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Abstract

The field of plasmonics has been shown to possess a versatile property of localized
field enhancement around noble metal nano-systems that has been researched ex-
tensively in the context of sensing, communication, and microscopy, among others.
Additionally, semiconducting nanotechnologies has seen great advances in recent his-
tory owing to their attractive optical properties that has landed them in the cutting
edge of research with applications into display technologies, microscopy, and sensing.
Therefore, it seems natural to see the two fields joined resulting in exciting research
outputs that continue to shape the way nanotechnology is studied. To this end, this
thesis focuses on the combined optical behaviour of plasmonic and semiconducting
nanoparticles to help advance this progressive field. Here, Quantum Dots (QDs)
were used as the semiconducting nanoparticles of choice. To do so, different meth-
ods of fabrication were explored that utilises both gold nanostructures and QDs,
and their optical behaviours were investigated in terms of their energy coupling and

transfer.

Firstly, a relatively sophisticated lithographic method will be introduced, allow-
ing for fine control of nanoparticle and nanostructure positioning. The viability of
such a technique shall be discussed for certain industrial purposes and how recent
developments may be used to overcome certain shortcomings including throughput
and resolution limits related to electron scattering. Secondly, the fluorescence life-

time of an alternative gold-QD layered structure and a colloidally shelled gold-QD



hybrid construction are investigated as a potential platform for light harvesting ap-
plications. For both, a pulsed laser source is used to excite the samples and the
excitation behaviour over each pulse cycle is studied. It was demonstrated that the
structures fabricated possess excellent optical energy transfer characteristics that

may make them suitable for energy harvesting platforms.
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Chapter 1

Introduction

The need for energy is, globally, a constantly increasing endeavour with electricity
consumption gradually climbing since records began [1]. With a shift away from
non-renewable sources, such as coal and natural gas, alternative sources must be
found to make up the deficit. In fact, the UK’s renewable energy consumption share
is increasing at an exponential rate |2, 3]. According to the International Energy
Agency, of the renewable energy sources, the share of solar electricity generation
globally is also increasing at an exponential rate [4]. This will only continue to
grow with major economic blocs, such as China, the EU, and USA, introducing
policies to increase funding for such technologies. Alongside electricity generation
by renewable sources, storage is also a technological challenge that is quite active.
The most common method of energy storage is in the form of hydropower, in which
water is pumped uphill and stored as gravitational potential energy [5]. Another
highly attractive option is through chemical storage i.e., using batteries integrated
into the grid for on-demand use when power generation is low such as during the
night. An emerging solution through alternative chemical storage is using Hydrogen
generation by water splitting. As Hydrogen usage produces zero emissions (the only

product being water after combustion), as well as having the highest gravimetric
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CHAPTER 1. INTRODUCTION

energy density, it is seen as a highly promising and attractive potential fuel source
[6]. Currently, technologies often rely on electrolysis which is ill suited for commercial
purposes due to high captial costs from the equipment needed and its high energy
cost needed for production. A recent study by Hodges et al. demonstrated a water
electrolysis cell with near unity efficiency with a consumption of 40.4 kWh kg H,
[7]. This is compared to commercially available cells with an energy consumption
of 47.5 kWh kgt H, with 1 kg of hydrogen containing 39.4 kWh worth of energy. In
recent efforts, integration of plasmonics and semiconducting nanoparticles has been

seen to be a promising avenue for renewable hydrogen generation via water splitting

18].

Briefly, the main mechanism of interest is the photoexcitation of charge carriers
in semiconductors from the coupled decay of plasmons. Either an electron excited
in the metal with enough energy can be transferred to the semiconductor - known
as indirect electron transfer - or the plasmon decay can directly excite an electron in
the semiconductor to the conduction band - direct electron transfer. Through these
two mechanisms, a sufficiently high energy excitation (such as a high frequency
laser source) is therefore necessary to generate hot carriers [9, 10]. Although in
this scheme, generated hot electrons have extraordinarily short lifetimes before they
thermalize back to the Fermi-level (on the order of femtoseconds), thus the use of
semiconductors are required to extract these carriers [11]. A final mechanism is
the excitation of the semiconductor, producing an electron-hole pair by a resonant
energy transfer processes [12, 13]. These photo-generated charge carriers can then be
used to drive reduction (through the hot electrons) or oxidation (hot holes) reactions

[14].

