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Abstract 

Interactions between light and matter serve as the basis of many of the technologies we 

use, whether it be photon absorption, emission, or other transfers of energy. The quality of these 

devices is thus inherently limited by the optical properties of their constituents, which are regularly 

quite lacking in efficiency. Plasmonic nanoparticles serve as a highly versatile and tunable 

platform for the enhancement of such optical properties when one of these optical transitions 

occurs in their near-field. However, the near-field nature of these effects has made thorough study 

and understanding of these mechanisms difficult. Particularly, a study of molecular decay rate 

enhancement in resonant plasmonic environments on this length scale has only recently been 

performed, and with limitations on efficiency and resolution. In this dissertation, I describe a new 

technique that combines super-resolution microscopy with fluorescence lifetime imaging 

microscopy (FLIM) to study single-molecule decay rate enhancement in a single-measurement, 

with spatial resolution on the order of 10 nm. Additionally, in the same measurement, we verify 

the validity of this technique using autocorrelation to confirm that our data indeed originates from 

individual molecules, avoiding ensemble averaging. This thesis provides further insight into the 

various mechanisms of plasmon-enhanced emission, decoupled from absorption enhancement, 

providing a platform for further study of emission mislocalization and the position-dependent 

prominence of different decay pathways.



 1 

1. Introduction 

Absorption and emission properties of different materials and metasurfaces dictate the 

potential efficiency and specify the response of many modern technologies like LEDs and 

photovoltaics. Thus, controlling light emission and absorption properties of materials allows for 

devices to be optimized for specific applications. Plasmonic nanoparticles are an attractive 

candidate for controlling interactions between light and matter since they can drastically modify 

emission and absorption properties in their near-field with straightforwardly tunable spectral and 

spatial response1-8. For example, resonant plasmonic nanostructures can be used to increase the 

absorption of a photovoltaic cell, resulting in enhanced photocurrent9; this allows more energy to 

be stored from the same incident light intensity. Likewise, efficiency of LEDs10 and resolution of 

biomedical imaging11 technologies can be improved by enhancing light emission at a targeted 

wavelength. Being straightforwardly tunable to different wavelengths and having the capability to 

influence the prominence of different decay pathways12, plasmonic nanoparticles are a versatile 

and stable platform for the improvement of any device that relies on light-matter interactions. 

To optimize such devices, we need a thorough understanding of the way nanoparticles 

interact with their environment. The extent of plasmon-enhanced effects is inherently nanoscale 

due to the nature of these interactions, which will be discussed in Section 2.1. This means that a 

study of the spatial dependence of plasmons at their resonant wavelengths cannot be achieved 

through standard optical microscopy. Moreover, it is not straightforward to study the effects they 

have on the decay pathways of nearby emitters. 

In this thesis, I demonstrate a new technique that has allowed me to investigate the altered 

decay pathways induced by localized surface plasmon resonances (LSPRs) at the single molecule 

level, and to map out the fluctuations of their decay rates on the nanoscale. This novel method 
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combines the localization-based super-resolution microscopy technique direct stochastic optical 

reconstruction microscopy (dSTORM)13 with confocal laser scanning time domain fluorescence 

lifetime imaging microscopy (FLIM)14, yielding 2D spatial maps of fluorescence lifetimes (and 

radiative rates) surrounding plasmonic nanoparticles with spatial resolution more than an order of 

magnitude below the optical diffraction limit. Through comparison with simulations of the spatial 

dependence of different decay rates, I discuss the trade-off between radiative and non-radiative 

rates, as well as the extent of the rate enhancements, as a function of position with respect to 

various nanoparticle geometries, both at resonance and detuned. I then compare experimental 

radiative rate and intensity with simulation in order to learn more about the way a molecule’s 

apparent emission position differs from its physical position to more accurately reconstruct the 

positions of enhanced emitters in experiment, shedding light on the true spatial extent of plasmonic 

field effects. The origins of the ‘mislocalization’ of coupled plasmon-exciton systems will be 

discussed in chapter 6. This research will provide a method for experimentally mapping the 

fundamental effects of enhanced fields created by these environments with unprecedented spatial 

resolution. This will serve as a guide for the fabrication of nanostructures with pre-determined and 

optimized optical response for various applications in the visible light regime. 
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2. Light-Matter Interactions in Plasmonic Systems 

2.1  Plasmonics 

 Plasmons are the quanta of the collective oscillation of free electrons on a metal-dielectric 

interface. The confinement of the electrons to the metal creates strongly localized enhanced fields 

in the vicinity of the interface. The resulting fields can be described and understood with classical 

electrodynamics, despite the nanoscale size of visible regime plasmonic structures, since the free 

electron density is large enough to avoid distinctly quantum effects. The description of plasmonic 

optical response begins with Maxwell’s equations15:  

 𝛻,⃗ × 𝐸,⃗ = − $%&⃗

$(
   (2.1) 

 𝛻,⃗ × 𝐻,,⃗ = $)&&⃗

$(
+ 𝚥 (2.2) 

 𝛻,⃗ ⋅ 𝐸,⃗ = *
+!

 (2.3) 

 𝛻,⃗ ⋅ 𝐵,⃗ = 0 (2.4) 

Where 𝐸,⃗  is the electric field, 𝐷,,⃗  is the electric displacement, 𝐵,⃗  is the magnetic field, 𝐻,,⃗  is the 

magnetic induction, 𝚥 is the current density, and 𝜌 is the charge density. Relating each field to its 

corresponding field in a medium, we have  𝐷,,⃗ = 𝜖𝜖,𝐸,⃗ , 𝐵,⃗ = 𝜇𝜇,𝐻,,⃗ , and 𝚥 = 𝜎𝐸,⃗ , where 𝜎 is the 

conductivity of the material. Manipulating Maxwell’s curl equations, we can see that the complex 

dielectric function 𝜖 can be written as15: 

 𝜖(𝑘,⃗ , 𝜔) = 1 + -.(/&⃗ ,1)
1

 (2.5) 

Where 𝑘,⃗  is the wave vector and 𝜔 is the angular frequency of the wave. Within the metal, if the 

wavelength is larger than the geometries of the metal, the dependence of the conductivity on 𝑘,⃗  is 
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negligible, since all of the electrons in the same neighborhood will experience a similar phase of 

the electric field. It is common to then rewrite the complex dielectric function in terms of its real, 

𝜖2, and imaginary, 𝜖", parts: 𝜖(𝜔) = 𝜖2 + 𝑖𝜖", where 𝜖" = 𝜎(𝜔)/𝜔. The imaginary component 

describes the way energy is dissipated in the material. 𝜖(𝜔) is related to the complex index of 

refraction 𝑛B of the material by 𝑛B = C𝜖(𝜔) = 𝑛 + 𝑖𝜅, where 𝜅 is the extinction coefficient which 

dictates how light is absorbed by the material. The real part, 𝑛, determines how the phase velocity 

of the wave changes in the material. Rearranging, we arrive at expressions for the real and 

imaginary components of the dielectric function: 

Figure 2.1: The real and imaginary parts of the Drude model’s dielectric function for gold are shown 
in blue and red, respectively. The excitation wavelength used in the present work is represented by a 
dotted line at 650 nm. This model is quite accurate for wavelengths above 550 nm. 
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 𝑛B" = 𝜖(𝜔) (2.6) 

 𝑛" − 𝜅" + 2𝑖𝑛𝜅 = 𝜖2 + 𝑖𝜖" (2.7) 

 𝜖2 = 𝑛" − 𝜅" (2.8) 

 𝜖" = 2𝑛𝜅 (2.9) 

Which demonstrates the energy dissipation qualities of 𝜖". 

 With the groundwork laid for how different materials respond to electromagnetic waves, 

we can now look at what happens to the electrons in a metal. The Drude-Sommerfeld model is a 

good approximation for how electrons operate and respond to finite resistivity in a perfect 

conductor, while assuming that quantum-mechanical interband transitions are negligible and that 

the kinetics of the system can be understood based just on intraband transitions. This assumption 

is quite accurate for gold interacting with red light15, so we will use this as a basis for our theory. 

The simplified equation of motion for electrons in the metal is then: 

 𝑚3
$"4⃗
$("

+𝑚3Γ
$4⃗
$(
= 𝑞𝐸,,,,,⃗ e5678  (2.10) 

Where 𝑚3 is the effective mass of the electron and 𝑞 is its charge, and 𝐸,,,,,⃗  and 𝜔 are the amplitude 

and angular frequency of the applied field. The second term is the damping term, which is 

proportional to Γ = 𝑣9/𝑙, where 𝑣9 is the Fermi velocity and 𝑙 is the mean free path of conduction 

electrons in the metal. Equation 2.10 has solutions of the form 𝑟(𝑡) = 𝑟,,,,⃗ 𝑒5-1(; if we then plug the 

solution into the differential equation and substitute in the dielectric displacement 𝐷,,⃗ = 𝜖𝜖,𝐸,⃗ =

𝜖,𝐸,⃗ + 𝑃,⃗ , noting that 𝑃,⃗ = −𝑛𝑞𝑟, we arrive at an expression for the Drude dielectric function: 

 𝜖(𝜔) = 1 − 1#"

1":-;1
 (2.11) 
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Where 𝜔< = C𝑛𝑞"/𝑚3𝜖, is the plasma frequency and 𝑛 is the electron density. This frequency 

dictates how bulk electrons oscillate around positive ion cores in the material. Splitting 𝜖(𝜔) into 

its real and imaginary parts yields: 

 𝜖(𝜔) = 1 − 1#"

1":;"
+ 𝑖 ;1#"

1(1":;")
 (2.12) 

Using the properties of gold, ℏ𝜔< = 8.95	𝑒𝑉 and ℏΓ = 65.8	𝑚𝑒𝑉, we plot the real and imaginary 

parts of the dielectric function in the visible wavelength range in Figure 2.1. This large negative 

real dielectric function component and small positive imaginary component are key features that 

result in a strong plasmon resonance, due to the way gold dissipates light energy. 

The plasma frequency defined above depends only on the number density of the electrons in a 

material, and therefore each different material will have a different frequency at which the 

electrons collectively oscillate. This is the general case for a large volume, and the resulting 

Figure 2.2: Schematic of a propagating surface plasmon polariton on a gold waveguide (top), and a 
localized surface plasmon on a gold nanoparticle (bottom). In each case, the near-field is enhanced 
due to the increased local density of electrons. 
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electron oscillations are known as bulk plasmons. When one or more of the dimensions of the 

plasmonic sample get smaller than the wavelength of excitation light, the resonance becomes more 

complex. An interface between two materials where the real part of the dielectric function switches 

from positive to negative at the boundary (a metal-dielectric interface) will result in what is known 

as a surface plasmon. Surface plasmons are either propagating surface plasmon polaritons (SPPs) 

or non-propagating localized surface plasmons. SPPs are formed by light incident on a planar or 

waveguide-like metal-dielectric interface, which excites a propagating electron density wave 

bound to the surface of the metal. The SPP, shown in Figure 2.2, will have a shorter wavelength 

than the incident light, confining the incident light energy to volumes smaller than the diffraction 

limit and enhancing the local field intensity as it propagates along the surface. When we instead 

take a small chunk (nanoparticle) of the metal, such that all its dimensions are smaller than the 

wavelength of incident light, the electric field of the light will cause a collective oscillation of the 

electrons on the nanoparticle, known as a localized surface plasmon (LSP). Depending on the size, 

shape, material, and dielectric environment of the nanoparticle, the electron oscillation will take 

on a particular resonant frequency at which the local field intensity enhancement reaches a 

maximum. This resonance is known as the localized surface plasmon resonance (LSPR) and is the 

primary motivation behind this thesis. Similarly to SPPs, LSPs can confine electromagnetic fields 

to volumes smaller than the diffraction limit, as the excited plasmon is again bound to the surface 

of the nanoparticle. SPPs and LSPs absorb light in a manner similar to the excitation of a quantum 

emitter; after the plasmon is excited, it will eventually re-emit stokes-shifted light in the form of 

photoluminescence (PL). The ability of plasmonic structures to absorb photons and hold and retain 

their quantum information on the nanoscale is a promising basis for the development of quantum 

circuitry16. 
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 To further understand the optical response of noble metal nanoparticles, we can derive the 

polarizability of a small metal sphere of radius 𝑎, using only classical electrodynamics. When the 

wavelength of excitation light is sufficiently larger than the size of the sphere (𝜆 ≫ 𝑎), which is 

the case for plasmon resonances in the visible regime, the whole sphere will experience a more or 

less uniform electric field 𝐸,⃗ = 𝐸,�̂�. LSPR wavelengths are typically an order of magnitude larger 

than the particle supporting them. We can start by solving Laplace’s equation for the electric 

potential ∇"Φ = 0. The general solution for this potential in spherical coordinates with azimuthal 

symmetry is17: 

