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Introduction



1. Introduction

Collecting photons by eyes is probably one of the most efficient ways for us to perceive
the environment. For centuries, great efforts have been made to extend our visual range
by manipulating the propagation of light, e.g. through a telescope or microscope, we can
see further or smaller into the world. Visualizing optically at micron or submicron length
scales helps to reveal many secrets hidden to our naked eyes, especially in the biological sys-
tems. Recent technical advances in optics have pushed the detection capability down to the
single-molecule level, giving a new access to the unique properties of individual molecules
that usually cannot be distinguished in ensemble experiments[1, 2]. Single-molecule tech-
niques have soon grown into an important field of optics, and spawned a revolution in bio-
physics/chemistry and other fields of nanoscience[3—-10].

The challenge of detecting a single molecule optically comes from the mismatch be-
tween the molecular sizes and the wavelength of light, which results in very weak interac-
tions between individual molecules and light[11, 12]. Pioneered by Orrit and Bernard in
1990[13], fluorescence, with the photons emitted at a longer wavelength than the excita-
tion light (Stokes-shifted)[14], has been recognized as one of the most convenient means
of probing single molecules, as the background can be suppressed efficiently by spectral
filtering[15—18]. The fluorescence-based single-molecule technique, however, relies on the
contrast provided by the emission of the target molecules against the background scattering
and the photons from the environmental molecules. Therefore, this technique can only be
applied to strong emitters (e.g. with quantum yields > 10%), which limits its applications
since the majority of molecules only emit weakly. Additionally, low molecular concentra-
tion (pM ~ nM) is required to get single-molecule sensitivity in conventional microscopy
due to the diffraction limit of excitation beams[19].

Plasmonics nanostructures, well known for their subwavelength light confinements, offer
a versatile solution to improve the detection sensitivity of single weak emitters by enhanc-
ing their fluorescence. The enhanced fluorescence from the molecules of low quantum yield
(107! ~ 1073) inside the nanoscale near-field region, can easily overcome the total emis-
sion background from all the non-enhanced molecules in the micron-scale focusing volume,
even for concentrations as high as 4M[20]. Despite many successes of plasmon enhanced
fluorescence experiments, detecting ultra-weak photon emission at single-molecule level is
still a challenge. Example comes from the molecules with extremely low quantum yields
(e.g. < 1073)[21], or with very low excitation efficiency, such as the fluorescence under
two-photon excitation[22, 23].

This thesis aims to improve the detection from ultra-weak single emitter by enhancing
their emission properties with plasmonic nanostructures. We exploit the wet-chemically
synthesized single crystalline gold nanorods (GNRs) as our basic frameworks in the whole
studies, simply because of their unique optical properties, such as the intense electromag-
netic fields enhancement near the tips, and the narrow, tunable resonance with light. We
first explore the lower limit of fluorescence quantum yield for single-molecule detection by
enhancing the fluorescence with a single gold nanorod. Later, we develop a method to syn-
thesize end-to-end gold nanorod dimers on glass substrates with the aid of molecular linkers,
and then apply these strong plasmon coupling systems to enhance the single-molecule fluo-
rescence under two-photon excitation.
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1.1. Surface plasmon resonance of gold nanoparticles

1.1. Surface plasmon resonance of gold nanoparticles

Propagating and localized surface plasmons

"Surface plasmons" (SPs) refers to the collective oscillations of conduction electrons that
exists at the metal-dielectric interfaces. While still a hot topic of research, the observations
and applications of SPs has a long history and can be dated back to Roman empire. The fa-
mous example is the Lycurgus cup, which shows different color depending on the location of
the light source. A theoretical description of SPs however came only after Gustav Mie gave
the first full solution to the scattering of light by a spherical metallic particle in 1908[24],
and was explained as the coherent oscillation of electrons at metal surfaces by Rufus Ritchie
in 1957[25].

Surface plasmons can be categorized into two main subclasses: the propagating SP po-
laritons (SPPs) waves that travel along the metal-dielectric interface at a wavelength shorter
than the free light in the dielectric material[25-29], and the localized SPs (LSPs) modes
that are excited in the metal structures with sizes comparable to or smaller than the exciting
light, such as metal nanoparticles[30-32]. Although both the SPPs and LSPs can remark-
ably enhance the electromagnetic fields near the surfaces, the LSPs are more favored for
singe-molecule sensing, primarily because the LSPs are more convenient to excite (no re-
quirement on the momentum of the exciting light), and the near fields of LSPs are more
localized into a small volume, instead of distributed widely around the interfaces as the
propagating modes. Additionally, they also benefit from the cheap but reliable synthesis of
metallic nanoparticles, with their shapes and sizes being adjustable to tune their plasmon
resonances[33].