The use of plasmonics so far has been to supplement existing semiconducting
materials, such as TiOs, which alone are only active in the UV range due to its

wide energy bandgap. The addition of plasmonics serves to widen the spectral re-
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gion in which such a mixed plasmonic-semiconductor system can operate, allowing
photoexcitation to occur in the visible region, increasing the solar harvesting effi-
ciency. Excitingly, relatively new materials and geometries of semiconductors have
been exploited and shown great optical properties that can be beneficial to solar har-
vesting technologies. These are known as Quantum Wells or Quantum Dots (QD
- which will be discussed further in later chapters). Although plasmonics has been
used previously to enhance the electron-hole pair generation in semiconductors, like
QDs, the reverse process has also been demonstrated. A study by Walters et al.
had shown to generate surface plasmons by the direct coupling of radiative decay of
electrically excited QDs to plasmon modes [15, 16]. Therefore, it stands to reason
that QDs of an adequately high emission energy may be able to couple to plasmon
modes to generate hot carriers for further photo-chemical reactions - such as water

splitting.

As the majority of Hydrogen is still generated using non-renewable sources, such
as Liquefied Natural Gas, it remains a relevant and active field of research to find
cleaner alternatives [17]. In this thesis, the aim is to study light-matter interactions
in the context of photoexcited nanoparticles as potential energy harvesting struc-
tures. To do so, two different geometries of gold nanoparticles coupled with QDs will
be studied by examining the energy transfer dynamics through fluorescence lifetime
measurements. The properties of plasmonics (field enhancements) and QDs (stable,
tunable photoemissions) will be exploited to create directed energy transfer (akin to
a funnel) that may be attractive for purposes that require spatially concentrating
the harvested energy to specific regions. Furthermore, methods to fabricate sub-
strate based nanoparticle arrays with nanometric control will be discussed for other
light-matter based applications. As the applications and concepts in each chapter
are quite varied, they will be introduced individually. Overall, the main aim of this

thesis is to develop methodologies to create multilayered QD platforms where each
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layer consists of different emission energy QDs, around gold nanoparticles which
provides enhancements to the local electric field and energy transfer rates between

layers of QDs.



Chapter 2

Theoretical Background

2.1 Fluorescence

The natural starting point for this work is to explore light-matter interactions, par-
ticularly the concept of photoluminscence (PL), but specifically fluorescence. In
essence, this process involves the absorption and subsequent re-emission of light at
a different spectral location, typically of lower energy - what we now attribute to
Stoke’s law [18]. However, PL is just one of the possible de-excitation pathways
in which an excited fluorophore can release this absorbed energy. Other pathways
include internal conversion, intersystem crossing, vibrational relaxation etc. These
optical processes are often summarised graphically in a Jablonski diagram - a basic
example is shown in Fig. 2.1 which principally includes the most relevant processes
(absorption, vibrational relaxation, fluorescence, and energy transfer) with others
omitted for clarity.

An important quantity used to characterise a fluorophore is the fluorescence

Quantum Yield (QY), which is defined by the following expression [19]

k,

Pp=—" —
B ket ke

(2.1)
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51
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Figure 2.1: Basic Jablonski diagram demonstrating the excitation from the ground state (Sp)
to the first excited state (S1) of a fluorescing body and de-excitation via vibrational relaxation,
fluorescence, and energy transfer to a nearby acceptor. Note: not all possible absorption lines are
shown here for clarity and that typically hvg > hvy in Stoke’s shift fluorescence and hiy > hysy for
energy transfer processes.

where k, is the radiative rate constant and k,, is the non-radiative rate constant
which encapsulates all possible relaxation processes that do not involve the emission
of a photon. As such, the QY is the ratio between emitted and absorbed photons
per unit time and volume. Therefore, a fluorophore with high QY approaching unity
often displays bright emissions as most photons couple into the far-field. Another
important quantity that describes the optical characteristics of a fluorophore is the
fluorescence lifetime which describes the average amount of time a fluorophore stays
in its excited state before relaxing to the ground state. The equation describing this

fluorescence lifetime is similar to Eq. 2.1 and is given by

1

—_. 2.2
krad + knr ( )

T =

Therefore, given knowledge of a fluorophore’s intrinsic, average lifetime and its

6



CHAPTER 2. THEORETICAL BACKGROUND 2.1. FLUORESCENCE

QY, it is possible to calculate the proportion of radiative to non-radiative decay rates
of the molecule/particle. For typical fluorescent probes, the lifetimes are generally
of the order of 1-10 ns which are well within the measurement capabilities of current

time-resolved spectroscopic methods which will be discussed later.