 Φ(𝑟, 𝜃) = ∑ _	𝐴ℓ𝑟ℓ + 𝐵ℓ𝑟5(ℓ:2)a𝑃ℓ(cos 𝜃)>
ℓ?,  (2.13) 

Where 𝑃ℓ(cos 𝜃) are the Legendre polynomials. Separating Φ(𝑟, 𝜃) into expressions for the 

potential inside and outside the sphere based on the requirement that the potential will be finite at 

the center of the sphere, we have: 

 Φ6@(𝑟, 𝜃) = ∑ _	𝐴ℓ𝑟ℓa𝑃ℓ(cos 𝜃)>
ℓ?,  (2.14) 

 ΦAB8(𝑟, 𝜃) = ∑ _	𝐵ℓ𝑟ℓ + 𝐶ℓ𝑟5(ℓ:2)a𝑃ℓ(cos 𝜃)>
ℓ?,  (2.15) 

The coefficients 𝐴ℓ, 𝐵ℓ, and 𝐶ℓ can be determined from the boundary conditions for this system; 

as 𝑟 → ∞, the potential ΦAB8(𝑟, 𝜃) should simply be 𝐸,𝑧 due to the applied electric field, which 

requires the constraints that 𝐵2 =	−𝐸, (since 𝑃2(cos 𝜃) = cos 𝜃 = 1 at 𝑟 = 𝑧) and that all other 

orders of 𝐵ℓ must equal 0. Additionally, at the boundary of the sphere 𝑟 = 𝑎, the tangential 

component of the electric field and the radial component of the electric displacement field must be 

continuous: 

 − 2
C
$D$%
$E
h
4?C

= − 2
C
$D&'(
$E

h
4?C

 (2.16) 

 −𝜖,𝜖
$D$%
$4
h
4?C

= −𝜖,𝜖F
$D&'(
$4

h
4?C

 (2.17) 
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Where 𝜖 is the permittivity of the sphere and 𝜖F is that of the surrounding medium. Therefore we 

see that 𝐴ℓ and 𝐶ℓ must be equal to 0 for all ℓ ≠ 1. Taking the derivatives for the ℓ = 1 case, we 

arrive at expressions for the coefficients 𝐴2 and 𝐶2: 

 𝐴2 = −
GH!

)*
) 	

J2:")*) K
 (2.18) 

 𝐶2 =	
H!J25

)*
) K	C

+

2:")*)
 (2.19) 

Which yields the potential inside and outside the sphere: 

 Φ6@(𝑟, 𝜃) = −
GH!

)*
) 	

J2:")*) K
𝑟 cos 𝜃 (2.20) 

 ΦAB8(𝑟, 𝜃) = k−𝐸,𝑟 +
H!J25

)*
) K	

2:")*)

C+

4"
l cos 𝜃 (2.21) 

Note that the second term of the outside potential drops off as 1/𝑟", which is characteristic of a 

dipole potential. From this, we can rewrite the potential in terms of the dipole moment of the 

sphere: 

 𝑝 = 4𝜋𝜖,𝜖F
J25)*) K	

2:")*)
𝑎G𝐸,⃗  (2.22) 

 ΦAB8(𝑟, 𝜃) = −𝐸,𝑟cos	𝜃 +
<⃗⋅4⃗

MN+!+*4+
 (2.23) 

Now, rewriting the dipole moment in terms of the polarizability 𝛼, �⃗� = 𝜖,𝜖F𝛼𝐸,,,,,⃗ , we arrive at an 

expression for the polarizability of the nanosphere: 

 𝛼 = 4𝜋
J25)*) K	

2:")*)
𝑎G (2.24) 

Analyzing this expression, we see that the polarizability will approach infinity (resulting in 

plasmon resonance) when the denominator goes to zero, or when the permittivity of the sphere and 

the surrounding medium have opposite signs and are related by: 𝜖 = −2𝜖F. 
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2.2 Quantum Emitters 

Now that we have explored how metal nanoparticles respond to visible wavelength electric 

fields, we can turn our focus to how this response affects the optical properties of quantum emitters 

in the near-field environment of the nanoparticle. Studying the changes in absorption and emission 

of quantum emitters in plasmonic environments allows us to directly probe the enhanced near-

fields and better understand nanoscale light-matter interactions. Quantum emitters come in many 

forms, but in this thesis will we focus on organic molecules as our single photon emitters.  

Perhaps the most fundamental interaction between light and matter is that between a photon 

and an electron, namely, excitation/absorption and relaxation/emission. The most common light-

absorbing and -emitting electronic transition in organic molecules is that between the lowest 

unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO)15. Due 

to the relatively large size of these molecules, there are a number of vibrational energy states 

between each electronic energy level, as well as further higher energy states. A typical Jablonski 

diagram representing the most probable transitions of a molecule in free space is shown in Figure 

2.3. Excited electrons will decay either radiatively via fluorescence or phosphorescence, or non-

radiatively via vibronic relaxation. Fluorescence typically occurs on the nanosecond scale and is 

the most common instance of light emission from organic molecules. The rate of relaxation 𝛾 is a 

combination of radiative 𝛾4 	and non-radiative 𝛾O4 rates, and define the quantum efficiency as15: 

 𝜂 = P,
P,:P%,

= P,
P

 (2.25) 

A molecule with higher quantum efficiency will have fewer HOMO vibronic states available for 

electronic relaxation, resulting in a lower probability of non-radiative decay. Electrons with a high 

probability of spin-orbit coupling can have their spin inverted, resulting in inter-system crossing 

to a much longer-lived triplet state, before decaying via phosphorescence. When an electron in the 
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triplet state interacts with oxygen, which is millions of times more probable in this state due to its 

much longer lifetime, it can annihilate, resulting in a non-fluorescent molecule in a process known 

as photobleaching18,19. For the purpose of enhancing radiative emission, transitions to the triplet 

state are therefore undesirable, and can be mitigated by adding an oxygen scavenging compound 

to the imaging environment. 

2.2.1 Manipulating the Local Density of Optical States with Localized Surface Plasmon Fields  

We can simplify this picture of electronic transitions by considering a two-level quantum 

system consisting of the singlet ground state and first excited state. This assumption allows us to 

more simply understand how the decay rates of quantum emitters are affected by their 

environments and is a reasonable simplification due to the infrequency of triplet state transitions. 

In the language of the Heisenberg picture, a quantum transition between an initial (excited) state 

|𝑖⟩ with energy 𝐸- and a set of possible final states ⟨𝑓| with energy 𝐸Q (the ground state energy) 

which vary only by the mode 𝑘,⃗  into which the photon is radiated, will have a transition rate 𝛾 given 

by Fermi’s golden rule15: 

Figure 2.3: A typical Jablonski diagram representing a three-level system with probable transition 
pathways. The straight arrows represent light absorbing or emitting transitions, whereas the squiggly 
arrows represent non-radiative decay. 
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 𝛾 = "N
ℏ"
∑ wx𝑓w𝐻yw𝑖zw"𝛿(𝜔- − 𝜔Q)Q  (2.26) 

Where 𝐻y = −�̂� ⋅ 𝐸| is the dipole interaction Hamiltonian (with �̂� being the dipole moment operator 

and 𝐸| being the electric field operator), and 𝜔- and 𝜔Q are the angular frequencies of the initial 

and final states respectively. The excited state energy 𝐸- is then simply equal to ℏ𝜔-, and the 

ground state energy is equal to ℏ(𝜔Q − 𝜔,) where ℏ𝜔, is the energy of the emitted photon. 

Expanding the complex square and plugging in the dipole interaction Hamiltonian yields: 

 wx𝑓w𝐻yw𝑖zw" = x𝑖w−�̂� ⋅ 𝐸|w𝑓zx𝑓w−�̂� ⋅ 𝐸|w𝑖z (2.27) 

where the electric field operator can be decomposed into its different possible modes 𝑘,⃗  as follows: 

 𝐸| = ∑ }𝐸,⃗ /&⃗
:𝑎~/&⃗ (𝑡) + 𝐸,⃗ /&⃗

5𝑎~/&⃗
S(𝑡)�/&⃗  (2.28) 

Where 𝑎~/&⃗ (𝑡) = 𝑎~/&⃗ (0)𝑒
5-1-..⃗ ( and 𝑎~/&⃗

S(𝑡) = 𝑎~/&⃗
S(0)𝑒-1-..⃗ (, with 𝑎~/&⃗ (0) and 𝑎~/&⃗

S(0) being the 

annihilation and creation operators, 𝜔/&⃗  is the frequency of mode 𝑘,⃗ , and 𝐸,⃗/&⃗
: is the complex 

conjugate of the negative frequency portion of the electric field, 𝐸,⃗ /&⃗
5. In order to consider the energy 

of the whole system, including an atom and the emission field, we must designate a separate 

notation for the ground state and excited state, distinguished from the total initial and final states. 

For a ground state |𝑔⟩ and an excited state |𝑒⟩, the dipole moment operator can be expressed as: 

 �̂� = 𝑝[�̂�: + �̂�] (2.29) 

Where �̂�: = |𝑒⟩⟨𝑔| and �̂� = |𝑔⟩⟨𝑒|, and 𝑝 is just the transition dipole moment. With expressions 

for 𝐸| and �̂�, we can now expand the interaction Hamiltonian as: 

 −�̂� ⋅ 𝐸| = −∑ �⃗� ⋅ }𝐸,⃗ /&⃗
:�̂�:𝑎~/&⃗ (𝑡) + 𝐸,⃗/&⃗

5�̂�𝑎~/&⃗
S(𝑡) + 𝐸,⃗ /&⃗

:�̂�𝑎~/&⃗ (𝑡) + 𝐸,⃗ /&⃗
5�̂�:𝑎~/&⃗

S(𝑡)�/&⃗  (2.30) 

In order to operate on the initial state with this Hamiltonian, we then define the initial and final 

states, |𝑖⟩ and |𝑓⟩, in terms of the system in the excited state |𝑒⟩ or the ground state |𝑔⟩, and the 
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system without a photon, |{0}⟩, or with an emission  photon of mode 𝑘,⃗ ′ and frequency 𝜔, = (𝐸3 −

𝐸T)/ℏ, which is the state represented by h{11-..⃗ 0	}�. 

 |𝑖⟩ = |𝑒⟩|{0}⟩ (2.31) 

 |𝑓⟩ = |𝑔⟩ h{11-..⃗ 0	}� (2.32) 

Thus we designate the initial state as an atom with an electron in the excited state and the final 

state as a ground state atom with an emitted photon having energy equal to the difference in energy 

between the ground and excited states. Operating on the initial state with the interaction 

Hamiltonian yields: 

 −�̂� ⋅ 𝐸|	|𝑖⟩ = −�⃗� ⋅ ∑ 𝐸,⃗ /&⃗
5𝑒-1-..⃗ ( h𝑔, {11-..⃗ 	}�	/&⃗  (2.33) 

Since the creation operator acting on the 0 photon state yields the h{11-..⃗ 	}� state. Now evaluating 

the whole expression with ⟨𝑓|, noting that the final state is associated with the 𝑘,⃗ ′ modes and the 

initial state is associated with the unprimed 𝑘,⃗  modes: 

 x𝑓w−�̂� ⋅ 𝐸|w𝑖z = −�⃗� ⋅ ∑ 𝐸,⃗ /&⃗
5𝑒-1-..⃗ ( �𝑔, {11-..⃗ 0	}h𝑔, {11-..⃗ 	}�	/&⃗  (2.34) 

And similarly, the Hermitian conjugate yields: 

 x𝑖w−�̂� ⋅ 𝐸|w𝑓z = −�⃗� ⋅ ∑ 𝐸,⃗ /&⃗
:𝑒5-1-..⃗ ( �𝑔, {11-..⃗ 	}h𝑔, {11-..⃗ 0	}�	/&⃗  (2.35) 

Now revisiting Fermi’s golden rule from equation 2.26: 

 𝛾 = "N
ℏ"
∑ wx𝑓w𝐻yw𝑖zw"𝛿(𝜔- − 𝜔Q)Q  (2.36) 

 𝛾 = "N
ℏ"
∑ ∑ [𝑝 ⋅/&⃗ 00 𝐸,⃗ /&⃗ 00

: 𝐸,⃗ /&⃗
5 ⋅ �⃗�]𝑒-(1-..⃗ 	5	1-..⃗ 00)(		/&⃗  

 × ∑ �𝑔, {11-..⃗ 00	}h𝑔, {11-..⃗ 0	}� �𝑔, {11-..⃗ 0	}h𝑔, {11-..⃗ 	}�	/&⃗ 𝛿�𝜔/&⃗ U − 𝜔,�  

The only terms that will survive the sum are those where the wave vectors are equal, 𝑘,⃗ = 𝑘,⃗ U = 𝑘,⃗ ′′, 

(2.37) 
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which will also result in the remaining bra-kets being equal to unity: 

 𝛾 = "N
ℏ"
∑ _�⃗� ⋅ (𝐸,⃗ /&⃗

:𝐸,⃗ /&⃗
5) ⋅ �⃗�a𝛿�𝜔/&⃗ − 𝜔,�/&⃗  (2.38) 

At this point it is useful to substitute in expressions for the electric field operators in terms of a 

series of normal modes 𝑢/&⃗,,,,⃗ , since 𝐸,⃗ /&⃗
:𝐸,⃗ /&⃗

5 is an outer product resulting in a 3x3 matrix. In terms of 

the normal modes, the field operators are: 

 𝐸,⃗ /&⃗
: = �

ℏ1-..⃗
"+!

