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Abstract

Plasmonic nanostructure can serve as optical antennas that convert freely propagating optical radiation
into localized energy. Coupling between plasmon and an exciton leads to a strong modification of
the decay rate, emission direction, and quantum efficiency of an emitter. The coupling efficiency
varies drastically on a length scale that is much smaller than the incident wavelength. Combined
with single-molecule techniques, plasmon-exciton coupling provides a versatile platform for studying

nanoscale motions and interactions.

In this dissertation, we have investigated dynamic light-matter interaction nanosystems enabled by
the DNA origami nanotechnology. We first studied a dynamic plasmonic walker structure, where a
plasmonic nanorod can walk progressively and reversibly on a DNA origami template and interact
with a fluorophore assembled along the walking track. We tracked the dynamic motion on individual
walker devices by monitoring the change of brightness and fluorescence dynamics, which can not
be resolved by the ensemble-level observation reported earlier [[I]]. Additionally, we demonstrated a
dynamic DNA-origami directed nanomachine, where a single fluorophore molecule can autonomously
and unidirectionally walk into the hotspot of a plasmonic nanoantenna along a designed origami
track. Successive fluorescence intensity increase and lifetime reduction are in situ monitored using
single-molecule fluorescence spectroscopy, while the fluorophore walker gradually approaches and
eventually enters the plasmonic hotspot. Our approach offers a dynamic platform that can be used to
develop functional materials, investigate intriguing light-matter interaction phenomena, and serve as a

prototype system for examining theoretical models.

The highly confined plasmonic hotspot also allows probing inherent weak features. By coupling
plasmonic nanoantennas to semiconducting armchair graphene nanoribbons (AGNRs), we observed
blinking of spectrally narrow photoluminescence from the AGNRs next to the metal nanostructure [2]].
Such blinking is a typical signature of emissions from single quantum emitters. In this dissertation,
we probe in detail the origin of the blinking. In particular, we clarify the relative roles in field
enhancement in the vicinity of a plasmonic nanoantenna. We conclusively demonstrate that the field
enhancement alone enables being able to observe photoluminescence blinking. Thus, the blinking is
an intrinsic feature of light emission from the graphene nanoribbons and not due to, e.g., contact with

the environment. This work has thus provided a key contribution in understanding light emission in



seven atom-atom wide armchair-edge graphene nanoribbons.
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CHAPTER 1

Introduction

As Moore’s law states, the number of transistors in integrated circuits doubles approximately every two
years [3]. Driven by the demands of miniaturization and integration of electronic units, nanoscience
and nanotechnology have received massive attention in recent decades. This inevitably requires
a rigorous study of the interaction of light with nanoscale objects. In particular, it is essential to
understand optically induced excitations in nanomaterials. For example, light can induce collective
oscillation of conduction electrons in metal nanostructures, so-called surface plasmon resonance.
Localized surface plasmons allow focusing light into a sub-wavelength volume so that the metal
nanostructures can work as nanoantennas at optical frequencies [4]]. More importantly, light can induce
the formation of bound electron-hole pairs in quantum emitters such as molecules or semiconductor
nanocrystals, so-called excitons. The exciton can undergo radiative recombination, resulting in
a narrow bandwidth and bright light emission. Moreover, some excitonic materials exhibit size
dependent transition frequencies, which have attracted particular attention in biological sensing [[5 [6]]

and integrated photonic circuits [[7H9].

The coupling of surface plasmon to excitons brings new features and new functionalities. The
coupling process can be understood analogous to a radio-frequency antenna configuration: the
quantum emitter serves as a receiver or transmitter and interacts with free optical radiation via a
plasmonic metal nanostructure, which acts as an optical antenna. The antenna converts the propagating
electromagnetic fields into localized energy so that the receiving efficiency is enhanced. Reciprocally,
it can substantially enhance and impedance matching the outgoing radiation of a transmitter. Plasmon-
exciton coupling enables the control of light-matter interaction on the a single quantum system level
and a strong modification of the properties of the quantum emitter, including transition rates [I0HI6]],
and energy-level structures [[17]].

A key challenge for applying and exploring plasmon-exciton coupling is to fabricate nanosystems
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with plasmonic and excitonic components with controllable shape, size, number, and arrangement. In
particular, it is crucial to control the relative position between a plasmonic particle and an emitter
with nanometer precision. Traditional top-down fabrication techniques have often been used for this
aim, but it is difficult achieving the required accuracy. Also, precisely placing a quantum emitter
in a plasmonic hotspot is still formidable to achieve. Either metal nanostructures are fabricated
around randomly located emitters, or emitters are deposited randomly on top of prefabricated gold
nanostructures [I3HT5] [T8H2T]].

In contrast, DNA nanotechnology intrinsically gives nanometer accuracy and three-dimensional
positioning capabilities [22] 23]]. In a method called DNA origami, sets of single-stranded DNA
oligonucleotides can serve as staples to direct the folding path of a long single-stranded viral
DNA ’scaffold’ strand forming a predesigned DNA architecture with almost arbitrary shape and
full addressability. Additionally, the origami template can serve as a 'molecular breadboard’ to
position a variety of nanoparticles, including metal particles and excitonic emitters. Most importantly,
in combination with dynamic DNA nanotechnology, it is possible to realize dynamic control of
the light-matter interaction by fabricating reconfigurable structures [[I} [16] 24H26]. DNA origami
technology is a versatile tool to tackle the aforementioned technological challenges and open new
pathways to realizing hybrid plasmon-exciton nanosystems with novel functionalities.

Another means to optimize plasmon-exciton interactions is to employ novel excitonic materials
for coupling to surface plasmons. Two-dimensional (ZD) materials including graphene, transition
metal dichalcogenides (TMDE), black phosphorus, and hexagonal boron nitride have been intensively
investigated for this aim. 2D materials with atomic thickness show extraordinary optical properties
such as single-photon emission from localized excitons or defects [27H29]], valley polarized photo-
luminescence [30H32]], and distinctive Raman signals [[33] [34]]. Most importantly, coupling surface
plasmons to 2D materials not only circumvents the challenge of extremely low absorption efficiency
but also brings new features. For example, it allows to probe inherently weak features such as exciton
energy transfer [35]], and emission with low quantum yield [2]]. Additionally, 2D materials support
electroluminescence [36]l, and it is straightforward to integrate 2D materials into lithographically
fabricated nanostructures. This enables to generate and collect light locally, which holds the promise
for applications in integrated nanoscale optoelectronics.

One dimensional semiconducting armchair graphene nanoribbons (GNRk) with well-defined
structures are examples of novel excitonic materials. They can be fabricated by surface-assisted
bottom-up fabrication techniques with atomic precision [37H48]|. In this way, doping, control of the
edge topology, and even nanoribbon heterostructures can be achieved, which allows obtaining, e.g.,
metallic, semiconducting, and emissive nanoribbons by proper choice of precursors [38] 49H56].
Coupling plasmonic antennas to GNRs allows probing weak optical transitions, which is very important
for understanding the light emission process in GNRs.

In this dissertation, we present several applications that are enabled by plasmon-exciton coupling.



We start with an introduction to the fundamental theory and the terminologies. We continue with a
chapter on the optical experimental methods that are employed throughout this dissertation.

In the subsequent chapter, we have presented a study on the dynamic light-matter interaction
nanosystems that are fabricated by DNA origami self-assembly techniques. Most previous works in
this area either stick to static structures or track the dynamic motion of an active plasmonic structure
at the ensemble-level [57H62]|]. Here we focus on tracking the dynamic motion of individual devices
using single-molecule techniques. We first studied a plasmonic walker system, where the interaction of
an isolated fluorophore molecule and a plasmonic nanorod can be modulated by moving the nanorod
in steps of 7 nm along an origami template. A numerical simulation is carried out to understand the
optical interaction during the walking process. Then a number of static devices were characterized
to study the position-dependent fluorescence lifetime distribution. At last, we performed a dynamic
operation on individual walker devices, including a walker-release experiment and walking experiment,
and in real-time tracked the change in fluorescence.

We also studied another DNA-origami directed dynamic nanomachine, where a single fluorophore
molecule can be autonomously and unidirectionally transported into the hotspot of a plasmonic
gap antenna along a designated origami track. We first demonstrated the walking mechanism at
the ensemble-level with Forster resonance energy transfer (FRET]). Then we tracked the individual
device by recording fluorescence micrographs and fluorescence decay traces on individual device level
during the walking process. Additionally, we determined the fluorescence brightness and fluorescence
lifetime for a large number of devices before and after the walking, and measured the same data for
static devices with the emitter positioned either at the start or stop position.

Finally, we studied the origin of photoluminescence blinking from aligned seven-atom wide
armchair-edge graphene nanoribbons when they are coupled to a plasmonic antenna. We tuned the
plasmon’s spectral position through the fluorescence spectrum of the GNRs by varying the size and
material of the optical antenna, leading to a change in the plasmonic field enhancement. Additionally,
we performed single-molecule localization studies to investigate the correlation between emission

localization shifts and the plasmonic field enhancement.






CHAPTER 2

Basics

This chapter summarizes the fundamental concepts that are important to this dissertation. We start
by the quantum electrodynamics (QED) description of light-matter interaction, which are focus on
the spontaneous decay of a two-level quantum system in an environment described by a local photon
density of states. Next, we turn to the basics of plasmonics starting from the optical properties of
plasmonic materials. We discuss localized surface plasmon resonances in sub-wavelength metal
particles, followed by an overview of the plasmonic antennas. We then proceed with a discussion of
coupling a quantum emitter to a plasmonic antenna from the perspective of emission modification. In
the following part, we will present a brief review of the DNA origami-directed method to realize the
light-matter interaction nanosystem. A short introduction of nanostructured graphene and its optical

properties will be given at the end.

2.1 Light-matter interaction

Light interacts with a quantum system such as an atom that can give rise to a resonant light-matter
interaction if the frequency of light coincides with the atom’s optical transition. Two-level atom
approximatimﬂ assumes that only resonant levels of the atom are relevant to the interaction. By
absorbing or emitting a photon, an atom can make a transition from an energy state E; to E,. The
angular frequency w of the optical fields satisfies [[65} [66]

ho=E, - E,. 2.1)

! Two-level approximation only holds under the following conditions: (1) the dipole approximation holds, that is, the
atomic dimension is much smaller than the incident wavelength; (2) the rotating wave approximation holds, that is, just
near-resonant term is relevant for the description of the interaction [[6_1]]



Chapter 2 Basics
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Figure 2.1: Transition from an initial state |i) = |e, {0}) to a number of final sates |f) = |g, {1, })
with the same energy E,. Adapted from Ref. [@]

The process that an atom is promoted from a ground state to an excited state by absorbing a photon is
called absorption, while the radiative process that the atom relaxes from an excited state to the lower
state is called spontaneous emission. Based on time-dependent perturbation theory, the transition rate
of spontaneous emission y from an initial sate |i) with an angular frequency of w; to a final state | f)

with an angular frequency of w ; is given by Fermi’s golden rule
2r Aln2
y= ;mem S(w; - wy), 2.2)
f

where H is the interaction Hamiltonian and & (w; — wy) is the Dirac delta function. In the dipole
approximation, the interaction Hamiltonian is H = —p - E where p is dipole moment operator and
E is the electric field operator. The initial state is a product of excited state and a zero-photon state
le, {0}). Similarly, the final states can be written as a product of ground state and the single photon
states associated with different wavevector k and frequency w, given as | f) = |g, {1 }) (see Figure
. 0w, —w f) accounts for the energy conservation statement that the energy difference between
excited and ground state has to be the same as the energy of the emitted photon 7w. By introducing
partial local density of states @ P> the transition rate at position r( and transition frequency w

can be written as
w

_ 2
= Fsom pp(ry, w). (2.3)

Y

Here p = (e|plg) denotes the transition dipole matrix element. The local density of states p,
represents the number of available electromagnetic states per unit volume and frequency when the

quantum system has a fixed dipole axis n,,. It can be determined using the system’s dyadic Green’s

function <5> as

6 —
pp(ro’w) = _wz[np : Im{ G (r()> r();w)} : np]’ (24)
Tc
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Eq.(23) and Eq.(2.4) reveal that the spontaneous decay rate of an atom is determined by the transition
dipole moment and the electromagnetic environment. In the case of free space, we obtain
2

w
p=—5andy=
T c

3.2
w”|p”|

7 2.5
3neghic

Modification of electromagnetic environment such as coupling the atom to dielectric cavities
'70]], photonic crystals or plasmonic structures [12]] leads to a change of spontaneous decay rate
compared to free space. The figure of merit £, = y/v, is known as Purcell factor. Here only the
weak coupling regime where the coupling constant is much larger than the radiative rate. In the strong
coupling regime where a reversible energy exchange between the atom and environment occurs, new
hybridized states will emerge. In this dissertation, we will focus on modifying spontaneous emission
by coupling to a plasmonic nanoantenna in the weak coupling regime. Theoretical discussion will be
found in Section 23]

2.2 Plasmonics

Metal nanoparticles support collective oscillations of conduction electrons known as localized surface
plasmons. The electromagnetic field is enhanced in the vicinity of the particle when plasmon
oscillation takes place. The metal nanostructure thus efficiently converts propagating electromagnetic
fields to localized energy. Reciprocally, a plasmonic nanoparticle can substantially enhance and
outgoing radiation of a local emitter to the far-field. Plasmonic nanoparticles are thus often called
optical antennas in analogy to radio frequency antennas. There is another class of surface plasmon
that propagates at the planar metal-dielectric interface, so-called surface plasmon polariton. It finds
application in nanoscale waveguides [73], gratings [[74]], and metamaterials with a variety of
functionalities [76]]. Together with surface plasmon polariton, localized surface plasmon forms the
field of plasmonics. In this dissertation, we will focus exclusively on metal nanoparticles.