2.1.1 Energy Transfer

Non-radiative Energy Transfer (ET) is a process in which the energy of excited
electrons is transported between species, typically denoted as Acceptors, A, and
Donors, D, via transition dipole-dipole coupling [20-22], as illustrated in Fig. 2.1.

The rate at which this resonance energy transfer occurs can be described by

tor = = (22, 23

™D

where kg is the energy transfer rate, 7p is the lifetime of the donor in the absence of
an acceptor, d is the separation between donor and acceptor, and Ry is the Forster
radius which is defined to be distance at which the transfer efficiency is 50% which
is expressed by [23|

2@ %
Ry = 0.02108 (“ DJ(A)) . (2.4)

A
Here k is the orientation factor, n is the refractive index of the environment, ®p is
the donor quantum yield, and J is the spectral overlap integral between the donor

emission and acceptor emission spectra:
JA) = /FD(A)sA()\))\4d)\, (2.5)

with Fp(\) being the normalized emission of the donor, and £4(\) is the extinction
coefficient of the acceptor. For ease in the calculations, particularly in solution

based samples, it is often assumed that * = 2 for dipoles oriented randomly [24].

7
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=4 =1 =0

Figure 2.2: Relative transition dipole orientation between an acceptor and donor. R is the vector
between the centre of the two dipoles with 8p and 64 being the angles between this vector and the
donor and acceptor dipoles, respectively. Op is the angle between the two dipoles. Image taken
from [25].

In general, the orientation factor describes the spatial orientation of the transition
dipoles as given by

k* = (cos O — 3cosOp cosh)?, (2.6)

where 07 is the angle between the acceptor and donor dipole moments, 6,4 and 0p
are the respective angles between the line joining the centres of the two dipoles with
the acceptor and donor transition dipole moments. As shown in Fig. 2.2, the value
of k? can take a value from 0 to 4 depending on the relative dipole orientation.
Hence for a system allowed to orient randomly, this value works out to be 2/3. In
the case where the energy transfer system is extended from a single acceptor case to
a 2-dimensional array of acceptors (such as in film based systems), the concentration

of the acceptors must be taken into account, which modifies Eq. 2.3 to |26, 27]

6
T Cace 1T
2 D d4’

kpr = (2.7)

where c4.. is the concentration of acceptors. Since the ET rate is an additional

de-excitation decay pathway [28], it can be calculated directly using experimentally

8



CHAPTER 2. THEORETICAL BACKGROUND 2.1. FLUORESCENCE

measured fluorescence lifetime values by

1 1
kpr = — — —, (2.8)
TDA D

with the subscripts DA and D indicating the donor-acceptor and donor only systems,

respectively.

One can then define an energy transfer efficiency which takes the form

kpr RS
kgt + Krag + kne RS+ dS°

Errer = (2.9)

Due to the dependence of the donor emission and acceptor absorption profile, the
value for Ry will be unique for each acceptor-donor pair, and it has been determined
for many dyes [29] and fluorescent protein [30] combinations. Given a value of
Ry, it is then possible to calculate the theoretical FRET efficiency as a function of
fluorophore separation. Experimentally, the modification of the steady-state PL or
lifetime of the donor is used to measure the FRET efficiency and, hence, used as a

proxy to determine the fluorophore separation by

I
Errer =1 — ILA ; (2.10a)
D
Epppr =1 — oA ; (2.10Db)
D

where [ is the PL intensity and the subscripts DA and D are as before. This tech-
nique has been used in biology/biochemistry fields as a "spectroscopic ruler" for
example in monitoring the structural changes in certain biomolecules [31]. Often,
the lifetime dependent efficiency (Eq. 2.10b) is used over the intensity dependency
(Eq. 2.10a) due to the invariance of fluorescence lifetime to the fluorophore con-
centration below a reasonable concentration limit whereas the intensity does not

share the same characteristic [32]. There have been recent works that has shown a

9



CHAPTER 2. THEORETICAL BACKGROUND 2.2. PLASMONICS

concentration dependency on the lifetime of high QY dyes at concentrations of the
order 107% — 1075 M, however the authors attribute this effect to the interaction
between the dye molecules and evanescent waves at the container boundary [33].
Thus, at significantly lower concentrations (107 M), it is expected to have insignif-
icant effects on the fluorescence lifetimes, so the efficiency is exclusively calculated

by the changes in lifetime.

