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1
Introduction

In this chapter, we introduce the fundamental physics involved in the thesis and the mo-
tivations of the current studies. It includes a general introduction on linear and nonlinear
fluorescence, and fluorescence enhancement using plasmonics nanostructures with the focus
on gold nanorods. Finally, we give an outline of the different chapters in this thesis.
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1. Introduction

1.1. Light absorption and emission

The emission of ultraviolet, visible or infrared photons from an electronically excited species
is called luminescence. The excitation energy can be from chemical reactions, electric
energy, light, etc. If the excitation is achieved by absorption of photons, the subsequent
emission is then called photoluminescence. Natural materials that show photolumines-
cence include minerals and tissues in plants and animals. Nowadays, artificial photolumi-
nescence materials with superior optical performances are synthesized and widely used in
photoluminescence-based applications. These materials present high emitting brightness, a
broad variety of colors, and good bio-compatibility. Prominent examples include synthetic
organic dyes, semiconductor nanocrystals (quantum dots), and fluorescent proteins. They
have become dispensable tools for biological and analytical chemical studies. In the follow-
ing, wewill describe in detail the processes involved in the generation of photoluminescence,
with a focus on that from organic dyes.

1.1.1. Jablonski diagram

Light absorption and emission by a molecule in solution involve the electronic transition
to an excited state S1 and the subsequent relaxation to the ground state S0. The relevant
processes are schematically illustrated by a Jablonski diagram shown in Fig. 1.1. The elec-
tronic transition can be promoted in a few different ways, which will be elaborated later.
The excited state can be deactivated to the ground state by emitting a photon in a time scale
of sub-nanosecond to ∼ 10 ns for typical dye molecules. This photon emission is called
fluorescence. However, not every electronic transition results in a photon emission. Other
relaxation pathways compete with the fluorescence emission process, making the quantum
yield (QY) of light emission less than unity. For example, the excited state energy can be
dissipated as heat through nonradiative decay. Alternatively, the excited molecule can inter-
act with another molecule to transfer energy (thereby quenching the fluorescence) or go to
the lowest excited triplet state (T1) via intersystem crossing. The sum of the decay rates of
all the deactivation pathways defines the excited state lifetime.

The triplet state T1 , which has typically microsecond lifetime, is usually a dark state at
room temperature, namely, the decay from T1 to S0 is nonradiative. Therefore, the molecule
may enter a nonfluorescent state periodically, a phenomenon known as fluorescence blink-
ing. (At low temperature, the triplet state can also be deactivated radiatively, a process called
phosphorescence. Fluorescence and phosphorescence are particular cases of luminescence.)
After an internal relaxation in the ground state, the molecule is ready for another absorption-
emission cycle. Most fluorophores can repeat the excitation and emission cycle many times.
However, the excited states (especially the triplet excited state) are more reactive with the
surrounding which can result in photobleaching: the molecule is permanently transformed
and becomes unable to fluoresce. The characteristic on-off blinking and one-step blinking
are important criteria to identify single molecules in single-molecule studies, which will be
discussed later.
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1.1. Light absorption and emission
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Figure 1.1: Jablonski diagram depicting the electronic states involved in the process of light absorption and
emission.

1.1.2. One-photon-excited fluorescence

In the simplest and most conventional case, optical excitation is achieved by absorbing one
single photon. Depending on the energy of the excitation photon, the molecule may be ex-
cited to higher vibration levels of the S1 state or even to the S2 state. The excitation rate
is a linear function of the excitation photon flux I (cm−2 s−1) in the weak excitation range
below saturation, i.e., k(1)

exc = σ(1)I , where σ(1) is the one-photon absorption cross-section
(∼ 10−16 cm2 for most dyes). After excitation, the molecule relaxes to the lowest energy
level of the relaxed S1 state via a rapid (< 10−12 s) nonradiative internal conversion. After-
wards, fluorescence is emitted from the lowest level of S1 state irrespective of the excitation
wavelength. Therefore, the emission spectra of fluorophores are usually independent of the
excitation wavelength. Also, the emission is at longer wavelengths than the excitation pho-
ton because of the energy dissipation in vibrational relaxation in both the excited and ground
states.