2.2.1 Optical properties of bulk metal

We first study the interaction of bulk metal with light, which is described by the complex dielectric
function of metal. At low optical frequencies where interband transitions are not excited, the optical
response of a metal can be explained by applying the Drude-Sommerfield model [77]]. Here unbounded
conduction electrons are treated as electron gas that move freely in a fixed array of atomic core.
Electrostatic interactions between electrons and lattice potential are neglected. The motion of a free
conduction band electron under an external electric field E(t) = Eoe_i“” is therefore described by the
equation of motion [[63]],

m

= —Tm, i+ eEye ", (2.6)



Chapter 2 Basics

where e and m,, is the charge and effective mass of free electrons respectively, and I'" is the damping
constant. E; and w are the amplitude and angular frequency of the incident field. The displacement of

the electron r can be solved to be
_ eEexp(—iwr)

= . (2.7)
m(cu2 +ilw)
For an electron gas with density n, the induced macroscopic polarization P(w) will be
2 .
E ) exp(—iwt
P(w) = —ner = "¢ Eo S0 2.8)

m(a)2 +ilw)

The macroscopic polarization can also be expressed in terms of the material’s electric susceptibility

Xe>
P(w) = gy x E(1). (2.9)

Combining (2:8)) and 2.9), x, can be expressed as

(2.10)

ne’ 1 ) r
Xe =

— +1 .
me&y | w?+T? a)(w2 + FZ)

From this we obtain frequency dependent complex dielectric function of the metal e, 4. (w) as,

2 2
w, . pr
Epruge(@) =1+ x, =1- +i (2.11)

W +T? w(w2+F2)’

where w,, = \/E is the plasma frequency of bulk metal. When w is smaller than the plasma
frequency w,, the negative real part Re(¢) leads to a large imaginary part of the refractive index
n = /g, so that light can not penetrate into the metal significantly. Above w p» the metal becomes
transparent. At plasma frequency w,,, a collective oscillation of free electrons can be induced, so
called volume plasmon. Light can propagate through metal as a strongly damped collective charge
density fluctuation [[78] [79]], but can not be coupled to the volume plasmon directly as it is longitudinal.
However, it is possible to couple light to spatially confined plasmon at the metal-dielectric interface,
so-called surface plasmon polariton, or plasmon localized on the surface of metal nanostructure,
so-called localized surface plasmon. The excitation of surface plasmons requires the metal to possess
a large negative Re(¢) and a small Im(¢) [[63]], which is usually fulfilled for metals like gold in visible
frequency. The excitation of localized surface plasmon in metal nanoparticle will be discussed in

Section [2.2.2
We plot in Figure [2.2] the imaginary and real parts of the dielectric function of gold as a function of
photon energy according to Equation (2.TT)) together with experimental data. The experimental data is

in good agreement with the Drude model in the region with photon energy is smaller than 2 €V. In the
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Figure 2.2: Imaginary part (top) and real part (bottom) of the dielectric function of gold. Experimental
data (red circle) is taken from Johnson and Christy (1972) [80]. The solid line is calculated using
equation .T1) with 7w, = 8.95 eV and AI" = 65.8 meV [63].

region above 2 €V, the experimental data deviate from the metal strongly due to interband transitionsﬁ
For higher optical frequency, the bound electrons in d band close to the Fermi surface can be promoted
into the sp conduction band. If we consider the transition process as exciting the oscillation of bound
electrons, the motion of a bound electron will be influenced by a radiative damping force and binding
potential. By introducing an offset constant £, to account for the integrated effect of all interband

transitions [82]], the complex dielectric function Z.1T)) can be rewritten as

wf, l“a)i7
s(a))=8m——2+i—3. (2.12)
w w

By properly choosing the &, value, gives a better agreement with experimental data than (2.1T)).
Detailed discussion can be found in Refs.[[82H83]].

2 The imaginary parts of the experimental determined dielectric constant of gold contain large relative error as the refractive
index value in visible and near-infrared region is small [80] [8T].
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2.2.2 Plasmonic nanoparticles
Eo

Q
>\
o
-
D

g™,

€
i

€m =
Figure 2.3: Sketch of a metallic sphere in a homogenous external incident field.

We now discuss how light interacts with a metal particle. It can be seen as a scattering problem of a
metal nanoparticle in an oscillating electromagnetic field. If the nanoparticle’s size is much smaller
than the incident wavelength, the interaction can be treated within the quasi-static approximation. It

assumes that the phase of the incident field in the particle region is constant so that the problem can be
simplified as a particle in an electrostatic field (see Figure . By solving Laplace equation V2(|) =0
(2.13)

[86]l, the induced electric potential inside and outside particle can be solved as
3
Em Eyrcosd,
(2.14)

£+2¢,

(I)in -

3c0s 0

g—¢
=—-E,rcosf + g a ,
(I)out 0 c+2 g, 0 rz
where ¢ and g,, are the dielectric functions of the metal sphere and the surrounding medium. The first

term of ¢, is the potential of the incident field and the second term can be seen as the potential from
a static point dipole with dipole moment p in the center of the nanosphere. Equation ([2.14) can be
(2.15)

written
Gour = —Egrcosd + p—-ry

4nepe,, "

E—¢
" E,. (2.16)

where the dipole moment is defined as,
p = 4ngys,,a

The distribution of the electric field derived from potential is,
3n(n-p)-pl
dnepe,,

Eout = _Vd)out = EO +

Given that p = gy¢,,aE, the polarizability of a metal nanosphere is therefore
g—¢
a = 4na’ .
e+2¢,

10

3
s+2¢g,
(2.17)

(2.18)
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Figure 2.4: The normalized scattering cross-section and absorption cross-section as a function of
particle size at 532 nm excitation, according to Eq. 2.19) and Eq. (2.20).

From (Z.T8), we observe that there is a resonance enhancement of polarizability when & = —2¢,,,.
This is known as the Frohlich resonance condition and the corresponding resonance mode is known as
localized surface plasmmﬂ The resonance frequency is dependent on the dielectric environment but
independent of particle size. For a metal sphere in vacuum and using a dielectric function according to
the Drude model, this condition is met at frequency we, = w,/ V3. Under a time-varying plane-wave
excitation E(z) = Eoe_iw, an induced oscillating dipole moment in the center of the nanosphere
‘@I In reference to the electrostatic results in (Z.17) and (Z-18), it reveals

that surface plasmon of a metal particle originates from a collective excitation of conduction electrons

becomes p = gy¢,,aEqe

related to resonantly enhanced polarizability, and the scattered field of an induced oscillating dipole.

The scattering cross-section C,., and absorption cross-section C,,, can be obtained from the

scattered field (second term in (2.17)) radiated by the dipole [8]]

k4 2 87[ 4 6 E—& 2
K= [_M] 2.1
Coca 61 |l 3 a o+ 2em (2.19)
C..=kIm —4k31m{8_8'"} (2.20)
sea = KO = ATHE e+2eml’ '

where k is the wavevector of light in the medium. The extinction cross-section is given as the sum of

3 Here & = 2g,, is the resonant condition only for dipole surface plasmon. The general rule describing the resonant

" : o = _ntl
condition of each n-th multipole term is & = —%=¢,, ||

11
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scattering and absorption cross-sections:

C

oxt = Csca T Coca (2.21)
The scattering and absorption cross-sections as a function of particle size, according to Eq. (Z.19)
and Eq. (2.20), are plotted in Figure[2.4] Both absorption and scattering are resonantly enhanced at
the surface plasmon resonance frequency, and the magnitude increases with the increase of particle
size. Furthermore, we notice that scattering cross-section from a particle of radius varies as a®, while
absorption cross-section varies as a’. Thus the absorption process is dominant for small particles, and
scattering is dominant for larger ones. As a result, the far-field optical method to detect a nanoparticle
with dimensions below 40 nm such as photothermal method [89] and interferometric scattering

microscopy [90]], usually make use of the slower scaling of absorption.

The quasi-static approximation can also be applied to an ellipsoid shape particle under the condition
that the longest axis is still far smaller than the incident wavelength. Similarly to the case of a
nanosphere, for an ellipsoid with semiaxes a,, a,, and as, the polarizabilities ¢; along the axes
(i=1,2,3) will be

e—¢,
mt3L(e—¢,)

a; = 4na aya, e (2.22)
Here, L; is a geometrical factor for the ith axis to account for the shape of the particle [88]]. The
resonance condition is now modified as Re(|e,, + L;(e — €,,)|) = 0. As a consequence, the resonance
frequency exhibits a dependence on the particle shape. Moreover, (2.22) shows that an ellipsoid
particle has plasmon resonances at a different frequencies, corresponding to oscillations of conduction
electrons along different axes. The oscillation along the long axis of the particle is called longitudinal
plasmon, which occurs in a low-energy regime compared to a sphere of the same volume. On the
contrary, the oscillation along the short axis is called transverse plasmon. By tuning the ellipsoid

aspect ratio, one can obtain a plasmon resonance ranging from visible to infrared regime.

In summary, light can induce a collective oscillation of conduction electrons in metal particles if
the Frohlich resonance condition is met. Additionally, the absorption and scattering cross-sections
are also resonantly enhanced. So far, the quasi-static approximation approach can describe the
plasmon resonance of small metal spheres and ellipsoids qualitatively. It can also be applied in
the study of the coupling of nanoparticle pairs [91]]. However, it does not include the change in
resonance frequency and plasmon linewidth concerning particle size. First, the retardation effect in
nanoparticle larger than 100 nm is not negligible. It can be considered as a depolarization field inside
the particle resulting in a spectral red-shift of the plasmon resonance as particle size increases [92]).
Moreover, a significant spectral broadening in plasmon resonance for a large particle is expected, which
arises from two competing plasmon damping processes: radiative decay process into photons [93]];

non-radiative decay due to intraband or interband excitations 95]|. Tuning the relative contribution
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Figure 2.5: (a) Dimensionless extinction cross-section Q,,, of a gold sphere as a function of
wavelength for different particle size: 100 nm, 80 nm, 60 nm, 20 nm from top to bottom. Q,,, is
extinction cross-section that divided by ma®, where a is the radius of the sphere. (b) O,,, of a gold
sphere with a diameter of 80 nm in air, water, oil. The curve is calculated by Mie theory.

of two decay pathways is essential to sensing application [95] [96]. The quantitative description
beyond the quasi-static regime is a rigorous electrodynamic approach so-called Mie theory [97]]. The

. . o . C .
dimensionless extinction cross-section Q,,, = =< of a gold sphere as a function of wavelength
pia

calculated by Mie theory for different particle sizes and the different medium is plotted in Figure
[2.5] Here we can observe that the plasmon resonance exhibit a red-shift as the particle dimension
increases, different from (2.I8). Meanwhile, the spectral width increases and the extinction strength.
Additionally, with the same particle dimension, an embedded medium with a higher refractive index

results in a stronger plasmon resonance occurring at a higher wavelength regime.

2.2.3 Plasmonic nanoantenna

In analogy to a radio-frequency (RF) antenna, an optical antenna is a transducer between propagating
optical radiation and localized energy. The initial interest for optical antenna was to improve the
optical microscopy resolution, which is limited by the dimensional mismatch between nano objects
and the wavelength of light. Metal nanostructures are often used for this aim as light can couple
to surface plasmon modes effectively. They allow to focus the light into nanoscale volume with
high spatial and spectral control. The idea of using metal nanostructure as an optical antenna is first

demonstrated in near-field optics [98]. Later, the concept has been widely applied in photodetection

[99H101]], photoluminescence enhancement [[I0H16]], biological sensing 1102]], and spectroscopies
(34, [103} [104].

Like an RF antenna, an optical antenna can enhance the light-receiving efficiency by increasing
the absorption cross-section. It is determined by the cross-section of the antenna-receiver system,

equivalent to the concept of antenna aperture in electromagnetic antenna theory. The increase of the
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absorption cross-section scales with the local intensity enhancement factor. For a typical molecule
with a cross-section of 11 nm?, the intensity enhancement factor can be 10* - 10° [@] Additionally,
applying optical antennas in photodetection devices allows to shrink the detector size without any
loss in absorption, which holds promise in photovoltaic applications [I01]]. Additionally, an optical
antenna can also operate in transmitting mode. The transmission efficiency is enhanced by increasing
the total amount of radiation and directing the radiation to the receiver. The antenna gain is defined as

a combination of antenna efficiency &4 and directivity D:
G =¢gD. (2.23)

The most important application of a transmitting antenna is to enhance the spontaneous emission rate

of a quantum emitter, which will be discussed in section [2.3]

Despite many analogies between RF antennas and optical antennas, there are differences in properties
and parameters. Most of these differences arise from their small size and surface plasmon resonance.
For example, the penetration of radiation at the optical frequency is on the order of the optical antenna’s
dimension. Therefore, the penetration effect is no longer negligible so that electrons in metal responds
to an effective wavelength 2-5 times smaller than the incident wavelength [[T03].