2.2  Plasmonics

In this section, some basic interactions between light and matter will be introduced -
specifically with noble metals such as gold. The free electron cloud present in metals
are able to couple to external electric fields which causes the electrons to coherently
oscillate, producing a Localised Surface Plasmon Resonance (LSP resonance, or
LSPR). Two properties of LSPR, which has given it so much attention, is that it
significantly enhances electric fields near the surface of the nanoparticle and has
an absorption maximum at the plasmon resonance frequency. With nanoparticle
diameters much smaller than the incident wavelength (d < Ay, often d < 100 nm),
spatial retardation effects may be ignored due to the negligible phase difference
across the geometry of the particle - this is known as the quasi-static approximation.
As such, one may evaluate the electric field distribution over these nanoparticles
using electrostatics and add the time-dependence separately to observe the radiative,
dipole-like emission |34, 35].

Fortunately, the simplest case is also the most relevant in that a spherical
nanoparticle can be considered here. The sphere is assumed to be homogeneous
and isotropic, of radius ¢ and with a complex, frequency-dependent dielectric func-
tion €(w) in an environment with permittivity 4. Following the derivation provided

by Jackson [36], the electric field potential inside and outside of the sphere is given

10
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by
3
b, = — o Eqyrcos@, (2.11a)
€4 2¢e4
o Borcosf + —2- = (2.11b)
out = —Fqgr cos _— :
! 0 4dregeqr3

where the frequency dependency is dropped for clarity (e(w) = €). It is also possible
to see that Eq. 2.11b indicates the external potential is a superposition of the applied
field with an internal dipole at the sphere’s centre. Furthermore, let one define a

dipole moment p as
€+ 2¢e4

p = 4mepeqa E,, (2.12)
in which a quantity known as the (complex) polarizability « is introduced as

e+ 2’

a =4ma (2.13)

defined from Eq. 2.12 as p = gpeqaEg. One immediately recognizes that the
polarizability becomes enhanced as |¢ 4+ 24| — 0. If Ime] is small (or slowly
varying) around the resonance then this condition simplifies to Rele(w)] = —2¢4;

known as the Frohlich condition.

From Eq. 2.11a and 2.11b the electric field distribution can be evaluated using
E = —V® which yields

36d
E;, = E,, 2.14
€+ 2¢4 0 ( 2)
3 ‘p)—p1
Eout = EO + —n(n p) p— (214b)

Aregeq 137

with n being the unit vector in the direction of some arbitrary point, P, outside
of the nanoparticle. Therefore, upon meeting the Frohlich condition, there is an

enhancement of the internal and external electric fields around the nanoparticle

11
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giving rise to the sought after property of metallic nanoparticles - greatly enhanced

electric fields.

Extending this scheme to allow for time-varying fields, consider now an ex-

ternal, oscillating electric field of the form E(r,t) = Ege *! impinging on the
spherical nanoparticle as a plane wave. This induces an oscillating dipole moment

p = coeqEge~ ™! in the sphere leading to the scattering of the plane wave.

Finally, in this thesis, since the separation distance between the AuNP sphere
and a fluorescent probe (dye or QD) is very close (much smaller than the diameter
of the AuNP) such that the near field must be considered, it is useful to consider

the total electric and magnetic fields. These are given by

2 ikr 1
H= " nxp)S (1—,—) : (2.15a)
41 T

+[3n(n-p) - p] <i — @ﬂ : (2.15b)

r3 r2

Here k = 27w /) is the wavenumber of the electric field. Considering the near field

(kr < 1), one recovers the electrostatic expression given in Eq. 2.14b.