1.1.3. Two-photon-excited fluorescence

Fluorophores can also be excited by the simultaneous absorption of two photons, each with
lower energy than that required for one-photon excitation, as depicted in Fig. 1.1. No in-
termediate states are involved. The selection rules for two-photon absorption (TPA) are
different from those of for one-photon absorption, therefore the molecules may be excited
to different excited states. However, the molecules emit from the lowest level of the S1 state,
independent of one- or two-photon absorption. All the molecules examined to date display
the same emission spectra and lifetimes as if they were excited by one-photon absorption
[1].

The first theoretical analysis of TPA dates back to 1930s when Maria Goeppert-Mayer
predicted TPA in her doctoral dissertation. But it was only 30 years later that TPA was ex-
perimentally demonstrated, largely thanks to the invention of lasers. Due to the requirement
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1. Introduction

of the nearly simultaneous absorption (∼ 10−16 s) of two photons [2], the probability of oc-
currence of TPA is low, i.e., the cross-section of TPA (σ(2)) is low. Nowadays, femtosecond
lasers are commonly used in conjunction with tight focusing geometries for TPA. The high
peak energy of femtosecond lasers ensures a large number of excitation photons to achieve
fluorescence emission from two-photon absorption.

Since the establishment of the first two-photon microscope in 1990 [3], the application
of two-photon fluorescence in biological fields has been growing rapidly because of its ad-
vantages over one-photon fluorescence [2–6]. The emission spectrum of TPA is identical
to one-photon fluorescence, but the excitation is at a longer wavelength than the emission,
usually in the near-infrared region. Therefore, two-photon excitation is particularly suited
for in vivo imaging due to the low absorption, autofluorescence and scattering of tissues in
this wavelength range allowing for deep-tissue imaging (down to a few hundred microm-
eters). For TPA, the excitation rate is proportional to the squared incident light intensity,
i.e., k(2)

exc = σ(2)I2, where σ(2) is the two-photon absorption cross-section in terms of GM
(Coppert-Mayer) units ( 1 GM = 10−50 cm4s photon−1). (The σ(2) of common dyes is in
the range of 1 - 300 GM [7–9]. There have been efforts to synthesize fluorescent molecules
with higher two-photon absorption cross-sections. There is a growing literature on fluo-
rophores with σ(2) values higher than 1,000 GM [10–14]. Semiconductor quantum dots
usually have much higher σ(2) values (> 104 GM) [15].) As a consequence of the nonlinear
response, excitation is confined to a small volume near the focal point. This leads to inherent
sectioning without the need of using additional optical elements (e.g. a pinhole) to reject
the out-of-focus emission, which leads to higher light collection efficiency. Additionally,
photobleaching and photodamage are then localized to the focal plane, which may allow
imaging of living specimens over longer time periods than one-photon excitation, where
photobleaching and photodamage occur across the entire thickness.

1.1.4. Hot-band absorption induced anti-Stokes luminescence

In this thesis, we also studied a special kind of light excitation termed hot-band absorption,
which was first observed in 1928 [16]. A molecule can be excited from a thermally pop-
ulated high vibration energy level ("hot band") by photons with longer wavelength (lower
energy) than the emission wavelength to reach the excited state. The molecule then decays
from the excited state back to the ground state in a same manner as in normal fluorescence.
Consequently, the emission profile is the same as common fluorescence. Like two-photon
fluorescence, hot-band absorption induced luminescence has anti-Stokes shift from the exci-
tation wavelength, but hot-band absorption is a linear process. No ultrafast laser is required.
From the energy conservation point of view, the additional energy is provided by the thermal
energy originated from the original Boltzmann distribution of the dye molecules.

1.2. Single-molecule fluorescence spectroscopy

As discussed above, fluorescence is emitted at a different wavelength than the excitation pho-
tons. Moreover, fluorescence emission is generally a much slower process than Rayleigh or
Raman scattering, which occurs on a femtosecond scale. Therefore, fluorescence signals
can be well separated from background in both the time and frequency domains. These
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1.3. Plasmonic nanoantennas and fluorescence enhancement

properties grant fluorescence microscopy high contrast and sensitivity. Fluorescence is ca-
pable of selectively detecting exceedingly low concentrations of molecules, down to the
single-molecule level.