On the one hand, these differences impede the direct transfer of the established RF antenna’s
experience into optical frequencies. Obviously, the fabrication process of optical antennas is much
more demanding than an RF antenna due to their nanoscale dimensions. Traditional top-down
techniques, such as electron-beam lithography is commonly applied for this aim. Although it offers
10 nm accuracy, the optical properties of metal structures are often suffering from polycrystallinity
of thermally evaporated metals and structural imperfection introduced from lift-off process. An
alternative is to apply a focused ion-beam milling fabrication technique on a chemically synthesized
single-crystalline metal flakes. It allows for preparing metallic nanostructures with improved structural
homogeneity and optical quality [I06]], but brings an issue of reproducibility at the same time [4].

Another challenge lies in the electro-optical conversion. Unlike a conventional radio antenna, which
is locally connecting to the feed element driven by electric current, an optical antenna often couples to
a localized light emitter, which is excited from the far-field. This brings several challenges. First, a
large impedance mismatching between the source and the antenna needs to be compensated, which
is very important for directivity control. Secondly, the bandwidth and frequency of the antenna are
limited by the intrinsic properties of light emitters. Moreover, as most optical antennas operate based
on light-in and light-out configurations, bulky lab-scale setups are involved. Regarding electrical
detection, an optical rectenna based on a tunnel junction is reported [I07]], and a variety of established
nanoscale photodetectors are waiting for implementation. However, It is more tricky to generate light
locally and electrically. Hecht ez. al. realized electrically driven directed light emission via inelastic
tunnelling [109]]. But the emission process is very inefficient, and it requires single-crystalline
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connector wires. Electroluminescence in 2D materials that are explored intensively in recent years
could be an alternative [36]]. Nevertheless, connecting an ultrathin wire to a nano-object is still
technically very challenging.

On the other hand, these differences open the new possibilities. First, the surface plasmonic
resonance is strongly geometry dependent so that optical antennas can take various unusual forms
such as tips, nanoparticles. In particular, using a sharp tip as an optical antenna, which is commonly
done in near-field optical microscopy, enables to probe highly localized field with nanometer spatial
resolution. For example, Hillenbrand et al. visualized propagating and localized graphene plasmons in
real space using a scattering near-field microscopy equipped with a metallic AFM tip [I10]. Secondly,
metals exhibit strong nonlinear characteristics at optical frequencies, which provide possibilities in
frequency mixing and conversion. Besides, the temporal response of surface plasmons in metal is on
the order of femtoseconds, which holds promise for coherent ultrafast nanophotonics [IT1]]. Finally,
an optical antenna can focus light into a volume spatially comparable to an atom or a molecule’s
length scale. This could open up transition channels beyond the electric dipole selection rule. The
photoluminescence from gold nanostructure is generally attributed to this origin [[T12]. Additionally,
Ebbesen ef al. used a microfluid microcavity to realize a site selectivity in a chemical reaction by
modifying the chemical landscape under strong coupling [[17]]. Similar experiments can be expected

with a plasmonic antennas.

2.3 Quantum emitter coupled to a plasmonic antenna

2.3.1 Single quantum emitters

A quantum emitter is a system that possesses discrete energy levels and supports radiative optical
transitions. It can be an atom, a fluorophore molecule, a quantum dot, or a quantum-confined system
such as a nitrogen-vacancy center in nanodiamond. The interaction between light and a quantum
emitter falls within the theoretical frame of the two-level atom approximation. As discussed in
section [2.1] the optical properties of quantum emitters are very sensitive to the local electromagnetic
environment and thus can act as a local sensor [5} [6]]. Furthermore, as a two-level quantum system
emits only one photon at a time, a single quantum emitter can serve as a single-photon source for the
application in quantum optics [[7HI].

Organic fluorophore molecules are one of the most commonly used single quantum emitters. Their
interaction with light is illustrated in Figure[2.6] By absorbing photons, the molecule is promoted to an
excited state from a ground singlet state S, followed by a fast relaxation to the first excited singlet state
S,. From here, it is possible to decay radiatively or nonradiatively into different vibrational modes of
the electronic ground state. The radiative relaxation, so-called fluorescence, is red-shifted from the

excitation. This enables experimental detection of fluorescence as it can be spectrally separated from
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Figure 2.6: (a) Energy-level diagram for an organic fluorophore molecule. S, S, and 7} stands for
the ground singlet state, the first excited singlet state, and the lowest triplet state, respectively. Each
electronic state contains several vibrational states. Possible transitions between different vibronic
states are illustrated with lines. (b) Fluorescence time trace of an Atto 647N molecule in PBS buffer
solution.

the excitation source. The photon emission efficiency of a fluorophore molecule is determined by
quantum yield g,
0
Vr

4o = ——, (2.24)
Y+ Yo

where 79 is the radiative decay rate and y,?, is the non-radiative decay rate. An efficient fluorophore
molecule possesses a low density of vibrational states of the electronic ground state at the energy of
S, which reduces the possibility of non-radiative relaxation.

On the other hand, the molecule at S, can also make a transition to the lowest triplet state 7| through
intersystem crossing. This causes an interruption of the S;- S, transition so that the fluorescence
ceases abruptly for a period in the order of milliseconds, corresponding to the lifetime of Tlﬁ Under
continuous excitation, the fluorescence of the molecule can exhibit a random switching between
a bright state (ON) and a dark (OFF) state, so-called fluorescence blinking. The observation of
fluorescence blinking between two intensity levels is considered a strong indication for a single emitter
[TT4HTT6]. In addition, as the relaxation from T} to S, is a spin-forbidden transition, 7} has a long

A longer period dark state can be caused by photo-induced charge separations and subsequent trapping of electrons or

holes [@]
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Figure 2.7: Schematic illustration of three-level quantum systems coupled to a particle antenna. r,,
and r, are the position vectors of the emitter and antenna, respectively.

lifetime. Accordingly, the triplet state is photochemically active and associated with photobleaching, a
complete quench of fluorescence due to the molecule’s permanent chemical alteration. Reducing the
triplet state lifetime and removing the surrounding active oxidant can improve the photostability of
the fluorophore molecule significantly [T18]]. Finally, a single stepwise intensity drop caused by
photobleaching is often used as a criterion to identify a single fluorophore molecule in practice [[116]
[120].

Fluorescence blinking is observed in many different classes of quantum emitters. For example, the
dark state of a semiconductor quantum dot is attributed to the charge and discharge effect of surface
electron traps [[I13]]. A local crystal disorder such as surface dangling bonds causes the blinking of an
NV center in nanodiamond [I21]]. However, the one-step photobleaching approach can not be applied
to all quantum emitters as not all of them undergo photobleaching very easily. Some other features
also imply the existence of a single emitter, including spectral diffusion [[122] [123]], narrow spectral
linewidth, and power-law dependent on- and off- time distribution [I24]]. The only direct proof of a
single quantum emitter is the observation of photon antibunching, which is based on the fact that it
can only emit one photon per excitation circle. In the correlation measurement using the Hanbury

Brown-Twiss setup, photon antibunching is observed as the absence of coincidence events at zero time

delay [T23].

2.3.2 Enhancement and quenching of a single-emitter fluorescence

Let us consider a fluorescence process of an antenna-emitter system as shown in Figure 2.7] An
external pump source with a photon energy of Zw,, excites the emitter from ground state to excited

state with an intensity below saturation. The excitation rate w,,. is determined by the transition dipole

€xc

moment p and the local electric field which is obtained as the sum of the incident field at the location
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of emitter E(r(, w,,.) and the secondary field E;(r(, w, ) at the location of emitter, which originates

exc
from the scattering from the antenna. With respect to the excitation rate of an isolated emitter ygxc, the

excitation rate becomes

_ ')/O |p ' [E(rO’ wexc) + Es(rO’ Wexc ]|2
exc — Jexc
|p ' [E(rO’ wexc)|2

(2.25)

After excitation, the emitter relaxes to the ground state by radiative decay or by non-radiative decay that
is associated with energy transfer to the coupled plasmon of the antenna or to the local environment.
As the energy transfer occurs over a very short distance, the curvature of the antenna boundary is
negligible. Therefore the non-radiative energy transfer rate v, ., can be estimated from the interaction
of an quantum emitter with its mirror image [[63} [[26]]. The total decay rate v, as a sum of radiative

decay rate vy, and non-radiative decay rate ;. can be derived from Equation (2.3)) as

2rc?

0

Yiotal = Yr T Yioss = Vr —zp(l'o, wr)’ (226)
w

where 79 is the radiative decay rate of an isolated emitter, p, (ry, w) is the local density of states and
can be calculated with dyadic Green’s function as

6(1)0 «—
pp(rg, w,) = —[n, - Im{ G (ry,rp;w,)} -n,], (2.27)
TC

with n, being the unit vector in direction of the molecule’s dipole moment. Equ. (227) shows that
both radiative and non-radiative process are influenced by the local environment, and hence can be
mediated by changing the relative distance of emitter and antenna.

In the simplest case that a spherical gold nanoparticle serves as an optical antenna and the quantum
emitter as a point dipole is placed next to it, the gold particle can be represented as a polarizability
@’. The radiative rate has the same form as excitation rate, which is attributed to reciprocity theorem
[127], and can be expressed as

3 2

a e(w)—1

1+2
" (a+z)° e(w)+2

Y, =y° (2.28)

with z being the separation between the molecule and the antenna surface. The non-radiative rate

Yioss 18 expressed as

2 2 2
-1 1 Py +2
€ } (px +py +2p7) 2.29)

e+1]) (k,z2)° Ip|* ’

where k,. is the wave vector at the emission frequency and p = (p,, py,p;) || We can now

0
Vioss = lem{

express the quantum yield of the antenna-emitter system by
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Figure 2.8: Calculated fluorescence enhancement of an emitter close to a gold nanosphere according
to Egs. (2.28) to (2.30). The system is evaluated at the excitation wavelength of 1,,. = 630 nm and
emission at A, = 680 nm. The emitter is assumed to have a fixed orientation along z — axis. (a)
Normalized excitation rate y,,. (blue) and quantum yield ¢ (red) as a function of particle-emitter
separation z. Here the gold particle has a diameter of 60 nm and the emitter has an intrinsic quantum
yield of ¢° = 1. (b) Normalized emission rate Yem s a function of distance z for the same case as in
(a). (¢) Normalized emission rate y,,, as a function of separation z for different particle diameter:
100 nm, 80 nm, 60 nm, 40 nm and 20 nm, from top to down. Here qo = 1. (d) Quantum yield as a
function of separation between a 60 nm gold particle and an emitter with different intrinsic quantum
yield. The curves are scaled differently for better presentation.
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(2.30)

Here, qo is the intrinsic quantum yield of the emitter and (1 — qo)/ qo accounts for the intrinsic
nonradiative decay inside the emitter, which is assumed not influenced by the antenna. The emission
rate can be obtained as a product of excitation rate and quantum yield as the excitation and emission

are incoherent processes: Yem = Yexe * -

We plot the excitation enhancement, quantum yield, and emission enhancement as a function of
particle-emitter separation for different different particle size and emitters with different qO according
to Eqs. (2:28) to in Figure 28] The emitter is assumed to have a fixed dipole orientation
pointing towards the particle. It shows that for an emitter with very high intrinsic quantum yield with
almost no intrinsic loss, coupling to an antenna can only decrease the quantum yield. The emission
enhancement is thus only a result of the acceleration of the excitation rate. This is different from the
case of an emitter with very low ¢, in which the local environment can increase the photoemission
drastically. For instance, the fluorescence of a single Y3 N @Cy, with g, = 0.02 is enhanced two orders
of magnitude by a gold particle [I1]]. Furthermore, the emitter and particle’s relative position is
critical for emission enhancement: for large separation, the interaction between the emitter and particle
becomes weak; for small separation, the dissipation process dominates, resulting in a fluorescence
quenching. Additionally, from (2.29) and (2.28), we can observe a maximum of non-radiative decay
process at € = —1, which is blue-shifted from the plasmon resonance at € = —2. Hence, the maximum
of the fluorescence enhancement occurs at a longer wavelength than the plasmon resonance of the

particle.

