plasmons has brought innumerable applications alongside. Plasmons

are the periodically oscillating electrons over positively charged ion cores at a metal-

dielectric interface. Much fascinating are the plasmons generated in nanoparticles,

known as Localized Surface Plasmons (LSPs). LSP resonances(LSPRs) are partly re-

sponsible for electromagnetic enhancement near the particle’s surface, which proved

advantageous for spectroscopy methods like Surface Enhanced Raman Scattering (SERS) [13,
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14], Surface/Metal Enhanced Fluorescence (SEF/MEF) [15] and as very good quech-

ers [16]. With nanoparticles excited at resonance, the Raman signal can be enhanced

relatively as high as 106 [17], and even up to 1011 [18] if the molecules were presents

in the gaps of the particle-aggregates, were reported [19]. In fact, the mode density

can be manipulated by controlling the aggregate structure; like an optical equivalent

of antenna [20]. These nanoantennas have proved their mettle in improving the effi-

ciencies of Photovoltaics, Light Emitting Diodes(LEDs) of both organic and inorganic

kind. At present, photovoltaics are suffering from a drawback of not having broad

absorption spectrum that covers complete solar spectrum using less active medium

to be successful commercially. So for thin-film photovoltaics, the LSPRs and Surface

Plasmon Polaritons(SPPs) and Scattering properties of the metal nanostructure are

utilized to increase light trapping in the cells to generate more electron-hole pairs [21].

It has been reported that the high-momenta evanascent field near the particle can

assist exciting electron-hole pairs in an indirect-bandgap material like Silicon [22]. In

organic LEDs (OLEDs), the drawback is that three quarters of the generated exci-

tons end up in triplet state, which are usually non-luminescing states. Introducing

nanoparticles in the cells reduces the singlet-state lifetime and triplet-state lifetime

as well. Therefore, recombination of the exciton occurs before it escapes to triplet

states. Thereby improving the efficiency of the device. Another drawback in OLED

is coupling of luminescence to the electrodes through SPPs. These SPPs can be made

to radiate to far-field by texturing the electrode with silver nanoislands [23].

Other inventions in this area include plasmonic waveguides [24],plasmonic laser

(SPASER) [25], plasmon focussing [26] etc. A high sensitivity of the LSPR peak on
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the dielectric constant of environment around particle makes them good chemical and

biosensors [27]. RET as a ‘spectroscopic ruler’ is an important tool to study confor-

mational changes in biological molecules like proteins, RNA, etc. In a conventional

‘ruler’, efficient energy transfer can occur up to 100Å. It is sometimes desirable, for

larger proteins or larger strands of DNA, to have larger Förster radius for efficient

energy transfer. It was discovered that presence of a metal particle increases the

extent of energy transfer [28].

Despite the advances, the picture remains hazy to understand what is happening

at the submicroscopic level. Though a great deal of theoretical work has already been

done at single particle and single molecule level, experimental realization has gained

momentum only recently. Thanks to advances in nanotechnology, high signal to noise

ratio of the detectors and other high precision electronic devices are now available!

It is our intention to study the energy transfer mechanism between molecules that

are attached to single metal nanoparticle, more specifically, understanding the role

of metal particle in energy migration amidst molecules. With molecular dipoles, the

transfer of energy could be traced in the form of changed orientation of plane of

polarized emission. For the same reason, time-resolved fluorescence intensity and

anisotropy studies of dye molecules attached to single particles or cluster of partilces

were performed.

Chapter 2 gives a literature survey of the theoretical propositions and experimen-

tal evidences in this area to date. The experimental techniques adopted to realize our
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aim are described in detail in Chapter 3. Chapter 4 begins with some of the prelimi-

nary tests to calibrate the experimental setup used, followed by the spectroscopic and

temporal studies of the sample of our interest. The molecules attached were Rho-

damine B, considering their high fluorescence quantum yield and low photobleaching

efficiency. Silver was chosen as the core metal particle, owing to its LSPRs in the

visible region of spectrum and its high conductivity. The Conclusions drawn from the

experiments and their comparison with theoretical model are put forth in Chapter 5.



Chapter 2

Background

2.1 Summary

This chapter summarizes the theory, supplemented with experimental work done

to date, in understanding the energy transfer phenomena between fluorescing dye

molecules in the presence of metal nanoparticle. In the wake of that, section 1.2 and

1.3 throw some light on defining Surface Plasmons (SPs) and Localized Surface Plas-

mons(LSPs) associated with metal nanoparticles and the dependence of their spectral

properties on various parameters. The decay channels of an excited molecule in the

presence of smooth and rough metallic surfaces in terms of fluorescence quantum yield

and decay lifetime are given in section 1.4. It also includes a concise note on the suc-

cesses and failures of proposed theories to explain the interactions between molecules

and metallic particles, since the inception of this field. We adopted Gersten and

Nitzen’s model(GN model) based on the fact that most of their approximations were

matching to our samples prepared. Section 1.5 gives a concise mathematical results

for energy transfer rates in the lines of the GN model and the Förster Resonance

6



CHAPTER 2. BACKGROUND 7

Energy Transfer(FRET) model.

2.2 Plasmons, Surface Plasmons & Localized Sur-

face Plasmons

Plasmons: Plasmons are collective oscillations of free electron’s against fixed positive

ion cores in a conducting medium. When perturbed by an external electric force,

the coulombic attraction between the electrons and positive ions causes the electrons

to oscillate at their natural frequency, called plasma frequency. Light of frequencies

above plasma frequency is completely transmitted as electrons are not able to respond

fast enough to the time-varying electric field. In most of the metals, the plasma fre-

quency lies in the UV region, and that is the reason why most of the metals are quite

shiny in the visible spectra.

Surface Plasmons: Surface plasmons are the plasmons that are confined to the

planar interface of a dielectric and metal, or more specifically, at the interface be-

tween materials whose real-part of dielectric permittivity are positive and negative.

Surface plasmons can be excited by electrons and photons. Those that are excited by

photons are called Surface Plasmon Polaritons(SPPs) [29, 30]. When these SPPs are

created on small metal particles, they are referred to as Localized Surface Plasmons

(LSPs), as there is no propagaton of the excited plasmons [31] [32].

For noble-metal nanoparticles, the plasmon peaks occur in the visible range of

the spectrum, which is why they have gained paramount importance. For example,
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Figure 2.1: Schematic diagram of Surface Plasmons at the metal-dielectric interface
and Localized Surface Plasmons in metal nanoparticle.

the LSPR of small spherical gold particles of size 40nm in water is at around 520nm

and that of a silver particle is at around 410nm. In 1857, Faraday was the first to

realize a specific colour enhanced scattering from colloidal gold due to its colloidal

form, and in 1908 Mie [33], came up with the theoretical explanation using Maxwell’s

equation for the absorption and scattering of electromagnetic radiation by spherical

particles. Some of the exciting applications of nanoparticles in the near future include

the ultrafast data communication and optical data storage, solar energy conversion,

and the use of metallic nanoparticles as catalysts because of their high surface-to-

volume ratios [34] etc. What follows next is a quick review of the spectral properties

of nanoparticles and its dependence on shape, size of the nanoparticle and the medium

in which it is in etc.

2.3 Spectral Properties of Metallic Nanoparticles

Gustov Mie gave the complete analytical solution solving the Maxwell’s equation

applied on spherical particles which were complying very well to the observed optical
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features of the particles. The total extinction cross section of a particle is given by

sum of scattering (Csca) and absorption (Cabs) terms.

C = Csca + Cabs (2.1)

Cabs = k × Im(α(ω)) (2.2)

Csca = (k4/6π)|(α(ω))|2 (2.3)

where α(ω) is the polarizability of the particle and k =
√
εm(ω/c) is the wavevector

of the incident light in the matrix of dielectric permittivity, εm . The dipolar polar-

izability of the spherical particle of radius R is given by,

α(ω) = 4πR3 ε(ω)− εm
ε(ω) + 2εm

(2.4)

Its clear that the amplitude of the LSPR peak, its corresponding frequency and/or

the width of the resonance curve depend upon the dielectric permittivity of the ma-

terial, ε(ω). Different metals have different dielectric functions following their free

electron density. For example, the alkali metals like Na, Li etc. can be described

by a free-electron-like (Drude-like) dielectric functions, whereas some of the noble or

transition metals like Ag, Au, Al etc. show the experimental results [35] which can

only be explained if considered the contribution of the interband electronic transitions

too. The dielectric permittivity for a free-electron like metals is described by,

εD(ω) = 1−
ω2
p

ω2 + iγω
(2.5)
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ωp =

√
nee2

mεm
(2.6)

where, ωp is called plasma frequency, ne is the electron density, e is the electronic

charge and γ is the Landau damping constant. The latter takes into account the

dissipation due to intraband excitations i.e. electron-hole pairs within conduction

band. From the equations 2.2, 2.4 and 2.5, the absorption and scattering shown in

cross-sections of spherical metallic(free-electron-like) particle are given by

Cabs(ω) = 12
πR3

c

ε
3/2
m

1 + 2εm

[
ω2Ω2γ

(Ω2 − ω2)2 + (γω)2

]
(2.7)

Csca(ω) =
8πk4R6

3

∣∣∣∣((1− εm)ω2 − ωp2)(ω2 − Ω2) + (1− εm)ω2γ + i3εmγωΩ2

(1 + 2εm)[(ω2 − Ω2)2 + (γω)2]

∣∣∣∣2 (2.8)

where Ω = ωp√
1+2εm

From equations 2.7 and 2.8, it is discernible that the extinction

cross-section obtains a maximum for a frequency, ωres = Ω. The Ω here is the dipolar

resonance frequency and the generalized multipolar resonance frequency is given by,

Ω =
ωp√

1 + l+1
l
εm

(2.9)

l=1,2,3...etc represent dipolar, quadrupolar, octupolar resonances and so on, respec-

tively. It is noteworthy that the absorption cross-section is proportional to R3,

whereas scattering cross-section varies as R6 with respect to R. This indicates that the

extinction cross-section of the particles below a critical size( 25nm for gold [36]) would
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be dominated by the absorption term. The absorption is referred to the energy loss

due to electron-electron and electron-phonon scattering in the bulk which only depend

extrinsically upon size. However, intrinsically the dielectric constant of the particle

varies with its size below a critical size when the mean free path of the electrons

becomes larger than the size. In other words, it leads to increased electron-surface

scattering as explained by Kriebig [36]. In this regime, the absorption increases with

reduction in size. Kawabata and Kubo [37] explained the same quantum mechanically

earlier that the surface infact determines the energy eigenstates of the system and

that the absorption is caused by transfer of its excited plasmons to the excitation of

individual electronic states.

Plasmon Excitations can dissipate their energy in the form of photons, phe-

nomenon known as Radiation Damping [38, 39, 40] or in intraband and interband

excitations [41], shown schematically in figure 2.2. Surface plasmon modes in bulk

metals do not couple to the far-field radiation due to the momentum mismatch and

eventually dissipate their energy in the form of electron-phonon scattering and Landau

damping. In particles, surface plasmon modes are provided the missing momentum

by the non-planar particle edges, to help couple the induced dipole to the far-field

regime [42].

Radiation Damping : Plasmons, which are basically accelarating charges, can in prin-

ciple radiate the energy back into the optical far-field under favourable conditions.

This reduces the coherent lifetime of the oscillation, broadening the plasmon reso-

nance and limiting the achievable field-enhancement factor. Radiative damping rate
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has been shown to increase with the size of the particle. The radiative damping is

taken into account by adding a complex term to the depolarization factor A, when

the problem is dealt electrostatically [29, 39]. However this correction is not needed

when solving the problem electrodynamically.

Modified depolarization factor,

A ≡ A+ i
4π2V

3λ3
(2.10)

where V is the volume of the spheroidal particle and λ, the radiating light wavelength.

The condition such that radiation damping can be neglected, is given by,

εm
′′

1− εm′
Aε
− 3

2
0 >

4π2V

3λ3
(2.11)

where εm = εm
′ + iεm

′′ is dielectric constant of metal and ε0 is that of surrounding

medium. Depolarization factor,A= 1/3 for spherical particle. For a spherical silver

particle, the critical size below which there would be negligible radiation damping at

350nm is about 60nm.