Localized surface plasmons of gold nanoparticles

Among different types of plasmoics nanoparticles, wet-chemcally systhesized gold nanopar-
ticles have attracted most attention, mainly because of their chemical stability and the ex-
cellent performance in the visible and NIR spectral ranges. As a straightforward example,
a single gold nano-sphere shows a strong plasmon resonance in the visible range around
520 ~ 580 nm, when its size is smaller than 100 nm (see figure 1.1a)[34]. The strong scat-
tering and absorption of light in this color range by the gold nanoparticles can explain the
secret of the orientation-dependent color change of the Lycurgus cup, which contains tiny
gold nanoparticles dispersing in the glass. The gold nanoparticle also exhibits nanofocusing
ability of electromagnetic fields. As is depicted in figures 1.1c. and 1.1e., the electric field
is localized at the surface of the gold nanosphere at resonance, and the intensity reduces
rapidly in a few nanometers away from the surface, depending on the size of the particles.
The limitation of spherical gold nanoparticles for single-molecule sensing arises from
their small field enhancements. As is shown in Figure 1c., the maximum field enhancement
given by a gold nanosphere only reaches the magnitude of 10!, which is usually too low
for enhancing weak signals from single molecules. Additionally, the tunable spectral range,
corresponding to enhancement by the narrow dipole plasmonic mode, covers only small
range of visible light (e.g. 520 ~ 580 nm for particle size < 100 nm), which further
limits their applications to a few favourable emitters. Extending to longer wavelength can

3




1. Introduction

Norm. Scat.

o

T T
600 700 800
‘Wavelength (nm)

[E[?/|Eo|?

Norm. Scat.

1.00 4

o

92

n
1

e
n

e ]

T T T
600 700 800 900
‘Wavelength nm

Figure 1.1: Surface plasmons of single gold nanospheres and gold nanorods in water. (a, b) Simulated scattering
spectra of the gold nanospheres (a) and nanorods (b) excited by a linear polarized plane wave. In the simulations,
Mie theory was performed for the spherical particles of varied sizes (here, 20, 50, 100, and 150 nm), and the
boundary element method was used for the nanorods with a fixed diameter of 38 nm but with different aspect
ratios. (c, d) The corresponding electric field intensity distributions along the main axis (green dashed in e and f)
of the gold nanoparticles (c) and nanorods (d) at resonance. (e, f) The electric field intensity profile around the

resonant gold nanosphere (e) and gold nanorod (f), corresponding to the size of 100 nm for the nanosphere, and
38 nm x 114nm for the nanorod.
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1.1. Surface plasmon resonance of gold nanoparticles

be done by choosing a larger nanoparticle , yet, increasing the size (e.g. > 150 nm) results
in a smaller near-field enhancement (red dashed in figure 1.1.c.) and larger luminescence
background from the particles as the result of the broad plasmon resonance (red dashed in
figure 1.1a.).

Localized surface plasmons of gold nanorods

Compared to gold nanospheres, the elongated gold nanorods (GNRs) exhibit better optical
performance in nanofocusing[35]. As an anisotropic structure, GNRs support two primary
plasmonic modes, the transverse mode and the longitudinal mode, corresponding to electron
oscillations perpendicular or parallel to the longitudinal axis, respectively[36]. While the
transverse modes display constant resonance at around 514 nm, the longitudinal modes are
more sensitive to the particle shapes, and can be well tuned from visible to near infrared
region by adjusting their aspect ratio. As the resonances are further away from the interband
transition band of gold, the damping effect due to Ohmic loss becomes weaker, resulting
in narrower resonance bands as is shown in figure 1.1b.. The intense plasmon gives rise to
very large near-field enhancement near the tips (see figures 1.1d., and 1.1e.), a feature that
have been widely used to enhance weak signals, such as Raman scattering or fluorescence
from single molecules. The longitudinal plasmon modes of GNRs are also very sensitive
to the surrounding environment[37, 38]. As an example, by monitoring the plasmon shifts
of GNRs, one might even be able to sense the tiny refractive index changes caused by the
approach of a small object, such as a single protein molecule[39].