𝑢/&⃗,,,,⃗  (2.39) 

 𝐸,⃗ /&⃗
5 = �

ℏ1-..⃗
"+!

𝑢/&⃗,,,,⃗
∗ (2.40) 

Which, when plugged into equation 2.38, yields the decay rate: 

 𝛾 = N1!
ℏ+!

|𝑝|" ∑ _𝑛~< ⋅ (𝑢/&⃗,,,,⃗ 𝑢/&⃗,,,,⃗
∗) ⋅ 𝑛<�a𝛿�𝜔/&⃗ − 𝜔,�/&⃗  (2.41) 

Where we have written 𝜔/&⃗  as 𝜔, due to the delta function, and with 𝑛~< being the unit vector in 

the direction of the dipole moment �⃗�. This expression is simplified by introducing the partial local 

density of states (LDOS): 

 𝜌<(𝑟,,,,⃗ , 𝜔,) = 3∑ _𝑛~< ⋅ (𝑢/&⃗,,,,⃗ 𝑢/&⃗,,,,⃗
∗) ⋅ 𝑛<�a𝛿�𝜔/&⃗ − 𝜔,�/&⃗  (2.42)	
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 𝜌<(𝑟,,,,⃗ , 𝜔,) = 3∑ _𝑛~< ⋅ (𝑢/&⃗,,,,⃗ 𝑢/&⃗,,,,⃗
∗) ⋅ 𝑛<�a𝛿�𝜔/&⃗ − 𝜔,�/&⃗  (2.42)	

which represents the dipole orientation – dependence of the LDOS. Rewriting equation 2.41 in 

terms of the partial LDOS, we arrive at a more useful expression for the spontaneous decay rate: 

 𝛾 = N1!
Gℏ+!

|𝑝|"𝜌<(𝑟,,,,⃗ , 𝜔,) (2.43) 

Thus we can see that an emitter’s decay rate will be proportional to the partial LDOS, and the 

LDOS is proportional to the square of the local electric field. This means that an enhancement of 
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LSPR and Cy5 Spectral Darkfield Spectra 

Wavelength (nm) Wavelength (nm) 

Figure 2.4: Darkfield scattering spectra of gold bowtie nanoparticles increasing in side length from 
70 nm (orange) to 100 nm (gray) (top left) show that the resonant wavelength of the LSPR increases 
with size. Spectral overlap of the 70 nm bowtie with absorption and emission spectra of cy5 dye are 
shown in the top right. The electric field enhancement around a 70 nm bowtie simulated in COMSOL 
excited at its resonance on a color scale from 1-30x the excitation intensity is shown in the bottom 
left. An SEM image of one of our 70 nm bowties with a 30 nm gap size along with a line profile of 
nanoparticle height showing the size of the nanogap are displayed in the bottom right. These images 
produced by my colleague Nathan Kimmitt and reproduced with his permission20. 
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the local electric field due to LSPRs will quadratically enhance the LDOS and consequently the 

rate of photonic transitions of nearby emitters. This also means that there is a direct correlation 

between the decay rate and the LDOS, providing us with an experimental opportunity to directly 

probe the LDOS.  

 The dielectric environment of an absorber or emitter can be designed to enhance the near-

field and LDOS in a pre-determined pattern. This leads to a position, orientation, and frequency 

dependent enhancement of absorption and emission rates and, therefore, manipulation of emission 

intensity and direction21. The physical parameters that affect this enhancement (nanoparticle size 

(Figure 2.4 top left), shape, material, and dielectric environment22) allow for position, polarization, 

and frequency specific optimization of absorption and emission for use in a diverse range of 

applications. By fabricating noble metal nanostructures with LSPR peaks in a spectral range that 

overlaps with a target absorption or emission range (Figure 2.4 top right), the nanoscopic LDOS 

can be intricately tailored to systematically manipulate emission and absorption over a 

macroscopic spatial domain. 

 

2.3 Gold Bowtie Nanoparticles 

For the current study, we examine the effects of gold bowtie nanoparticles on Sulfo-

Cyanine 5 NHS Ester fluorescent molecules. The bowtie geometry, shown in Figure 2.4 (bottom 

right), has been studied previously due to its strong field enhancement and light confining 

potential23-25. For emitters with exceptionally low natural quantum yield, the field enhancement 

can increase fluorescence intensity in the hot spot by over 1000 fold7. We chose to study bowtie 

nanoantennae due to this intense, highly localized, and highly controllable hot spot that appears in 
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the gap between the triangle tips when excited at their resonance, shown in a simulation of the 

enhanced electric fields on a resonant bowtie in Figure 2.4 (bottom left).  

To fabricate our gold bowtie nanoparticles, we first spincoat a 150 nm layer of ZEP520A 

photoresist on a glass substrate. The bowtie shapes are then carved into the photoresist via electron 

beam lithography (EBL). In order to remove material left in the areas exposed to the electron beam, 

the samples are developed with hexyl acetate at -20°C for two minutes, and then rinsed with 

isopropanol followed by an N2 dry. Before depositing the gold onto the sample, a 3 nm layer of 

Titanium is deposited over the sample using electron beam physical vapor deposition (PVD) to 

help the gold adhere better to the glass. Once this is added, a 30 nm layer of gold is deposited, also 

with PVD. With the gold shapes filled, all that is left is to remove areas around surrounding the 

bowtie shapes. This process is known as liftoff, and is accomplished by soaking the sample in N-

methyl-2-pyrrolidone for 12 hours at 90°C, which lifts off the photoresist along with the layers on 

top of it, leaving behind only the gold bowtie shapes where the photoresist had been removed with 

EBL (Figure 2.4 bottom right)20. We can study coupling between LSPRs on different triangles by 

varying the gap size within the bowties, although this is not significantly investigated in this work. 

We focus instead on the impact of the triangle side length on the overlap of the plasmon resonance 

with the absorption and emission spectra of our quantum emitter probes because the size of the 

triangles has a much more significant impact on the LSPR than does the gap size. We have 

fabricated bowties ranging from 70 nm to 100 nm equilateral side length and each of these with 

nano gaps ranging between 5 nm and 30 nm. As shown in the top two spectra in Figure 2.4, the 70 

nm bowtie’s LSPR overlaps best with the absorption and emission spectra of Cy5. We therefore 

consider then 70 nm bowties for the resonant case and the 100 nm bowties for the detuned case. 
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3. Techniques for Studying Nanoscale Light-Matter Interactions 

3.1  Super-Resolution Fluorescence Microscopy and the Diffraction Limit 

 LSPRs supported by noble metal nanoparticles provide a spectrally tunable basis for 

nanoscale manipulation of molecular excitation and decay pathways, allowing numerous 

possibilities for specially tailored absorption and emission manipulation and enhancement. 

However, given the near-field extent of plasmonic effects, it is challenging to study the spatial 

dependence of emission enhancement. Indeed, the influence of these enhanced fields varies 

significantly over a length scale smaller than the excitation and emission wavelengths that resonate 

with a given nanoparticle. It is important to understand how enhancement varies on this length 

scale so that applications can be optimized by precise spacing and shaping of nanoparticles based 

on a priori knowledge of how their nanoscopic fields will affect macroscopic processes. The effects 

of plasmons on coupled emitters can be simply qualitatively observed by imaging bulk fluorescent 

dye placed around fixed resonant plasmonic nanoparticles, showing increased intensities at their 

locations. However, such results are purely qualitative since the intensity measurement in any 

given pixel will be an ensemble average of emission from multiple emitters in different positions. 

This yields an underestimate of the maximum field enhancement and drastically limits the 

resolution of spatial information associated with the field fluctuations. Since the dimensions of a 

nanoparticle are inherently smaller than their associated resonant wavelengths, any bulk 

fluorescence enhancement information will be spatially muddled and reduced to a radial 

symmetry, regardless of the shape of the nanostructure. Figure 3.1 shows a frame from a wide-

field video of a square array of gold bowtie nanoparticles with resonant Cy5 dye in solution 

adsorbing periodically to the surface of the imaging volume. The pixel size is 80 nm, but even if 

it was smaller, there would be no further resolution beyond the circular point spread function (PSF) 
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profile. Despite their complex bowtie and nanoscale structure, the intensity profile of light emitted 

from each nanoparticle or dye molecule in an optical image will always appear as a 2D Airy 

function with a diffraction-limited width (200-300 nm for visible wavelengths). 

Since LSPRs only affect the near-field, variations in emission occur below the diffraction 

limit of visible light. The diffraction limit is an inherent resolution restriction for optical 

microscopy, resulting from the finite wavelength of light restricting how small of an area to which 

light can be focused26. From this phenomenon, Abbe’s diffraction limit defines the smallest 

resolvable distance 𝑑 between two simultaneous emission events as a function of wavelength λ 

and the numerical aperture (NA) of the microscope objective: 

 𝑑 = W
"XY

 (3.1) 

If two emission events occur at a separation distance smaller than this limit, it will be 

Figure 3.1: Wide-field fluorescence image of a 5x5 array of gold bowtie nanoparticles immerged in a 
low concentration Cy5 dye solution. Despite the complex structure and nanoscale size of the emitters, 
each event appears as a circular spot. The photoluminescence from the bowties alone is visible as a 
5x5 array, and the brightest spot is the emission of a molecule coupled to a bowtie. 
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impossible to distinguish if the observed point spread function is resulting from a single emitter or 

from multiple emitters. This inhibits in-depth understanding of plasmonic enhancement 

mechanisms on the scale on which they occur. Techniques such as near-field scanning optical 

microscopy (NSOM), stimulated emission depletion (STED), and electron microscopy are capable 

of sub-wavelength resolution27,28. However, NSOM utilizes a near-field probe which can alter the 

LDOS it is trying to study. STED is not currently capable of an adequate resolution for imaging 

these environments in a single image since it would bleach the fluorescence of the probes before 

enough subsequent images could be collected. Additionally, it is difficult to efficiently deplete the 

photoluminescence of LSPRs without using high depletion intensities that would further speed up 

photobleaching times29. Electron microscopy can damage the sample and is not capable of directly 

probing interactions between light and matter (not to mention the cost of equipment). In the past 

decade, new techniques for super-resolution fluorescence imaging have been developed, allowing 

for optical imaging with resolution in some cases more than 100 times better than the diffraction 

limit depending on the number of collected photons28,30-35. The principles of super-resolution 

microscopy rely on different methods for spatiotemporally separating emitters such that no two 

emission events occur in the same diffraction limited volume at the same time. In this way, each 

single molecule’s PSF can be fit mathematically to determine the emission location with higher 

precision.  