2.2.1 Absorption, Scattering, Extinction

A few useful and experimentally measurable properties of plasmonic nanoparticles
are the absorption, scattering, and extinction cross-sections. In general, the absorp-
tion cross-section can be described as the ratio of the total power absorbed by the
particle with the power per unit area of the incident field. Similarly, the scatter-
ing cross-section can be described as the ratio of the total power of scattered light

to the incident plane wave power per unit area. In the special case of spherical

12
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nanoparticles, the absorption and scattering cross sections are given by

8 €—¢&yq 2
Cops = —kra® | —=| 2.16
b 3 “ €+ 2¢4 ( 2)
Ciea = 4k Im { i ] . (2.16b)
€4 2¢e4

Here, both equations imply that a resonance in the polarizability further leads to
a resonant enhancement in both absorption and scattering of the particle. In the
quasi-static limit, the extinction is simply the summation of the two quantities

Cozt = Cups + Cseq, and hence it will also be resonant under the above condition.

2.2.2 Plasmon coupled fluorescence

It was shown by Purcell in 1946 that the spontaneous emission of an atom or molecule
is dependent on its local environment due to the change in the local density of opti-
cal states [37, 38]. This has been verified for a number of fluorescent probes placed
near different geometries of metal structures [39-42|. However, the change in the
fluorescence rate does not appear to be consistent in the literature. In one study by
Shimizu et al., it was shown that CdSe/ZnS QDs placed on smooth gold films exhib-
ited significant quenching of the PL whereas the fluorescence intensity increased as
the roughness of the film increased [43|. Additionally, a study by Cade et al. found
a 6-fold enhancement in the fluorescence intensity of a layer of CdSe/ZnS QDs close
to a Au nanotip [44], and is supported by similar experiments from Huang and
Richards, demonstrating a 4-fold enhancement in similar QD fluorescence intensi-
ties by a blunt Au nanotip [45]. However, Dulkeith et al. was able to demonstrate
that dyes near AuNPs are quenched due to the reduction in the radiative decay
rate whilst also showing the non-radiative decay rate is virtually unaffected. It
has been pointed out by Anger et al. that this discrepancy in the literature arises

from the fluorescent process being a product of two processes [46]. The first being

13
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the excitation, which is influenced by the local environment, and the second being
the competition between radiative and non-radiative decay, as briefly discussed in
the previous section. These two processes can be treated independently as there is
no coherence between them. The change in fluorescence for a source near a metal

nanoparticle is expressed by [47]

kem keazc @
KO kO30’

eExc

(2.17)

where k., and k... are the fluorescence rate and the excitation rate, respectively.
The superscipt 0 denotes the corresponding intrinsic quantities (i.e., not in the
presence of a metal). Furthermore, k... o< |p - E|?> where p is the transition dipole
moment of a fluorescent particle and E is the local electric field. In the presence of an
optical antenna such as a metal nanoparticle, an extra decay pathway is introduced,
which is denoted as ks, and is the de-excitation rate due to the coupling with Surface

Plasmons (SP), such that the QY becomes

k
p=—""T 2.1
b hur + g (218)
Then, combining Eq. 2.18 with the intrinsic QY given by 2.1 gives
k. /k?
) /K (2.19)

RO+ kg /RO + (1= 39) /20

The new k, is the radiative decay rate of the fluorescent probe near the metal
nanoparticle. As per above, the assumption that the nonradiative rate is unaffected
implies k,. = kY . The original decay rate is also recovered for large separations
between the metal and molecule so that k;, — 0 and &k, — /{;?. Furthermore, if
the fluorescent probe of interest has a ®° close to unity (which is not uncommon for

QDs), then it stands to reason that k,,, is negligible and one obtains ® = k,./(k,+ksp).
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The ratio between the spontaneous emission rate from a free QD (k) and one in
the vicinity of a resonator (kaunpagp) is quantified by a value known as the Purcell

factor (Fp). This effectively translates to a ratio of the spontaneous lifetimes [48]

k au
Fp = AuNPQQD _ 70 7 (2.20)
ko TAuNPQQD

with 74, nPagp being the experimentally obtained fluorescence lifetime of the AuNP
coupled QD sample. Usually, it is given as a result of the modification of the radiative
rates due to microcavity effects influencing fluorescent probes [49]. The separation
between the change in the radiative rate due to plasmonic coupling and the addi-
tion of the nonradiative transfer of energy to the plasmonic mode is particularly
challenging, and therefore difficult to obtain the new radiative decay rate. However,
it has been shown previously that this change can be deduced, rather elegantly by,