The applications of GNRs are also inspired by their chemical stability and by the flexi-
bility of tuning their sizes and shapes. The sizes and aspect ratios of GNRs can be readily
controlled during the synthesis process[40, 41], or can be adjusted by overgrowth or oxida-
tion of the GNRs[42]. As a result, the plasmon resonances of GNRs can be tuned to cover
a broader range of molecular absorbance bands, hence extends their applications to more
species of molecules. GNRs are also suitable for biological applications because of their
biocompatibility[43]. They can be conveniently functionalized with different molecules,
including drug- or bio-molecules, though the high affinity of gold towards thiols[44, 45].
Moreover, the molecules can be specifically functionalized to the tips or to side of GNRs, as
a result of the site-dependent reactivity of GNRs. The site-specifically functionalization of
GNRs offers more controllable ways to study the interaction of molecules with the longitu-
dinal plasmon modes. For example, the tip-specific functionalization of GNRs can improve
the detection sensitivity of single molecules as the molecules can specifically be located
inside the nearfield hotspots to get maximum signals enhancements[46, 47].

Plamonic coupling of end-to-end gold nanorod dimers

The plasmon resonance of a plasmonic nanostructure can be significantly modified by cou-
pling with other nanostructures. Inspired by molecular orbital theory, the plasmon reso-
nances resulting from plasmonic coupling can be regarded as the hybridization of the basic
plasmon resonances of each component[48-50]. The hybridized plasmon resonances can
be classified according to the relative oscillating behaviors of all the basic plasmon modes,
or simply categorized into dark modes and bright modes according to their response to the
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Figure 1.2: Plasmonic hybridization of a v-shaped gold nanorod dimer in the medium water (n = 1.33). (a)
The black dashed line represents the scattering spectrum of the single GNR with the size of 40 nm X 94 nm,
while the blue and red solid lines give the scattering spectra for the v-shaped GNRs dimer excited by light with
the polarization perpendicular (S-polarized) and parallel (P-polarized) to the symmetry axis, respectively. The
structure of the dimer was set as 7/2 and the interparticle gap was set as 5 nm. (b, ¢) The surface charge profile
of the single GNR at the plasmonic resonance, (d, e) give the surface charges and the near-field profiles of the two
hybridized plasmonic modes oscillating symmetrically and anti-symmetrically, respectively. In the simulations,
the scattering spectra were calculated by using the boundary element method (Scuff-Em), while the near-fields and
the surface charges were simulated with COMSOL Multiphysics.



1.2. Fluorescence and fluorescence enhancement

/

Sz [1][

) o C‘I‘SyS[e

- o [‘O .
S] A X X : el :S:Sil‘)itb

' T,
o ePTA : :
oI k., : : |Phosphorescence

Su X

Figure 1.3: Jablonski diagram illustrating the light emission process under one-photon or two-photon excitation.
o) and o(2) represent the one- and two-photon absorption cross-sections, respectively, I is the intensity of
excitation photon flux, and k. is the non-radiative rate.

excitation light. The dark plasmon modes are usually hard to excite with plane light waves,
while the bright modes show strong reaction to the incident light, resulting in large interac-
tion cross sections and strong near field enhancements in some of the interparticle gaps[51].

The plasmonic coupling of nanostructures is determined by the materials, shapes, sizes,
and the arrangements of all the coupling components. As a simple example depicted in fig-
ure 3., the plasmon resonance of a symmetric v-shaped GNRs dimer nanostructure splits
into a symmetric (bonding) low-energy mode, and a anti-symmetric (anti-bonding) high-
energy mode. The bonding or anti-bonding modes of the GNRs dimer can be excited by
normal incident plane light with polarization perpendicular or parallel to the symmetry axis,
respectively. Similar to the electron distribution of a covalent bonding molecule, the elec-
tromagnetic field profiles of the v-shaped GNRs dimer are also dependent on the symmetry
of the plasmon oscillations. For the bonding mode, the near-field is strongly confined in
the small gaps of the dimer, while for the anti-bonding mode, the field is localized with
smaller enhancement around the far ends of the GNRs . The plasmon resonances of these
two modes are also dependent on the angle between the long axes of the two GNRs. As the
long axes of two GNRs are aligned along each other, only the bonding mode can be excited,
and the anti-bonding mode at the shorter wavelength is hidden in the spectra, corresponding
respectively to the bright and dark modes mentioned above[52, 53].