3.1.1 Direct Stochastic Optical Reconstruction Microscopy 

There has been a significant amount of research in the past few decades that explores the 

various enhancement effects of plasmonic nanoparticles34-48. In order to optimize devices that take 

advantage of this enhancement, it is necessary to quantify our qualitative understanding of 

emission enhancement on the single-emitter level. In bulk, emitters cannot be individually 
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resolved, and all that can be measured is an ensemble average of intensities or lifetimes that only 

tells us qualitatively that there is some enhancement of emitted light intensity. The advent of 

localization-based super-resolution fluorescence microscopy techniques has paved the way for the 

study of plasmon-coupled emission enhancement on a single molecule basis. With these 

techniques, we can avoid ensemble averaging and directly map the changes in emission as a 

function of nanoscale position with respect to nanoparticles. Direct Stochastic Optical 

Reconstruction Microscopy (dSTORM) is a localization-based super-resolution microscopy 

technique that allows single molecule PSFs to be fit by stochastically forcing molecules into 

reversible non-emissive “off” states49,50. In the present case, this is accomplished using a photo-

switching buffer solution. Some emitters are naturally photoswitchable and can be forced into off 

states by illumination with their excitation wavelength, and turned back on by illumination of a 

shorter wavelength, typically in the ultraviolet range. Cyanine-5 is a fluorescent emitter that is not 

naturally photoswitchable, but as seen in Figure 3.2, a photoswitching buffer significantly prolongs 

the number of emission cycles that Cy5 can undergo before relaxing to the triplet state and 

irreversibly photobleaching. For these figures, I bound an equal concentration of Cy5 to two 

functionalized coverslips (see Section 4.1); one was imaged in the photoswitching buffer and the 

other was imaged in water. Wide-field videos, with 500 frames at an exposure time of 40 ms per 

frame, were collected of the Cy5 molecules positions and intensities using an EM-CCD camera. 

The top plots show the localized positions of each gaussian spot found in each frame; the case with 

the buffer solution demonstrated that, on average, more of the molecules were emitting light for 

more frames than in the water case. 
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Our buffer solution51 consists of 𝛽-mercaptoethanol (𝛽ME), catalase, glucose-oxidase Our  

Figure 3.2: Histograms of longest on-times for Cy5 molecules bound to a coverslip, imaged in water 
(left) and in photoswitching buffer solution (right). From top to bottom, the molecules were imaged 
with a wide-field intensity of 200 mW/cm2, 350 mW/cm2, and 2 W/cm2. In each case, there are 
significantly more tracks above the 0.12 s threshold when imaged in the buffer than in water. 
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Our buffer solution51 consists of 𝛽-mercaptoethanol (𝛽ME), catalase, glucose-oxidase 

(GLOX), glucose solution, and a Tris-HCl buffer. GLOX is an oxygen scavenging system which 

Figure 3.3: (a) Dark state molecules are represented by small blue circles, a pulse of the 532 nm 
activation beam stochastically activates a subset of the molecules; bright state molecules are 
represented by the cloudy red circles. Imaging these will eventually bring them back to the dark state 
when another activation pulse then activates another subset of the molecules. The primary 
photoswitching mechanism (b) in our buffer solution is a binding and unbinding of a primary thiol 
to the Cy5 bridge, upon irradiation with 647 nm and 532 nm light respectively49,52. This reaction 
results in a reversible off-state for Cy5 where it will not absorb or emit light at 647 nm. Reproduced 
with permission from: Chozinski, T. J.; Gagnon, L. A.; Vaughan, J. C. Twinkle, Twinkle Little Star : 
Photoswitchable Fluorophores for Super-Resolution Imaging. FEBS Lett. 2014, 588 (19), 3603–3612. 
With permission from John Wiley and Sons. 
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reduces the rate of photobleaching and blinking of Cy5 molecules, providing better photostability 

and allowing for more photoswitching cycles. The 𝛽ME is a thiol which reacts with Cy5 when 

they are illuminated with red light (the excitation wavelength of Cy5). The thiol attaches to the 

polymethine bridge of Cy5 molecules, disrupting the typical structure of the molecule (Figure 3.3 

b) and causing its absorption spectrum to shift toward the ultraviolet essentially forming a dark 

state of Cy5 in the presence of red light. These bonds can be broken with 532 nm light49, bringing 

a subset of the molecules back into a bright state. This cycle is repeated as many times as is needed 

to accumulate an adequate amount of data regarding the spatial dependence of emission properties. 

This process is shown schematically in Figure 3.3 a. In this way, dSTORM allows us to image 

immobilized single molecules in the same field of view for long periods of time without 

photobleaching and to accumulate dense spatial information while still maintaining appropriate 

single molecule separations for resolving each one at a time. This is the crucial point that allows 

the technique to be combined with confocal scanning FLIM. Each Molecule must be immobilized 

so that it does not move or desorb from the focal volume before each pixel making up its point 

spread function is scanned over. Photoswitchability is thus crucial, not only to attain a low enough 

concentration of “on” state molecules for single molecule fitting, but in our case also so that a 

small enough scanning window (10𝜇m x 10𝜇m) that is conducive to single molecule imaging will 

still contain enough emitting molecules over time to yield a dense map of fluorescence lifetimes. 

3.2 Time Correlated Single Photon Counting and Fluorescence Lifetime 

Imaging Microscopy 

As mentioned in the previous section, many groups have used super-resolution microscopy 

techniques to study nanoscale enhancement of emission intensity. Intensity, however, is is 

dependent on many different factors including excitation intensity, detection efficiency, absorption 
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enhancement, and emission enhancement. Notably, simply studying emission intensity cannot 

provide isolated information about the emission enhancement or absorption enhancement 

independently. Recalling equation 2.43, if we want to study the LDOS, which has a straight 

forward relationship with the electric field enhancement, studying decay rate gives us a direct 

probe with which to do so. Radiative decay rate tells us exclusively about the emission 

enhancement without any dependence on absorption properties. There are two primary classes of 

experimental methods for measuring an emitter’s radiative decay rate falling under the category 

of Fluorescence Lifetime Imaging Microscopy (FLIM). Frequency Domain FLIM uses an intensity 

modulated excitation beam, resulting in an emission signal with fluctuating intensity53,54. By 

measuring the relative phase of the emitted light pattern, the fluorescence lifetime can be extracted. 

In contrast, Time Domain FLIM utilizes Time Correlated Single Photon Counting (TCSPC), an 

experimental technique consisting of a pulsed excitation laser and a single photon avalanche 

photodiode (SPAD); a TCSPC card collects the absolute time stamps of laser pulses and emitted 

photon detection events with picosecond resolution14 (Figure 3.4). 

The delay times between each photon detection and its preceding excitation pulse are 

additionally stored, representing the amount of time an excited molecule takes to emit a photon. 

Figure 3.4: Laser pulses pass through a 1.4 NA 100x oil immersion objective lens and excite the 
sample. Emission is collected through the same objective and then passes through an emission filter 
and is collected by an Avalanche Photodiode (APD). The signals output by the APD are run through 
a Constant Fraction Discriminator (CFD), allowing signals of varying amplitudes to be understood 
as photon counts. Each laser pulse is also run through a CFD and then both the laser pulse and photon 
detection signals are analyzed by a time to digital converter which records the time stamp of each 
signal respectively. These times are then subtracted and their difference is added to the histogram. 
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These delay times are then histogrammed in order to construct a decay curve from which the 

emitter’s fluorescence lifetime can be extracted by fitting with an exponential: 

 𝐼 = 𝐴𝑒5((5Z)/\ (3.2) 

where A is the amplitude of the decay curve determined by the number of photon counts, d is the 

horizontal offset of the time delay, and τ is the fluorescence lifetime. A decay curve measured for 

bulk Cy5 dye solution using Picoquant’s Picoharp 300 is shown in Figure 3.5. 

3.2.1 FLIM Methodology 

Although the lifetime for a single quantum emitter in a vacuum can be described with a 

single exponential decay, microscopically heterogeneous environments can result in multi-

exponential decays with different lifetimes. However, multi-exponential decays are typically only 

reflective of larger ensembles of emitters55. The only issue here is that the nanoparticles also emit 

light in the form of photoluminescence, which could suggest the need for a bi-exponential decay 

for coupled molecules. Fortunately, the molecules are much brighter than the PL and the 
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Figure 3.5: Time Correlated Single Photon Counting (TCSPC) is used to histogram the delay time 
between excitation pulses and subsequent Cy5 emission photon detections. Fitting an exponential 
function to this curve allows us to extract the fluorescence lifetime of the sample. 
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significant majority of photons collected in each decay are therefore associated with the molecule’s 

decay. To compare the two fitting methods, a fluorescence decay collected from a single molecule 

is shown in Figure 3.6. This data, made up of 837 photon counts, was fit twice, once with a 

monoexponential decay (top) and once with a biexponential (bottom). The lifetimes extracted from 

the fits are in good agreement, (1.820 ± 0.053) ns and (1.80 ± 0.22) ns respectively, since the 

Figure 3.6: Fluorescence decay collected from a single Cy5 molecule, fit with a monoexponential (top) 
and a biexponential function (bottom). The results from these fits agree; the monoexponential decay 
yields a lifetime of (1.820 ± 0.053) ns and the biexponential decay yields a lifetime of (1.80 ± 0.22) ns. 
The 𝝌𝟐 values of the fits are almost identical, at 1.0051 and 0.9999 respectively. The certainty in 
lifetime is much better for the monoexponential fit and is less likely to be affected by random 
deviations with this number of photons, as in the brief change in slope seen at the beginning of the 
biexponential fit. 
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second term of the biexponential fit was negligible. Additionally, the χ" values of the fits are also 

very close, at 1.0051 and 0.9999 respectively. The primary difference in these fits is that the 

certainty is much more precise for the monoexponential, and the beginning of the biexponential 

decay is fit with a different slope for a small portion, which for this magnitude of photon counts is 

likely a random deviation and not representative of the decay. Therefore, the decays collected from 

individual molecules can be expressed accurately with a monoexponential decay. As a conceptual 

confirmation, the emitters that are being measured are stationary during imaging and separated 

from other emitting molecules, so each should have a single lifetime that can be deduced 

Figure 3.7: My custom FLIM setup is used to image Cy5 emission drop cast on an array of 75 nm 
gold bowtie nanoparticles of gap size 10 nm. Fluorescence lifetime is shortest (more blue) at the 
periodic positions of the nanoparticles, demonstrating the qualitative enhancement of emission rate. 
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appropriately by a monoexponential decay.  

Fluorescence Lifetime Imaging Microscopy (FLIM) is realized by combining TCSPC with 

confocal laser scanning microscopy (CLSM)56. The sample is placed on a nanopositioning piezo 

stage so that the fluorescence lifetime of the sample can be measured at each “pixel” corresponding 

to scanning steps in a 2D grid. FLIM has been used extensively to study the fluorescence lifetime 

shortening of bulk quantum emitters coupled to plasmonic nanoparticles57-61. However, ensemble 

averaging of multiple emitters results in only a qualitative confirmation of radiative rate 

enhancement. Figure 3.7 shows the results of our FLIM setup on bulk Cy5 dye drop cast over 

resonant gold bowtie nanoparticles. The bowtie structures (Figure 2.4) are made up of 75 nm side-

length equilateral triangles separated by 10 nm between their tips. Since these dimensions are 

several times smaller than the diffraction limit of the emitted light, the images show no indication 

of the bowtie features, nor how the fluorescence lifetimes of surrounding dye molecules change 

on this size scale. Additionally, the lifetimes indicated by the color scale in the image are ensemble 

averages of the lifetimes of many molecules surrounding the nanoparticles. In order to study the 

geometry-specific spatial fluctuations of the LDOS and fluorescence lifetime, it is necessary to 

measure lifetimes one molecule at a time, so that the location of one lifetime can be distinguished 

from that of surrounding molecules. In other words, we need to find a way to combine FLIM with 

a super-resolution microscopy technique.  
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4. Combining Super-Resolution and Lifetime Imaging 

4.1 Background 

Several groups have developed their own techniques for measuring fluorescence lifetimes 

with spatial resolution exceeding the diffraction limit. Some groups have attained higher resolution 

by doing lifetime measurements in an image-scanning microscopy setup, utilizing an array of 

single photon detectors instead of a single detector62,63. Utilizing a detector array is more expensive 

than using a single detector, and the resolution achieved through image scanning is only improved 

from the diffraction limit by a factor of √2. This resolution would be inadequate for a study of 

plasmonic fields, where resolution at least 10 times better than this is necessary to learn new useful 

information about the system. Other methods require specific conditions in the system and take 

advantage of these in post-image-acquisition analysis. Zeng et al. achieved localization resolution 

below 100 nm by analyzing high-order moments of fluctuations in fluorescence lifetime64, but 

their method relies on emitters having only two discrete lifetime states; plasmonic radiative rate 

enhancement is expected to be a continuous effect on the single emitter level, so this analysis 

would not be fitting for our plasmonic environment. Zhang et al. use a “Generalized Stepwise 

Optical Saturation” method, forming a linear combination of M raw images for a theoretical 

increase in resolution by a factor of √𝑀 65. This method is tedious and, in practice, the resolution 

does not continue to improve much past three iterations, affecting resolution only by a factor of 2. 