In summary, to optimize the emission enhancement of an antenna-emitter system, the ratio of
radiative efficiency and non-radiative efficiency 7y, /7y, needs to be maximized. This can be achieved
by tuning the antenna’s materials and geometry, optimizing the emitter’s dipole orientation, placing
the emitter at emission favorable position with nanometer precision, and tuning the antenna resonance
to the blue of the emission wavelength of the emitter. It is possible to obtain a larger enhancement
through a more efficient antenna design. For example, a single molecule’s fluorescence is observed to
experience an enhancement up to 1340 with a bow-tie antenna [[I0]]. Besides, the quenching effect
resulting from the non-radiative process can be further suppressed by placing the emitter into an
ultrasmall gap between a particle antenna and a metal substrate. In this hybrid-plasmonic system,
higher-order modes which account for the dissipation in an isolated nanoparticle now radiate efficiently
[128H130].
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Figure 2.9: An illustration graphic of DNA origami

2.4 DNA origami for plasmon-exciton coupling

For the efficient coupling of a quantum emitter to an optical antenna, it is crucial to have their relative
position controlled with nanometer accuracy (see Figure 2-8). Most works so far rely on randomly
depositing emitters onto an array of antenna{l , or reversely, spreading chemically synthesized
antennas on the pre-patterned emitters [I31]]. The following post-selection applies to identify
the emitter-antenna pairs. A method such as a two-step electron beam lithography combined with
chemical functionalization [[20} 21]], manipulation of nano-emitter with a fiber tip [[T5]], offers a tedious
but better relative distance control.

Molecular self-assembly, DNA origami nanotechnology in particular, is an alternative solution to
this challenge. It intrinsically gives nanometer accuracy since one base pair is 3.4 A in length along the
strand. Moreover, it also allows for creation of programmable three-dimensional DNA architectures
with almost arbitrary shapes and full addressability [22} [23]. In addition, a DNA origami structure can
also serve as a template for positioning a variety of nanoscale objects including metal nanoparticles
(591 [[32H133], fluorophores [136]], quantum dots [138]], carbon nanotubes
[139],, proteins [[T40] [I41]], etc. It has been proven that DNA origami assembled complex plasmonic
system can enable enhanced radiative rate of emission [58]l, increased Froster resonance energy
transfer [[62]], and single molecule surface-enhanced Raman scattering [59H61]]. Finally, incorporation
of DNA molecular machine, DNA origami techniques facilitate the fabrication of reconfigurable
nanostructures. In this section, we will provide an overview of basics of DNA origami nanotechnology

and its application in light-matter interaction nanosystems.

2.4.1 DNA origami

The specificity and simplicity of Watson-Crick base pair interaction makes DNA a powerful construction
material to build complex nanostructures from a large set of nucleotides. This stimulates the expansion
and enrichment of the DNA nanotechnology field in the last decades. However, the synthesis of

complex structures often involves large sets of DNA strands, multiple reaction and purification steps,

5 The deposition of emitters usually refers to a low concentration of organic molecules embedded in a polymer thin film or
a monolayer of atomically grown nano-structures with micrometer separation [@]
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0[153] TAATAGTAGTAGCAAGGTGGCCAATAA
1[105] GTTGTACCAAAAACAGGCAAGATAGC
1[126] GGCGCGAGCTGAAATTAACATCATGT
1[91] ATAAAGCAAATTAACCACCACCTCATT
) 2[118] TGACCCTAGAACCCACCCGCCACCC
2[139] CTGTTTAAGATTTAACACTGAAGCATC »
2[97] GGAGAAGAACGCAACACCCTCGAGG
4[118] ATATTTTCCGGAGAAAAGCCCGGAAT
4[139] TAACAGTTTAAATAGACAGCCCGTCT
5[140] TGCAACTGCTTAATTGCTGAATTTTG

Figure 2.10: A typical DNA-origami assembled nanostructure fabrication process: (a) DNA origami
structure design with caDNAno software; (b) synthesis of staple DNA strands; (¢) assembly of
DNA-origami structures by thermal annealing the mixture of a scaffold strand and excess amount of
staple strands; (d) attachment of DNA functionalized nanoparticles to DNA origami nanostructure; (e)
purification process using gel electrophoresis; (f) final characterization, e.g., transmission electron
microscopy (TEM). Adapted from Ref. [[T42].

resulting in high expense and low yield. Most critically, most structures contain just a few unique
positions which can be addressed as pixels due to the complexity of engineering diverse interactions
[23]. This impedes positioning several discrete particles of predefined positions, which is very
important for plasmonics application.

The DNA origami technique, first introduced by Paul Rothemund in 2006, offers a simple approach,
with relatively low cost and high yield, to construct complex two- or three-dimensional DNA
nanostructures capable of carrying diverse components with nanometer precision. The idea is to use a
long single-stranded viral DNA molecule as a scaffold strand and fold it into the desired structure
with the help of a set of short DNA oligonucleotides, as illustrated in Figure. 2.9} The scaffold
DNA strand is usually from a known sequence with thousand base pairs, such as a sequence of
genomic DNA from M13 bacteriophage. Each short oligonucleotide will bind the specific position
of the scaffold, eventually forming a three-dimensional nanostructure. Attaching nano-objects to
origami nanostructures is realized by single-stranded DNA extension as capture strands and chemical
modifications such as biotin or amino groups. The assembly of nanoparticles, such as metal spheres,
requires functionalization with complementary strands of the capture strands. This is different from
a fluorophore, which is often incorporated into staple strands directly. Additionally, with chemical
modification, it is possible to attach a protein molecule or even immobilize an origami structure on a
substrate through biotin-streptavidin interaction.

A standard workflow of a DNA assembled nanostructure is as follows (see Figure 2.10): first,
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Figure 2.11: (a) optical gap antenna assembled by DNA origami technique for fluorescence enhance-
ment [58]; (b) mapping the LDOS in plasmonic nanocavity when laterally displacing the position of
single molecule on an origami template [I9]]; (¢), combination of DNA origami assembled triangles
with lithographic photonic crystal cavities [136]]. Scale bars: 250 nm (top), and 500 nm (bottom).

conceiving the geometry of an origami structure and arrangement of nano-objects; next, using design
software called caDNAno [22] [T43]] to generate sequences for all short and extension strands, and
sending the sequences to commercial vendors for synthesis; assembly of the origami nanostructure
with desired functionalities, followed by a gel electrophoresis purification process; last, structure
inspection with transmission scanning spectroscopy or atomic force microscopy. After that, we can
perform further investigations, such as optical microscopy [[16} [57H62]] or molecular force studies

[144]], on ensemble-level or individual origami structure.

2.4.2 Plasmon-excition hybrid nanosystem

DNA origami techniques have made significant progress in the fabrication of chiral plasmonic
structures [T} 24] [T34] [133]], and plasmonic coupling systems containing multiple particles [143]], due
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to the possibility to arrange gold particles precisely on the origami template. However, the exploration
of application in plasmon-exciton interaction is rather primitively that only a few configurations have
been demonstrated. Earlier studies mostly focus on the distance-dependent energy transfer between a
single fluorophore and a single small gold particle, as it is easy to position a small gold particle within
20 nm on origami bundles and control the relative distance precisely [[146].

Acuna et al. put forward a DNA-origami assembled nanostructure for fluorescence enhancement of
a dye molecule in 2012 (see Figure 2.1T). In this structure, two gold nanoparticles with a gap of
23 nm form a gap antenna, are attached to a DNA origami pillar, where a dye molecule within the
pillar that is located at the center of the gap. The maximum observed enhancement is up to 117-fold
[58].. Later, large varieties based on this configuration have been reported, including breaking the high
concentration limit of single-molecule detection in life sciences [147]), fluorescence enhancement
of a quantum dot or a protein complex [[149]], detection of Zika virus nucleic acids and
a portable smartphone microscope [I51]]. On the one hand, this geometry demonstrates robust in
emission enhancement, which is different from the case of a bowtie antenna. There is no evidence for
a fluorescent enhancement in a DNA origami-assembled bowtie antenna nanosystem, even though
many previous studies with traditional top-down fabrication techniques have proven it [60]]. On the
other hand, several critical limitations remain. First of all, there is a large spread in the enhancement
factor, resulting from the imperfections of assembly, particle morphology, and antenna efficiency
limited by particle size. A Large particle will exhibit stronger enhancement, but increase the chance
of detachment from the origami pillar at the same time. Secondly, it requires a considerable effort to
engineer the photostability of the fluorophore [[I17]]. Therefore, emitters in this prototype have only a
limited number of choices, restricting the system’s enhancement efficiency.

A more complex hybrid plasmon-exciton nanosystem can be realized through a combination of DNA-
origami assembled techniques and traditional top-down techniques. Here, the plasmonic structure is
fabricated by electron beam lithography or ion-beam milling, while DNA-origami assembled structure
serves as a sizing unit. This approach allows to circumvent the difficulties of attaching large metal
particles or antenna with complex geometry. One simple example is to place a DNA origami template
with a single molecule in a sub-5 nm plasmonic nanocavity. Changing the lateral position of the
molecule precisely on origami template enables the direct map of the spatial profile of the LDOS
(see Figure2.T1)) [[T9]]. Another attempt is to place the origami nanostructure onto lithographically
patterned binding sites. Gopinath et al. demonstrated a reliable and controlled coupling of molecular
emitters to photonic crystal cavities with this approach (see Figure[2.TT) [136]]. We can foresee a
similar method applied for plasmon-exciton coupling.

Most importantly, DNA origami techniques do not only support static devices. Incorporation
of dynamic DNA nanotechnology into DNA origami-based plasmonic structures affords extra
functionalities. For instance, the reconfigurable origami template allows the rearrangement of
plasmonic nanoparticles under external stimuli such as specific DNA strands [24]], pH [26], light [23],
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Figure 2.12: (a) Structure of seven-atom wide armchair-edge graphene nanoribbons (7-AGNRs) and
six atom-wide zigzag-edge graphene nanoribbons (6-ZGNR). The edges in GNRs are passivated by
hydrogen atoms. (b) Calculated band gap as a function of p for armchair graphene nanoribbons with
edge carbon atoms: N, =3p,3p +1,3p +2; pis an integer. The value is calculated from equation in

[152].

which give rise to a change of optical response. In addition, a metal particle and emitter can serve
as a molecular walker moving on a static origami template through specific DNA reactions such as
toehold-mediated strand displacement reaction [[I]]. Particularly, it is possible to trigger an autonomous
sequence of change with the help of a DNA-RNA reaction [[16]]. This allows a rigorous study of the
distance dependence of plasmon-exciton interactions, which is often achieved by the fabrication of

multiple samples [[19]].

2.5 Nanostructured graphene

Exploring novel excitonic materials for plasmon-exciton interaction is an increasingly important area.
In particular, two-dimensional (ZD) materials such as graphene-based materials, transition metal
dichalcogenides have attracted tremendous interest due to their exceptional optical properties.
For example, localized excitons and atomic defects in 2D materials can exhibit bright single-photon
emission at room temperature, in which the emission wavelength is tunable through strain control [27],
dimensional engineering [[28] [29]], magnetic field [[T53]], and variation of doping concentration [[T54].
Therefore, 2D materials supported single emitters can be a more photostable and versatile alternative to
the traditional fluorophore in quantum optics applications. Additionally, the electronic band structure
of 2D materials such as TMD has a unique valley configuration, where the excitons in the same valley
but opposite spin can be addressed selectively with different polarization of incident light [30H32].

This brings new modes in plasmon-exciton interaction when coupling to metal nanostructures. Most
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importantly, new optical effects stem from the coupling effect between plasmons and excitons in
2D materials, including brightening dark-excitons [156]], improving the exciton energy transfer
range [35]], and supporting new hybrid states, namely exciton polariton, when entering into the strong
coupling regime [158].. It also allows to probe inherent weak features such as emissions with low
quantum yield [2]. In this dissertation, we will focus on the plasmonically enhanced optical properties
of graphene nanoribbons.

One dimensional graphene nanoribbons (GNRF) have emerged as a promising material for future
optoelectronic applications due to their tunable electronic and optical properties [ATH4§]l. The width
and edge geometry strongly influence the properties of GNRs [49H52]]. Based on the edge geometry,
they are classified into two categories: armchair-shaped edge GNRs (AGNRs) and zigzag-shaped
edge GNRs (ZGNRs), as shown in Figure 2.12h. AGNRs show semiconducting characteristics
with a direct bandgap. The bandgap energy of an AGNR is inversely proportional to its width as
the bandgap arises from the quantum confinement effect. Moreover, the variation of the bandgap
energy exhibits a unique family behavior related to the number of dimer lines across the ribbon width
N, that is, Ei,va:;p“ > Eév;?p > Eé\lajmz, with p being a positive integer (see Figure ) .
Accordingly, (3p + 1)-AGNR is very important for optical applications as its bandgap corresponds to
the visible wavelength for small p. In contrast, although ZGNRs also have direct bandgaps, which
shows a ribbon width dependence, there is no similar family effect. Instead, it has peculiar edge states
allowing to couple ferromagnetically along the edge and antiferromagnetic between the edges, crucial
for graphene-based spintronics [39] #1] [I59]]. Hence, it is possible to synthesize semiconducting
nanoribbons with control of the bandgap energy [38] [53] [54]l, and even topological engineered
bandstructure [[55] [56]] by tuning the width and edge of GNRs.