Unlike the radiation damping, interband and intraband excitations are non-radiative

damping phenomenon. In intraband excitations, the electron-holes are excited within

the conduction band, while in interband excitations, the electron-hole pairs are gen-

erated by exciting the inner lying d-band electrons into the conduction (sp-band for

noble metals) band. For example, in the case of silver, the interband transitions are

significant for energies ≥ 4eV [43], whereas in the case of gold, it is significant over a

broad spectrum starting from 2.4eV [44]. Noteworthy point here is that, the Plasmon

resonance peak is well separated from onset of interband transitions in the case of
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Figure 2.2: Schematic representation of radiative and nonradiative decay of particle
plasmons in noble-metal nanoparticles

silver nanoparticles, whereas the two overlap significantly in the case of gold nanopar-

ticles. The influence of interband electronic transitions on the optical absorption in

metal nanoparticles is taken care by appending an additional contribution to the di-

electric permittivity in equation 2.5. The total dielectric permittivity is then given

by,

εD(ω) = 1−
ω2
p

ω2 + iγω
+ χib(ω) (2.12)

where χib(ω) = χib1 (ω)+iχib2 is the complex valued interband susceptibility. The math-

ematical derivations for the absorption and extinction cross-sections can be found

in [41]. The gist of their derivations is as follows. For silver, the imaginary part can

be neglected for energies below 4eV, evident from the experiments of Johnson and

Christy [45], so that the effect of interband transitions only leads to a red shift in
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the Plasmon resonance peak and decrease in the maximum of the absorption, while

the bandwidth of the surface Plasmon resonance would be the same. In the case of

gold, both real and imaginary parts of the susceptibility are significant enough(see

figure 2.3) over the visible range, that it leads to a red shift in the Plasmon peak,

a significant enhancement in the absorption, along with broadening of the Plasmon

bandwidth. So while studying the energy transfer mechanism between molecules near

gold nanoparticles, it is important to be aware that there would be significant inter-

band transitions superimposed on the plasmon resonances and should be taken into

account while modeling.
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Figure 2.3: Real and Imaginary parts of dielectric permittivity of Silver(top) and
Gold(bottom) split into drude and interband contributions shown along
with experimental results of Johnson and Christy
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2.4 Theory of fluorophores near metallic surfaces

Fluorescence is a spontaneous emission process. The emission rate of a free flu-

orophore depends on the emission coefficient (Mij) and the photonic mode density

ρ(υij), according to Fermi’s golden rule. It was thought that the spontaneous emission

being solely a quantum mechanical process, the fluorescence decay rate is an intrinsic

process and cannot be affected externally. Thus it came as a surprise to learn that

the spontaneous decay rate and quantum yields of molecules could be modified when

brought in proximity to a metallic surface [46]. According to Fermi’s Golden rule,

the spontaneous decay rate is given by

Γij ∝ |Mij|2ρ(υij) (2.13)

where Mij is the matrix element describing the transition dipole moment coupling

initial (i) and final states (j), and ρ(υij) is the Photonic Mode Density (PMD) un-

derstood as ability of the emitter and its surrounding to support an electromagnetic

mode, in a classical point of view. The interaction of fluorophores with metallic inter-

faces may lead to enhanced or quenched fluorescence, depending upon the shape and

size of the nanoparticle, the distance between the dye molecule and the nanoparticle,

the orientation of the molecular dipole with respect to the dye-nanoparticle axis, and

the overlap of the molecule’s emission with nanoparticle’s absorption spectrum.

Experimental evidence on the optical properties of molecules near metallic surfaces

has its roots since Drexhage’s work [47] in 1970. Further peculiar properties of

molecules near particulate or corrugated or grated metal surfaces had been discovered.
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Some of the most interesting phenomena are quenched fluorescence [16], enhanced flu-

orescence [48], and surface enhanced Raman scattering[21]. Much of the quest persists

to understand the energy transfer mechanism between molecule and molecule, and

molecule and a nanoparticle. In what follows next is a brief spadework on theories

to understand the aforementioned anomalous optical properties and energy transfer

mechanisms, focussed mainly with optimum conditions appropriate to maximize the

metal-enhanced fluorescence. There are many excellent reviews [49, 13, 50, 51, 14] on

this subject starting from the optical properties of the emitters near a planar metallic

surface to that of the corrugated surfaces and isolated particles. It would be interest-

ing to quickly go through the case of planar metallic surfaces before understanding

the consequences due to the particles or rough surfaces.

2.4.1 Molecular dipoles near planar surfaces

The first experimental demonstration of the effect of metallic interface on the spon-

taneous decay rate of the molecule nearby is given by Drexhage and co-workers [47].

They showed that the lifetime of the Eu3+ ion in front of the silver mirror oscillates

with the distance from it. The behaviour was explained as, due to the reflected field

of the image dipole which drives the molecule in or out of phase, depending on the

position of molecular dipole, causing the decay rate to increase or decrease accord-

ingly. What was inexplicable was that the decay rate was strongly quenched for very

small molecule-surface distance. And that behaviour could later be explained by

considering other decay routes such as Surface Plasmon Polariton (SPP) modes and

Waveguide modes. These modes basically modify the PMD, eventually affecting the

spontaneous decay rate of the emitter. SPPs are basically non-radiative modes that



CHAPTER 2. BACKGROUND 18

propagate along the metal-dielectric interface. Applying the Maxwell’s equations and

the boundary conditions at the interface of metal and surrounding medium shows

that the dispersion relation to hold for a propagating wave along the surface is,

k1z/ε1 + k2z/ε2 = 0 (2.14)

kx = ksp =
ω

c

(
ε1ε2
ε1 + ε2

)1/2

(2.15)

where the complex quantity, ε1 = ε′1 + iε′′1 is the dielectric constant of the metal and

ε2 is that of the surrounding medium, so that

k
′

sp =
ω

c

(
ε′1ε2

ε1′ + ε2

)1/2

(2.16)

k
′′

sp =
ω

c

(
ε′1ε2
ε
′
1 + ε2

)3/2
ε
′′
1

2(ε
′
1)

2
(2.17)

where ksp = k
′
sp + ik

′′
sp, the Surface Plasmon wavevector. ε′1 < 0 and |ε′1| > ε2 should

be true for the surface plasmons to sustain. Both these criteria are accomplished

always by metals below plasma frequency(ωp). It can be shown that, under normal

condition, it is not possible to excite the SPP by direct irradiation on the metal be-

cause the momentum of the surface plasmon wave at the same energy is substantially

higher than that in the surrounding medium i.e. k1zsinθ0 < ksp. θ0 is the angle

between incident wavevector and normal of the surface. However, there are also some

conventional ways like Krestchmann’s and Otto’s configuration, and also using grat-

ings to couple the light to SPPs. They work based on the principle that the necessary

momentum can be provided by the Evanacent waves. For the evanascent waves, the
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wavevector of the transmitted wave takes the form, k = kxx̂ + ikz ẑ. The imaginary

z-component(normal to the surface) indicates the attenuated or non-propagating na-

ture of the evanascent waves. So that, kx
2 = k2 + kz

2 or kx > k.

Other sources of evanascent waves include the near-field of a molecular dipole.

Hence, if the near-field of a molecular dipole close enough to the metal surface, it

would readily be able to couple to the surface plasmons [52]. Again for the same

reason of mismatch in wavevector momenta, the electromagnetic field coupled to the

SPPs fails to radiate as photons to far-field. Eventually the energy dissipates in

the form of heat in the film. It would be greatly advantageous to draw the energy

radiatively, that has coupled nonradiatively from the molecule into the metal. That

way there is not only the increased quantum yield, but also a wealth of information

about the near-field of the molecule, which otherwise would be impossible to know.

On the same lines of explanation as above, it was understood that the SPPs could be

made to radiate using a corrugated/particulate surface.

2.4.2 Molecular dipoles near non-planar surfaces

The non-planarity could be introduced in the form of corrugated surfaces like gratings

or as island films. The immediate consequence of the nonplanar surfaces is that the

oscillatory dependence of lifetime on distance, like in planar surface case, is washed

out due to interference off many random scatterers. The non-planar surface breaks

the translational symmetry thereby allowing the non-radiative modes like SPPs and

waveguide modes to couple to the far-field radiation. This implies that any energy

that is coupled nonradiatively to the SPP could be extracted radiatively and hence
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helps boost the signal. With islandized films, the non-radiatively coupled energy gets

localised to the island rather than dissipating into heat while propagating on the

surface. Another contribution due to rough surfaces is increased intensity due to so

called ‘lightning rod-effect’ due to the crowding of field lines to the small radii of

curvature.

Though rough surfaces show interesting effects when compared to patterned cor-

rugated surfaces, it is obviously difficult to analyze the rough surfaces owing to their

myriad random curvatures. Any information of the dipole orientation or energy trans-

fer is washed out since polarization is no longer well defined. Aravind et al. tried

solving the problem theoretically [53] with some crude approximations. It would be

advantageous to turn to a somewhat radical approach to understand the interaction

of molecules with particles of well-defined surfaces. With the advancement of tech-

nology, it has become feasible to manipulate the particle size, shape and the distance

between the dye molecules and particle to a good degree of accuracy. The following

section introduces you briefly through the effects of the metallic particles on the ra-

diative and nonradiative decay rates of the molecules in its proximity in the footsteps

of Gersten and Nitzan [54], preceded by a summary of proposed general theories.

2.4.3 Summary of general theories

Many theoretical models have been proposed in order to understand the interplay be-

tween a molecular dipole and a conducting surface. Drexhage gave a theoretical model

to confirm his experimental observation of change in the fluorescence lifetime when a

molecule is brought in proximity to the flat metal surface from the infinity. However,
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their theoretical expectation skewed from that of the experiment at small distances

(<150nm), as they did not account for the nonradiative energy transfer appropriately.

Drexhage’s experimental results were substantiated to a nicety by Chance, Prock and

Silbey, well known as the CPS theory [55]. They incorporated the energy transfer

terms correctly and gave the formulas for change in the radiative decay rate due to

mirror effects, and the increase in nonradiative rate due to absorptive losses. But it

was learnt that even the CPS theory fails when the molecules are only few Angstroms

away from the surface. Their theory was based on the assumption that the metal

dielectric function is constant up to an infinitely thin plane and then abruptly shifts

to that of bulk medium. But the fact that the dielectric constant varies smoothly is

significant at very small scales of few Angstroms.

Gersten and Nitzan [54] (GN model) treated the molecule-nanoparticle hybrid sys-

tem as an image dipole model electrostatically. They calculated the dipole moment

induced on the metal nanoparticle by the excited molecule. The dipole moment of

the nanoparticle further alters the field around it including the molecular dipole. So

these mutual interactions between molecule and nanoparticle had been considered to

calculate the radiative and nonradiative rates. Ruppin [56] came up with a similar

electrodynamic calculations . Theoretical investigations carried out show that the

GN model is quite reliable as long as the size and distance of the nanoparticle from

the molecular dipole is comparable to that of the skin depth of the nanoparticle. The

skin depth of silver in optical frequencies is about 15nm and that of gold is about

35nm, which are comparable to size of particles, ∼40nm, we prepared for our exper-

iments. Because the optimum distance for maximum enhancement was about 8nm
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in our case(see section 4.3), just greater than the limit (∼5nm) set by some of the

theories [57] from applying the non-local theory, it prompted us to opt GN model as a

reference. The same is briefed out in couple of pages to come highlight the simplicity

in its formulation and yet explaining the significant trends.

Recently some work has been done assuming that the nanoparticle could also be

considered as a point dipole and that the nonradiative transfer of energy between the

molecular dipole and the particle could be treated as FRET [58, 59]. The idea was

partially successful in giving a rough estimate of the dependence of the energy transfer

rate on spectral overlap of the two entities and the distance between them. However

the theory fails because of two major setbacks. First, the size of the nanoparticle

when compared to fluorophores cannot be considered as point-like object and second,

the influence of the nanoparticle on the radiative rate of the fluorophore is not taken

into consideration in this model.