1.2. Fluorescence and fluorescence enhancement

One-photon-excited fluorescence

Materials can emit photons as they are excited to high energy levels. If the excitation is due
to the absorption of photons, the emission is called photoluminescence. Fluorescence refers
to the photoluminescence while the photon is emitted subsequently (in the timescale of sub-
nanosecond or nanosecond) after the absorption of one photon[14]. For normal molecules
at room temperature, the emission photons usually have longer wavelength compared to the
excitation, a phenomenon called Stokes shift. The energy loss of the emitted photon is due
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1. Introduction

to the nonradiative relaxation of the excited molecule from the higher vibrational sub-levels
to the lowest level of the excited electron state, as is depicted in figure 1.3. After a time of
sub-nanosecond to ~ 10 ns, the molecule is then dissipated to the ground state by emitting
a photon, or though other nonradiative pathways. Alternatively, the molecule may also be
transferred to the lowest excited triplet state (T';), a dark state where the molecule can stay for
a time scale of microseconds before nonradiatively relaxing to the ground state. The random
switching between the bright state (S1) and the dark state (T;) results in a phenomenon
known as fluorescence blinking, where the molecule enters nonfluorescent state repeatedly
under continuous excitation. Here we should mention that, at low temperature, the molecule

at the triplet state (T';) can also emit photon, a process called phosphorescence.

The excitation rate of one-photon excitation (OPE) kg}()c below saturation is proportional

to the photon flux intensity of the excitation oy as: kéil = oW ],.., where o1 is the
one-photon absorption cross section of the molecule. Considering the long lifetime of the
triplet state, the contribution of the intersystem crossing rate (k;sc) to the total relaxing rate

is often negligible, therefore the quantum yield of a fluorophore can be simply expressed as
n = ke/ (ke + knr) (1.1)

here, k, is the radiative rate, which is determined by the local density of photon states,
and ky,, is the nonradiative rate. For a great majority of strongly absorbing molecules, the
nonradiative rate dominates the deactivation process of the excited state to the ground state
(knr > ki), hence inhibits the spontaneous emissions of the molecules, resulting in very
weak emitters that are very difficult to detect.

Two-photon-excited fluorescence

Instead of being excited by only one photon, the fluorophores can also be excited by multi-
ple photons of lower energy. The simplest variant of multi-photon excitation is two-photon
excitation, where the molecule is excited by absorbing two photons of identical frequencies
simultaneously. Two-photon excitation (TPE) is a nonlinear optical process where the excita-
tion rate kéi)c is proportional to the square of the incident light intensity kéi)c =0T 2 1541,
where o(?) is the two-photon absorption cross section. TPE extends the absorption band
into longer wavelength, usually in the infrared range, by exciting with two photons of the
same wavelength. The excitation wavelength of TPE, however, is not necessary the double
of OPE, as the molecules under TPE may be excited to different excited electron state due
to the different selection rule for TPE. The emission spectra, however, is identical to one-
photon-excited fluorescence, as the molecule only emits from the lowest level of the excited
state S1, according to the Kasha’s rule. As a result, the lifetime and the quantum yield of
the molecules under two-photon-excitation will be similar as those of one-photon-excited
fluorescence.

TPE spectroscopy has attracted significant research interests because of its advantages
over its OPE counterpart: 1), TPE facilities tissue penetration and background suppression
as the result of the longer excitation wavelength, which may fall into the “biological trans-
parency window”’[55, 56]; 2), TPE allows inherent optical sectioning without the need of
rejecting the out-of-focus emission, as the excitation under TPE is limited to a small volume,
due to squared dependence of TPE on the incident light[57-59]; 3), for the same reason,

8



1.2. Fluorescence and fluorescence enhancement

TPE also avoids out-of-focus photobleaching, which allows multiple scanning with reduced
photodamage to the samples[60, 61].

The major obstruction for the application of TPE comes from the extremely low TPE
efficiency which requires very high excitation intensity. Since first predicted by Goppert
Mayer in 1931[54], TPE was only experimentally verified until the invention of lasers in
1960s, which could provide enough coherent photons for TPE[62, 63]. Yet illumination by
light with very high power may also cause unacceptable photodamge to the samples. Ultra-
short-pulsed laser, being able to generate ultra-high pulse intensities while still keeping the
average output power relatively low, have stimulated the rapid growth of TPE’s applications
since its invention in 1990s[57]. Investigation of TPE at single-molecule level, however, is
still a challenge. The TPA cross section for normal dyes is very low due to their small sizes
(1 ~ 3 nm), typically in the range of 10° ~ 10> GM (Goppert-Mayer), while 1 GM =
10~%%cm*s molecule ™ photorf1 [64-66].