Importantly, using bottom-up wet-chemical fabrication techniques, atomically precise GNRs are
feasible. In this context, GNRs can be seen as conjugated macromolecules with thousands of
atoms, which are synthesized through surface-assisted polymerization of pre-designed precursor
molecules, followed by a thermally activated cyclodehydrogenation reaction. As the precursor
molecule determines the edge and width of GNRs, tuning the structures of GNRs can be realized by
properly choosing the precursor molecule [37H40]. Furthermore, the bottom-up synthesis route allows
substitutional doping with atomically precise control by employing a doped precursor, [161]). It
is also possible to form GNR heterojunctions by annealing a mixture of different precursors molecules
or fusing different GNR segments [162].

So far, seven-atom wide semiconducting armchair-edge graphene nanoribbons (7-AGNRs) are the
most intensively studied GNRs. Previous optical studies on the ensemble level of 7-AGNRs such
as Raman [34} [38] [165] [T66]], photoluminescence [[33] 34]], optical reflectance anisotropy [167]], and
absorption spectroscopy have revealed the excitonic nature of optical transitions. For
wider lithographically prepared GNRs, edge plasmon oscillations have been observed using scanning

probe techniques [[170]]. A major finding of these studies is that the photoluminescence of pristine
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Figure 2.13: (a), zoom-in on a plasmonic hotspot. The lateral dimensions of one 7-AGNR are
indicated with the white line. The enhancement is shown above the pseudocolor plot. (b), timetraces
for the emission from a selected nanoantenna. (c¢) Proposed energy scheme for 7-AGNRs with three
optical transitions: (A) transitions between localized states (Tamm states) and delocalized bulk states
at the band edge; (B) transitions between Tamm states and deeper bulk states; (C) transitions between
only bulk states. The transition energies for transitions A are taken from Ref. [[I63]] assuming 30
nm long GNRs. Energies in B are taken from [[2]]. Energies for transitions C originate from Raman
excitation profile measurements and the value for the band gap is taken from scanning tunnelling

spectroscopy studies [164]|. Adapted from Ref. [2]

7-AGNRs is very low. This is attributed to the presence of low-energy dark excitons, a common
feature of (3p + 1)-GNRs. These dark excitons are energetically close to optical emissive states,
providing a competing path for non-radiative decay of optical excitations [46] [50]|. This has been
further proved by extinction spectral changing during defect-induced brightening of 7-AGNRs. Here,
7-AGNRs experience a photoluminescence enhancement during defect formation, accompanied by
the observation that a low-energy peak vanishes while high-energy peaks remain unmodified in the
absorption [168].

Apart from inducing defects to remove the dark excitons, the photoluminescence of AGNRs can
also be significantly enhanced by coupling to a plasmonic nanoantenna [[34]]. The highly confined
plasmonic hotspots allow the observation of emission from down to the single AGNR (see Figure
[2.13). Surprisingly, the emission of AGNRs exhibits fluorescence bursts with narrow-band line widths
and shows spectral diffusion, which are typical signatures of single quantum emitters. The current
interpretation suggests that Tamm states, which are spatially located at the terminus of GNRs and
energetically situated in the center of the bandgap, are crucial for observing fluorescence bursts [2]].
The fluorescence bursts are attributed to the optical transition between Tamm states and bulk states
delocalized along the whole GNRs, consistent with the electroluminescence findings in Ref. [163].

The nature of bright and dark states and emission processes still require further study.
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CHAPTER 3

Experimental method

This chapter describes the far-field optical microscopy techniques and data analysis methods used in
this dissertation. We introduce the principle of a confocal microscopy, followed by single-molecule
localization studies. Then we proceed with time-resolved single-molecule techniques, where the
excited state lifetime of a molecule can be determined. We continue with the optical microscopy
of metal nanoparticles including extinction microscopy and dark-field microscopy, which allows
measuring the extinction of single optical antenna. We additionally briefly introduce interferometric
scattering microscopy which allows to detect particles smaller than 20 nm. The scheme of the

experimental setups will be given at the end.

3.1 Confocal microscopy

Confocal microscopy is a standard far-field technique to image single molecules. As shown in Figure
[3-1] the basic principle is to illuminate the sample with a focused spot from a collimated laser beam.
The emitted photons are collected and spatially filtered by an aperture, which is in the plane conjugated
to the illumination plane, so-called a confocal pinhole. This attenuates out-of-focus photons and
stray light so that only light from the initial illumination spot’s optical response can be detected. The
confocal microscopy thus provides a better image contrast and axial resolution compared to wide-field
microscopy.

The resolution of a confocal microscope is limited by diffraction. It is defined as the minimum
distances of two objects that can be resolved. The lateral resolution is given by the Airy disk radius,
which depends on the numerical aperture NA of the objective and illumination wavelength A, given as
[171]

Ary = 0.6098 (3.1)

A
NA
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Figure 3.1: Principle of a confocal microscope: excitation beam is focused on the specimen by an
objective lens to form a diffraction-limited spot. The optical response is collected with the same
objective and separated from the excitation path by a beamsplitter. A pinhole at the conjugate plane of
the focus spot, blocks out-of-focus light (green and blue) and only allows the light from the excitation
spot (red) to reach the detector.

The numerical aperture is a product of the refractive index of the medium of the object and the sine
of the maximum incident angle in which light can get through the objective, given as NA = nsin 6.
Accordingly, a high NA oil immersion objective is commonly used in single-molecule detection to
achieve a better spatial resolution. The immersion oil has the nearly same refractive index as the
microscope slide so that the reflected incident light is minimized. As a result, more light is directed
through the objective. Additionally, introducing a pinhole gives rise to axial resolution as only light

originating from sample plane can pass. The axial resolution is given as

Ar, = 2”—/12. (3.2)

NA
In our experimental setup, we use an oil immersion objective NA = 1.49 and an incident wavelength of
630 nm, which yields a lateral resolution of 278 nm and an axial resolution of 860 nm. We remark that
the improvement of the lateral resolution using a confocal microscope is rather marginal. Nevertheless,
introducing a pinhole is very useful for imaging a dense sample or a specimen with liquid immersion,
where a lot of scattering takes place. Furthermore, combined with techniques such as stimulated

depletion emission, confocal microscopy can achieve sub-diffraction-limit resolution [[172].
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Figure 3.2: Position uncertainty o, as a function of pixels (a), signal amplitude (b), and background
(c). Adapted from Ref.

3.2 Single molecule localization microscopy

A point-like radiating source such as a single molecule produces a diffraction limited spot in the
far-field optical image. This diffraction limited spot is described by a point-spread function (PSE).
Reversely, the position of an emitter can be determined by fitting a PSF to the experimental data. A
method called single-molecule localization microscopy (SMLM) is developed based on localizing
single molecules from the PSF, which has important applications in the visualization of biological
structures and tracking biological motions [174]]. However, the physical PSF models often involve
non-trivial terms such as integrals and infinite series, leading to high complexity computations. In
practice, we use the least-squares Gaussian approximation method to fit the PSF of a wide-field or
confocal microscope, which results in simple and fast data processing [I75]]. For a captured
image pattern originating from an isolated emitter, the intensity D; ; at pixel with coordinates (7, j) is

approximated by a two-dimensional (2D) Gaussian distribution:

(i = i)+ (j - jo)° .

— (3.3)
w

G, ;j=B+Aexp| -

There are five parameters: the coordinates of the maximum (i, j,) (i.e., the emission center), the
background signal B, the amplitude A, and width w. The least-squares method is then applied to find

the optimal parameter sets by minimizing the sum of the squares of the residuals

X2 = Z [Gi,j - Di,j]2' 3.4

N
-J=1

4

The fitting uncertainty depends on the number of pixels of the image pattern, the amplitude, and

background noise (see Figure 3.2)). In order to determine a molecule position with high accuracy,

31



Chapter 3 Experimental method

Pulsed

diode

1 L l TCSPC

t, t, t

§2]
C
=}
o
O

0 time delay t

Figure 3.3: Working principle of time-correlated single-photon counting. The time delays are the
difference between the emitted photon arriving time and the corresponding excitation pulse. The time
delays forms a histogram, which allows to determine the emitter’s excited-state lifetime.

it is important to have enough pixels for fitting, high intensity, and low background level. With the
Gaussian approximation method, a position accuracy down to 10 nm can be achieved [T76H179).
For a composite emission pattern from more than one emitter, it is possible to determine the
individual position and the relative distance using Gaussian approximation if emitted photons from
individual emitters are distinguishable through spectra, arrival time, or blinking statistics. Additionally,
In the emitter-antenna coupled system, the emission pattern is the interference of the direct emission
and that from the antenna. This interference results in a spatial shift of the emission spot from
the actual position of the emitter. The spatial shift magnitude depends on the antenna size and the
near-field coupling strength [T8O0HI83]|. The shift in the observed emission localization of an emitter
close to a plasmonic structure can therefore convey information about the optical near field [T84H186].

3.3 Time-correlated single photon counting

3.3.1 Principle of time-correlated single-photon counting

An excited molecule can return to the ground state either radiatively or non-radiatively. The excited-
state lifetime can be experimentally determined by a method called time-correlated single-photon
counting (TCSPQ). Figure [3.3]illustrates the working principle of this method. First, a pulsed laser

sends out a short excitation pulse to excite the molecule, simultaneously sending an electric pulse to
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a TCSPC module to trigger a “’start”. When an emitted photon from the molecule is detected, the
single-photon detection module, such as an avalanche photo diode will send a signal to the
TCSPC module as a ’stop”. The start-stop time difference, defined as time delay, is analyzed and
converted into a digital timing result in the TCSPC module. Repeating this process many times builds

up a distribution of time delays, which is the decay profile of the molecule.

If more than one photon is emitted in the system after one excitation cycle, the TCSPC module
tends to only register the first one and ignore the following ones. This is the so-called pile-up effect,
resulting in a distortion of the decay profile. In order to avoid the pile-up effect, the repetition rate
of the excitation source is usually kept at least 20 times faster than the count rates at the detector in
practice [I87]]. On the contrary, if no photon is detected after one excitation pulse, the TCSPC module
will be reset by the next excitation pulse arises. When a high-frequency excitation source is applied,
those no ’stop’ events can be discarded to reduce the data rate without losing useful information. This

is realized in Timetagger by a function called ’conditional filter’.

The instrument response function (IRF) characterizes the timing resolution of a TCSPC system.
Factors such as timing accuracy of the detector, timing accuracy of the excitation source, the length of
the excitation pulse, and timing jitter of the electronics can give rise to a broadening of the IRF. It can
be measured by removing spectral filters, placing a cover glass in the sample holder so that there is no
fluorescence but only reflected excitation light reaching the detector. Additionally, the IRF exhibits a
spectral dependence. When using the deconvolution method to determine the fluorescence lifetime, it

is important to measure IRF at the wavelength close to the fluorophore’s emission.

3.3.2 Fitting fluorescence intensity decays

For a system with an excited state population n, the decay process can often be described by the
differential equation

dn(t)
= —[k, + k,, ]n(t), (3.5)

where n() is the excited state population at time ¢, k,., and k,,,. are the radiative and non-radiative rate
constants, respectively. Here the characteristic time-scale that a molecule spends in the excited state is
defined as

r=(k +k,)". (3.6)

Assuming that the fluorescence intensity is proportional to the excited state population n(¢), the

intensity decay /(¢) is therefore exponential, given by

1) = Lexp(-), (3.7)
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with [, being the intensity at ¢ = 0. Therefore, for a quick determination of the fluorescence lifetime,
a mono-exponential tail fitting can be performed on the time-delays histogram using Equation [3.7}
However, the first portion of the data in the histogram should be excluded for the fitting as the
mono-exponential decay model is not valid for the initial rise when the laser pulse arrives. Additionally,

if the system possesses more than one lifetime, the intensity decay can be described as the sum of the

(1) = Z @ exp (—Ti) , (3.8)
7 J

where «; is the pre-exponential factor accounting for the fraction of lifetime 7;.
A more accurate fitting approach is called deconvolution ﬁttiné{l || The measured intensity

intensities from each decay

N(t) in the histogram, is the convolution of the physical process of the fluorescence decay /(¢) with
IRF L(¢), given as

N(t) = /Ot L(t")I(t-1t")dt'. (3.9)

Here I(t — t") denotes the fluorescence intensity from the sample at time ¢, originating as a response
to an excitation pulse at time ¢’ and with amplitude L(¢"). The goal is to determine I(¢), which yields
the best overall fit between N (¢) and L(¢). In this dissertation, this fitting procedure is achieved using
iterative reconvolution with a least-squares method with software DecayFit 1.4 [I89]], which finds the

optimal parameter by minimizing the parameter )(Izg

» 1 (N () = Ne(t)?
Xk =~ ; N . (3.10)

Here, n is the number of data points, while N(z;) and N_(¢;) are the measured counts and fitted
counts at time 7, respectively. For a good fit, )(IZQ should approach to 1 and the residual should be

randomly distributed around 0.