Gersten-Nitzen Model(GN):The GN model considers dipoles for the entire system,

taking into account the intrinsic molecular dipole, the dipole field of the nanoparti-

cle (spheroidal) driven by the dipole field of the molecule, and the molecular dipole

induced by the dipole field of the adjacent nanoparticle in the presence of applied

electromagnetic field. The radiative decay rate is found by computing the power

radiated electromagnetically and dividing by the photon energy h̄ω. And the non-

radiative decay rate is estimated by dividing the Joule power by the photon energy.

Expressions for the decay rates are given by,

Γr =
ω2

3h̄c2
|
∫
ε− 1

4π
Edr|2 (2.18)
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Knr′ =
(

1

2h̄ω

∫
σ|E|2dr

)
(2.19)

where σ is conductivity of the particle, ε(ω) is the dielectric constant of the particle

and E in equations 2.19 and 2.18 is the electric field inside and outside the parti-

cle respectively. The Electric field E(r) is obtained by solving the Poisson equation

∇2Φ = 0, under the boundary conditions that the potential and normal component of

displacement vector,
→
D , at the interface of particle and medium should be continuous.

Φ(r) =


∑

n anPn(ξ)Pn(η) if ξ < ξc∑
n bnQn(ξ)Pn(η) + µ(

→
r−→

r1)

|→r−→
r1|2

if ξ > ξc

(2.20)

where ξ, η and r are the elliptic coordinates of the particle and ξc is locus of the sur-

face of the particle. Under then special condition that the particle is spherical and the

molecular dipole lying parallel to the particle’s surface, the decay rates expressed as,

Knr =
6|µ0|2

2h̄|1−∆|2
a3Im

(
1

ε+ 2ε0

)(
1

r

)6

(2.21)

Γr →
ω3|µ0|2

3h̄c3|1−∆|2

∣∣∣∣1− 2
(a
r

)3( ε− ε0
ε+ 2ε0

)∣∣∣∣2 (2.22)

where a is the radius of the nanoparticle and r is the distance of the molecule from

the centre of the particle. µ0/(1−∆) is the effective molecular dipole moment in the

presence of particle. ∆ is called image enhancement factor, it surfaces out when the

resultant dipole moment considered , i.e. the intrinsic dipole moment of the molecule
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and the induced dipole moment by the Plasmon oscillations in the particle. It is

evident from equation 2.22 that radiative decay rate varies with dye-particle distance

∝ r−3 whereas the nonradiative decay rate 2.22, considering only the dipolar plasmon

term, which implies the decay rate varies ∝ r−6 and hence resembling dipole-dipole

interaction dominating the decay at very short distances completely.

Equations 2.19 and 2.18 give a hint into the dependence of the decay rates on the

size of the particle. While the nonradiative decay rate is proportional to the volume

of the particle, the radiative power is proportional to the square of the volume. So

for maximum fluorescence enhancement, larger particles are preferred but within the

limit that the particle size be an order of magnitude smaller than wavelength of light

used, to avoid retardation effect like exciting higher order poles which are dissipa-

tive in nature. It can also be noticed that under the dipolar resonance condition

i.e. ε(ω) = −2ε0, both radiative and nonradiative decay rates shoot up to a maxi-

mum. Unlike surface plasmons on flat surfaces, these plasmons can strongly radiate

via radiation-damping as mentioned before. This provides a channel of radiative de-

cay. But this again competes with nonradiative losses too. Dulkeith et al. [60] gave

an experimental result of the trends of radiative and nonradiative decay rates vary-

ing with distance of the Lissamine molecules from the surface of gold nanoparticles.

Their experimental decay rates and its comparison with the theoretical model(GN

model) are shown in figure 2.4. Whereas the radiative decay rates are complying

with the theory quantitatively, there is a mismatch in nonradiative decay rates by

two orders of magnitude. The reason for the discrepancy has been explained as to be

due to not considering the large k-component which is present in the near field of the
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molecule [61]. Further reasons for the discrepancy could be due to not considering

the spectral overlap between the two entities as done in Forster’s theory, and also

for not considering the ensemble average of molecules attached to the particle whose

transition moments are not necessarily parallel to the particle.

To put things qualitatively but broadly concise, the observed effects could be at-

tributed due to three dominant interactions between the fluorophore and the nanopar-

ticle, broadly as : (1) An increased rate of excitation (E + Em), (2) the increase in

rate of nonradiative energy transfer from the molecule to particle, Knr +Km, (3) an

increased rate of radiative decay (Γ + Γm). Quenching is one of the processes that

leads to reduced quantum yield along with reduced lifetime. Quenching processes are

dominant when the non-radiative energy transfer rate dominates the radiative decay

rate. In the case of metal enhanced fluorescence, our regime of interest, where radia-

tive decay rate is significant over the non-radiative decay rates, reduced fluorescence

lifetime shows up with an increased quantum yield. Though the uneven curvatures of

the particles lead to increased field density (the lightning rod effect), it does not affect

the molecule’s fluorescence decay rates or its quantum yield. It is merely that more

the excitations more are the photons emitted before the molecule is photobleached or

unless the target is already in a saturated state.
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Figure 2.4: Experimental(top) and theoretical(bottom) radiative(left) and non-
radiative(right) decay rates of Lissamine molecules as a function of ra-
dius of gold nanoparticle. The dotted curves in the plots atop are just
the interpolated curves to give a signature of possible dependence.

In the absence of metal, the decay rates and quantum yield are related as,

Q0 = Γ/(Γ +Knr) (2.23)

τ0 = (Γ +Knr)
−1 (2.24)



CHAPTER 2. BACKGROUND 27

while in the presence of metal particles they modify as,

Q = (Γ + Γm)/(Γ +Knr + Γnr + Γm) (2.25)

τm = (Γ +Knr + Γnr + Γm)−1 (2.26)

where Q0 and Q are the quantum yields in the absence and presence of metal particle

respectively. The same is depicted in the Jablonski diagram below in the figure 2.5.

Em in the figure 2.5 can be attributed to two reasons: one due to the ‘lightning

rod effect’ and the other is due to excitation of ‘localized surface plasmons’. The

additional radiative decay rate, Γr can attributed to the effect of Γr ∝ |µ0|2 and

to the ability radiate to the far-field. Likewise, increased Γnr could be due to the

additional non-radiative channels like exciting waveguide-modes and/or exciting the

e-h pairs in the metal and/or due to interband transitions and/or interacting with

the phonons.

Figure 2.5: Jablonski diagram without and with the effects of metal surfaces
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2.5 Energy Transfer Mechanism

There are many ways in which an excitation energy of a molecule can migrate. A

molecular dipole when excited can transfer its energy to another identical molecule(ho-

motransfer) or different molecule(heterotransfer) through radiative reabsorption, or

through direct charge exchange(Dexter-type transfer), or through non-radiative dipole-

dipole coupling(Förster-type transfer). Dexter-type energy transfer is prominent

when the donor and acceptor are in subnanometric distance apart, where the orbital

wavefunctions start overlapping each other leading to charge transfer. Radiative re-

absorption energy transfer is a trivial case where a real photon emitted by a donor

is absorbed by an accepteor. It is the non-trivial energy transfer phenomenon known

as FRET or simply RET in which we are interested, and the sample was prepared

accordingly. To avoid the Dexter-type transfer, the distance between donor and ac-

ceptor should be >10Å and radiative reabsorption can be ignored by considering very

dilute samples. Table 2.1 below shows the effect of energy transfer on the fluorescence

characteristics of the donor in the case of homotransfer.

Characteristics of the emission Radiative transfer Non-radiative transfer
Fluorescence spectrum Modified in the region of spectral overlap Unchanged

Steady-state fluorescence intensity Decreased in the region of spectral overlap Decreased by the same factor whatever λem
Fluorescence decay Slower Unchanged

Steady-state emission anisotropy Decreased Strongly decreased
Decay of emission anisotropy Faster Much faster

Table 2.1: Effect of energy transfer on the fluorescence characteristics of the donor in
the case of homotransfer. Information adopted from [1]

.
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The Forster energy transfer rate depends upon the extent of spectral overlap of

the emission spectrum of the donor with the absorption spectrum of the acceptor, the

quantum yield of the donor, the relative orientation of the transition dipoles of the

molecules and upon the distance between them. The rate of energy transfer is given

by,

KT =
QD 〈k2〉
τDr6

[
9000ln10

128Nπ5n4

] ∫ ∞
0

RD(λ)εA(λ)λ4, dλ (2.27)

where QD is the quantum efficiency of donor,〈k2〉 is the relative orientation factor

averaged over ensemble of molecules, τD is the fluorescence lifetime of the donor in

the absence of acceptors, r is the distance between acceptor and donor, n is the re-

fractive index of the surrounding medium, N is the Avagadro’s number, RD(λ)is the

normalized fluorescence spectra and, εA(λ) being the molar extinction coefficient of

the acceptors. Expressed the same also in terms of Forster’s radius, R0, as

KT =

(
R0

r

)6
1

τD
(2.28)

R6
0 = QD

〈
K2
〉 [ 9000ln10

128Nπ5n4

] ∫ ∞
0

RD(λ)εA(λ)λ4, dλ (2.29)

Forster’s Radius is defined as the distance at which the probability of energy

transfer is same as photon emission by fluorescence. Forster’s radius of Rhodamine

B in ethanol considering the homotransfer(i.e. the donor and acceptor are of the

same kind) turns out to be ∼ 23nm. The FRET phenomenon like a spectroscopic

ruler provides us with a microscopic scale to measure separations in vivo. However,
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the conventional FRET technique involving dye molecules has a limitation that it is

significant over a small range of distance(∼ 100Å), above which it becomes too weak

to be useful. This limitation has in fact, paved way for the use of metal nanoparti-

cles as acceptors owing to their broad absorption spectrum in the visible region. In

such hybrid systems, the separations of up to 800Å still gives a good signature of the

FRET-like phenomenon. It is mentioned FRET-like because with the particle of size

comparable or greater than the distance between the dye molecule and the particle,

the point dipole approximation does not holds. Nevertheless, the problem could be

dealt in a way by considering the excitation of multipoles in the particle [59]. Energy

transfer within dye molecules in the presence of metal particle had been studied the-

oretically long before by Gersten and Nitzan [62]. Since we prepared our sample in a

way that meets most of the approximations taken by GN model, a brief description

of their work [62] presented here. In the GN model, the two point-like molecules

are taken to be lying on the line passing through the major axis on the opposite

sides of the spheroid and also the dipole moments oriented parallel to the major axis.

Equation for energy transfer rate, given by Fermi-golden rule, is:

KT =
2π

h̄

∑
ia

∑
fa

Fd(fd)Fa(ia)| 〈idfa|U |fdia〉 |2δ(εfd + εia − εid − εfa) (2.30)

Where fi and ij correspond to the final and ground states with energy εfiand εij

respectively. Fi is the thermal distribution function of the respective energy states

indicated. U is the interaction energy term between the two entities. In the presence

of inhomogeneous broadening by various factors, the sharp transitions are replaced

by a continuous function, so that equation 2.30 transforms into the one shown above
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in equation 2.27.

In the absence of particle, interaction energy of two randomly oriented molecular

dipoles is given by a well known term,

U0 = (
→
µd
→
µa −3

→
µd ·

→
r
→
µa ·

→
r )/r3 (2.31)

where µa and µd are the dipole moments of acceptor and donor dipoles respectively.

In the case of particle in the proximity, the potential at any arbitrary point in space

is given by,

Φ(r) =


∑

n anPn(ξ)Pn(η) if ξ < ξ0∑
n bnQn(ξ)Pn(η) + Φd + Φa if ξ > ξ0

(2.32)

where Φd and Φa are the potentials produced by the donor and acceptor point dipoles.