Plasmonic enhancement of single-molecule fluorescence

The essential difficulty of detecting a single weak emitter is how to extract the weak signals
from the background. In normal microscopy, limited by the diffraction of light, "selective"
excitation of a particular molecule while keeping the surrounding molecules unexcited is
very difficult, especially when the molecular concentration is high. By utilizing nano plas-
monic lenses, one can create "superemitters" with enhanced fluorescence intensities over-
whelm the brightness of the surrounding molecules. The enhancement of the fluorescence
arises from the enhancement of the exciting electric field and from the enhancement of the
radiative rate by coupling the emitters with the plasmonic nanoparticles. First of all, the
excitation rate k.. can be highly enhanced in the vicinity of the nanoparticle as a result of
the strong electromagnetic field confinement. The enhancement factor .. shows different
intensity dependence for OPE and for TPE on the excitation power: for OPE, £, is propor-
tional to the enhancement of the near-field intensity, while for TPE, it scales with the square
of the enhancement of the excitation light intensity. Secondly, the spontaneous emission k;
of the fluorophore can also be enhanced by the particle via the Purcell effect, which is related
to the local density of photon states. Associated to the dissipative losses of the metals, how-
ever, coupling with the plasmon modes may also introduce additional non-radiative decay
channels, which may quench the fluorescence of the molecules. The balance between the
enhancement and the quenching strongly depends on the relative position and orientation of
the emitter with respect to the nanoparticles, which may change the spectral shapes of the
emissions and the lifetimes. The enhancement factor can be tuned by adjusting the sizes,
shapes and the configurations of the nanoparticles.

Considering the simple two-level scheme, the overall enhancement under weak excita-
tion can be expressed as[21, 67]

gexcgrad
1+ no(grad + Knr/k9 - 1) ’

(1.2)

gtotal =

here, £qx. represents the excitation enhancement, &,,q = k,/ k? is the radiative enhancement
factor, which accounts for the increased local density of states in the vicinity of the antenna
. k, and k¢ are the radiative decay rates with and without the nanoantenna, respectively,
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No is the intrinsic quantum yield of the emitter, and K, is the additional non-radiative
absorption rate due to dissipative losses of the nanoantenna. The lifetime of the fluorescence
is shortened as[22]

7/70 =15 (€rad + Kue /K + 1/no — 1)1 (1.3)

1.3. Outline of the thesis

This thesis examines the single-molecule detection of very weak optical signals enhanced
by gold-nanorod-based plasmonic nanostructures. We first used single gold nanorods to
enhance the conventional one-photon-excited fluorescence from single molecules with ex-
tremely low quantum yield ( ~ 10~%). Later, we explored single-molecule detection of
the fluorescence under two-photon-excitation enhanced by end-to-end gold nanorod dimer.
Further experiments confirmed that such gold nanorod dimers may also be used to enhance
the anti-Stokes Raman scattering, once the strong plasmon coupling between each rod not
only strongly enhance the nearfield but also heat up the medium around the molecules inside
the gap. The contents of the thesis is organized as follows:

In Chapter 2, we give general evaluation of single-molecule fluorescence with the en-
hancement by gold-nanorod-related plasmonic nanostructures. We performed full-wave
simulations based on the boundary element method to estimate the fluorescence enhance-
ment factor under OPE or TPE, by single gold nanorods, or by end-to-end gold nanorod
dimers. The modification of the emission spectra and of the fluorescence lifetime by the
plasmon modes are also investigated theoretically.

Chapter 3 demonstrates the single-molecule detection of a very weak emitter with a
quantum yield of about 10~* and a comparatively large Stokes shift of 3000 cm ™1, by en-
hancing the fluorescence with single gold nanorods. We optimize the fluorescence rates by
optimizing the excitation wavelength and the plasmon resonance. We further theoretically
estimated that the quantum yield detection limit of a single molecule could be as low as
10~%, provided the dwell time of the molecules in the plasmonic hot spot is long enough.