3.4 Optical microscopy for metal nanoparticles

The optical properties of metal nanoparticles can be experimentally determined using extinction
spectroscopy (see Figure[3.4(a)). Here a broadband warm white light from a tungsten lamp illuminates
the sample from the substrate, and then it is coupled to a 10x magnification microscope objective. The
transmitted light is collected by the objective and sent to the spectrometer. The extinction spectra can
be determined as the loss of the optical radiation. We remark that here we use a small NA objective
(NA=0.25) so that only zero-order diffraction, i.e., direct transmission, is collected. Additionally, the

spectrometer’s slits in the image plane can be closed down to a small aperture, which allows measuring

! We remark that there is no actual deconvolution taking place, rather convoluting IRF with simulated decay instead.
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Figure 3.4: (a) extinction spectroscopy (b) dark-field spectroscopy (c¢) interforemetric scattering
microscopy (iISCAT), where the inset is an illustration of the interaction between gold nanoparticle
and the optical field. (d) An iSCAT image of 20 nm gold spheres on a coverslip.

the extinction from a single nanoparticle.

Another important method to spectrally characterize metal nanoparticles is dark-field spectroscopy,
which provides a better signal-to-noise ratio compared to the transmission approach in the extinction
spectroscopy. As is shown in Figure [3.4p, the white light source illuminates the sample in a way such
that no reflected light enters into the objective. The scattered light is collected by the objective and
sent to the spectrometer. Unlike extinction spectroscopy, dark-field spectroscopy allows applying a
high NA objective (NA=0.8), and circumvents the artifacts arising from the illumination fluctuation in

transimission arrangement.

Dark-field microscopy with high detection sensitivity is very important in single-particle based
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bioimaging application [190H192]]. However, it is very challenging to detect small nanoparticles
with the dark-field method due to their weak scattering strength. A method called interferometric
scattering microscopy provides a way to overcome this challenge [[T93] [T94]] (see Figure[3.4k).
In this method, the scattered field from a nanoparticle E; = E Sei¢s interferes with a reference field

E, = Erei¢r, which is in our case the reflected light, yielding the measured intensity 1, as
1, =|E, +E|*=1 +1I, +2E, E,cos . (3.11)

Here I, and I, are the intensity of the light reflected from substrate and scattered from the nanoparticle,
respectively, and E, and E| are the corresponding amplitude of the electric fields. The phase ¢ in the
cross-term contains the contribution of the propagation phase, a Gouy phase shift, and the contribution
arising from the scattering from the nanoparticle. Here /, drops with the sixth power of the particle
size. Hence, it vanishes quickly into the background as the particle dimension decreases. On the
other hand, the cross-term in Eq. [3.1T] drops slower and, consequently, dominates in I, for small
nanoparticles. This enables the detection of single gold nanoparticles down to a diameter of 5 nm
(193]l The intensity contrast ¢ in the presence of a nanoparticle is defined as

1,-1, E;
c= = 2E— cos ¢. (3.12)

r r

Equation [3.17) implies the engineering the balance between E, and E, is beneficial to increase
the image contrast. This is done in our experiment by aligning the pinhole in the detection path.
Additionally, we use a laser source with a low power flucturation and a good beam pointing stability
for illumination. For detection, we use a low-noise photoreceiver with a 10Hz filter, so that the
instrumental noises are strongly suppressed. Figure [3.4d shows an example of 20 nm gold spheres
measured with our iSCAT experimental setup, where a destructive interference can be observed in
the center of the gold sphere. Furthermore, the detection sensitivity is fundamentally limited by the
shot-noise, given as the square root of photon number. Therefore, increasing the illumination power

can enhance detection sensitivity significantly.

3.5 Experimental setups

3.5.1 Home-built laser-scanning inverted confocal microcope

In this dissertation, the experiment in Chapter [3]is carried out in a home-built laser-scanning inverted
confocal microscope shown in Figure [3:5] For the excitation of the molecule, we used a pulsed
diode driven by a laser controller (PILAS) that allows to be operated at the repetition rate up to 40
MHz. Light from the pulsed diode passes through polarization optics and dielectric filter, reflected

at a piezo scanning-mirror (model S-334, Physik Instrumente). The reflected light is focused to a
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Figure 3.5: Schematic of a home-built laser scanning inverted confocal microscope.

diffraction-limited spot on the sample using an oil immersion objective (NA=1.49, Olympus). The
objective is mounted with a piezo focusing unit (Physik Instrumente), which allows adjusting the
focus by a stepwise of 100 nm. A telecentric system that consists of two 100 mm achromatic lenses, is

installed before the objective.

The emitted fluorescence photons are collected with the same objective, separated from the excitation
light using dielectric filters, and directed to a fast single-photon counting APD (PDM, Micro Photon
Devices) or a spectrometer (IsoPlane SCT320 spectrograph, Teledyne Princeton Instruments) equipped
with a CCD camera (PIXIS 400, Teledyne Princeton Instruments). A confocal pinhole with a diameter
of 25 microns is placed in the detection path to block out-of-focus light. The fluorescence decay
traces are recorded using time-correlated single-photon counting by connecting the timing output of
the APD and the laser to a TCPSC module (Timetagger20, Swabian Instruments). For Atto 647N
detection, we use a filter set (635 nm LED HC Filter Set, AHF analysentechnik), which consists of a
clean up filter (635/18 BrightLine HC), a dichroic beamsplitter (Beamsplitter HC BS 652) and an
emission filter (680/42 BrightLine HC).

The iISCAT experiment is performed based on the same microscope. All the dielectric filters are

removed and the dichroic mirror is replaced by a non-polarizing 50/50 beamsplitter. The sample is
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Figure 3.6: Schematic of a custom-built fluorescence microscope based on Olympus IX73 inverted
microscope. Filter wheel 1: filter wheels with a selection of neutral density filters. Filter wheel 2:
motorized filter wheel with a selection of bandpass filters. LED1: narrow-band LED with a central
wavelength of 623 nm. LED2: a broad-band LED with warm white light.

illuminated by a high power solid-state Laser with a wavelength of 532 nm (gem, Laser Quantum).
The reflected light serves as the reference beam. A low-noise photoreciever with a built-in 10 Hz
low-pass filter (OE-200-SI, Femto) is used for detection. The position of the confocal pinhole needs to
be adjusted for balancing the reflected and scatttered light.

3.5.2 Custom-built fluorescence microscope based on Olympus IX73

The localization microscopy is carried out with a custom-built fluorescence microscope based on an
inverted microscope (IX 73, Olympus) (see Figurd3.6). The sample is placed on a nanopositioning
stage (P-545.xR85, Physik Instrumente). This microscope has the two illumination options: (1)
focused laser illumination, where a multi-color fiber collimator (FC60, Schifter+Kirchhoff) is installed
to support switching the laser source; (2) wide-field continuous-wave illumination enabled by a
narrow-band LED (SOLIS-623C, Thorlabs) and a broad-band LED (SOLIS-2C, Thorlabs) equipped
with a selection of bandpass filters (Filter wheel 2). The illumination light is coupled to an oil
immersion objective, and the emitted photons are collected with the same objective. The excitation
and emission light are processed with a fluorescence filter set installed in the filter cube turret. The
fluorescence light can be recorded by a CMOS camera (Zyla 4.2 Plus, Andor). Additionally, this
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microscope also supports direct observation through the eyepiece and an external detection path such
as an APD or a spectrometer.

We remark that the ventilation fan inside the CMOS camera can cause a mechanical vibration
around 1 kHz. This fan can be manually switched off for a short period. Therefore, in a sensitive
experiment that requires recording images using CMOS camera with a long integration time, it is

better to use a CMOS camera with water cooling system.
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cHAPTER 4

DNA-origami directed dynamic plasmonic walker

In the following section, we propose a dynamic light-matter interaction nanosystem enabled by the
DNA origami techniques. Here the interaction of an isolated fluorophore molecule and a plasmonic
nanorod can be modulated by moving the nanorod in steps of 7 nm along an origami template. This
chapter contains the contribution from Mo Lu, Chao Zhou, Steffen Both, Markus Pfeiffer, Hao Yan,
Thomas Weiss, Na Liu, and Klas Lindfors. I performed walker-release experiments and walking
experiments. I characterized the process using single-molecule spectroscopy and scanning electron

microscopy. This work is unpublished.

4.1 Introduction

DNA-origami techniques allow accurate placement and arrangement of light emitters and plasmonic
nanoparticles. Incorporating DNA molecular machines, DNA-origami techniques enabled the
fabrication of a dynamic plasmonic nanomachine with active optical properties that can be monitored
in situ. So far, the dynamic optical response in the active plasmonic nanomachines is mainly realized
by two means. The first way is to put plasmonic nanorods in a "cross" configuration, which gives rise
to a change in the circular dichroism once the geometry is reconfigured [T, 24H26]|. The second way is
to use a gold nanoparticle as both a "slider” and a quencher, where a fluorescence spectrometer can
used to monitor the distance-dependent non-radiative energy transfer between a gold nanoparticle and
a fluorophore [[195H197]]. However, even though DNA-assembled active plasmonic nanomachines are
expected to be an exceptional platform for studying light-matter interaction, plasmonic nanoparticles
in all these structures serve mainly as reaction indicators to demonstrate the nanomachine’s dynamic
functionalities where little physical insight has been revealed. Most critically, as the dynamic

movement of the nanomachine usually takes place in a liquid phase, most in-situ optical observations
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Figure 4.1: Schematic illustration of the plasmonic walker device. A gold nanorod (35 X 10 nm) and
a fluorophore molecule (red sphere) are assembled on the DNA origami template (58 x 42 x 7(nm2)).
The gold nanorod is fully functionalized with DNA strands, which can execute a walking in a "rolling"
fashion along the walking track. This walking track is made of extension strands from origami surface.
It comprises six rows of footholds (A-F) forming five walking stations spaced by 7 nm. In each row,
there are five binding sites with identical footholds, which are colored in the front line to illustrate the
different strand segments. The fluorophore molecule (red sphere) is immobilized in the middle of
footholds C and D. The red beam indicates the fluorescence emission from the molecule.

are performed on the ensemble level, which does not deliver dynamic information about the individual
device. The ensemble-level measurement may disguise the diversity and even real product yield of the
nanomachines, leading to a misinterpretation of the experimental result.

This chapter’s motivation is to investigate the dynamic light-matter interaction on the level of
single dynamic devices. Here, each DNA-origami assembled device contains a coupling system
of a fluorophore and a plasmonic antenna. Their relative distance can be modulated dynamically,
resulting in changes in the fluorophore’s fluorescence intensity and lifetime. Using single-molecule
spectroscopy, we can track in real-time the fluorescence changes in the individual device that is

immobilized on a coverglass in the liquid cell.

4.2 Device design

The structural design of the walker device in this section is developed from Ref. [I]]. Figure 4.1
illustrates the schematic of our walker device. In this device, a gold nanorod (AuNR)) works as a
plasmonic walker, which can perform stepwise progressive and reverse movements on the origami

template. We position a fluorophore molecule (Atto 647N) at the selected walking step along the
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walker is moved from station AB to station BC. Adapted from Ref.

nanorod’s motion direction. Therefore, the nanorod can be programmed to approach or leave the

fluorophore, giving rise to distance-dependent changes in the optical interaction.

The walking principle is illustrated in Figure #.2] Six rows of foothold strands (A-F) with a
separation of 7 nm extended from the origami surface, form the walking track. The nanorod is
functionalized with foot strands and can bind with two foothold rows at each time. It is initially
parked at station AB and the foothold rows C-F are deactivated by the corresponding blocking strands.
The first walking step is triggered by adding the blocking strands for row A and removal strands
for row C. Two toehold-mediated strand-displacement reactions take place simultaneously, resulting
in a dissociation of the walker’s feet from row A and activation of row C [198]]. As row A now is
deactivated by site-blocking, the walker, whose one-side feet are staying with row B, will eventually
find foothold C. As a result, the walker moves one step forward from AB to BC. The following
walking steps follow the same mechanism. Detailed description of the structural design and walking
mechanism can be found in Ref. [[]].
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Figure 4.3: (a) Extinction spectra of gold nanorods and DNA functionalized gold nanorods used in
the DNA-assembled plasmonic walker. The extinction intensity here is normalized to the maximum
value. (b) Absorption and emission spectra of Atto 647N. Data are taken from the supplier [199]]. The
intensity here are normalized to the maximum value.

4.3 Optical interaction

For understanding the optical interaction between the gold nanorod and the fluorophore molecule, we
perform finite element simulations using the commercial software COMSOL Multiphysics. Here we
apply the Lorentz reciprocity theorem to deduce the modification in far-field fluorescence due to a
local source near the plasmonic structure [200]. The incident plane wave is circularly polarized in xy
plane and propogates along the substrate normal (z-axis). We use water as the medium surrounding

the structure to simulate the buffer condition. The molecule is modeled as an electric point dipole.

We first consider the wavelength-dependent optical properties of the walker system (see Figure
[@.4p). Here, the gold nanorod’s displacement to the molecule is 0 nm, i.e., the nanorod is parked at
station CD. The dipole orientation of the molecule is fixed along the x-axis. We can observe that
the power dissipated to the nanorods P gigpaion OVerwhelms over the power radiated into the far-field
Pro_field> Tesulting in very low quantum yield. The quantum yield in the lower panel is calculated as
the ratio of far-field radiation with the nanorod’s presence and without, which gradually increases

when the molecule’s emission wavelength is red-detuned from the nanorod’s plasmon resonance.