The boundary conditions that potential and normal component of electric displace-

ment vector be continuous across the boundary, helps find the electric field at any

point in space. The interaction energy, given by

U = −µd · Ed = −µa · Ea (2.33)

Ed and Ea are the electric field at donor dipole and acceptor dipole respectively. The

ratio of interaction energy in the presence and absence of a particle of spherical shape,

turns out to be,

A(λ) = 1 +
1

2

[
(rd + ra)

a

]3 ∝∑
n=1

(−1)n(n+ 1)2
(
a2

rdra

)n+2
(ε− εm)

ε+ εn
(2.34)

Here, a is the radius of the particle, rd and ra are distances of the donor and acceptor



CHAPTER 2. BACKGROUND 32

molecules from the surface of particle, εm is the dielectric constant of the medium

and εn =
(
n+1
n

)
εn. The energy transfer rate between molecules in the presence of a

particle is then given by,

KT =
QD 〈k2〉
τDr6

[
9000ln10

128Nπ5n4

] ∫ ∞
0

RD(λ)εA(λ)|A(λ)|2λ4, dλ (2.35)

However, if considered the energy transfer between molecules and the particle, ap-

proximating the particle to be a point dipole and following Frster’s theory yields,

KT =
QD 〈k2〉
τDr6

[
9

128π5n4

] ∫ ∞
0

RD(λ)αA(λ)λ4, dλ (2.36)

which appears as the same one as in the case of two molecular dipoles, except that

absorption spectra of molecules is now replaced by absorption cross-section of the

nanoparticles, α(λ).

Theoretically there has been lots of work already done and some practical compli-

ance has been achieved partly in the samples studied in the bulk form form [63, 64,

65, 66]. Not much work has been done to understand the physics at single particle

level. In order to harmonize the experimental work known in this area with the the-

oretical principles that apply, it is our intention to study experimentally, the energy

transfer between molecules attached to nanoparticle by measuring the time-resolved

fluorescence depolarization rate i.e. anisotropy decay rate.
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Experimental Design

3.1 Summary

This chapter describes the design of the experimental setup and the sample prepara-

tion methods employed to study its fluorescence dynamics. Section 3.2 describes the

technique employed to detect and track the photon emission timing of sample, called

Time Correlated Single Photon Counting(TCSPC). Following that is about all the

opto-mechanical elements used to steer the laser beam into the microscope, directing

the collected fluorescence signal onto Single Photon Avalanche Detectors(SPADs) and

the different configurations of imaging the sample, explained in section 3.3. Section 3.4

guides through the sample preparation methods. Finally, a quick description of ex-

perimental procedure and data-analysis methods adopted were given in section 3.5.

33
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3.2 Time Correlated Single Photon Counting Tech-

nique

Time Correlated Single Photon Counting (TCSPC) [67, 68] has proved to be an

outstanding technique for detecting very low-level light signal and with a very high

precision of up to picosecond-time resolution. It is one of the best ways of measur-

ing fluorescence decay dynamics. TCSPC has its applications in time-resolved laser

scanning microscopy, single molecule spectroscopy, photon correlation, diffuse optical

tomography of biological tissue etc. The technique is based on the detection of single

photons of a periodic excitation, the measurement of detection times of the photons

with good precision and the reconstruction of the waveform from the individual time

measurements with respect to the excitation. It implies, that for each pulsed exci-

tation either one or no photon be detected, which otherwise would lead to “pulse

pile-up distortion”. The pile-up distortion is the tendency of the detecting all the

early photons if there is possibility of detecting more than one photon per excitation

. In all of our experiments, a photon flux of not more than one photon per 200 exci-

tations was maintained.

Figure 3.1 shows the apparatus setup used in this technique. A photon emitted by

the sample of interest is detected by a Single Photon Avalanche Detector(SPAD) [69].

An amplified electrical signal corresponding to the avalanche created by the photon

detection is then sent to a Constant Fraction Descriminator(CFD), which determines

the arrival time of the photon. The CFD sends the precisely timed signal to Time-to-

Amplitude Converter(TAC), where it STARTS the charging up of the linear voltage
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ramp. The voltage ramp grows in amplitude linearly proportional to time until it is

interrupted by a STOP signal. Therefore the voltage amplitude of the ramp signal

until STOP is equivalent to the time-difference between START and STOP signals.

The TAC runs in an “inverse mode”. In the “inverse mode” the signal from the SPAD

is the START signal and the electric pulse of excitation souce is the STOP signal.

This way the device would be busy only when it detects a photon and since photon

number is always lower than the number of excitations, the “inverse mode” proves to

be quite efficient in terms of “dead time”. Therefore the decay seen at the end appears

reversed in time. The pulse height corresponding to the time-difference, from TAC, is

digitized by analog to digital converter and sent to Multi-Channel Analyzer(MCA).

The MCA keeps track of all the photons by stacking all those having same amplitude

into the same address. The same is transferred to the computer for further data

analysis.

In our experiments, we used two similar Pelteir-cooled Si-SPADs(PDM-series)

from MPD Devices, with time resolution <50ps FWHM. A very small active area of

about ∼ 50µm of the detector heads is responsible for a very low dead time ∼ 77ns.

Though it was difficult to focus the weak fluorecence signal onto the detector head,

it is advantageous in that once focussed the small active area acts like a confocal

pinhole apart from improving the response time. These SPADs have a peak detection

efficiency of 49% @ 550nm. Low-voltage operation, high quantum efficiency, ambient

light workability and robustness are some of the key properties prompted us to opt

for it.

The CFD, TAC, ADC and MCA were integrated parts of the high resolution module
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Figure 3.1: Block diagram of apparatus used in TCSPC technique

HRMTime, SensL used for timing the photon events. We still had to use additional

CFDs in order to connect the -ve NIM output from the detector to the TTL input

of the TAC(Ortec). The timing module offers minimum time bin or time resolution

of 27ps and, a dead time of 190ns to process an event limits the count rate to a

maximum of 4.5Mcps.

An output from the timing module, that was used as a STOP signal input to the

Timing module, was also used to trigger the pulsed laser source with a repetition

rate of 1MHz. Though it was possible to gate the SPAD, in the range enough to

cover the full fluorescence decay, our initial tests showed that there was no significant

improvement in the counts. The count rate of the peak in either case were almost

the same. So we did not bother gating the detector for the rest of the experiments.
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The laser source used for the excitation was Diode laser(PiLas) lasing at 405nm with

FWHM 10nm. The laser emits light pulses of width ∼45ps FWHM and is externally

triggerable at different repetition rates.

3.3 Opto-mechanical Setup

The complete experimental setup involving all the opto-mechanical elements, except

the interior of optical microscope, is shown in figure 3.2.

3.3.1 Laser-microscope coupling Optics

The laser line at 405nm was spectral-cleaned(FF01-405/10, Semrock) for any fluo-

rescence from its source. And a combination of half-waveplate(WPH05M-405, New-

port) and polarizer(LPVISE100-A, Newport) were used to select a polarization when

needed. The laser was then steered into the Inverted Optical Microscope(AxioObserver

Z1, Carl Zeiss) using the periscopic setup as shown in the figure 3.2. After coupling

and aligning the laser into microscope, two iris diaphragms were instilled, one after

the first reflecting mirror and the other right before the laser enters the microscope.

This way the path of the light beam outside the microscope can be set fixed and that

makes it easier to quickly align and couple the laser in the future trials of alignment.
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Figure 3.2: (a) Laser coupled into the Optical Microscope, (b) Fluorescence signal
detection route. The double-sided arrow in blue is considered ‘horizontal
polarization’, while the similar arrow in green is considered ‘vertical polar-
ization’. And the same convention holds at any point of the experimental
setup.
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3.3.2 Intermediate Optics - Optical Microscope

A 50:50 beamsplitter glued to a stiff lever was placed in the path of light that uses the

reflection mode of microscope. The light is further expanded and collimated to size of

approximately 6mm, as measured at the base of microscope objective lens. A dichroic

mirror inclined at 45◦ reflects the laser beam on to the sample surface through a high

Numerical Aperture(NA) objective. The rear aperture of 100X objective, mostly used

for our experiments, is about 3mm. Obviously most of the optical energy was being

spatially trimmed at the base of the objective.

All the fluorescence experiments have been done in epi-fluorescence mode. In epi-

fluorescence mode, the objective that focuses the excitation light on to sample also

collects the emitted signal from it. This configuration became practical only due to

the dichroic mirrors. The signal thus collected is allowed to pass through the dichroic

mirror and an emission filter but avoiding any photons of excitation wavelength from

passing through. The light signal past the objective, filters set and some magnifying

lens can be steered to one of the three exit ports. One of them is used for imaging the

sample, one was for eyepiece and the other port leads to the single photon detection

unit.

The filter-set with Dichroic(Di01-R405-25x26, Semrock) and emission filter (ET605/70,

Chroma Tech.) were used when using 405nm laser pulses for exciting the sample

and collecting signal, respectively. The filter-set with ‘Excitation filter’(ET545/25,

Chroma), ‘Emission filter’(ET605/70, Chroma) and Dichroic(T565lpxr, Chroma) were

used along with Hg-Arc lamp(HBO100, Osram) for imaging the sample in fluorescence



CHAPTER 3. EXPERIMENTAL DESIGN 40

mode. The CCD camera(AxioCamHRm) was used for imaging the sample and like-

wise locating and centering the regions of interest on sample slide. Transmission and

reflection mode bright field images were obtained by shining the sample with halogen

lamp(HAL 100, Osram) on the top and rear sides, respectively.

For Dark-Field Microscopy, little bit of changes to the existing microscope did

the job for us. In Dark-field microscopy, the condenser should be designed to form a

hollow cone of light. The hollow cone of light is focused at the plane of the sample;

as the lights goes past the sample, it again spreads as a hollow cone of light. The

objective, sitting in the dark region of this cone, sees a dark backdrop in the absence

of sample. However, in the presence of sample some light will be scattered, so that

objective would see bright spots of scattered light with a dark backdrop. The contrast

of course depends upon unscattered light entering the objective lens; the lesser the

better. In other words, the prerequisite for Dark-field microscopy is having NA of

condenser much larger than NA of the objective.

An annulus was placed in the path of halogen lamp and the condenser of the

microscope to create the hollow cone of light, as show in the figure 3.3. There was a

disadvantage with the equipment that the NA of the condenser(0.55) is smaller than

the NA of the objective(0.75). We circumvented this problem by placing a pinhole

of diameter ∼ 1.5mm between the sample and the objective lens. Though this chops

the unscattered light from entering the objective, it comes at the cost of chopping the

scattered light from the sample too. To compensate for the loss, the halogen lamp

was operated maximum possible voltage.
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Figure 3.3: Dark-Field Microscopy setup

3.3.3 Detection Unit

A total magnification of 1000X - 2500X, that includes 100X magnification by the ob-

jective, could be achieved with microscope. For a sample as small as 1µm would be

magnified to a size maximum of upto 2.5mm, which still is quite paraxial to the optic

axes lenses of diameter 1.25cm. So it was necessary to expand the signal beam before

tightly focussing it, which otherwise would not be possible. The collimated signal

beam from the output port of the microscope was allowed to pass through a bicon-

cave lens(BC1) of focal length, f = -25.4mm, followed by a plano-convex lens(PC1) of

focal length, f = 50mm approximately 25mm away. The collimated beam is tightly fo-

cussed using a plano-convex lens(PC2) of focal length, f = 25.4mm and recollimated

using another biconvex lens(BX1) of focal length, f = 19mm. The focussing was
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done to operate the microscope in confocal regime by placing a 50µm. This helped

us removing most of the off-focus noise. The collimated beam was allowed to pass

through a polarizing beam splitter(PBS) and then refocussed onto the two SPADs

using two plano-convex lenses(BX2/3) of focal lengths 25mm, as shown. The pinhole

and SPADs were manouvered using XYZ stages with actuators(Newport) manually.

Their positions were optimized at their corresponding foci by keeping track of the

count rates using high resolution Timer/Counter(PM6671, 120MHz) . The fluores-

cence from a concentrated RB in polymer matrix spin-coated on glass slide was used

as test sample for optimizing all the positions.