In Chapter 4, we develop a method to synthesize end-to-end gold nanorod dimers with
the aid of molecular linkers. We controlled the end-to-end assembly in the presence of
CTAB surfactant, which forms a bilayer that coats more compact over the side of the rods,
to favor the attachment of the linker molecules at the tips. The interparticle gaps were kept
open by choosing biomolecule pairs of streptavidin and biotin disulfide as the linkers, which
ensures a separation of around 5 nm between the two nanorods.

In Chapter 5, we exploit the end-to-end gold nanorod dimer to enhance the two-photon-
excited fluorescence of a single organic molecule. The strong plasmon coupling between the
rods induces a very intense local field in the gap, with the maximum enhancement factor up
102, resulting in a TPE enhancement of 107 ~ 108. With such high enhancement factor, we
successfully detected two-photon-excited fluorescence at single-molecule level. Correlated
scanning electron microscope images (SEM) were taken later to examine the configurations
of the gold nanorod dimer structures.
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Theoretical investigations of the
single-molecule fluorescence
enhancements by a single gold
nanorod and by an end-to-end
gold nanorod dimer

Single gold nanorod supports the longitudinal plasmon modes that may enhance not only the
near-fields but also the local density of photon states near the tips. As a consequence, single
gold nanorods can be used to enhance the fluorescence of weak emitters, by enhancing both
the excitation and radiative rates. Gold nanorod dimer, arranged in an end-to-end config-
uration, may strengthen both effects inside the gap owing to the strong plasmon coupling.
This provides stronger fluorescence enhancement. We compare the fluorescence enhance-
ment by a single gold nanorod to that of a gold nanorod dimer with interparticle gap of
5 nm. We consider fluorescent dyes with different absorption and emission bands. Our sim-
ulations reveal that, at weak excitation, an enhancement factor of ~ 10* can be achieved by
the dimer for one-photon excited fluorescence, while for two-photon-excited fluorescence,
the enhancement factor by the dimer can be as high as ~ 108. The influence of plasmon
modes on the fluorescence lifetime and on the spectral shaping is also investigated for all
the dyes. At high excitation intensity, the enhancement factor for both one- or two-photon-
excited fluorescence will be saturated to a limited value of the radiative enhancement by the
plasmonic structures.
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2. Theoretical investigations of the single-molecule fluorescence enhancements ...

2.1. Introduction

The most valuable feature of noble metal nanoparticles comes from the collective oscilla-
tion of surface charges, also known as the localized surface plasmon resonance (SPR)[1, 2].
Controlling the SPR of nanoparticles provides an effective way of manipulating the light-
matter interaction on the nanoscale[3-6]. As a straightforward approach, coupling to plas-
monic nanoparticles can strongly influence the fluorescence processes of fluorophores[7—
19]. First of all, the excitation efficiencies of the fluorophores can be largely enhanced due
to the strong light-field confinement near the plasmonic nanoparticles. Secondly, the SPR of
the nanoparticles may also increase the local density of photon states (LDOS) around the sur-
faces, which, in turn, enhances the radiative rate of the excited fluorophore according to the
Purcell effect[20, 21]. The emission rates of the emitters, however, may be quenched via the
additional non-radiative channels induced by the Ohmic absorption of the metal[8, 22, 23].
Consequently, the interplay of these effects may result in an overall enhancement of the flu-
orescence rates, and can modify the fluorescence lifetimes[23-25] and the spectral shapes
of emissions[26-29], which can be controlled by tuning the shapes and sizes of the metal
nanoparticles, as well as the relative position and orientation of the emitter with respect to
the nanoparticles[11].

The impacts of plasmon resonance on the emission properties of a single fluorophore can
be theoretically investigated by solving the classical Maxwell’s equations, involving a radia-
tive dipole coupled to the plasmonic structure[10, 13, 17-19]. In this chapter, we evaluate
theoretically the performance of gold nanorod based SPR on the fluorescence enhancement
of very weak emitters, which are harder to detect at single-molecule level, either because of
the very small quantum yields, or because of the very low excitation efficiencies in certain
cases, for example two-photon excitation[30]. In the following sections, we will examine the
fluorescence enhancement by a single GNR and compare it with the enhancement by a GNR
dimer structure, where the GNRs couple strongly with each other. Moreover, we will also in-
vestigate the influences of the LSPRs of these plasmonic nanostructures on the fluorescence
lifetime and on the shape of the emission spectra. At last, we will investigate the saturation
of the fluorescence of a molecule at high excitation, with or without the enhancement by the
plasmonic structures.