Bowman et al. developed a wide-field imaging method capable of nanosecond imaging by 

controlling pockels cells with ultrafast voltage pulses66. These pockels cells provide a retardation 

of incident light so that output light can be separated with a polarizing beam splitter, resulting in 

multiple snapshots of the same optical response, separated by a nanosecond scale period of time. 

These snapshots can be used to determine the fluorescence lifetime in a wide-field setup, thus this 
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technique could be used for single molecule super-resolution localizations. This technique 

however is not without limitations; their lifetime fitting for single emitters with five to ten thousand 

photons collected yields lifetime with uncertainty between 0.5-1.0 ns. Much research has been 

done using Förster resonance energy-transfer (FRET) techniques that can be used to determine the 

separation distances between FRET pair molecules below 10 nm67, but this leaves a void for 

separation distances between 10 nm and the diffraction limit and is not suited for localizing 

absolute positions, only the scalar separation distance between a pair. Heilemann et al. developed 

a colocalization technique to fill this void using two fluorophore species with distinct fluorescence 

lifetimes, so that the time-correlated fluorescence response in each pixel can be deconstructed to 

determine intermolecular distances down to 40 nm with 18 nm localization precision while 

simultaneously retrieving their fluorescence lifetimes68. Most popularly, several groups have 

successfully demonstrated super-resolution FLIM using STED, achieving resolutions down to 60 

nm67,69-72. This resolution is indeed significantly better than the diffraction limit but is 

fundamentally limited by the achievable size of the engineered excitation and depletion beams and 

is also inherently damaging to the fluorescent sample, limiting the density of emission events that 

can be imaged within a single scanning window.  

Although each of these FLIM techniques provide resolution below the diffraction limit, 

they either do not achieve the resolution necessary for studying plasmon near-field fluctuations, or 

they require very specific circumstances and setups which would not be compatible with the 

current study. To my knowledge, there have been only two super-resolution FLIM studies with the 

same goal in a plasmonic environment to date, from the Krachmalnicoff group at Institut 

Langevin73and the Koenderink group at AMOLF74. The Krachmalnicoff group used a combination 

of wide-field and stationary confocal imaging in order to determine the super-resolution 
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localizations and fluorescence lifetimes, respectively. The molecules found in the wide-field 

images were correlated with bursts in the confocal point-time-traces, so that the fluorescence 

lifetimes of the localizations could be separated from the rest of the 1-dimensional confocal data. 

However, this requires that for each event detected in the single photon detector, there are no other 

molecules emitting in its field of view at that time, leading to very long acquisition times. This 

paper also only studied nanowires with cylindrical symmetry, so the lifetime shortening they found 

was only a function of the radial direction and had no dependence on any vertices or interactions 

between different plasmon modes. The Koenderink group used a scanning confocal FLIM method 

but restricted themselves to only imaging one emitter per scan, making their data acquisition 

tedious. Additionally, their method also used a simple symmetry, a hexagonal array of nanocones, 

so for each nanocone they only observe radial fluctuation with no coupling between nanocones. 

Most notably, due to a need for very high photostability, their fluorescent probes are 40 nm 

nanospheres loaded with fluorescent molecules. This is distinctly not a single-molecule technique 

and results in lifetimes that are ensemble averages of molecules that are up to 40 nm apart from 

each other, a significant difference in terms of enhancement in plasmonic near-fields. My 

technique for studying bowtie nanoparticles provides insight into the spatial variation of the LDOS 

in the presence of more complex symmetries and plasmon coupling between nanoparticles. It is 

also a single-measurement technique allowing simultaneous super-resolution position fitting, 

single molecule lifetime fitting, and antibunching analysis for validation of the single emitter 

assumption. Additionally, roughly 20 molecules are usually localized per 2.5 minute FLIM scan, 

making for efficient data collection. Optimization of plasmon – based technologies will require 

thorough investigation of the LDOS in many different nanoantenna environments, particularly 

those which have been found most promising for higher enhancements and specific directivities, 
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so efficient data collection is an especially important concern. 

4.2 Single Molecule FLIM 

In order to combine confocal FLIM in parallel with wide-field dSTORM, it is first 

necessary to decide which imaging scheme can be used for both. FLIM has been done in wide-

field setups64,66,75 but rarely on a single molecule basis without ensemble averaging, and not with 

a straightforward fluorescence microscopy setup. dSTORM can be combined with FLIM as long 

as FLIM can be used to produce images with distinct separated single molecules, since that’s the 

condition for the localization fitting. In order to get clear images containing fittable single 

molecules, a number of variables need to be considered.  

Forming clean single molecule images with a scanning confocal microscope setup is a 

delicate balance, as fixing some issues can make other issues worse. The variables that were 

Figure 4.1: An example of a FLIM scan of single molecules where either the scanning speed is too 
slow, the excitation power is too high, or the pixel size is too small. Each of these can result in a 
molecule turning to a dark state before its full point spread function can be imaged. 
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considered are as follows. First the size of the scanning steps (pixel size) needs to be smaller than 

the diffraction limited point spread function, so that there will be more than one pixel over which 

to fit the function. If each pixel was larger than a point spread function, then the function would 

be a delta function with precision equal to the pixel size, which prohibits super-resolution 

localization. Next, the scanning speed needs to be balanced with the pixel size in order to image 

complete point spread functions. If the scanning speed is too slow, or the pixel size too small, 

molecules will stop emitting before they are completely scanned over. To further solve this 

problem, we chemically immobilize the molecules on the sample. This is accomplished by soaking 

each sample (fabricated on a glass coverslip) in a solution of 2% (3-Aminopropyl)trimethoxysilane 

(APTMS) in acetone for 24 hours76. After this time, the sample is rinsed thoroughly with acetone 

and air dried before drop casting cy5 on the surface. The silane group of APTMS binds with the 

glass and the amine group binds with the NHS-Ester group of the cy5 molecules. To allow as many 

molecules as possible to bind so that the sample can be very densely labeled, we then allow the 

cy5 solution to try before thoroughly rinsing off any unbound molecules.  
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In Figure 4.1, single molecules appear as horizontal streaks because the scanning speed is 

too slow and only one or two rows of pixels are imaged before the molecule turns off. Additionally, 

the intensity of excitation needs to be tuned simultaneously with these parameters since high 

excitation intensities also cause molecules to photobleach faster. On the other hand, the intensity 

needs to be high enough and scanning speed slow enough to achieve a good signal to noise ratio. 

I have found that a pixel size of 78 nm with excitation intensity 5	𝑘𝑊/𝑐𝑚" and a scanning dwell 

time of 7 ms per pixel.  

The optical setup for our combined dSTORM-FLIM technique is shown schematically in 

Figure 4.2: Our experimental setup for the single-measurement combination of FLIM, dSTORM, 
and autocorrelation. Optical components and their abbreviations are as follows: lens (L), shutter (S), 
pinhole (PH), collimating lens (CL), dichroic mirror (DM), quarter-wave plate (QWP), half-wave 
plate (HWP), motorized wide-field lens only used for activation (M-WFL), 1.4 NA 100x oil immersion 
objective (OL), nanopositioning piezo stage (NPPS), emission filter (EF), 50/50 beam splitter (BS), 
and single photon avalanche diode (SPAD). 
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Figure 4.2. We have a pulsed laser for excitation at 647 nm and providing a sync signal for TCSPC, 

as well as a continuous wave activation laser for re-activating cy5 molecules. The shutter in front 

of the activation laser stays closed at all times except for when supplying an activation pulse, when 

the excitation shutter closes. A beam expander consisting of a focusing lens, a pinhole, and a 

collimating lens is used to improve the quality of the confocal excitation spot and is placed in front 

of the excitation laser.  Both beams are circularly polarized by first running them through a linear 

polarizer and then a quarter wave plate that is oriented at 45° to the optical axis. This ensures that 

no single molecule dipole orientations or nanoparticle resonance axes will be preferentially 

excited. The collimated excitation beam then passes through a dichroic mirror and into a 1.4 NA 

100x oil immersion objective lens which focuses it onto the sample which is mounted on a nano-

positioning piezo stage. Fluorescence and photoluminescence are collected via the same objective, 

and then reflected off the dichroic mirror before passing through an emission filter to ensure that 

no excitation light passes through. The signal is then split into a Hanbury Brown & Twiss 

interferometer made up of two single photon avalanche diodes. These detectors, as well as the 

piezo stage and the pulsed laser, are connected to the TCSPC system which uses each signal to 

reproduce the scanned image and to store each single photon event with its associated detector and 

delay time with respect to the most recent laser pulse for further analysis. 

 

4.3 In-House Matlab Code 

4.3.1 Image Reconstruction and Time-Correlated Single Photon Data 

For each FLIM scan that is analyzed, we have developed Matlab code that takes the 

following steps to produce our single molecule super-resolution fluorescence lifetime maps. First, 

the input file is the raw .ptu data file produced by Picoquant’s SymPhoTime64 software. This file 
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contains a record of every photon that arrived in a detector during a single acquisition scan along 

with their corresponding arrival times – with respect to the start of the scan (absolute arrival time) 

Figure 4.3: An illustration of the super-resolution lifetime fitting process for one FLIM scan over a 
10x10 array of 100 nm gold bowties. (a) Shows the intensity image formed from raw photon arrival 
data, where each bright spot is fit with a Gaussian to localize each PSF, as shown in (b). (c) 
Demonstrates the fitting of nanoparticle PL in order to collapse each point to its position relative to 
the nearest NP. (d) Shows the lifetime fit for all of the photons making up a single PSF, which is 
repeated for each collapsed molecule to produce the super-resolution lifetime map in (e) with error 
bars on localized position.    
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and with respect to the most recent laser pulse registered by the system (delay time). In addition 

to photon arrivals, it also stores unique signals for when the scanning stage starts and stops each 

line and distinguishes in which detector each photon is registered.  

With this data at our disposal, we can reproduce an image of the light intensity in each 

pixel by dividing the amount of time it takes to scan each line into the number of scanning steps, 

and counting the number of photons that arrive within each step. The resulting intensity image of 

cy5 molecules on a 100 nm bowtie array is shown in Figure 4.3 a. Simultaneously, we sort and 

store each photon’s delay time into the pixel that corresponds with its absolute arrival time to be 

used later for lifetime fitting. Similarly, whenever two subsequent photons arrive at different 

detectors, we store the amount of time between the two events in their corresponding pixel to be 

used later for antibunching analysis. To acquire adequate data, we take a series of 10-20 FLIM 

scans over the same field of view. Unfortunately, the sample drifts slightly throughout the course 

of these measurements (which take around 2.5 minutes per scan). To correct for this, each 

subsequent image is compared with the previous image, and is assigned x and y drift vectors based 

on the average difference in position of any recurring molecules or other bright spots. These bright 

spots are fit with Gaussians in order to better localize their positions. Bright spots are considered 

recurring and used for drift correction if their peak position moves no more than two pixels (156 

nm) in the x and y directions between scans. 

4.3.2 Single Molecule Fitting and Background Subtraction 

Next, the intensity image we produce is used for super-resolution fitting. The first step in 

localizing the single molecules over an array of nanoparticles is background subtraction. 

Nanoparticles will undergo photoluminescence (PL) when excited by light around their resonance 

wavelength; this is seen in the periodicity of bright spots in Figure 4.3 c. This is how we determine 
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where the nanoparticles are, and thus, where localized molecules are in relation to them, but we 

also need to subtract their intensities from the images we analyze in order to accurately localize 

single molecules that overlap with their PL. To do this, an average is taken of the set of images 

acquired in the same field of view, after they are each shifted to correct for sample drift. This 

average is then subtracted from each of the intensity images before fitting each molecule. 