Figure 3.4: Single Photon Detection Unit BC-Biconcave, PC-Plano-convex, P-
Pinhole, BX-Biconvex, PBS-Polarizing Beamsplitter, SPAD-Single Pho-
ton Avalanche Detector

3.4 Sample Preparation

The following outlines the procedure of preparing Silver-Silica(Ag-SiO2) core-shell

nanoparticles and coating RB molecules on top of silica and were done solely by my
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colleague Mr. Feng Liu.

Step1: The silver NPs were obtained by traditional sodium citrate reducing method

[70].

Step2: 100 mL silver NPs aqueous solution was dissolved into 400 mL ethanol, pH of

the solution was maintained at 10 by adding 13 mL 30 wt.% ammonia. Subsequently,

1.25 mL of 10 mM tetraethyl orthosilicate (TEOS) ethanol solution was added into

silver NPs solution every half an hour, and 20 mL TEOS solution was added within

8 h period. The mixture was kept for another 24 h before separation. Finally the

silver-silica coreshell NPs were obtained by centrifugation at 3500 rpm for 30 min and

were washed with ethanol thrice and dried in an oven. TEM images of the silver-silica

particles are shown in figure 4.3.

Step3: The silver-silica coreshell NPs were dispersed into 50 mL anhydrous toluene, 2

mmol silanized rhdoamine B, synthesized in the way reported by Nedelcev et al. [71]

and 314 mL (1 mmol) triethoxy(octyl)silane were added into the NPs solution. The

obtained mixture was refluxed at 110◦C for 12 h under dry nitrogen. The functional-

ized NPs were separated from solution by centrifugation, washed with toluene three

times and dried in oven overnight. The dark red NPs powder indicates that rho-

damine dye was successfully bound to the silver-silica coreshell nanostructure.
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Figure 3.5: Schematic diagram of single Ag-SiO2-RB particle(dimensions not to
scale).The diameter of Ag nanoparticle is ∼ 50nm and Silica layer is
of thickness ∼ 8nm

In preparing the slide with particles on it, 37.1mg of Poly-Methyl-Methacrylate

(PMMA Mw=96000 , Sigma Aldrich) was mixed in 5ml of CHCl3 to prepare a 0.5%

PMMA/CHCl3 solution. Also 1mg of Ag-SiO2-RB was mixed in 5ml of CHCl3. It

was noticed that Ag − SiO2 core-shell coated with RB in the powder form had a

tendency to form clusters. In order to isolate the particles, the solution was stirred

for about 3-4 hours. Although we tried sonicating the solution for quick dissociation

of the particles, we determined that it was also dettaching the molecules from the

surface of silica. The 1ml solution of particles was then mixed with the solution of

PMMA/CHCl3. The mixture was stirred again for about 20mins before spin-coating

on fused silica slides @1000rpm for 1min. The spin-coated slide is immediately trans-

ferred to a vacuum chamber and allowed to dry at room temperature overnight. The

slides with sparse particles of Ag-SiO2-RB were then ready to be tested. For some

preliminary tests, the particles were coated on slides with markers on top of them.

The markers were coated using optical lithography technique, described in Appendix

A.
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A point worth mentioning is that we used fused silica as substrate. In the prelim-

inary tests it was noticed that the ordinary Borosilicate glass slide and quartz slide

do show some autofluorescence, fluorescing in the wavelength range of our interest.

Only Fused Silica(thickness=500µm ,University Wafers) and Silicon Wafer(University

Wafers) showed very low autofluorescence. With Borosilicate glass slides or quartz

slides, the autofluorescence was as high as 900 counts/s, whereas Fused silica showed

about 150 counts/s and Silicon Wafers showed noise counts of only 60 counts/s. The

Dark count rate of the detectors is about 20 counts/s. However we chose to go with

fused silica slides as substrates, as Silicon wafers are not suitable for taking transmis-

sion mode images of the particles. In selecting the supporting matrix, PMMA was

chosen over Poly-Vinyl Alcohol(PVA), as PVA was showing some fluorescence in the

wavelength range of our interest.

Fused silica slides were cleaned in a four step process. All the fused silica slides

were ultrasonicated in methanol, acetone, decon soap water and distilled water se-

quentially for 10mins each. After the last step, they were dried using nitrogen gas.

3.5 Experiment procedure and data-analysis

The experimental design and sample preparation, described thus far, was used to

study the time-resolved fluorescence intensity and anisotropy decay of Ag-SiO2-RB

particles. The slide with the particles coated was imaged in the fluorescence mode to

search for single or cluster of particles using white light source(Hg-Arc lamp, HBO100

). Once the particle of interest was located and centered with respect to the objective



CHAPTER 3. EXPERIMENTAL DESIGN 46

lens, the sample was not exposed to the light for too long in order to avoid photo-

bleaching; but just long enough to capture the fluorescence image of the particle. The

rest of the imaging like dark-field or bright-field images, were deferred to the end of

time-resolved studies. The selected particle is then excited with pulsed diode laser

to study its fluorescence anisotropy dynamics. The same can be used to study the

intensity decay dynamics.

If I‖ is photon counts of polarization same as excitation and I⊥ is the photon counts

of polarization complementary to the excitation, the fluorescence anisotropy is given

by,

r(t) = r∞ +
I‖(t)−GI⊥(t)

I‖(t) + 2GI⊥(t)
(3.1)

G is the correction factor to correct for the instrument-introduced anisotropy. The

denominator of equation 3.1 is same as the total intensity decaying with respect to

time. The intensity decays were fit to sum of exponentials in Origin8, using non-

linear least square fitting method based on Levenberg-Marquardt algorigthm to find

the global minima. Anisotropy plots were obtained directly from the raw data and

also by calculating from the fittings of the decays of each polarization.



Chapter 4

Results and Discussion

4.1 Summary

The chapter here discusses the experimental observations and their analysis, along

with some preliminary tests to calibrate various responses of the instruments. It be-

gins with a preliminary test that gives an optical-equivalence of nanoparticles and

clusters, which were not resolvable optically due to diffraction-limit. This gives an

intuition to the approximate size of the particles under focus, if not the absolute

size or shape. Further, fluorescence decays of some well-known fluorophores have

been studied to understand the instrument response and especially to demonstrate

the degree of accuracy of data analysis method adopted. For the polarization-based

experiments, it is absolutely necessary to track the excitation polarization at sam-

ple. Therefore the response of optical microscope to various polarizations has been

studied. For fluorescence anisotropy studies, the correction factor,‘G’ plays a key role

in determining the initial or residual anisotropy. The G-factor was figured out by

comparison of the measured anisotropies with the known values from literature and

47
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confirmed by measuring the optical power transmission efficiency of the two cross-

polarizations.

Further steady-state spectral studies of Ag-SiO2-RB particles dispersed in a so-

lution were studied, followed by time-resolved fluorescence intensity and anisotropy

experiments of many isolated Ag-SiO2-RB particles and clusters in focus, and their

interpretation.

4.2 Preliminary Tests

4.2.1 Recognizing particles of interest

The diffraction-limit hampers optical detection of nanoparticles of size smaller than

few hundreds of nanometers. In order to study the particles with an approximate

knowledge of their sizes, we performed AFM on the particles that were imaged op-

tically in Bright-field Transmission mode, Fluorescence mode with the help of dye

molecules attached to them and through Dark-Field Microscopy. The intention is

to intuitively judge the size of the particle under focus and not to perform these

tests on all the particles. In order to locate the same particles that were observed in

the optical microscope in AFM, the particles were coated onto the glass slide with

markers optically lithographed(APPENDIX A) as shown in figure below. Though

it is tempting to infer from optical images, figure 4.2a, that they are two isolated

silver nanoparticles of sizes ∼60nm that were initially prepared, but in different en-

vironments, figure 4.2b shows that they are actually clusters of size 300-500nm. The
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Dark-field Microscopy proves to be very helpful technique in determining the plasmon-

resonance peak unique to the environment of the cluster. The TEM images of single

silver nanoparticles coated with controlled thickness of silica forming core-shells, taken

by my colleague Mr. Feng Liu, are shown in figure 4.3. The optimum thickness of the

shell was chosen based on the experiment described in section 4.3. It will be shown

in section 4.5 that the particles tested were simultaneously classified based on their

sizes, taking the current section’s work as reference. This helped us understand the

dependence of the data on the particle(cluster) size.
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Figure 4.1: Optical images of Ag-SiO2-RB attached to marked slide in different modes
(a) Bright-field transmission mode image, (b) Dark-Field image, (c) Flu-
orescence mode, (d) Dark-Field image using color camera. All of them of
the same location on the slide. The particles shown enclosed in a box in
(d) are enlarged in page following.
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Figure 4.2: (a)Close up view of the two particles shown enclosed in figure 4.1d and
(b)AFM of the same particles: upper left cluster corresponds to green-
color and mid-right cluster corresponds to the red-color particles in left-
side picture
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Figure 4.3: TEM images of Ag − SiO2 core-shell nanoparticle of controlled thick-
nesses by adding (A) 2mL, (b) 5mL, (c) 10mL, (d) 30mL TEOS(10mM
in anhydrous ethanol)
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4.2.2 Standards of nanosecond and sub-nanosecond fluores-

cence intensity decays

Fluorescence intensity decays of some of the dyes like Rhodamine B, Coumarine 343,

known for nanosecond decay time and Erythrosin B for subnanosecond decay time

were tested. These dyes were considered owing to their nominal absorption at 405nm,

which is our laser excitation wavelength and emission in the 570-640nm band. The

intention is to retrieve the lifetimes of the dyes to match those in the literature,

thereby knowing the accuracy of the data analysis method adopted. The data analy-

sis method is already discussed in section 3.5. The same dyes were tested in different

solvents due to the limited options.

Compound Solvent Lifetime,τ(ns) χ2 Reported lifetime(ns) Reference

Rhodamine B Water 1.772± 0.001 0.998 1.74± 0.02 [72]

Methanol 2.376± 0.011 0.988 2.28 [73]

Glycerol 3.404± 0.014 0.993 3.4± 0.001 [73]

Coumarin 343 Glycerol 3.318± 0.121 0.988 - -

Erythrosin B Glycerol 0.503± 0.005 0.992 - -

water 0.144± 0.008 0.994 0.089± 0.003 [74]

Table 4.1: Standards of fluorescence decay lifetimes in nano- and subnanoseconds
regime

Instrument response function(IRF) was derived by illuminating 100nm thin gold

film. Thin film of gold (Au) was chosen due to its photoluminescence in the range of

500-700nm [75] and its ultrafast (femtoseconds) decay dynamics. The prime reason
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behind choosing gold film as a source of emission for IRF is that the Avalance Pho-

todectectors(APDs) are sensitive to wavelength of light being detected. The difference

in IRFs in detecting the scattered blue light(λ=405nm) and the photoluminescence

of thin gold film in the range of 570-640nm, is shown in figure 4.4. The FWHM in

the former case is about 300ps while that in the latter is about 190ps. The sources of

finite IRF width include the laser pulse width ,τlp ≈ 45ps; time-jitter due to SPAD,

τpd ≈ 30ps; time-jitter introduced by timing device(SensL),τjt ≈ 27ps; time-jitter due

to CFD, τjD ≈ 5− 10ps. All the values mentioned are the FWHM of the respective

sources and are obtained from their original datasheets except for CFD. The jitter

value of CFD was taken from Ortec’s official webpage, although we are not sure of

the exact values of the ones we used. The resultant width of the IRF is root mean

square of all the contributions, given by,

τR =
√
τlp2 + τpd2 + τjt2 + τjD2 ≈ 61ps (4.1)

The discrepancy between the observed and expected widths of IRFs is possibly due

to the unsure value of the time-jitter due to CFDs and the unaccounted time-jitter

from the external trigger used to trigger the laser head. The APD’s characteristic

wavelength-dependent exponential tail (time constant 270ps) is also noticeable from

the figure 4.4. It is already well documented that the tail arises from the carriers

photogenerated in the neutral regions beneath the photodiode junction and then

slowly diffusing towards the depletion layer [76, 77]. IRFs of both the APDs described

in the experimental setup section, were replica of each other and hence it did not

hamper us from performing any raw data analysis where needed.
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Figure 4.4: Instrument Response functions recorded using a) photolumiscence from
100nm thin gold film and b) scattered blue light from laser light.
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4.2.3 Setting Anisotropy Correction Factor, G

The optical elements in the path of light could respond differently to different polar-

izations of light. This effect is noticeable especially due to the elements like a grating

in a monochromator, a dichroic mirror at an inclination, a polarizing beam splitter

or due to sensitivities of the single photon detectors. In our case, the latter three

are the possible causes of the additional anisotropy. So before figuring out the actual

fluorescence anisotropy intrinsic to the sample, it is mandatory to include the effects

of optical path-introduced anisotropy. The correction factor was found following two

methods in way to comply with each other as discussed in details below.