The first single-molecule fluorescence detection was demonstrated by Orrit and Bernard
in 1990 [17] in cryogenic solids. It marked a major breakthrough in the field of optics. It
greatly extended the scope of fluorescence microscopy, providing unprecedented insights
into complex systems where static and dynamic heterogeneity is present [18–20]. Single
fluorescent molecules are nano-scale probes for studying soft matter systems and biological
mechanisms, revealing molecular dynamics with an unprecedented level of detail that may
otherwise be buried in ensemble averaging in conventianal bulk measurements. Since its
invention, single-molecule spectroscopy has led to several break-throughs in fundamental
studies of physical and chemical phenomena and biological processes controlled by macro-
molecules [21], such as RNA folding [22] and protein folding [18, 23].

1.3. Plasmonic nanoantennas and fluorescence enhancement

Current single-molecule spectroscopy studies mostly rely on the high contrast against back-
ground provided by fluorescence. It is therefore highly desired to have fluorophores with
emission intensities as high as possible. The emission of an overwhelming majority of ab-
sorbers, however, can be extremely weak if non-radiative relaxation is much faster than spon-
taneous emission of the excited state, or if the transition is nearly forbidden, as happens in
lanthanide ions. Compared with one-photon-excited fluorescence, two-photon and hot-band
absorption materials are typically weaker emitters due to the lower absorption probabilities.
The aim of the current study is to increase the emission of weak emitters by exploiting the
localized surface plasmons of metallic nanoparticles. Weak emitters will then be bright
enough to be detected and studied individually. We can thus generalize single-molecule
fluorescence spectroscopy to weakly emitting species which are currently undetectable by
conventional single-molecule techniques.

1.3.1. Localized surface plasmons

When the size of the metal is of the order of the wavelength of light, localized surface plas-
mons (LSPs) occur. LSPs are collective oscillations of conduction electrons in metallic
nanoparticles. The system is analogous to a damped harmonic oscillator with a resonance
eigenfrequency. If the excitation frequency is in resonance with the eigenfrequency of the
system, the oscillation of the conduction electrons reaches a resonance known as localized
surface plasmon resonance (LSPR). The LSPR can be directly excited by visible light and
leads to strong absorption and scattering of the metal nanoparticle. The LSPR of metal
nanoparticles (primarily gold and silver) of various morphologies has attracted much scien-
tific attention [24–29] because it gives rise to remarkable optical properties and applications
in many areas, including imaging [30], (bio-)sensing [31], and photothermal therapy [32–
34].
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1. Introduction

Figure 1.2: Simplified Jablonski diagram describing the transition rates of a molecule without and with (changes
highlighted in green boxes) a nanoantenna. Reprinted from Ref. [39]

1.3.2. Fluorescence enhancement

It is well known that the emission rate of a quantum emitter (that emits only one photon at a
time, e.g. a molecule or a quantum dot) is highly dependent on the local environment. Par-
ticularly, plasmonic nanoparticles (e.g. nanospheres, nanoshells and nanorods) have been
used to work as nanoantennas to enhance the emission of adjacent emitters. See a good
review on this topic [35]. As depicted in Fig. 1.2, considering a two-level model, such an
enhancement involves a combined effect of three different near-field interactions between
the emitter and the nanostructure [36, 37]. (i) Firstly, the excitation rate kexc is increased
because of the highly concentrated electromagnetic intensity at the vicinity of the nanopar-
ticle. This part of enhancement is known as excitation enhancement Eexc. For one-photon
excitation, the excitation rate enhancement is proportional to the enhancement of the local
field intensity, while for two-photon excitation, the relation is quadratic. (ii) Secondly, plas-
monic nanostructures enhance the spontaneous radiative rate (kr) of neighboring emitters
via the Purcell effect, leading to an increased spontaneous emission [38]. This contribu-
tion is called radiative enhancement (Erad). (iii) Finally, the fluorescence may be quenched
by energy transfer to dark modes of the nanoparticle and eventually converted to Ohmic
heat in the metal. In other words, the nanoparticle opens up additional non-radiative decay
pathways (Knr) for the emitter.

The overall enhancement is a result of the complicated interplay between the three fac-
tors. Under weak excitation well below saturation, the overall enhancement is expressed as
[39]

Eall = EexcErad
kr + knr

knr +Knr + Eradkr
.