To fit each molecule in the set of images, we first must determine what the program will 

consider as a candidate molecule to fit. First, we average the photon intensity in each pixel and 

determine the standard deviation 𝜎 of these values. From there, we set a threshold of 𝜎/2, such 

that any pixel that has an intensity greater than 𝜎/2 plus the mean will be considered a potential 

molecule. The program then attempts to fit a 2D Gaussian function to the intensities of this pixel 

and the surrounding 5x5 pixels, corresponding to an area just larger than a diffraction limited spot. 

If the x and y widths of the Gaussian are smaller than the diffraction limit, and the amplitude of 

the function is positive, these fit parameters are stored along with the super-localized position of 

the maximum. These positions, with their brightness shown as color, are plotted for the 100 nm 

bowtie example in Figure 4.3 b. If the widths of the Gaussian are larger than the diffraction limit, 

it indicates that there may be multiple emitters that are not separated enough to be independently 

resolved, resulting in unusable data for our purposes.  

4.3.3 Lifetime Fitting and Combination with Super-Localized Positions 

Once all the molecules in an image have been fit, we go back through each molecule and 

collect the fluorescence delay times that were stored earlier and combine those associated with 

pixels that make up the diffraction limited spot of each molecule into one array. This array is then 

histogrammed, with a bin width of 0.5 ns. This histogram forms the decay curve of the molecule, 

so we then fit a single exponential to the delay time histogram, from which we can extract the 
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single-molecule fluorescence lifetime. An example decay curve from the photons making up one 

of the localized molecules in Figure 4.3 is shown with a semi-log scale in Figure 4.3 d. With the 

FLIM setup, single imaged molecules typically have between 5 and 100 photons associated with 

their PSF. On the lower end, this results in inaccurate lifetime fits that cannot be used, so to screen 

our data for good fits, we do not consider any molecules with fit lifetimes greater than 5 ns or less 

than 16 ps (the timing resolution of the measurement). Additionally, any molecules with fewer 

than 3 populated histogram bins are rejected. We also vary the binning depending on whether or 

not it resembles a decay curve. We set the maximum height bin to be at t=0 and if the third bin has 

a higher count than the second, or if the fourth bin has a higher count than the third, the binning is 

widened to 1 ns per bin, such that higher counts are combined into a single bin, instead of having 

an unfittable increase in the decay curve. Lastly, the fitting is done with a weighting function based 

on the counts in each bin. This makes it so that bins with 0 counts will not affect the fit, such as 

the decay in Figure 4.4 (left), and that bins with 1 or 2 counts after the decay has dropped close to 

zero will not have as much of an impact as the bins near the start of the decay. The first few 

nanoseconds of the decay curve contain the most information on the decay shape for cy5 which 

has an average single molecule lifetime in aqueous solution of around 2 ns56,77. Figure 4.4 (right) 

shows a histogram where there is a nonzero bin at 22 ns which would affect the fit in a non-physical 

way if we included such points. 

Simultaneously, to do anti-bunching analysis and confirm that each PSF is a single 

molecule and not an ensemble of emitters, we recall the stored data in each of these pixels for the 

detector associated with each photon count. Whenever two subsequent photons arrive at different 

detectors, the difference in their arrival times is stored. Taking each of these arrival time 

differences and histogramming them allows us to construct a plot of the second order correlation 
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function g(2)(t) between the detectors. The value of interest for antibunching analysis78, g(2)(0), is 

determined by dividing the value of the histogram at t=0 by the average value of the other bin 

heights to normalize the function. If this value is less than or equal to ½, it indicates that the 

emission spot in question was produced by a single photon emitter. The value of g(2)(0) is stored 

for each molecule along with the fluorescence lifetime and the super-localized x and y positions 

of the peak. 

4.3.4 Collapsing Data to a Unit Cell 

Now, with each of these quantities stored, we have a super-resolution map of single 

molecule fluorescence lifetime, but a bit more analysis is required before we can understand how 

lifetime changes depending on a molecule’s position with respect to a given nanoparticle. The 

FLIM scan images different arrays of identical nanoparticles, with 1	𝜇𝑚 spacing between each 

particle. For our 10	𝜇𝑚 x 10	𝜇𝑚 scanning window, we then typically image a grid of 100 

nanoparticles. Since, within each array, the nanoparticles are fabricated identically with the same 

Figure 4.4: Two examples of decay curves made up of the photons from dim single molecules collected 
with our dSTORM-FLIM setup. The case on the left demonstrates how if the three unoccupied bins 
at 2 ns were weighted the same as the nonzero bins, the apparent shape of the decay would not be fit 
well. In the case on the right, there is a nonzero bin at 22 ns, after the decay shape had already 
dropped to zero; bins such as these will not be counted as significant to the fit. 
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dimensions and material, their localized surface plasmon resonances are roughly uniform. 

Additionally, it has been shown that plasmon-enhanced emission is a near-field effect, so in this 

visible wavelength regime, a molecule that is 500 nm away from a nanoparticle should experience 

negligible effects from the enhanced fields. Therefore, we assume that any changes in molecular 

emission properties are due solely to whichever nanoparticle is closest. With this assumption, we 

can divide the image into 1	𝜇𝑚 x 1	𝜇𝑚 unit cells, centered on each of the nanoarticles. We can 

then, depending on in which unit cell each molecule lies, collapse all of our super-localized 

molecule data into a single unit cell to visualize how each molecule is affected by it nearest 

neighboring nanoparticle. The collapsed positions from one FLIM scan of single molecules around 

100 nm bowties are shown in Figure 4.3 e, with their fluorescence lifetimes shown as color. The 

uncertainties in positions are shown with error bars in this figure. 

To perform the unit cell collapse, the average image that was produced earlier for 

background subtraction can be used to observe the nanoparticle PL more clearly, since the 

nanoparticles do not photoswitch or photobleach over the course of data acquisition. The program 

then fits each nanoparticle PL spot based on the known periodicity of the array and the same 

parameters used to fit the molecules. Once the nanoparticles are fit, their positions are stored and 

each molecule is given a collapsed position – its relative position with respect to whichever 

nanoparticle it lies closest to. 

When imaging with our scanning FLIM setup, the PL from the nanoparticles is quite weak 

compared to emitting molecules so the periodicity of the array can be difficult to discern. For this 

purpose, we have implemented infra-red Fluospheres as markers to aid with drift correction. 

Between subsequent images, the program will show the current frame along with the previous and 

next frame and prompt the user to select points of interest on the current image. With the set of 



 43 

three images shown, the user can click the points in the image that are recurring between the three 

images and these positions will be stored. We then fit a gaussian to these spots in the same way as 

before, in order to super-localize the positions of the markers in each image. Between two 

subsequent images, we look at one marker at a time in the new image and determine the marker 

from the previous image with the smallest differences in its x position and the marker with the 

smallest difference in its y position. If the indices of these markers are the same (indicating that it 

is the same marker), and the difference in each position is less than 620 nm, then it is determined 

that these are the same emitters and the drift vector is stored. If any of these conditions are not met, 

we calculate up to the next 3 closest points of interest in the x and y directions. If any of these 

points have matching indices and the drift is less than the threshold, then the drift vector is stored. 

The program then goes through each of the other points of interest in the current image and looks 

for their closest matches and, if a closest match is found, stores its drift vector. Once all of the 

points of interest have been identified and analyzed, the drift vectors are averaged to determine the 

average drift of the sample in between the two subsequent images. The positions of fit molecules 

are then updated by subtracting the drift. 

4.3.5 Verification of Lifetime Fitting Accuracy 

To verify the capability of this technique to accurately determine single molecule lifetimes, 

we produced a series of single molecule images where each molecule had an associated lifetime. 

These lifetimes were used to create an imperfect distribution of photon counts that reproduce the 

desired lifetime curve. Using these artificial images, the MATLAB program was run to determine 

the positions of molecules and their associated lifetimes to compare with their ground truth values 

(Figure 4.5, Table 4.1). These tests demonstrated the validity of out fitting methods, showing 

agreement between ground truth and fitted lifetimes with uncertainty on the order of 10% for 

numbers of photon counts similar to what we see in experiment. 
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Figure 4.5: Simulated single molecule FLIM data with set positions and fluorescence lifetimes based 
on ~100 photons on average creating each molecular PSF.  

Table 4.1: Ground truth (gt) and fitted (fit) values of the positions and lifetimes of the randomly 
generated FLIM data shown in Figure 4.5 are compared, finding good agreement and validating our 
fitting techniques. 



 45 

4.4 Super-Resolution Lifetime Maps for Varying Degrees of Resonance 

With the framework for data collection and analysis established, we can study the changes 

in plasmon-enhanced single molecule fluorescence lifetime as a function of nano-scale position 

and nanoparticle size. For the present study we collected data on 4 different bowtie sizes, with 

equilateral side lengths of 70 nm, 80 nm, 90 nm, and 100 nm. Recalling the spectra in Figure 2.4, 

the spectral overlap between cy5 emission (and absorption) and the surface plasmon resonance is 

greatest for the 70 nm bowties and is most detuned for the 100 nm bowties. Thus we expect that 

the strongest increase in radiative rates (and decrease in fluorescence lifetimes) will be found in 

the nanogap of the 70 nm nanoparticles.  

A reference case is shown in Figure 4.6, demonstrating the intensities and radiative decay 

rates that are typical for un-coupled Cy5 molecules used in our experiments. This case considers 

Cy5 molecules bound to a blank coverslip functionalized with APTMS and imaged in our 

photoswitching buffer. These are the same conditions as are used for the rest of our results, except 

in this case there are no nanoparticles on the sample. We see evenly distributed localizations and 

a random but narrow spread of radiative decay rates and intensities. These radiative rates 

correspond to fluorescence lifetimes ranging from 0.7 ns to 4.8 ns with a median value of 2.1 ns. 

This demonstrates the natural variation of Cy5 fluorescence lifetime and explains why there are 

lifetimes ranging up to 4 ns in the latter cases. 
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Using the techniques for data collection and analysis outlined above, we produced unit-

cell-collapsed maps of the fluorescence lifetime of Cy5 molecules in the vicinity of each of the 

four nano bowtie sizes. For each, we formulated five plots to visualize the lifetime changes. Figure 

4.7 a shows the radiative rate in a 3D plot, with the radiative rate represented by the z-position, 

Figure 4.6: A reference case plotting radiative rate and intensity of super-localized Cy5 molecules 
bound to a blank coverslip and imaged in a photoswitching buffer solution. The emission positions 
are relatively evenly distributed and the intensity and decay rate are randomly distributed but with 
a narrow spread. This spread of radiative rates corresponds to a range of lifetimes between 0.7 ns 
and 4.8 ns with a median value of 2.1 ns. 

and intensity represented by color. Together with Figure 4.7 b, which shows the single molecule 

fluorescence intensity as a function of fluorescence lifetime, we can compare the much more 

studied intensity enhancement with these lifetime measurements. Figure 4.7 c gives a smaller field 

of view showing the x and y molecule localizations around the nanogap, with the lifetime shown 
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and intensity represented by color. Together with Figure 4.7 b, which shows the single 

Figure 4.7: Fluorescence lifetimes and radiative rates of super-localized single molecules in the 
vicinity of an array of 70 nm gold bowties, collapsed to a unit cell. Radiative rate, represented by 
height, and intensity as color are shown in (a). A plot of fluorescence intensity vs lifetime is shown in 
(b), while a smaller field of view 2D plot of lifetimes closer to the bowties is shown in (c), with lifetime 
as color. Plots (d) and (e) show the fluorescence lifetime as a function of transverse position (along 
the y-axis as in (c)) and longitudinal position (along the x-axis as in (c)), respectively. 
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molecule fluorescence intensity as a function of fluorescence lifetime, we can compare the much 

Figure 4.8: Fluorescence lifetimes and radiative rates of super-localized single molecules in the 
vicinity of an array of 80 nm gold bowties, collapsed to a unit cell. Radiative rate, represented by 
height, and intensity as color are shown in (a). A plot of fluorescence intensity vs lifetime is shown in 
(b), while a smaller field of view 2D plot of lifetimes closer to the bowties is shown in (c), with lifetime 
as color. Plots (d) and (e) show the fluorescence lifetime as a function of transverse position (along 
the y-axis as in (c)) and longitudinal position (along the x-axis as in (c)), respectively. 
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more studied intensity enhancement with these lifetime measurements. Figure 4.7 c gives a smaller 