Correction factor by measuring the relative transmission efficiency of the

two polarizations:

The usual way of finding G is by measuring the relative transmission efficiency of

Polarizations. Light from the halogen lamp was allowed to pass through a 50µm

pinhole and an emission band-pass filter(HQ605/70nm, Chroma) followed by a lin-

ear polarizer, into the condenser(NA ≈ .55). The light then passes through 100X

objective, filter set containing the dichroic(T495lp, Chroma) and emission bandpass

filter(HQ605/70nm, Chroma) and some magnifying lenses(total magnification of 25X)

before it reaches the exit ports. The above setup past sample stage was kept identical

to the actual setup used to study the fluorescence anisotropy of the sample. The

polarizer was set at a position to see a minimum count rate in the detector which

detects photons of polarization complementary to the axis of the polarizer. And sim-

ilar procedure was used to select the complementary polarization. The count rates of
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Polarization Transmitted ‘Horizontal-Detector’ ‘Vertical-Detector’
↓ CH(s−1) CV (s−1)

Horizontal ∼ 6720± 80 ∼ 70± 8
Vertical ∼ 20± 5 ∼ 6340± 80

Table 4.2: Anisotropy offered by the optical elements in the detection channel of
Optical Microscope

each detector for each polarization of transmission for a same power of halogen lamp

is shown in table 4.2. The table below also indicates the ‘ bleed-through’ counts of

vertically polarized photons detected in the ‘Horizontal-polarization detector’.

The vertically polarized bleed-through photons detected in the ‘Horizontal De-

tector’ is about ∼0.75% of the vertically polarized photons detected in ‘Vertical

Detector’. However, the count rate of ∼20 close to dark count rate, in ‘Vertical

Detector’ for Horizontal polarization of transmission, indicates that there is hardly

any observable bleed-through the other way. The correction factor measured is about,

G ≈ 1.06± 0.05. This value of G is confirmed by performing anisotropy experiments

on some of the known dye molecules whose initial anisotropies are well known. The

corrected count rates, taking bleed-through factor in account, are then

CV V actual = 1.0075 ∗ CV V measured (4.2)

CHHactual
= CHHmeasured

− 0.0075 ∗ CHHmeasured
(4.3)

Correction factor from known anisotropy values of known chromophores

Fluorescence anisotropy of Coumarin 343(C343, Aldrich ) and Rhodamine B(RB,

Aldrich) in PMMA and that of Rhodamine B in methanol have been tested and
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Compound Anisotropy Anisotropy Reported Values Reference
(uncorrected) (corrected)
±0.001 ±0.001

C343+Glycerol 0.398 0.378 0.375∗ [78]
C343+PMMA(thin film) 0.375 0.358 -

RB + Glycerol 0.084 0.064 0.06± 0.01 [79, 80]
RB + PMMA(thin film) 0.100 0.071 -

RB + Methanol 0.02 0.0003 0 -

Table 4.3: Corrected Fluorescence anisotropy. (*)- The anisotropy value shown is not
that of C343 but it is of C153. Due to the unavailability of the dye, we
considered the reported value as a reference as the two compounds belong
to the same family of chemicals

shown in figure 4.5. All the samples were maintained at concentration less than 0.5M

to avoid other forms of energy transfer mechanisms at 23◦C . Separate solutions of

C343 and RB in Chloroform(spectroscopic grade, Aldrich) were stir mixed in 10%

PMMA in CHCl3 and spin coated to a film thickness of ∼ 1µm. This was to reduce

the chances of any substrate-guided orientation of the molecules. RB in methanol

was tested in a 1mm quartz cuvette. The correction factor found out from the trans-

mission efficiency experiments was plugged into these anisotropies. The corrected

anisotropies are shown in figure 4.5. The values of the initial anisotropies corrected

and uncorrected, are show in Table 4.3, along with reference to earlier literature. The

plots have been linearly fit(not shown) using linear regression approximating the long

decays to be linear close to excitation time, to locate the anisotropies at t=0.

The initial anisotropy of RB is considerably smaller than that of C343. That is
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Figure 4.5: Corrected Fluorescence anisotropy (a) C343 in PMMA, (b) RB in PMMA
and, (c) RB in methanol

because the excitation wavelength is at 405nm for both the compounds but coincides

with S1 band of C343 and S2 band of RB. A simple calculation shows that the angle

between emission and absorption transition moments are about 15◦ and 49◦ for C343

and RB, respectively. In the case of RB in methanol, the rotational correlation time is

about 200ps and hence could not be distinguished due to limiting instrument response

function, if not deconvolved. The intention here is to see if the residual anisotropy

goes to zero, which is evident only after correction.
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4.2.4 Polarization of the coupled laser at the microscope fo-

cus

For the fluorescence anisotropy studies, it is absolutely necessary to make sure the

linear polarization, set initially at the laser head, is preserved at the sample position

after passing through all the optical elements internal and external to the microscope.

The same applies for the detection route of the photons. The polarization could get

distorted due to the birefringence inherent in most of the optical elements. A plane

polarized light should obey Malus’ law and the same was tested at both sample po-

sition and the APDs.

According to Malus’ law, the ratio of transmitted intensity to incident intensity

of light, through two polarizers, should be proportional to cos2 θ, where θ is the angle

between axes of the two polarizers. The polarization-tests for the coupled light is done

placing a polarizer near the laser head and the analyzing polarizer on the sample stage.

The transmitted intensity is measured using a power meter slightly above the focus of

the objective. The figure 4.6 below shows the transmitted light intensity vs angle for

different angles of polarization transmitted by the first polarizer. Similar tests were

performed in the detection route where halogen lamp of transmission mode was the

light source(not shown). The excitation polarization at sample position was set with

respect to the PBS in the detection unit. This was obtained by rotating the axis of

the excitation polarizer to match the axis of the polarizer at the sample stage that

was set to give a minimum count in the SPAD that detects photons of complementary

polarization in the transmission mode.
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Figure 4.6: Optical power transmitted through the analyzer(polarizer) at the focus
of the microscope objective w.r.t. the angle between analyzer axis and
the polarization of the light coupled. Different plots correspond to various
polarizations of the light coupled. The solid lines are just connecting lines
and not the fits.

The transmitted power for θ = 0◦ and θ = 90◦ were strictly following Malus’ law,

while the other angles were deviating from it. The deviation was prominent for the

case θ = 35◦, especially close to the point of inflection. A non-zero value of minima

obvious for θ = 35◦ indicate that neutral axes of the optics in microscope are biased

along θ = 0◦ and θ = 90◦. The decreasing and increasing trend of the peaks of the

curves with increasing polarizer angle is because the output of the laser is already
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plane polarized and the angles were chosen by adjusting both polarizer and half-wave

plate accordingly. It is also obvious from the figure that the transmission efficiency

of ‘vertical’ polarization is less compared to the ‘horizontal’ polarization of the laser.

The major contribution for this difference could be due to the beam splitter used to

couple the laser into microscope and the dichroic mirror(T495lp, chroma) that reflects

laser onto the sample. It can concluded that the Carl Zeiss Z1 Axioobserver offers

both Dichroism and Birefringence towards the light coupled. Dichroism here refers

to the property of the material that offers different absorption coefficient to different

polarization. Dichroism refered elsewhere in this work should be corresponding to

different transmission and reflection properties varying with wavelength of the light

used.

4.3 Steady-State Spectra Studies

The silica in Ag-SiO2-RB entity acts as a spacer between the RB molecules and

the surface of Ag nanoparticle. The spacer needs to be optimized to a thickness

where the fluorescence QY is maximum. Figure 4.7 indicates the optimum spacer

thickness to be at about 7− 8 nm. However, the optimum thickness obtained was by

spin coating PMMA to different thicknesses on a rough silver island film and then

coating layer of RB on top of it. The same thickness value has been considered

optimum while preparing Ag-SiO2-RB. The steady-state absorption spectra of Ag

nanoparticles in CHCl3, Ag-SiO2 core-shell in CHCl3 and Ag-SiO2-RB in CHCl3

are shown in figure 4.8, and the steady-state fluorescence spectrum of Ag-SiO2-RB is

shown in figure 4.3.
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Figure 4.7: Enhancement factor versus spacer thickness measured at room tempera-
ture. Feng L. et al [2]

Figure 4.8: Normalized absorbance spectra of Ag-NP(blue), Ag-SiO2(green) and Ag-
SiO2-RB(red) in CHCl3. Rao B.S. et al [3]
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The absorption peak at 445nm for bare Ag NP is the Plasmon resonance peak. The

position of the peak and its FWHM gives a rough estimate of the mean diameter of

the particles to be ∼ 50nm(MiePlot(free software)). The shift in the peak position in

the case of Ag-SiO2-NP is obviously due to change in the dielectric constant of the

environment surrounding Ag-NP. There is no noticeable difference in FWHM in the

two. However, there is a remarkable difference in both the peak position and FWHM

when the Ag-SiO2 was functionalized with RB. Considering the fact that the surface

of the Silica can accommodate Silane density of the order of 23× 1014 cm−2, number

of RB molecules that could attach to the surface of nanoparticle has been calculated.

For the nanoparticle, Ag-SiO2, of radius 25nm, the maximum number of molecules

that could be attached to its surface is approximately 18×104 per particle. The molar

extinction coefficient of silver nanoparticles of size 50nm is approximately four orders

greater than that of RB. Therefore both RB molecules and Ag-SiO2 nanoparticles

could contribute significantly to the total extinction spectra, where the peak at 550nm

could belong to RB molecules. At this point, we are not sure of the molecules-particle

binding efficiency. The possibility of agglomeration of the single particles into clusters

cannot be ruled out. Therefore particle clusters of different sizes resonating over wide

range of optical frequencies could also lead to a broad absorption spectrum.
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Figure 4.9: Normalized Steady-state Fluorescence spectra of Rhodamine B (red) and
Rhodamine B coated on Ag-SiO2 in chloroform(black) [3].

The FWHM of the fluorescence spectra of Ag-SiO2-RB in chloroform, ∼87nm,

is broader than that of the RB in chloroform(36nm) with a peak shift of approxi-

mately 14nm. This possibly is the effect of inhomogeneous broadening, because the

chances that each molecule experiences different environment is larger in the presence

of nanoparticle/clusters than in just a solvent.
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4.4 Single Particle/Cluster Intensity Decay Dy-

namics

Many isolated particles and clusters of Ag-SiO2-RB were identified in various optical-

imaging configurations, as discussed in section 4.2.1, and their fluorescence intensity

decay dynamics have been studied. See section 3.3 for more experimental details.