Figure {.4p shows the calculated interaction enhancement (top) and quantum yield (bottom) as
a function of nanorod displacement to molecule d for different dipole orientations. The emission
wavelength is fixed at A = 670 nm, corresponding to the emission maxima of Atto 647N (see Figure
[A3). The interaction enhancement is calculated as the ratio of the power radiated in the molecule’s

vicinity with the nanorod’s presence and without. For a molecule with the dipole orientation along
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Figure 4.4: Quantification of the optical interaction. (a) Calculated dissipated power and far-field
radiation power (top) and quantum yield (bottom) of the walker system as a function of emission
wavelength. The displacement of nanorod to the fluorophore molecule is d = 0 nm. The far-field
radiation power is magnified 20 times for better comparision. (b) Calculated interaction enhancement
(top) and quantum yield for different dipole orientations as a function of displacement of nanorod to
the fluorophore d. (¢) Histograms of fluorescence lifetime for static devices with the displacement
d = 14 nm (top) and d = 0 nm (bottom), respectively.
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Chapter 4 DNA-origami directed dynamic plasmonic walker

the nanorod’s long axis (x-axis), the interaction becomes more pronounced as the nanorod is getting
closer to the molecule, while the quantum yield drops drastically at the same time. For molecules
with other dipole orientations, the interaction is rather weak and also shows distance dependency.
From the simulation result, we can expect that the fluorescence emission in our walker system is
partially quenched due to the gold nanorod’s presence, while fluorescence lifetime will be shortened
as the increase of the non-radiative rate. When the nanorod is next to the molecule, the emission is
completely quenched.

We use single-molecule spectroscopy to experimentally characterize a number of static devices,
where the gold nanorod is initially placed at d = 0 nm and d = 14 nm, respectively. The devices
are immobilized on a coverglass in the liquid cell with a density of less than 1 device/,um2 using
the protocol in[A.3] We measure the fluorescence decay trace of individual structures and plot the
distribution of the fluorescence lifetimes in Figuref.4k. Both devices show a peak around 4 ns, similar
to the intrinsic fluorophore molecule, indicating an absence of gold nanorod in those devices. The
peak below 1.5 ns suggests that the interaction with a nanorod modifies the fluorophore’s emission.
Most interestingly, there is an absence in the middle of the distribution for the device with d = 0 nm,
which is different than the device with d = 14 nm. It indicates that in the device d = 0 nm, the nanorod
is either missing or very close to the molecule, whereas, in the device d = 14 nm, the fluorescence

decay rate can be partially modified by a nanorod in the vicinity.

4.4 Dynamic operation of gold nanorods

4.4.1 Release of gold nanorods

We first performed the release experiment of gold nanorods from the walker devices and track
the change in gold nanorod’s photoluminescence using single-molecule microscopy. The sample
was illuminated with an excitation power of 120 uW at 630 nm wavelength, so that fluorophore
molecules are bleached and only photoluminescence of gold nanorod can be detected. The fluorescence
micrograph, therefore, contains only nanorods from the walker devices that are immobilized and free
nanorods that are deposited on the surface (see Figure #.3p). Then 1uL of solution with 100 uM
releasing strand diluted with 100 uL PBS containing 10 mM MgCl,, were added into the chamber to
release the nanorods. The releasing strands contain a mixture of the blocking and removal strands
solution of all footholds (A-F). After a few minutes of incubation, gold nanorods on the walker
device start to detach from the origami template and diffuse into the buffer solution. We then collect
fluorescence micrographs of the same region at a certain time interval after adding the releasing
strands. We remark that each device is illuminated only for a few seconds a few times an hour to avoid
destroying the origami structure by thermal heating.

Figure .3 displays a comparison of fluorescence micrographs before and after adding the releasing
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Figure 4.5: Release experiment of gold nanorods. (a) Fluorescence micrograph of gold nanorods
before (left) and 180 minutes after (right) adding the releasing strands. We applied the median filter
on the micrograph to remove the background noise for better presentation. The red circles on the left
illustrate nanorods that are removed. The red circles on the right image illustrate nanorods that appear
180 minutes after adding releasing strands. (b) Evolution of the number of nanorods that are released
and appear with time. The solid lines illustrate the mean value. (c¢) Photoluminescence spectra of a
single DNA functionalized gold nanorod.
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strands. We can observe that more than 60% of nanorods are removed. Additionally, there are a few
newly appear nanorods, which were not detected before initiating the release. This may come from the
deposition of nanorods from the solution. We plot the evolution of the number of nanorods that are
removed and appear as a function of elapsed time in Figure #.5p. The releasement for most of the
nanorods already occurs in the first 15 minutes. Meanwhile, there is an increasing number of nanorods

from the solution going to the surface over time.

4.4.2 One-step walking

We next investigated the dynamic light-matter interaction by performing the walking experiment.
The illumination power is attenuated to 1 uW so that the photoluminescence of gold nanorod is
neglectable compared to the fluorophore molecule. In the fluorescence micrograph shown in Figure
[4.6] the observed bright spots correspond to immobilized individual structures. All measurements are
performed using circularly polarized incident light in order to minimize the influence of the orientation
of the absorption dipole moment of the fluorophore. The nanorods in the walker devices were initially
parked at station CD with a d = 0 nm displacement. After identifying a region with sufficient devices,
a 100 L buffer solution containing walking strands (blocking strands d and removal strands b")
was added into the liquid cell to initiate walking. Here an incubation of 20 minutes is required for
the strand replacement reaction [[I]. We recorded the fluorescence micrographs and fluorescence
decay traces of selected individual devices in the same region before adding the walking strands (see
Figure[d.6p) and 30 minutes after adding the walking strands (see Figure[f.6p). As a final step, we
added the release strands to remove all nanorods from walker structures and recorded the fluorescence
micrograph (see Figure [.6k).

We perform a colocalization study on the walker device in each fluorescence micrograph using a
custom-written Matlab code. Those devices emerging only after walking and releasing are marked
with red crosses. Here we can observe that several fluorophore molecules appear after walking,
indicating that the fluorophore’s emission is less suppressed as the nanorod is moving away. This is
consistent with the lifetime correlation, shown in Figure {f.6ld, where several devices have experienced
an increase of fluorescence lifetime. Finally, there is an outburst of emission from the fluorophore

molecule after releasing the nanorods, as the fluorophore’s emission is no-longer dissipated into metal.

4.4.3 Progressive and reverse walking

We continue by performing a progressive and reversibly walking experiment involving four walking
steps. As illustrated in Figure [#.7h, the walking route starts from a displacement of 14 nm, reaches a
position next to the fluorophore, and returns to the starting point. Here we expect that the fluorescence
intensity of a walker device experiences a change in a sequence of “’bright-dark-bright”. Similar to

before, we first identify a region with sufficient devices and then record fluorescence micrographs
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Figure 4.6: One-step walking experiment. (a) Fluorescence micrograph of the immobilized devices
before walking. The nanorod is placed at station CD with a displacement d = 0 nm. (b) fluorescence
micrograph of the immobilized devices after walking. The nanorod is expected to be at station BC
with a displacement d = 7 nm. (c) fluorescence micrograph of the immobilized devices after releasing
the nanorods. The red cross marks the device in (b) and (c), which were not found in (a). (d) a
correlation of the fluorescence lifetime before and after the walk. Each data point corresponds to an
individual device. The diagonal line illustrates the situation for no change in lifetime during the walk.
We additionally mark the devices that are most likely with bleached molecules or missing nanorods.
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Figure 4.7: Progressive and reverse walking with four steps. (a) Schematic illustration of the walking
route: AB-BC-CD-BC-AB. (b) A sequence of fluorescence micrographs (i — v) were recorded before
and after each walking step. The red cross in the fluorescence micrograph ii — v illustrate the device
that colocalizes with a device in the fluorescence micrograph i that was recorded before walking. (c)
Statistics of the same device’s occurrence during walking.

during the walking process. We remark that for multiple steps operation on the nanorod walker, the
buffer solution needs to be changed into fresh ones between two steps so that the released strands in

the previous step will not disturb the following reaction.

The recorded fluorescence micrographs are presented as the walking sequence in Figure {.7p.
Here, fluorescence micrograph i was recorded before initiating the walk. The devices observed
in the micrograph that are recorded after each walking step and colocalize with the devices in the
micrograph i are marked with red crosses. The occurrence of identical devices during the walking
process are summarized in Figure #. 7. From here, we can observe that a large number of devices
disappeared during the walk, which most likely arised from the photobleaching of the fluorophore.
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Figure 4.8: (a) Transmission electron micrograph of a walker device that contains a gold nanorod (35
nmX 10 nm) and a gold nanosphere (10 nm in diameter). The nominal nanorod-sphere distance is 30
nm. (b) Scanning electron micrograph of a walker device with the same design as in (a). (c) Statistics
of the relative distance of nanorod-nanosphere for three walker devices determined by transmission
electron microscopy. The peak at 0 nm distance stands for the devices that are missing particles or
contain more than one nanorods. The solid red lines illustrate the nominal relative nanorod-nanosphere
distance: 16 nm, 30 nm, 44 nm (from top to down).

Additionally, many devices did not seem to change during walking. Only very few devices fulfilled

the "bright-dark-bright" trend, which is insufficient to draw a conclusion.

4.5 Ex-situ characterization with electron microscopy

In our experiment, the origami template, which contains a walking track, is immobilized on the surface.
Thus the walking yield of a walker device could be different from that in solution. For example, in
solution, the 2D rectangular origami template is naturally bending at a certain angle, facilitating the
strand displacement reaction [201] 202]]. Additionally, as Bovine serum albumin (BSA) can bind
to gold nanoparticles easily [203]], it is also possible that the gold nanorods bind to BSA passivated
surface during walking.

To investigate the nanorod walker devices’ walking yield on the surface, we additionally fabricated

the walker devices that would allow ex-sifu electron microscopy characterization. In this structure, a
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gold nanosphere with a 10 nm diameter is assembled on the origami template’s edge, serving as a
reference coordinate. A plasmonic nanorod is placed at a nominal distance with respect to the gold
nanosphere (see Figure [f.8). We first characterized a number of walker devices in a solution using
transmission electron microscopy where the nanorods are placed at different positions. The
statistics of the relative distance determined with TEM for each walker devices is shown in Figure 8.
We can observe that more than 50 % of the devices are wrongly assembled, either missing nanorods or
containing multiple nanorods in one device. For the devices containing only one nanorod and one
nanosphere, the relative distance distribution is very broad. In particular, there are two peaks in the
distribution for the devices with 16 nm nominal nanorod-nanosphere separation, which indicates that
the assembly accuracy decreases if two nanoparticles are positioned with a close distance.

We immobilized the walker devices on the cover glass in a liquid cell using the same approach as in
Section[d.4] After performing two-step progressive walking on the walker devices, the coverglass in
the liquid cell was then taken out, rinsed with deionized water to remove the salts in the buffer solution,
and coated with a thin layer of conductive polymer. Then we used scanning electron microscopy
(SEM) to characterize the change in relative distance between a nanorod and a nanosphere (see Figure
[@.8p). However, it is technically difficult to make such an experiment under SEM. Apart from the
imaging challenge due to the nanoparticles’ small dimension, the broad distribution in the relative
distance that is revealed by TEM also introduces the ambiguity. Moreover, many gold nanoparticles
are detached or deformed in the post-processing procedures after walking experiments so that very

few devices can be found under SEM that contain both nanorod and nanosphere.

4.6 Conclusions

In this chapter, we have studied a DNA-origami directed plasmonic nanosystem using single-molecule
spectroscopy and SEM. We first performed a numerical simulation to understand the optical interaction
in this nanosystem. It shows that the fluorescence of the fluorophore molecule is partially quenched
due to the presence of the plasmonic nanorod. The quenching effect becomes more pronounced as the
nanorod moves closer to the molecule. This is experimentally proved by the fluorescence lifetime
measurement of a number of static devices. Second, we have demonstrated that on the addition of
releasing strands, the gold nanorods can be removed from the origami templates and diffused into the
solution. This has been observed the brightness change in both gold nanorods and the fluorophore
molecule. Additionally, when the nanorods are moved 7 nm away from the fluorophore, we have
observed that a number of devices are lightened up, and the few devices experienced an increase of
lifetime. However, the observation from the multi-step walking experiment is rather inclusive, which
is different from the case in Ref. [[I]], where the walking process has high fidelity.