Figure 4.9: Fluorescence lifetimes and radiative rates of super-localized single molecules in the 
vicinity of an array of 90 nm gold bowties, collapsed to a unit cell. Radiative rate, represented by 
height, and intensity as color are shown in (a). A plot of fluorescence intensity vs lifetime is shown in 
(b), while a smaller field of view 2D plot of lifetimes closer to the bowties is shown in (c), with lifetime 
as color. Plots (d) and (e) show the fluorescence lifetime as a function of transverse position (along 
the y-axis as in (c)) and longitudinal position (along the x-axis as in (c)), respectively. 
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field of view showing the x and y molecule localizations around the nanogap, with the lifetime as 

Figure 4.10: Fluorescence lifetimes and radiative rates of super-localized single molecules in the 
vicinity of an array of 100 nm gold bowties, collapsed to a unit cell. Radiative rate, represented by 
height, and intensity as color are shown in (a). A plot of fluorescence intensity vs lifetime is shown in 
(b), while a smaller field of view 2D plot of lifetimes closer to the bowties is shown in (c), with lifetime 
as color. Plots (d) and (e) show the fluorescence lifetime as a function of transverse position (along 
the y-axis as in (c)) and longitudinal position (along the x-axis as in (c)), respectively. 
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as the color of each point. Finally, to better visualize the radiative rate fluctuations with less clutter, 

we plot the lifetimes as a function of transverse (y) position and as a function of longitudinal (x) 

position in Figure 4.7 d and Figure 4.7 e respectively, where uncertainty in lifetime is represented 

by the vertical error bars. The dotted triangle at the bottom of the transverse plots represents the 

size of the bowtie and the Y position of the gap, while the longitudinal plots show vertical dotted 

lines to represent the boundary of the triangle tips forming the gap. Figure 4.8, Figure 4.9, and 

Figure 4.10 show the same set of plots for data taken with 80 nm, 90 nm, and 100 nm bowties 

respectively.  

Comparing the results for each bowtie size, as expected, we first see that the highest 

radiative rates (shortest lifetimes) are found in the bowtie nanogaps, and that this enhancement is 

the most extreme in the 70 nm case. The shortest measured lifetime here was 0.13 ns, 

corresponding to a 15-fold lifetime enhancement, and the median uncertainty in these calculated 

lifetimes was 0.0005 ns. Unexpectedly, when comparing the intensity enhancement with that of 

the lifetime, the correlation between the two is not that clear. There are generally higher intensities 

for shorter lifetimes, as these are typically the most affected by the enhanced fields, and a faster 

emission rate reasonably leads to higher photon counts, but their relationship is not as simple as 

this. To highlight what can be understood from these plots, it would first be beneficial to examine 

a super-resolution plot of the intensities surrounding a bowtie. A plot of the intensities of the 
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molecules surrounding the 100 nm bowties is shown in Figure 4.11. Here we see clearly that the 

emission intensity experiences the strongest enhancement in the bowtie nanogap, again as 

expected. Both of these metrics are most enhanced in this position, yet the plots correlating the 

two show many examples of localizations where the intensity is low while the lifetime is short. 

This contribution seems to dominate more than the cases where the intensity is high and lifetime 

is long, since there is a significantly higher density of points in the bottom left than in the top right 

of the intensity vs lifetime plots. This indicates that many of the emitters whose lifetimes are 

shortened by the enhanced electric fields do not exhibit an increased intensity. We know from 

Equation (2.43) that the enhanced LDOS increases the total decay rate, and that the decay rate is 

Figure 4.11: A 3D plot showing the intensity of the molecules bound to 100 nm bowtie samples, 
collected using our dSTORM-FLIM setup. The intensity is most enhanced in the nanogap of the 
bowties, where the plasmonic electric field is the strongest. 
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more fundamentally related to the LDOS than is the intensity, which depends on many other 

factors. This explains why the radiative decay rate we observe experimentally is increased in the 

nanogap. The cases of low intensity and high decay rate are then most likely attributed to the non-

radiative decay rate, which is also enhanced by the increased LDOS. With our experimental setup, 

there is no way to directly measure the non-radiative decay rate, however if we compare where 

emission rate is enhanced but intensity is not, we can understand where radiative decay 

enhancement dominates over non-radiative decay and can provide a more efficient description of 

how plasmon-enhanced technology can be optimized. It should also be noted that for each bowtie 

size, there are also long lifetimes measured in the nanogap. In addition to proximity to the enhanced 

fields, the extent of emission enhancement is also dependent on dipole orientation. This is likely 

why unenhanced emission is seen even in the nanogap, as coupling between a Cy5 molecule and 

the LSPR will be minimal if their dipole orientations are orthogonal. 
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5. Autocorrelation 

5.1 Introduction 

With the framework outlined above, we produced super-resolution maps showing the 

intensity and fluorescence lifetime of each fluorescent probe. With this single-measurement setup, 

we can go even further and make use of our two-detector setup. The simple implementation of a 

50/50 beam splitter directing the signal to each of the detectors is known as a Hanbury Brown and 

Twiss Interferometer, which was originally used for radio frequency astronomical 

measurements79. A few decades later, the same concept was applied on a much smaller scale to 

analyze photon statistics of single quantum emitters80.The purpose behind this application 

(specifically how we used it in this study) is to determine the number of individual single-photon 

emitters in a diffraction limited spot. The premise behind this autocorrelation technique assumes 

that the emitters in question are single-photon emitters, meaning that they only emit one photon at 

a time. This is common for many emitters, namely fluorescent dye molecules and quantum dots81. 

Given that we are observing single-photon emitters, if there is only one emitter in an “on” state in 

the detection volume, there will only be one photon collected at a time. When this photon arrives 

at the beam splitter, it will either go to SPAD 1 or SPAD 2, it cannot be split into two smaller 

detectable parts. Therefore, if there is indeed a single molecule being detected, there will always 

be a nonzero delay between a count in SPAD 1 and a count in SPAD 2. This phenomenon can be 

quantified from the second order autocorrelation function between the two SPADS, 𝑔(")(𝜏). 

Mathematically, following Poissonian photon statistics and assuming non-interacting emitters, the 

second order correlation function is given by15: 

 𝑔(")(𝜏) = 〈^(()^((:\)〉
〈^(()〉"

 (5.1) 
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 Where 𝐼(𝑡) is the intensity in one detector at some point in time, and 𝐼(𝑡 + 𝜏) is the intensity in 

the other detector 𝜏 seconds later. On the single photon level, the intensity is 1 for each photon 

detected, and these counts are histogrammed over the delay time 𝜏. Thus, at 𝜏=0, if we are 

observing a single molecule single photon emission, 𝐼(𝑡) = 1 and 𝐼(𝑡 + 𝜏) = 0 since there will 

not be a count in both detectors at the same time. This quantum phenomenon is then visualized by 

a dip in 𝑔(")(𝜏) at 𝜏=0; in theory, this measurement of a single photon emitter will result in 

𝑔(")(0) = 0. Further mathematical analysis shows that we can determine more from this function 

than just whether there is single photon emission82. The intensity at a given time will be related to 

the number of photons counted at that time, and therefore is proportional to the number operator15, 

 〈𝐼〉 ∝ 	〈𝑛~〉 = 	〈𝑎~S𝑎~〉 (5.2) 

Where 𝑎~S and 𝑎~ are the creation and annihilation operators, respectively. Substituting this 

representation of the intensities into equation 3.1, we arrive at the following expression: 

 𝑔(")(𝜏) = 〈C̀1(()C̀1((:\)C̀((:\)C̀(()〉
〈C̀1(()C̀(()〉"

 (5.3) 

Now, using the commutation relation for bosons, [𝑎~, 𝑎~S] = 1, we can make the substitution 

𝑎~S𝑎~ = 	𝑎~𝑎~S − 1, which, in terms of the number operator and setting τ = 0, yields: 

 𝑔(")(0) = 〈Ò"〉5〈Ò〉
〈Ò〉"

 (5.4) 

For the case where a photon count is either equal to one or zero, the expectation values become 

straightforwardly the number of emitters, reducing to: 

 𝑔(")(0) = X52
X

 (5.5) 
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Thus if there are two emitters in the detection volume, the theoretical minimum of the 

autocorrelation function at τ = 0 is equal to 1/2. Therefore, a 𝑔(")(0) value that is less than 1/2 

indicates single photon emission. As an example, Figure 5.1 (top) shows the second order 

Figure 5.1: The autocorrelation function (top) collected from a time trace at a single point 
corresponding to a 100 nm bowtie nanoparticle. The photons used for this plot were selected from 
bursts seen in the intensity time trace (bottom) corresponding to single molecule emission. The 
horizontal red line shows the count level chosen to separate emission from background; before 16s 
and after 35s, we see the intensity remain relatively constant at around 20 counts, indicating that the 
increased intensity between these two points is due to a single emitter turning on. 
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correlation function measured for a single molecule in the vicinity of a detuned bowtie nanoparticle 

(100 nm in size). This function was constructed using Picoquant’s SymPhoTime 64 software, by 

collecting photons in a single pixel with a point time trace at the location of a nanoparticle. This 

location is determined from a preliminary low power image scan before collecting the single pixel 

time trace. The photons selected to form this plot were associated with bursts seen in the intensity 

time trace (Figure 5.1 (bottom)) where there were discrete increases in intensity over the 

background. In the time trace, it is evident that before 16s and after 35s, the intensity remains 

relatively constant at around 20 photon counts. This indicates that the increased intensity between 

those points is associated with a single emitter having turned on. If there were three discrete 

intensity levels seen, we could infer that the highest intensity level was from two emitters, the 

middle from one at a time, and the lowest level again being background. By taking the value of 

the correlation function at 𝜏 = 0 (𝑔(")(0) = 5.5) and dividing by the average height of the peaks 

at 𝜏 ≠ 0, we get a normalized value for the autocorrelation function at 𝜏 = 0 of 𝑔(")(0) = 0.354 ±

0.003. Recalling Equation (3.5), a value below 0.5 indicates that the measured photons were 

indeed emitted by one single molecule at a time. 

5.2 Implementing Autocorrelation Analysis into dSTORM-FLIM Process 

 In practice, we determine 𝑔(")(0) for each molecule based on the statistics of every photon 

collected in the pixels that make up the molecule. This is done in tandem with the fluorescence 

lifetime analysis, with a few differences. For every photon count, we have a record of which SPAD 

detected it. Each time a photon is counted by a different SPAD than the last recorded photon, the 

amount of time between the two detections is stored, along with the pixel in which it belongs. In 

order to histogram this data to construct the second order correlation function, we need to then 

decide on a binning scheme for the delay times. With pulsed excitation, there will be a peak in 
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𝑔(")(0) at the time of each laser pulse. Our experiments are conducted with a laser repetition rate 

Figure 5.2: (top) The autocorrelation function determined from the photons collected from a single 
molecule in a single scan. There is not enough data here for statistical significance. The 
autocorrelation function in (bottom) is the result of combining all of the photon data from each single 
molecule recorded in a set of 10 scans (132 molecules). From this plot, there is still not a consistent 
peak height away from 𝝉 = 𝟎 as would be expected in theory, but since there is still no peak at 	𝝉 = 𝟎, 
the value of 𝒈(𝟐)(𝟎) is 0 and we can assume that, on average, our data points are single molecules. 
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𝑔(")(0) at the time of each laser pulse. Our experiments are conducted with a laser repetition rate 

at 40 MHz, which corresponds to one pulse every 25 ns. Therefore, we use a bin width of half of 

that, 12.5 ns, and have the 𝜏=0 bin centered around zero (-6.25 ns to 6.25 ns). This way, each pulse 

will have a bin associated with it, and there will be one (presumably) empty bin in between each 

pulse. After storing the delay times for all such photons, we determine the pixels associated with 

each localized PSF, and histogram the delay times collected in those pixels. The value of 𝑔(")(0) 

for each PSF is then stored as the height of the 𝜏 = 0 bin normalized by the average of all 

subsequent peaks.  