Figure 4.10 shows the fluorescence dynamics of one of the particles, along with RB

alone as reference and their fits alongwith. The decay of RB alone could best be fit

with double exponential decay function where as the decay from Ag-SiO2-RB could

be fit best with triple exponential decay function. The lifetimes and corresponding

weights of one of the particles studied are tablulated in table 4.4. Clearly, the fastest

decay component(690 ± 0.050ps)−1 is a signature of the effect of metal particles in

the vicinity. The slower components (2.89 ± 0.32 ns)−1 and (6.05 ± 1.02 ns)−1 are

common in both with and without nanoparticle case. This suggests that there is also

the contribution to the total decay, by the molecules that were being illuminated but

yet not in the vicinity of nanoparticle. This is understandable as the radius of the

illumination was manifolds larger than the particle under focus. The (2.89±0.32 ns)−1

component is close to the usual lifetime of RB in ethanol. The very slow component

in each case should have been due to common polymer matrix environment affecting

the lifetimes of the molecules embedded.
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Figure 4.10: Normalized fluorecence intensity decays of RB in PMMA(black), Ag-
SiO2-RB in PMMA coated on fused silica and their corresponding fits

Sample ↓ A1 τ1(ns) A2 τ2(ns) A3 τ3(ns) χ2

RB 66% 2.65± 0.15 34% 5.19± 0.35 0.989

Ag-SiO2-RB 44% 0.69± 0.05 45% 2.89± 0.32 11% 6.05± 1.02 0.989

Table 4.4: Fluorescence intensity decay lifetimes and their weights
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4.5 Single Particle(cluster) Fluorescence Anisotropy

About 75 Ag-SiO2-RB of nano- and sub-micron sized particles have been studied for

time-resolved fluorescence anisotropy. While doing so, the particles have been cat-

egorized based on their sizes. They were categorized as Small(S), Medium(M) and

Large(L) sheerly based on their Bright-field transmission mode images. Pixel values

of a particle of known size were integrated over the surface area, and particles whose

size determination was blurred by the optical diffraction-limit were linearly scaled

according to the following relationship,

πd2unknown = πd2known ∗
∑

xi

∑
yi
Iunknown(xi, yi)∑

xi

∑
yi
Iknown(xi, yi)

(4.4)

where d is the diameter of the particle and I(xi, yi) corresponds to intensity of a

pixel. All the images were taken with the same time-exposure of 800ms. Figure 4.11

shows the bright-field transmission mode images of different particles with a rough

estimate of their sizes. Particles of sizes <350nm are considered Small(S), and those

of sizes in the range of 350-600nm to be Medium(M), while those of sizes 600-1000nm

to be Large(L). It however is obvious that measurement of sizes of particles smaller

than 350nm has huge uncertainty though we were not so keen about it. Most of the

particles studied had fluorescence signal only enough for one polarization excitation

before being photobleached.
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Figure 4.11: Bright-field transmission mode optical images of sizes approximately,
a) 200nm(S), b) 350nm(S), c) 500nm(M), d) 750nm(L). The scale bar
measuring 2µm is same for all.

However, there were some special ‘hot’ particles whose signal did not deteriorate even

after multiple experiments on it. In fact, the excitation intensity had to be reduced

to avoid pile-up distortion. The huge signal from these ‘hot’ particles could be due to

excitation intensity trapped within the cluster like a ‘Random Laser’ [81] or due to

absolute resonance of the particle’s Plasmon oscillation with the excitation frequency.

The possibility of molecules tightly-packed amidst the cluster particles could be ruled

out as that would only lead strong quenching of fluorescence. Rhodamine B of 1µM

concentration in 2% PMMA/CHCl3 spin-coated on fused silica slides has been the

reference sample. Figure 4.12 and figure 4.13 show the fluorescence intensity decay

of each polarization and anisotropy calculated from 5-point adjacent averaging and

fitting of each polarized emission data, respectively.
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Figure 4.12: Time-resolved fluorescence decay of parallel and perpendicular polariza-
tion of RB in PMMA matrix.
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Figure 4.13: Time-resolved fluorescence anisotropy of RB in PMMA matrix. Data
plotted in solid black boxes is the anisotropy calculated by 5-point ad-
jacent averaging the actual data and the solid red line is the anisotropy
calculated after fitting the individual emission curves.

The 5-point averaged anisotropy was done to see if there was any exaggeration in

anisotropy due to not-unique results of nonlinear least square fitting technique which

depends on the initializing parameters. However it can be seen that there is no signif-

icant difference between the two plots. A very slow decay was observed which could

possibly be due to the slow molecular rotation in the matrix. Residual anisotropy

approached zero at about 90ns.

The rates of non-radiative energy transfer were calculated semi-empirically follow-

ing Gersten-Nitzan Model, as discussed before in chapter 2. Formulae corresponding
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to the transfer rates are reiterated here for a quick reference. According to FRET

model, Forster’s radius of randomly orientated molecular dipoles is given by equa-

tion 4.5 ,

R6
0 = QD

〈
K2
〉 [ 9000ln10

128Nπ5n4

] ∫ ∝
0

RD(λ)εA(λ)λ4, dλ (4.5)

According to Gersten-Nitzen Model, the energy transfer rate between molecular

dipoles but in the presence of solid particle is given by equation 4.6,

KT =
QD 〈k2〉
τDr6

[
9000ln10

128Nπ5n4

] ∫ ∝
0

RD(λ)εA(λ)|A(λ)|2λ4, dλ (4.6)

The diameter of the nanoparticle is considered to be in the range of (50-80)nm.

The refractive index of the medium surrounding silver nanoparticle and RB molecules

is taken by averaging the refractive index of Silica shell and PMMA matrix. The re-

fractive index of silica is about 1.475 and that of PMMA is about 1.489 @ 589nm.

The mean distance between the dye molecules and the surface of silver nanoparticles

is taken to be 8nm from the observation shown in Figure 4.7. The refractive in-

dices and extinction coefficients of bulk silver for all the wavelengths were taken from

[82, 45], and used to calculate its dielectric constants and to find the factor |A(λ)| of

Gersten and Nitzen Model. In the calculation of |A(λ)|, only the dipolar contribution

i.e. n=1 term of the expansion is considered to be significant. Quantum yield (QD)

of RB in the absence of nanoparticle is taken to be 0.7 [83] and the fluorescence

lifetime(τD) to be 2.7ns. For n=1, A(λ) boils down to,
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A(λ) = 1− 16
(a
d

)3 [ ε(λ)− εm
ε(λ) + 2εm

]
(4.7)

where a is radius of the silver nanoparticle and d is the average distance between

metal surface and dye molecules. Using FRET theory, Forster’s radius corresponding

to the energy transfer between dye molecules in the absence of nanoparticle is calcu-

lated semi-emperically to be (22.85±0.07)nm. With 1µM RB in 2% PMMA/CHCl3,

spin-coated on fused silica slide to a thickness of 200nm, there would be at most one

molecule in an area of radius 1µm, approximately equal to the area of the laser spot

focussed on to sample. Therefore with the Forster’s radius as small as 23nm, there

could hardly be any appreciable energy transfer, and the same is evident from fig-

ure 4.13.

Using the above parameters in Gersten-Nitzen model, the critical distance(γ0),

similar to Forster’s Radius, was found to be approximately (112.44 ± 19.56)nm.

KT = (γ0/r)
6 ∗ (1/τD) gives the slowest possible energy transfer rate of approxi-

mately [(130.64 ± 27.43)ps]−1, considering a special case where the energy transfer

to a molecule lying at farthest end of the particle. It is true that such a fast energy

transfer rate would be overshadowed by the limited time resolution of the instrument;

nevertheless we were interested in seeing any observable slow transfer rates as the size

of the particles increases and/or any substantial reduction in initial anisotropy as a

signature of fast energy transfer. Figure 4.14 shows the fluorescence anisotropy dy-

namics of some selected particles of different sizes, all excited with the same kind of

polarization. Figure[5] shows the anisotropy dynamics of the particles excited with

both horizontal and vertical polarization.
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Figure 4.14: Time-resolved fluorescence anisotropy of some selected Ag-SiO2-RB par-
ticles(clusters) obtained by five-point adjacent averaging the intensity
decays of each polarization(black dots). Also show in red are the
anisotropies obtained by fitting each intensity decay curves.
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Figure 4.15: Time-resolved fluorescence anisotropy of two Ag-SiO2-RB particles for
‘Horizontal’(left) and ‘Vertical’(right) polarized excitation obtained by
five-point adjacent averaging the intensity decays of each polariza-
tion(black dots). Also shown in red are the anisotropies obtained by
fitting each intensity decay curves. Find the anisotropies of other parti-
cles for both the excitations in Appendix B.
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Figure 4.16 below projects the initial and final anisotropies of all the 75 particles

examined. The dashed line in it is a reference indicating no change in the anisotropy

over a long period of time (> 10ns), while the data points above or below the reference

line give a signature of rise or decay in the anisotropy respectively.

Figure 4.16: Final vs initial anisotropy of RB alone (Hollow red box) and Ag-SiO2-RB
in PMMA(solid black box). The grey line is an indicator of unchanged
anisotropy over time.

The data points indicated in hollow red boxes, in figure 4.16, correspond to differ-

ent positions on the same slide of RB in polymer matrix. The anisotropy information

of particles is shown in black solid boxes. The initial anisotropy values corresponds
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to the ones at time, t = 0, which is also the peak of the fluorescence intensity decay.

The final anisotropy values corresponds to the ones at time, t = 10ns. In the case

of RB alone, the data points lie almost on the dotted reference line indicating that

the anisotropy has almost remained constant over time. In other words, there is no

signature of rotational or energy transfer dynamics. While the former case is obvious

due to spatial restriction of molecules in polymer matrix, the latter was substantiated

earlier by showing that the Forster’s radius is much shorter than the distance between

neighboring molecules. The mean values of initial and final anisotropies are 0.075 ±

0.029 and 0.068 ± 0.022, and coinciding within the uncertainties.

Fluorescence anisotropies for different Ag-SiO2-RB entities, shown in figure 4.14

and figure 4.15, show no common behavior. Unusual Anisotropies of four different

Ag-SiO2-RB entities for both horizontal and vertical excitation is shown in figure 4.14.

This especially is to emphasize that the possibility of any major instrumental error

could be ruled out and that each unique behavior is very much reliable. The same

can be emphasized through figure 4.15. It can be seen in figure 4.16 that the final

anisotropies for the particles were distributed over the mean of 0.175 ± 0.041 whereas

the initial anisotropies are spread over wide range of values, unlike RB alone case.

It is also striking to see the unusually very high initial anisotropies then decaying

to lower final anisotropies. The residual anisotropies (@ t = 100ns) for all the cases

discussed here is only approximately 0.01, so that any structural anisotropy of the

entity cannot be attributed to the very high or low anisotropies.

In a famous work by Agranovich and Galanin [84], it was shown that even a
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single-step energy transfer event can reduce the anisotropy of the luminescence by a

factor of 25, i.e. r/r0 =0.04. For RB, taking r0=0.05 gives the anisotropy after energy

transfer to be, r=0.002. In an extreme condition, where the excitation after leaving

the donor, always return to it in the process of migration shows that r/r0 =0.50,

limiting the depolarization. Andrew and Juzeliuna [85] showed the same result and

also that the factor r/r0 =7/25 for if considered the contribution of radiative energy

transfer when present. The radiative energy transfer mechanism could be ignored in

our case, as sizes of the particles under study were mostly close to the wavelength of

emission. However, the back transfer to the same donor cannot be ignored considering

the mirror-like behavior of the metal nanoparticle. In any case, it should be obvious

that energy transfer mechanism should be associated with the decrease in degree of

polarization with time.

In theory, the energy transfer time in the presence of nanoparticle was calculated

to be of the order of tens of picosecond, which could not be resolved with the limited

time-resolution of our instrument. But even if the decay dynamics go unnoticed,

anisotropy after one-step energy transfer leading to a value close to zero should be

evident, as described in the previous paragraph. However, Figure 4.14Figure 4.15,Fig-

ure 4.16 do not give that impression. So in our understanding the behavior of the

anisotropies could be explained by considering the role of inter-particle interaction.

The angle between absorption and emission transition dipoles would only affect

the static anisotropy but wouldn’t intervene with the transient behaviour. In order

to understand the transient dynamics, we assumed that there is no angular difference
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between the absorption and emission dipoles.

Particle #37 and #29 in figure 4.14 show the usual trend that could be expected

if considered the energy transfer from molecule to molecule oriented in different direc-

tion. Our earlier calculations based on Gersten-Nitzen Model rules out this possibility.

Apart from that, cases like particle #37 in figure 4.15 studied with ‘vertical excita-

tion’ do not comply with this explanation. In this case, the lifetime of the donor

molecules is increasing and that of acceptors is decreasing.