The observed differences in the walking experiment can be caused for several reasons. First, the

walking yield could be different in our case as the origami template containing walking track is
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immobilized on the surface. Second, the TEM images indicate that there is a large portion of assembly
imperfection in the sample. This imperfection, including missing nanoparticles due to the sample
degradation, or the nanorods attached to the wrong foothold, impedes the walking process. A cease in
the walking process will not be revealed in the ensemble-level circular dichroism measurement, but
it can be observed and raise ambiguity in individual device studies. Most importantly, the optical
interaction between a nanorod and a the molecule is very sensitive to the molecule’s dipole orientation,
nanorod geometry, and the local environment. For example, the variation of the aspect ratio in nanorod
geometry can significantly change the plasmon resonance, resulting in a modification in the interaction
with the fluorophore. Additionally, the nanorods are only captured on the side by footholds rows, so
they can make thermal vibrations along the x-axis. As we are hunting for a very small change between
a partial quenching and a complete quenching of the fluorophore, the factors mentioned above can

make the observation even more difficult.
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CHAPTER D5

DNA-origami directed dynamic fluorophore
molecule walker

In this chapter, we have demonstrated a dynamic light-matter interaction nanosystem powered by
DNAzyme-RNA reactions. Here, each DNA-origami assembled device contains a coupling system of
a fluorophore and a plasmonic gap antenna that consists of two 60 nm gold nanoparticles. In contrast
to the design in Chapterfd] their relative distance is modulated by the autonomous and unidirectional
motion of a fluorophore walker. We first demonstrated the walking mechanism with an ensemble
Fret experiment in the absence of gold nanoparticles. The fluorescence intensity of the fluorophore
molecule, which assembled on the walking track, shows a trend that first decreases and then increases
when a quencher molecule passes by. Then we optically tracked a number of devices, where a
single fluorophore is transported along a zigzag track into the hotspot of a plasmonic nanoantenna.
Our key result is the observation of accelerated fluorescence decay and simultaneously increased
fluorescence brightness when the fluorophore enters a nanoantenna hotspot. Our experimental results
are in agreement with simulations of the light-matter interaction. Such autonomous walking is based
on a burnt-bridge mechanism, thus giving rise to unidirectional movements without any external
intervention.

This chapter contains the contribution from Mo Lu, Ling Xin, Chao Zhou, Steffen Both, Markus
Pfeiffer, Maximilian J. Urban, Hao Yan, Thomas Weiss, Na Liu and Klas Lindfors. I performed the
walking experiment, optical characterization, and interpretation of the optical results. I prepared
figures, supplementary materials, and wrote the methods part of the publication. I participated in
finalizing the manuscript in close collaboration with Klas Lindfors. The following section of this
chapter containing the published result is replaced by the Ref. [16] according to Promotionsordnung
der Mathematisch-Naturwissenschaftlichen Fakultdt der Universitdt zu Koln vom Mdrz 2020 § 12 (1).
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CHAPTER O

Plasmonically enhanced photoluminescence
blinking from graphene nanoribbons

In this chapter, we probe the origin of the photoluminescence blinking in seven atom wide semi-
conducting armchair-edge graphene nanoribbons (7-AGNRs) observed previously by our group [2].
Importantly, the absence of Raman features from GNRs in the spectra of a photoluminescence burst
indicates that the blinking purely relates to the emission process. By varying the size and material of
optical antennas, we tune the spectral position of the plasmon through the fluorescence spectrum of
the GNRs influencing the field enhancement and spatial confinement of the plasmonic hotspot at the
emission wavelength. We find a clear correlation between the plasmonic field enhancement and the
amplitude of the blinking events. This indicates that the plasmonic enhancement is the key element to
being able to observe photoluminescence blinking from nanoribbons and that the blinking is thus
intrinsic to the 7-AGNRs. Our experimental results thus exclude charge transfer between the metallic
nanostructure and the semiconducting ribbons from being the source of the blinking.

This chapter contains contribution from Mo Lu, Markus Pfeiffer, Boris Vladimirovich Senkovskiy,
Danny HG Haberer-Gehrmann, Dirk Hertel, Klaus Meerholz, Yoichi Ando, Felix Fischer, Alexander
Griineis, Klas Lindfors. I performed the optical characterization and data analysis, including extinction
measurements, photoluminescence imaging, and super-resolution study. I extracted the data from
numerical simulation, whose model was initially developed by Markus Pfeiffer. I wrote the manuscript,
prepared the supplementary materials, and finalized them in close collaboration with Klas Lindfors.
The following section of this chapter containing the published result is replaced by the Ref. [104]] in
publication according to Promotionsordnung der Mathematisch-Naturwissenschaftlichen Fakultdt der
Universitdt zu Koln vom Mdrz 2020 § 12 (1).
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CHAPTER [

Summary and Outlook

This dissertation applies the plasmon-exciton coupling effect in DNA origami nanosystems and
nanostructured graphene to gain insight into nanoscale motion and interaction below the diffraction
limit. The plasmon-exciton interaction is explored by using a far-field optical technique, in particular
single-molecule spectroscopy. On the basis of the methods and findings provided here, more complex

and intriguing plasmon-exciton coupling experiments can be proposed.

In the first part of the dissertation, we have discussed the plasmon-fluorophore dynamic nanosystem
enabled by DNA origami techniques. This system was explored experimentally and theoretically. We
first studied a plasmonic nanorod walker device, where the interaction of a fluorophore and nanorod
can be modulated by moving the nanorod. We have demonstrated that the nanorod can be released
from the origami template, but the observation of the dynamic interaction between the nanorod and
the fluorophore is rather inconclusive. Either the walking process is hindered, or the coupling between
the nanorod and fluorophore is not very efficient.

We then studied a dynamic nanosystem where two 60 nm gold nanoparticles and an RNA-coated
track were assembled on a three-dimensional origami template. A fluorophore molecule attached to
DNAzyme strands acts as an autonomous walker. By adding trigger DNA strand and divalent metal
ions, the walker moves unidirectionally along the track into the hotspot using burnt-bridge mechanisms.
As the fluorophore molecule approaches the hotspot, the fluorescence intensity increases, and the
fluorescence lifetime decreases. We additionally discuss that the importance of dye orientation for
fluorescence enhancement. For example, if the dye molecule can rotate freely at a time scale shorter
than the fluorescence lifetime, it can be considered as an isotropic emitter.

Our findings in origami-directed plasmonic nanosystems have provided insights into designing
dynamic plasmonic nanosystems: (1) there is always a “trade-off” between flexibility and stability. In

order to achieve a dynamic system that is optically resolvable, it is important to choose an interactive

59



Chapter 7 Summary and Outlook

manner of the antenna and the emitter that gives rise to a robust signal with a high signal-to-noise
ratio. (2) DNA origami provides a rather complex chemical environment, where some species can
chemically quench the molecule’s fluorescence or influence the dipole orientation. It requires careful
consideration of the chemical environment and the engineering of the photophysics of the fluorophore.
(3) the origami assembled nanostructures will degrade with time and temperature (see [A.3)). It is
therefore important to measure the sample as fresh as possible. Furthermore, the design has to consider
that the plasmonic particle does not generate too much heat to destroy the origami assemblies under
laser illumination.

DNA origami-directed dynamic plasmonic nanosystem provides a platform that allows to optically
track the nanoscale motion of a DNA nanomachine with high temporal and spatial resolution. Using
single-molecule microscopy, we can monitor the nanoscale motion on the individual device and gain
the information of diversity and fidelity. Moreover, complex dynamic plasmonic architectures with
tailored functionalities can be achieved using DNA origami assemblies. For instance, incorporating
multiple fluorophores such as semiconductor quantum dots with a plasmonic antenna could allow for
dynamic switching of the interactions between the emitters and their coupling to the far-field.

In the second part, this dissertation employs a plasmonic antenna to probe the origin of the
photoluminescence blinking of the 7-AGNRs. By varying the size and material, we observed a clear
correlation between field enhancement and the blinking amplitude of the GNRs. Importantly, we have
proved that the observation of the photoluminescence blinking does not require direct contact with
the metal nanostructure. This indicates that the photoluminescence of the blinking is purely coming
from the intrinsic nature of the GNRs. It further strengthens our hypothesis that the Tamm states,
which are spatially located at the termini of the 7-AGNR, are responsible for the fluorescence blinking.
Although many open questions, such as the nature of the dark and bright states during blinking and
the influence of defects, require further study, our result opens an inspiring direction to understand the
light emission process for 7-AGNRs.

The emission blinking and spectral diffusion we observed in plasmonic-enhanced 7-AGNRs are the
characteristic features of a single quantum emitter. It suggests that plasmonic-enhanced 7-AGNRs
could be used as single-photon sources. In contrast to the conventional organic fluorophore, this
system has the following advantages: (1) The ribbons are significantly more photostable, and we
didn’t observe any photobleaching with one week of continuous light illumination; (2) 7-AGNR can
potentially be excited electrically; (3) 7-AGNR is more robust and compatible with standard top-down
techniques such as electron beam lithography; (4) It is possible to prepare aligned GNRs in large areas,
allowing full control of the dipole orientation. Plasmonic-enhanced GNRs can therefore be used as a

novel nanoscale semiconductor for plasmonic circuits.
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APPENDIX A

Scientific Appendix

A.1 Atto 647N molecules embedded in PVA thin film

A cover glass (Plano) is cleaned by Mucasol universal detergent (Sigma Aldrich) for 10 minutes
in an ultrasound bath and 10 minutes in deionized water. This step is to remove the fluorescent
organic ligands. Atto 647N is purchased from Atto-Tec. We diluted the Atto 647N solution into DMF
suspensions with the concentration in the range of picomolar. The diluted Atto 647N solution is mixed

with Polyvinyl alcohol aqueous solution and spin-coated at 3000 rpm for one minute.

2500

L

Figure A.1: Fluorescence micrograph of Atto 647N embedded in PVA thin film.
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A.2 Colocalization of two color fluorophore system

Here two kinds of the fluorophore are assembled on the plasmonic nanorod walker device in Chapter[d]
We used lasers with two different incident wavelengths to excite the same region. The colocalization

devices are marked with red crosses.
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Figure A.2: Fluorescence micrographs of the DNA-origami assembled plasmonic system with two
color fluorophore (Atto 647N and Atto 525). The excitation wavelength is 532 nm (left) and 630 nm
(right), respectively.
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A.3 Immobilization of the DNA origami devices

DNA origami assembled plasmonic devices in Chapter f] and Chapter [5] were immobilized on a

BSA-biotin-neutravidin surface in a commercial LabTek chamber using the procedure of Ref. [204]:
1. The LabTek chambers were washed 3 times with 500 uL of PBS.

2. The chambers were incubated with 300 uL. of BSA-biotin solution (0.5 mg/mL in PBS) for 10

min.
3. BSA-biotin solution was removed and the chambers were washed 3 times with 650 uL of PBS.

4. The chambers were incubated with 300 uL of neutravidin solution (0.8 mg/mL in PBS) for 5

min.
5. Neutravidin solution was removed and the chambers were washed 3 times with 650 uL of PBS.

6. 10 uL of the gel purified dynamic devices solution and control samples were diluted with 300
1L of PBS with the 11 mM MgCl, solution, respectively. Each LabTek chamber was then
incubated with a specific sample solution for 3h. The chambers were then washed three times
with 650 uL of PBS with the 11 mM MgCl,. Each chamber was kept in 300 L of PBS with
the 11 mM MgCl, solution at 4 °C.

A.4 DNA functionalization of the gold nanoparticles

The gold nanoparticles in Chapter [5]are functionalized with 5° end thiolated DNA (HS-T15,
5’-HS-TTT TTT TTT TTT TTT-3’ purchased from Sigma Aldrich, with RP1 purification). The
functionalization was carried out following the procedure below. Thiolated DNA strands were
incubated with TCEP [tris(2-carboxyethyl) phosphine] for at least 1 h to reduce the disulfide bonds.
The ratio of DNA:TECP was 1:200. Before functionalization, the AuNPs were spun down and then
resuspended with modification buffer (0.5 x TBE buffer containing 0.02% of SDS, pH 8.0) to remove
excess cetyltrimethylammonium bromide. AuNPs (0.1 nM, 0.5 mL) were mixed with 80 uM thiolated
DNA strands (5 uL). We used a well-established salt aging procedure [203]], and the final concentration
of NaCl reached 0.7 M. The AuNPs functionalized with DNA were then purified to remove excess
free DNA strands by centrifugation. At least five times of centrifugation steps at a rate of 3000g for 5
min were carried out. Each time, the supernatant was carefully removed and then the AuNPs were
resuspended in modification buffer. The supernatant was then removed and the remaining AuNPs
were mixed with the purified dynamic/static devices with a ratio of 8:1 in modification buffer with 10

mM MgCl,. The mixture was incubated overnight at room temperature.
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A.5 Degradation of the DNA fluorophore walker with time

Figure A.3: Degradation of devices in Chapter with time. (a) TEM microsgraph of freshly made
devices. (b) TEM microsgraph of devices after 10 days.
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A.6 Layout of aluminium plasmonic antenna

A.6 Layout of aluminium plasmonic antenna

Figure A.4: A wide-field reflection image shows the layout of aluminium antenna that were studied in
Chapter
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2D Two-dimensional.

APD Avalanched photon diode.
AuNP Gold nanoparticle.

AuNR Gold nanorod.

BSA Bovine serum albumin.

FRET Forster resonance energy transfer.
GNR Graphene nanoribbons.

IRF Instrument response function.

iSCAT Interferometric scattering microscopy.
LDOS Local density of state.

PSF Point-spread function.

QED Quantum electrodynamics.

RF Radio-frequency.

SEM Scanning electron microscopy.

SMLM Single molecule localization microscopy.

TCSPC Time-correlated single photon counting.

TEM Transmission electron microscopy.

TMD Transition metal dichalcogenides.
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