 Unfortunately, for most of the data collected with our dSTORM-FLIM setup, the number 

of photons collected for each molecule is not high enough to have a statistically significant 

correlation function that tells us about the number of emitters involved. The photon counts 

themselves are not too low, however in order to calculate 𝑔(")(0), we need a significant number 

of counts recorded that satisfy the following conditions: two consecutive photon counts are 

registered in different detectors, and these two counts are separated by a nanoscale time such that 

each of the 12.5 ns bins surrounding 𝑡 = 0, are populated enough to acquire a meaningful average. 

A typical plot of the autocorrelation data collected from a single molecule with our setup is shown 

in Figure 5.2 (top), where the value of 𝑔(")(0) would technically be 0, but not with any statistical 

significance. To improve our density of photons counts and still determine whether our data is 

collected from single molecules, we can combine all the photons from all of the molecules 

localized in a particular set of data to determine if the data points used are on average single 

molecules. Figure 5.2 (bottom) shows the results of this investigation for Cy5 bound to a 70 nm 

bowtie sample. While still technically showing 𝑔(")(0) = 0, we now have a significant number of 

photon counts in each of the other bins surrounding 𝜏 = 0, indicating that indeed the data points 
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used for this study are on average from single molecules, avoiding ensemble averaging.  

 A technique that combines fluorescence lifetime imaging with super-resolution spatially 

nanoscale precision, while also being able to simultaneously confirm that the data collected is from 

one emitter at a time, is a very useful tool. If the emitters used here were something more 

photostable, like quantum dots, a much slower scanning speed could be used, collecting many 

more photons and allowing for truly emitter-by-emitter verifiable data collection. 
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6. Finite Element Simulations 

As mentioned earlier, when studying systems of individual emitters coupled to plasmonic 

nano-antennas, the apparent emission position is a non-straightforward result of factors beyond the 

actual emitter position, including but not limited to the position and orientation of the nanoantenna 

and the relative polarization between the two43,83.This so-called mislocalization poses a significant 

hurdle to realizing a nanoscale mapping of plasmon-enhanced fluorescence lifetime and the rest 

of our quantities of interest; if the position in which enhanced emission is observed differs from 

the actual position of the probe, then we still lose a lot of information. To gain more insight into 

the true positions of enhanced emitters, we attempted to compare a simulated map of fluorescence 

lifetime with our experimental data. This deconvolution is not so simple because many different 

emitter positions will appear to emit in the strongest hot spots of the local electric field, meaning 

we do not have a 1:1 map for each emission position. However, we can draw a comparison between 

lifetime enhancement and features of the mislocalization. Experimentally, we observe the apparent 

emission position, while in simulation we find the lifetime based on the true positions of the 

emitters. Therefore, we can examine the differences in apparent positions of various lifetime 

enhancements with the actual positions from which these enhancements originate. 

 To simulate the radiative rate, we integrate the norm of the electric field over a far-field 

hemisphere with a radius of 500 nm to determine the radiated power. Since the ratio of radiated 

power enhancement is proportional to the ratio of radiative rate enhancement15, we then normalize 

this to the free-space radiated power 𝑃,84 to find: 

 P,23
P!

= 2
"a!

��+!+b! �	∬ w𝐸QQw
"𝑑𝑆cd  (6.1) 
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Where P,23
P!

 is the radiative rate enhancement. To account for the random orientation of any given  

Figure 6.1: A finite element simulation (top) of the fluorescence lifetime normalized to its free-space 
value for individual Cy5 molecules of random dipole orientation originating at different positions 
surrounding a 90 nm gold bowtie nanostructure. (Bottom) Displays the experimental measurement, 
showing molecules with enhanced lifetime appearing mostly in the gap. 
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Where P,23
P!

 is the radiative rate enhancement. To account for the random orientation of any given   

molecule’s dipole moment, we take the root mean square of the resulting decay rate enhancement 

for the three orthogonal dipole orientations of the molecule. To compare directly with our 

experimental plots, we take the inverse of the simulated radiative rate enhancement to get the 

fluorescence lifetime normalized to the free space lifetime. For molecules surrounding a bowtie 

with side length 90 nm and a 20 nm gap, this lifetime map is shown in Figure 6.1 (top). While 

comparing this with our experimental map of fluorescence lifetimes normalized to their free space 

value (Figure 6.1 (bottom)), there is simply not enough data to gain truly new insight into the 

matter. If these experiments continue and a denser map of these lifetimes is accumulated, we could 

certainly use this comparison to learn more about the correlations between enhanced fields, 

enhanced radiative rates, and mislocalization magnitude and direction. From the preliminary data 

shown here, the primary evident difference is that the hot spots outside each corner of the triangles 

are not frequently associated with experimental lifetime enhancement. In fact, we observe that the 

majority of measured emission is localized between the bowtie tips. This was the case for each of 

the bowtie sizes studied, and demonstrates further evidence and insight regarding mislocalization. 

Notably, Cy5 molecules are on the size scale of around a nanometer, and the nanogap where the 

majority of their emission is measured is 10 to 20 nm in width. Our reference case in Figure 4.6 

shows that our sample preparation for dSTORM results in a non-preferential and even distribution 

of dye molecules. Therefore, the dense localization of emission events in the nanogaps of the 

bowties also supports findings that emitters coupled to resonant nanostructures, regardless of their 

actual positions, tend to emit light at the area of most enhanced field43,83. Particularly, the 

simulation shows that there is a significant enhancement influencing fluorescence lifetime located 

around each corner of the bowties, but this enhancement is mostly observed experimentally in the 
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nanogap. Unfortunately, with the amount of data we have, it is not clear whether or not emission 

from those locations are still shifted toward the center, but we hope that this hypothesis and 

technique will serve as a motivation for future work to better understand this phenomenon.  
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7. Conclusions and Future Work 

The work presented in this thesis establishes and demonstrates a new combined super-

resolution FLIM technique, allowing for single molecule localizations with 10-20 nm resolution, 

single molecule lifetime fitting with usually better than 100 ps precision, and single molecule 

antibunching analysis all from a single measurement.  

In Chapter 4, we outlined the challenges with developing this technique and how they were 

overcome or even taken advantage of. The breadth of research involving optical microscopy 

exceeding the diffraction limit gave us plenty of options for methods to implement with FLIM, but 

for the resolution and amount of data needed for this study, we decided that dSTORM would best 

suit our purposes. Our sample preparation solved two of the primary issues we faced. First, to 

image single molecules (separated by distances greater than the diffraction limit) using a scanning 

confocal FLIM setup, we used APTMS to bind and immobilize individual Cy5 molecules on our 

nanoparticle samples. In contrast to typical wide-field super-resolution localization, molecules 

need to remain stationary and “on” long enough for their entire point spread functions to be 

imaged, requiring around 4 line scans (between 5 and 10 seconds). Functionalizing the coverslip 

with APTMS gave us the immobilization needed so that molecules would remain in the same 

position during an image scan, but did not solve the problem of “on” time. An immobilized Cy5 

molecule in the focal volume of a pulsed laser over the course of several seconds will usually 

transition to a dark state before it has been fully imaged. Additionally, since our scanning window 

is limited by the need for relatively quick and simultaneously high resolution imaging, the optimal 

scanning window size for this imaging was around 10 𝜇m x 10 𝜇m, limiting the amount of 

diffraction-limit-separated data that can be collected from a single scan. This meant that we would 

need to scan over the same region multiple times and find molecules in new positions each time 
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without photobleaching the sample. With immobilized molecules, this meant that we needed a way 

for molecules to turn on and off to maintain a good balance of single molecule emission density 

and efficient data collection while also maintaining long enough “on” times. Taking advantage of 

the reversible and repeatable photoswitching we could control by imaging with a buffer solution, 

we were able to accomplish this task, allowing for repeated imaging of these scanning windows 

over the course of a few hours at a time while still collecting new data points. 

Our analysis process took into account random sample drift and nanoparticle 

photoluminescence background subtraction and provided efficient evaluation of each of our 

desired experimental quantities. Our technique is especially versatile since it is built entirely from 

time-tagged single photon count data. Our analysis process used this individual photon data to 

produce images of fluorescence intensity for super-resolution fitting, lifetime fitting of individual 

molecules, and the autocorrelation function from the two detectors to provide insight into the single 

photon statistics of our emitters. Once data is collected, we have the freedom to choose how 

lifetimes are fit and what photons are used for a given decay. The two-detector setup would also 

allow for other fluorescence correlation analyses and could provide more insight into other 

questions we may not have yet asked.  

We were able to study the changes in single-molecule fluorescence lifetime for Cy5 

molecules that were resonant (70 nm bowties) and detuned (100 nm bowties) with respect to the 

LSPRs, as well as two intermediate steps of 80 nm and 90 nm. As expected, we found the 

molecules with the shortest lifetimes measured were those in close proximity to the resonant 70 

nm bowties. Avoiding ensemble averaging with super-resolution imaging allowed us to look 

beyond qualitative enhancement observations and obtain these emitter-by-emitter lifetimes while 

also observing how the nanoparticle geometry affects decay rate on its own size scale.  
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In Chapter 6, we discussed what information can be extracted from this data by comparing 

experimental observations with simulations based on the enhanced plasmonic electric fields. Until 

more data is collected, our primary takeaway is that emitters that are near but outside the outside 

corners of the bowties often have enhanced lifetimes but appear to emit in the nanogap where the 

electric field is greatest. Also our experimental comparison of molecule intensity and lifetime 

suggests that there are often emitters with enhanced radiative decay rates that do not have enhanced 

intensity, likely due to quenching of most emission via non-radiative transfer of energy to the 

system. This is supported by the high point density in the lower left of the intensity vs lifetime 

plots and a low density in the upper left (which would correspond to a high intensity with long 

lifetime). As an example of how this may come about is considering a molecule right near a 

nanoparticle, it will have increased decay rate due to the enhanced density of states, which usually 

means an increased intensity (more photons per unit time). However, a high decay rate can still be 

measured even if much of the emitted energy is dissipated non-radiatively, since lifetime is not 

dependent on intensity. 

This work demonstrates a single measurement technique that can simultaneously measure 

the super-localized position, intensity, and fluorescence lifetime of 10s of emitters per scan, while 

verifying the single molecule nature of the localized data points. This technique excels in 

efficiency and obtains competitive single molecule resolution when compared to other super-

resolution FLIM techniques, as discussed in section 4.1. Although super-resolution techniques like 

STED and NSOM can be quite efficient in data collection, they are either too destructive or too 

invasive for a study of single molecules and nanoparticles, as discussed in section 3.1. 

Our study of bowtie nanoparticles and their influence on these variables has provided new 

insight into how enhanced electric fields affect each of these optical properties differently. 
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Notably, we have mapped out the apparent emission positions where differing fluorescence 

lifetimes are observed, leaving only mislocalization as the barrier between experimental and 

theoretical decay rate enhancement. This method can be used to collect more data in such 

environments so that the sampling density can be directly compared with simulation and eventually 

have enough consistency to confidently demonstrate how fluorescence lifetime and apparent 

emission position depend on the LDOS and more precisely how the three are related. 

The primary limitation of this work was the amount of data I was able to collect after fine 

tuning the image acquisition process and acquiring the equipment necessary to put all the pieces 

together. With a more dense sampling of localized positions and their corresponding lifetimes, we 

would have a much better picture of the correlation between emission position and apparent 

emission position and their differing dependence on the LDOS. Particularly, the antibunching 

analysis could be greatly improved with a more photostable emitter, once they can be reliably 

immobilized on the sample and their plasmon-coupling qualities studied thoroughly with standard 

intensity-based super-resolution imaging. This would also increase the certainty of lifetime 

calculations and position localization precision and would allow for verification of single photon 

emission one molecule at a time, since the number of photons detected for each individual 

molecule was relatively low.  

The field of plasmonics and the enhancement of light-matter interactions are promising 

and ripe for development. The more we can understand the fundamentals of these nanoscale 

interactions, the more efficiently we can implement them into our technological infrastructure, 

which grows more unstable each day. It is my hope that the techniques and procedures outlined in 

this work will serve as helpful tools for future research and for subsequent development of 

plasmon-optimized structures and devices. Beyond that, super-resolution fluorescence lifetime 
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imaging techniques are applicable to numerous fields and I hope that this will serve as a guide for 

future research in nanotechnology, medicine, biology, physics, and beyond. 
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