Eall strongly depends upon the shape of nanoantennas, the emitter’s position and orientation
with respect to the antenna, and the overlap of its emission spectrum with the resonance
of the antenna. Therefore, widely varying fluorescence enhancement dynamics have been
reported for different emitter-nanoantenna systems [40–44].
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1.3. Plasmonic nanoantennas and fluorescence enhancement

1.3.3. Gold nanorods

Gold nanorods as plasmonic nanoantennas
Among many types of metallic nanoparticles, wet-chemically synthesized gold nanorods
are the most extensively explored. They can be fabricated in a cheap way without the need
of lithography or deposition equipments. A typical image of gold nanorods measured with
scanning electron microscopy is presented in Fig. 1.3(a). Gold nanorods have relatively
simple and well-defined morphology, which makes them easy to model and understand.
Nanorods have two primary plasmonic modes: the transverse mode, where the plasmon
oscillation occurs perpendicular to the major axis of the nanoparticle, and the longitudinal
mode, where the plasmon oscillation is parallel to the major axis of the nanoparticle. Which
of the modes is excited is determined by the alignment of the nanorod with the polarization
of the incident light and the wavelength. The longitudinal LSPR is at a longer wavelength
and more intense than the transverse LSPR and thus more often used [25].

Nanorods’ narrow and strong longitudinal LSPR benefiting from the single-crystalline
structure contribute to high fluorescence enhancement. Figure 1.3(c) shows the electric field
intensity map around a nanorod whose longitudinal LSPR is excited. Strong electric field is
concentrated at the tips of the nanorod. Moreover, the longitudinal LSPR is sensitive to the
nanorod shape. Figure 1.3(b) shows the aspect-ratio (AR) dependence of the longitudinal
LSPR. As the AR increases, the longitudinal LSPR becomes more intense and shifts from
visible to near-infrared. This provides valuable parametric flexibility to study the plasmon-
fluorophore system, e.g., one can select the suited nanorods according the fluorophore for
the best enhancement. Compared to nanogap antennas, such as bow-ties, dimers or particles
on mirror, nanorods present a more open near field, which can accommodate molecules of
various sizes. Important for biotechnological applications, gold nanorods are nontoxic and
biocompatible [45]. Moreover, the gold surface has high reactivity towards thiol-modified
molecules, allowing convenient chemical functionalization. For these advantages, we use
gold nanorods to enhance fluorescence throughout the thesis. Systematic studies and pre-
cise understanding of the interaction of quantum emitters with such a simple yet versatile
structure as a gold nanorod are of general fundamental interest and will ultimately lead to
design strategies for optimizing molecular fluorescence enhancement.

Photoluminescence from gold nanorods
Benefiting from the presence of the LSPR, apart from strong absorption and scattering, gold
nanoparticles also exhibit intense photoluminescence emission. Bulk gold is a very poor
light emitter with an emission quantum yield (QY) of∼ 10−10, as first discovered byMoora-
dian [46] in 1969. The weak luminescence originates from the creation of an electron-hole
pair in the 5d and 6sp bands of bulk gold. Gold nanoparticles, however, show dramatically
increased luminescence emission by the plasmon resonance. It is generally thought that such
an increase is a result of a plasmon resonance coinciding with the difference between d-band
and sp-band energy levels, increasing the radiative decay rate and therefore increasing the
emission quantum yield [47, 48]. The typical quantum yield is in the order of ∼ 10−6 for
gold nanorods [49], several orders of magnitude lower than organic dyes (QY ∼ 10−1).
Photoluminescence emission is further amplified by the large absorption cross-section in
the order of 10−2µm2, 6 orders of magnitude higher than typical fluorescent molecules.
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Figure 1.3: Properties of gold nanorods. (a) Scanning electron microscopy (SEM) image of gold nanorods. (b)
Size dependence of the longitudinal surface plasmon resonance of gold nanorods. The solid lines in different colors
plot the calculated (using a discrete dipole approximation method) scattering spectra for gold nanorods of various
aspect ratios (ARs) immersed in water. The longitudinal resonance peak shifts to longer wavelengths by increasing
the length while keeping a constant diameter of 25 nm. (c) Calculated (using a finite-element method) electric field
intensity profile around a 38 nm × 114 nm nanorod in water excited by a circularly polarized plane wave of 775
nm. The green star represents an optical emitter located in the near field of the nanorod. (d) One-photon- and two-
photon-excited luminescence spectra measured on a same single gold nanorod immobilized on a glass coverslip
and immersed in methanol. Only the blue wing of the two-photon spectrum is present due to a shortpass filter used
to cut the excitation laser (775 nm). The spectra have been corrected for the wavelength-dependent response of the
optical setup. PL = photoluminescence. See Chapter 4 for the details.
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1.4. Outline of the thesis