2.2. Theoretical framework

Two-level scheme of fluorescence enhancement by an antenna

In this thesis, we follow the two-level scheme of Khatua et al[13]. to study the single-
molecule fluorescence enhancement by a plasmonic nanoantenna. In this model, the fast
internal vibration relaxation is ignored, and the transition rates of the molecule between
the ground (g) and exited (e) state are represented by the excitation and the two relaxation
rates, as depicted in figure 1. In the absence of the nano-antenna, the time evolution of the
probabilities of the molecule at the excited state (p?) and at the ground state (pg) can be
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Figure 2.1: Schematic of the transition rates of a molecule in a two-level system, with or without a nanoantenna.
Reprinted from Ref[13].

expressed as

dp?

:kO o0 k,O k_O 0
dt exc pg ( nr+ r)pe (21)
ps=1-p,
dp}

which, at the steady state condition of = 0, gives the equilibrium population of the

excited state,
kO
0 exc
= —2 2.2
Pe =50 "1k0 1 k0 22

The photon emission rate from the molecule is given by

0 kgxc i k? 0 1
(= S ¥ S— (2.3)
k((e]xc + kgr + k? kgxc k? + 1/770

Here, k¥ and k0, are the radiative and non-radiative rates of the molecule, k2, . is the excita-
tion rate, and 7y represents the quantum yield of the molecule. At low excitation power,
where k2 ./k? < 1/no, the emission rate is proportional to the excitation rate: If =
kgxc *To-

By replacing the transition rates in equation (2.3) with the rates modified by the antenna,
we get the enhanced emission rate in the presence of the antenna

grad
Iy = exc’ko ' s 2.4
0= Sexe hoxe " 2 TR0 TR T (€ra + Ko /K0 — 1)+ 1/ 4

and the overall fluorescence enhancement by the antenna
kgxc/k? + 1/770
fexc ' kgxc/k9 + (frad + Knr/k? - 1) + 1/770 .

Here oy and &;,q are the enhancement factors of the excitation and radiative decay rates,
respectively. K, is the additional non-radiative absorption rate due to the dissipative losses

é-total = gexc . grad : (25)
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of the antenna. Under weak excitation the overall enhancement can be simplified as

1/m0
rad + Kue /K2 — 1) + 1/770.

&total = Eexc * Erad * ( (2.6)

As a result of the modification of the decay rates by the antenna, the fluorescence of the
molecule can be deduced as

T0 B gradkg + kgr + Knr B (grad + Knr/kgr - 1) + 1/770 ’ '

Here, for simplicity, we omit the intersystem transitions of the excited molecule to other
energy states, which may cause fluorescence blinking, or phosphorescence of the molecules.

Numerical simulations of fluorescence enhancements

The fluorescence enhancement of a single molecule by the plasmonic antenna can be treated
classically, provided the molecule is not too close to the metal (sub-nanometer away from
the metal surfaces). We consider the molecule as a radiative dipole pg oscillating with
frequency of w. As the theoretical absorption rate of the molecule is related to the intensity
of the local field at its position, the excitation enhancement factor by the nanoantenna can
be expressed as
en) — [P0 - E(wexc)|*"
exe |p0 : EO (wexc) |2n ’

where E(wexc) and Eq(wexc) are the electric fields at the position of the dipole with and
without the nanoantenna, wey. is the frequency of the illuminating light source, and the
number n = 1 or 2 indicates the excitation with one or two photons, since two-photon
absorption depends on the square of the excitation light intensity[31, 32].

To evaluate the enhancement factor by the nanoantenna numerically, we applied a classi-
cal electrodynamics approach based on boundary element method (SCUFF-EM) to simulate
the excitation and emission enhancements[33, 34].

To get the excitation enhancement, we assumed the antenna is excited by a plane wave
and for the calculation of decay rates, we modeled the excited emitter as a radiating dipole,
whose time-averaged radiated power in a medium without nanoantenna is[4]

(2.8)

B |pol? nw?

N 47’(50 3c3 ’

Pro(w) (2.9)

where n is the refractive index of the medium, c is the speed of light and ¢ is the vac-
uum permittivity. The enhancement factor of the radiative rate ({;,q4) and the non-radiative
dissipation rate (K,,) by the nanoantenna were derived from

grad = kr/k? = rad/PrOa (210)

and
Knr/k? = abs/PrO- (211)

20



2.3. Results and discussion

In the sim<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>