It is possible to contain all the cases under common explanation, if considered that

the energy transfer was not between molecule and molecule mediated by nanoparti-

cle but between the molecule and nanoparticle and due to inter-particle interaction.

Though we are not sure of how many particles per cluster were present for all the

clusters we tested, we would like to take a simple case of trimer of nanoparticles

which helps understand our results. In a recent work by Lev Chuntonov et al. [4], the

role of symmetry in a trimeric plasmonic particles was explained. They showed the

evolution of surface-plasmon spectra of trimeric cluster as the geometric symmetry is

gradually removed. The experimental results were theoretically substantiated based

on plasmon hybridization theory [86, 87].

Plasmon Hybridization Theory

The plasmon resonances of spheroidal particles can be analytically obtained by solving

Maxwell’s equations, as derived by Gustov Mie [33, 35]. For non-spherical particles,
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the solutions can be numerically derived by some computational methods like Discrete

Dipole Approximation (DDA) [88] or Finite-Difference Time Domain (FDTD) [89].

Solving Maxwell’s equations with approriate boundary conditions could be cumber-

some for non-spherical particles, and the computational methods would give little

insight into the physical origin of plasmons. Plasmon Hybridization(PH) method

gives an intuition of the origin of plasmons modes while in its simplest form. Accord-

ing to PH theory, the plasmon modes of a complex nanostructure can be known by

calculating the plasmon modes of individual constituents interacting mutually. This

is similar to molecular orbitals that result from the interaction of atomic orbitals.

Just like the molecular orbitals, the plasmonic states of the cluster can be regarded

as bonding or antibonding states based on whether the induced charge distributed in

the low or high energy configuration, respectively. In this model, the electrons are

considered to be incompressible, irrotational fluid uniformly spread over a uniformly

distributed positively charged backdrop of rigid ion cores(Jellium model). The entire

system is assumed to be neutral. Plasmons are studied as dynamic deformations

of the conduction electron gas. The equation of motion of plasmons of a structure

is determined by constructing its Lagrangian(L) and solving the Euler-Lagrangian

equations 4.9,

L = T − V (4.8)

∂L

∂q
=

d

dt

[
∂L

∂q̇

]
(4.9)

where T corresponds to kinetic energy of the deformed fluid of electrons at any
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given time, and V is the electrostatic potential energy of the structure. q is set of all

the variables in the Lagrangian.

Figure 4.17 taken from [4] shows the plasmonic modes of the trimeric cluster of silver

nanoparticles of size 60nm each, obtained using dark-field microscopy. It also shows

the effect of symmetry on the modes of the trimer. For a highly symmetric case like

equilateral-triangled-trimer, the two states, bonding and antibonding, were doubly-

degenerate. That is, for two mutually perpendicular polarized excitation the spectra

replicate each other. As the symmetry gradually reduces, the degeneracy is lifted

and enables mode-selective excitation with polarized light. For example, Figure(d)

shows that only the longitudinal polarized excitation(along the base of the trimer) at

wavelength close to 750nm, would be able to actively couple to the cluster, whereas

the transverse polarized excitation(perpendicular to the base of the trimer) close to

450nm would be able to interact with particle cluster effectively.
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Figure 4.17: Scattering spectra of silver nanoparticle trimers showing mode splitting
due to gradual opening of the vertex angle. Thin black lines, raw ex-
perimental data; color lines, are the fits. The clusters are excited by
either unpolarized light(green) or plane-polarized light along the trans-
verse(blue) or longitudinal(red) direction The clusters with artificial col-
ors show the surface charge distributions of selectively excited modes.
Picture courtesy [4]

The above facts of plasmonic hybridization throw some light on the fluorescence

aniostropy dynamics that we obtained. The high or low initial anisotropies of Ag-

SiO2-RBs compared to the case without nanoparticle could possibly be because of

asymmetric cluster of particles. More specifically, it is not the spatial anisotropy in-

troduced by the structure of the cluster and/or the molecules attached to them, but

the interaction amidst particles which led to spectral changes; which in turn affect the

way excitation light or excited molecules couple to the cluster. It is hard to discern

at this point, which of the two effects are dominant; the resonance of the excitation

wavelength(∼ 405nm in our case) with the higher energy antibonding modes, or the

resonance of fluorescence wavelength(570nm-640nm of Rhodamine B) with the lower
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energy bonding modes. In our understanding, the instantaneous coupling of the ex-

citation field to the dye molecules via plasmons should be responsible for the initial

anisotropy mostly. The slow decay rate of the molecules, compared to the ultrafast

dynamics of plasmonics, should be evident in decay dynamics of the anisotropy. The

unusual high anisotropy of about 0.145 ± 0.025, common in most of the particles, is

possibly because of the restricted orientation of the molecules on the particle.
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Conclusion

Our prime interest was to see the signature of energy transfer between the molecules

attached to single metal nanoparticle, in the form of decaying fluorescence anisotropy

with time. Silver-silica core-shell nanoparticle coated with Rhodamine B was our

sample under study. Though we are not sure of the exact sizes of all the particles

and clusters been studied, some preliminary tests were done to get a rough intuition

of their sizes. It is true that signals from the molecules attached to single parti-

cle was quite low and very low intrinsic anisotropy of Rhodamine B(0.07 ± 0.03)

hampered us from understanding the dynamics at single particle level. We simulta-

neously performed experiments on clusters(350nm-900nm) of Ag-SiO2-RB particles.

Time-resolved fluorescence anisotropy studies of Ag-SiO2-RB clusters gave some in-

sight into the possible interactions lying underneath.

The energy transfer rate between molecules in the vicinity of metal nanoparticle,

calculated semi-empirically, was >[(130.64±27.43)ps]−1. Though the time resolution

of the instrument is only limited to ∼ 190ps, a single-step energy transfer should

84
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have reduced the initial anisotropy to as low as ∼ 0.002. Contrary to these calcula-

tions, we have seen unusually high and low initial anisotropies, and anisotropy values

(0.145± 0.025) at about 10ns after excitation for most of the particles was common.

We believe that the plasmonic behaviour of the cluster has a role to play in the

observed anisotropies. When particles come together to form clusters, the Localized

Surface Plasmon Resonances(LSPRs) of each particle interact mutually. This results

in new resonant states of high and low energies, also called bonding and antibonding

states according to Plasmon Hybridization theory. For a highly symmetric cluster,

each of these states are degenerate with any orientation of polarized excitation. How-

ever, with any asymmetry in the cluster structure, the degeneracy is broken. In other

words, the higher and lower energy plasmon modes would be polarization-specific to

be excited.

Therefore unexpected high or low initial fluorescence anisotropy is not due to

anisotropy of the particles in the cluster or due to favoured orientation of molecu-

lar transition moments. This is also confirmed from the residual anisotropy of 0.01

@ 90ns from the excitation. The unusual anisotropies is rather due to new plas-

mon modes of the cluster that are polarization-selective. There are two wavelength

sources of interaction with the plasmons. One is the excitation field of the laser(λ =

405nm) and the other is the fluorescence emission of dye molecules(Rhodamine B,

λ = 570nm − 630nm). In our understanding, the instantaneous coupling of the ex-

citation field to the dye molecules via plasmons should be responsible for the intial

anisotropy. The interaction of fluorescing molecules should be responsible for the
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initial anisotropy partly, and to the decaying dynamics of the anisotropies observed.

The unsual high anisotropy of (0.145± 0.025) mentioned above is possibly because of

the fixed and preffered orientations of the molecules attached to the nanoparticle or

clusters.

Further experimentation along these lines could yield a wealth of information. A

controlled preparation of nanoparticles and their clusters shapes using a nanolithog-

raphy technique and coating a layer of fluorescent molecules with a controlled spacer

thickness would be an interesting direction to work upon. Time-resolved fluorescence

studies followed by Dark-field microscopy on these would give more deterministic re-

sults.

It would be better to perform similar fluorescence anisotropy test by considering

Coumarine 153 as the active molecule, in case exciting with light of wavelength 405

nm. This is because Coumarine 153 has high intrinsic anisotropy when excited at

405nm. After all, it is wise to buy cheaper dye compounds than changing the costly

laser.

With the help of same experimental setup, it is possible to study the photon statis-

tics of emission from molecules attached to nanoparticle. It would be interesting to

see if the nanoparticle effects the emission coherence by the molecules like in Dicke’s

effect [90, 91].
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Appendix A

Markers on Glass Slides

The microscopic (∼ 100µm thick) glass slide was cleaned first with Acetone followed

by Isopropyl Alcohol (IPA) and then dried using compressed nitrogen gas. The clean

glass slide was then spin-coated with a positive photoresist, Microposit S1813. The

glass slide was completely covered with S1813 before spinning it 4500 rpm for 45 sec.

The resist-coated slide was then baked on a hot-plate for 65 sec at 112 C to evaporate

the solvent content of the photoresist. The rear side of the glass slides were cleaned

using cotton-swabs dipped in Acetone before baking, lest the solidified photoresist

might not allow snug it tight parallel to the platform of the lithography setup under

vacuum while exposing it to the light and that deteriorates the quality of lithography.

The optical exposure system uses a mask aligner from Model 83210 Oriel, operated

in proximity mode, with a 1kW Hg(Xe) lamp, powered by Model 68820 Oriel. The

exposure was controlled using a shutter controlled by Model 84350 Oriel electronic

exposure timer. The photomask used was printed at University of Alberta NanoFab

facility. The glass slide was snug intact to the mask aligner by creating a vacuum of 2.5
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atm between them, with the photomask brought in proximity with the glass slide with

a great care. The photomask pattern was then transferred to the slide with photore-

sist, by exposing it to the lamp for 15 secs. The exposed slide was then developed by

submerging it in the MF-319 developer for 20 sec, followed by rinsing it in deionized

water. The developer basically etches out the exposed optically damaged photoresist

and the deionized water stops the reaction abruptly. Further, the slide was exposed

to oxygen plasma (name) in order to remove any leftover photodamaged-resist on the

slide.

The developed slide was then coated with Chrome and Gold film by Physical

Vapour Deposition (PVD) method using Thermionic electron beam evaporator. Prior

to the deposition, the chamber was maintained at a pressure of about 2Torr by Ion

pump and was monitored by an Ion guage. A thickness ∼ 50Å Chrome was coated

before coating gold for the reason that gold does not adhere to the smooth surface of

glass slide efficiently. Subsequently, gold coating of thickness ∼ 500Å was coated on

top of it. Both Chrome and Gold were coated onto the slide at the rate of 0.8Å/sec,

constantly monitored by a quartz resonator crystal.

The unexposed and undeveloped photoresist and the chrome and metal coats above

it were lifted off by dipping the slide in Acetone for about 2 mins and gently flushing

it with acetone. Further it was removed and gently washed in Isopropanol, followed

by drying it with compressed nitrogen gas. For some of the similar slides prepared,

strongly adhered gold coating patches were removed by placing the slides in an ultra-

sonic bath for about 10-12 sec. The final product of the optical lithography of gold

markers on glass slide is shown in figure below.
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Figure A.1: Bright-field image of gold markers coated on glass slide using optical
lithography



Appendix B

Fluorescence anisotropies

Time-resolved fluorescence anisotropies of all the particles that were tested are pre-

sented here. The first section shows all the anisotropies obtained by exciting the

particles with ‘Horizontal’ Polarization. The following section shows fluorescence

anisotropy plots obtained by exciting with both ‘Horizontal and Vertical’ polariza-

tion of some selected particles. Each particle tested is assigned the name as P# and

also shown is the approximate size of the particle based on if it falls in the range of

Small(S) or Medium(M) or Large(L) as mentioned in section 4.5 .
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B.1 Anisotropies from ‘Horizontal’ Excitation
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B.2 Fluorescence Anisotropies from ‘Horizontal’

and ‘Vertical’ Excitation

All the plots that are on the left side of the page are the results of ‘Horizontal’

excitation, and those on the right are obtained from ‘Vertical’ Excitation.
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