Therefore, the photoluminescence brightness of a gold nanoparticle is comparable with that
of a good fluorescent dye molecule.

Due to the plasmonic nature of photoluminescence from gold nanoparticles, the emis-
sion spectrum will be particularly enhanced for frequencies around the plasmon resonance.
Indeed, previous research has already shown a good resemblance between the luminescence
and the scattering spectra of gold nanoparticles [49]. Therefore, throughout this thesis we
characterize the plasmon resonance of gold nanorods by measuring the photoluminescence
spectra by exciting the interband transition and the transverse plasmon resonance at 532 nm
instead of more commonly used scattering spectra. Figure 1.3 (d) shows a typical lumines-
cence spectrum from a single gold nanorod excited by a 532-nm continuous-wave laser.

Photoluminescence of nanoparticles can be excited by both linear and nonlinear absorp-
tion. Two-photon- and multi-photon-excited luminescence have been demonstrated by using
ultrafast lasers [50–54]. Figure 1.3 (d) shows a typical two-photon luminescence spectrum
from a single gold nanorod excited by a 775-nm femtosecond laser. The luminescence from
the gold nanorod is usually a background when studying the fluorescence enhancement ef-
fect of gold nanorods on fluorescent molecules or quantum dots.

Photothermal reshaping of anisotropc nanoparticles
Since metal nanoparticles have a very low quantum yield, the absorption of light leads to
the heating of the nanocrystal, which is known as a photothermal effect. By exciting a
nanoparticle at its plasmon resonance, a lot of energy can be absorbed and transformed
into heat, and subsequently lead to a high temperature increase for the nanoparticle [55].
Much higher lattice temperature can be reached when the particle is heated by femtosecond
laser pulses. The reason is that on longer time scales the nanoparticle starts to exchange its
energy with the surroundings and thereby cools itself down [56]. As a consequence, when
a femtosecond laser is used to study anisotropic nanoparticles, a major concern is the shape
instability of the nanoparticles. At elevated temperatures, anisotropic nanoparticles will
transform towards their thermodynamically stable shapes, which are truncated octahedrons
determined by the so-called Wulff construction, through surface atom diffusion. Typically,
it was found that the reshaping of anisotropic nanoparticles happens at temperatures below
the bulk melting point [57–60].

For our applications of gold nanorods for fluorescence enhancement, photothermal re-
shaping is undesired because when a nanorod deforms towards a more spherical shape its
plasmonic properties are lost and the enhancement effect is ruined. Figure 1.4 that the LSPR
of a nanorod blue-shifts by 10 nm after irradiated by a femtosecond pulsed laser for 30 s. The
LSPR moves farther away from the excitation wavelength, thus the local field is weakened.
Severe photothermal reshaping of gold nanorods under ultrafast laser irradiation limits the
laser intensity one could use to illuminate molecules and thus limits the number of photons
one could collect from single molecules. It makes enhancing two-photon-excited fluores-
cence much more difficult than enhancing one-photon fluorescence.

1.4. Outline of the thesis

The topic of this thesis is fluorescence enhancement by gold nanorods. In the first part
(Chapters 2 to 4), we focus on the enhancement of conventional one-photon-excited fluo-
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Figure 1.4: Photothermal reshaping of a gold nanorod. The blue curve shows the original photoluminescence
spectrum (λexc = 532 nm) of a gold nanorod. The nanorod is immobilized on a glass coverslip and immersed in
methanol. After irradiated by a femtosecond pulsed laser (785 nm, 6.2 kW/cm2) for 30 s, the resonance wavelength
of the nanorod blue-shifts (red curve) and becomes 10 nm farther away from the excitation wavelength. The dashed
vertical line represents the laser wavelength.

rescence and applications. In the second part (Chapters 5 and 6), we work on enhancing
nonlinear two-photon-excited fluorescence and luminescence.

Chapter 2. In the studies of interactions between single molecules and metal nanostrc-
tures, reliable and efficient experimental strategies to place the molecule of interest at the
right position with respect to the nanostructure with nanometer accuracy are highly desired.
In this chapter, we use the free diffusion of single molecules and reversible hybridization of
complementary short DNA oligomers (transient binding) as the positioning approach to vi-
sualize single-molecule enhancement events. We examine the reliability and photostability
of two variants of the transient-binding strategy. We find 3,500-fold fluorescence enhance-
ment of single molecules of IRDye800CW, a near-infrared dye with a low quantum yield of
7%, using single gold nanorods. We also perform numerical simulations for the molecule-
nanorod system, which predict consistent enhancement with the experiment.

Chapter 3. This chapter demonstrates an application of fluorescence enhancement. In
this chapter, we demonstrate single-molecule electrochemical measurements of the famous
redox-sensitive dye Methylene Blue (QY = 4%). Observation of single molecules immobi-
lized on the glass substrate are enabled by the fluorescence enhancement provided by iso-
lated single gold nanorods. The redox state of a single molecule can thus be read out in
real time by observing the fluorescence of the molecule as Methylene Blue is fluorescent in
the oxidized state and non-fluorescent in the reduced state. Fluorescence blinking induced
by redox-state turnovers was studied at different redox potentials on a same molecule. The
on-off times are found to follow the Nernst equation, through which the mid-point potential
of each individual single molecule can be determined.

Chapter 4. In this chapter, gold nanorods are used to enhance anti-Stokes luminescence
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of singlemolecules. The studied anti-Stokes luminescence is a linear optical process where a
molecule is excited to the excited state from a vibrational energy level and generates radiation
with shorter wavelength than the excitation wavelength. We first characterize the hot-band
absorption induced anti-Stokes luminescence of a squaraine dye Seta 670. We then use
single gold nanorods to enhance the anti-Stokes luminescence of single Seta 670 molecules
and obtain an enhancement factor of 350. Here we rely on the transient sticking of molecules
onto the glass substrate to visualize enhancement events.

Chapter 5. In marked contrast to the comprehensive efforts on enhancing the con-
ventional one-photon-excited fluorescence, much fewer attempts have been reported on en-
hancing two-photon-excited fluorescence/luminescence. Two-photon-excited emission is
expected to display much larger signal enhancement since it is proportional to squared inten-
sity of the local electric field. Enhancing two-photon emission is apparently very interest-
ing because of all the advantages and wide-spread applications of two-photon microscopy.
However, it turns out much more challenging to enhance two-photon-excited fluorescence of
single molecules. The main obstacle is the low emission brightness of common fluorescent
dyes, leading to an inadequate number of photons detectable from a single molecule, even
if the molecule is close to a gold nanorod. Photothermal reshaping of gold nanorods under
ultrafast laser irradiation limits the laser intensity one could use to illuminate molecules. To
circumvent this difficulty, in this chapter, we choose to enhance the two-photon-excited lu-
minescence of single quantum dots, which are much brighter with typically three orders of
magnitude higher two-photon absorption cross-sections than normal dye molecules. We
demonstrate two-photon-excited luminescence enhancement of more than four orders of
magnitude for single quantum dots transiently stuck near a single nanorod. We also perform
numerical simulations to verify the observed enhancement. The good consistency between
simulations and measurements suggests that two-photon luminescence enhancement is not
notably affected by the transient broadening of the plasmon resonance after femtosecond
excitation. An electromagnetic model is adequate to describe the system.

Chapter 6. In this chapter, we demonstrate two-photon-excited fluorescence enhance-
ment for an ensemble of Rhodamine 6G molecules. By increasing the concentration of
fluorescent molecules we are able to detect enough two-photon-excited fluorescence while
keeping the laser intensity below the photothermal reshaping threshold of gold nanorods.
Our result shows that due to the presence of a single gold nanorod, fluorescence of the
molecules in the near field is enhanced, on average, by a factor of 4,500. We find that the
enhancement is independent on the excitation power, which further supports that two-photon
enhancement is not affected by ultrafast plasmon broadening.
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