[50, 51|
0 ](t = O)

ky = KO —
"I0(t = 0)

(2.21)

Here, I refers to the count intensity (or number of photon events detected) of the
fluorescence lifetime curve at some time, ¢, which, for £ = 0 is the maximum of the
lifetime decay curve, and the 0 superscript refers to the QD only case. Hence, given
the PL QY and fluorescence lifetime of the probe, it is possible to calculate the

change in radiative decay rate and, thus, the Purcell factor.

An alternative, but similar treatment to the plasmonically coupled fluorescence
is to instead assume that the plasmonic particle does not affect the intrinsic decay
rate of the plasmonically coupled fluorescent probe [52, 53|. This modification of the
total decay rate from the decoupled case is captured by a separate decay pathway

in addition to the intrinsic decay such that kaunpagp = KO+ KO+ ksp. With this
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treatment, the Purcell factor given in Eq. 2.20 becomes

ks
Fp=1+-2 (2.22)
ko
assuming the plasmon coupled de-excitation pathway is radiative. As the two meth-

ods are mathematical treatments of the same phenomenon, they are essentially

equivalent descriptors.

2.3 Quantum Dots

Quantum Dots (QDs) are semiconducting particles typically of a few nanometers
in size with distinct optical and electronic properties, in comparison to their bulk
counterparts, which have been known since the 1980s [54]. When QDs are excited,
they are promoted to a higher energy state by producing an energetically bound
electron-hole pair, known as an exciton. Recent studies have shown exciting appli-
cations in Quantum computing using QDs [55], LEDs [56], lasers [57], heat energy
harvesters [58|, display technologies [59-62|, to name a few. Furthermore, studies
have also shown great advantages of using QDs over conventional fluorescent probes
such as dyes. Such advantages include great thermal-, and photo-stability for ad-
equately passivated QDs [63-65], as well as size dependent tuneable emission [66].
Additionally, QDs typically display longer fluorescence lifetimes (5-30 ns) than dyes
(1-5 ns) enabling far simpler temporal discrimination of QD signals from scattering
events. QDs have also been shown to exhibit high QYs, reaching as high as 60%
and above for CdSe/ZnS QDs [67] including those used in this thesis. Coupled with
their often greater extinction coefficients, QDs typically exhibit higher brightnesses
over dyes. Hence, they are valuable as potential ideal fluorescent probes and display
pixels (here the brightness is defined as the product between extinction coefficient

and quantum yield).

16



CHAPTER 2. THEORETICAL BACKGROUND 2.3. QUANTUM DOTS

Unfortunately, there are factors that hinder the widespread use of QDs such as
composition, and blinking. Often, colloidal QDs are made using toxic materials such
as Cd, Se, Pb, As, among others, which itself presents obvious health hazards in
their use, with fabrication protocols that require dangerous environments (=200 °C)
[68]. Although, there have been recent developments in tackling the hazards in the
synthesis procedure of QDs notably in the temperatures required [69] and in using
safer elements without the use of heavy metals, some even showing low level toxicity
in cell studies using 800 nm emitting Si QDs [70]. Another unfavourable aspect of
QDs is their irregular luminescence behaviour characterised by a series of stochastic
"on"-"off" events known as blinking, limiting their use in single-molecule experi-
ments such as in particle tracking [71]. This phenomena is believed to be caused
by the photo-induced charging of the QD to a trap state causing a non-radiative
Auger-recombination [72] and by the trapping of generated holes in recombination
centres at defect sites [73]. Previous works have been shown to decrease the proba-
bility of blinking by employing surface modifications such as shells or surface ligands
[74, 75] which may be explained briefly by the suppression of trap states by charges,
although the exact nature of this phenomenon is still debated. Despite this limi-
tation, excellent studies by Lidke et al. [76], and Chien et al. [77| demonstrated
super-resolution imaging by exploiting blinking of QDs, reaching a spatial resolution
down to 10 nm. The work conducted by Wang et al. introduced an algorithm that
could reconstruct super-resolution 3 dimensional images of a distribution of QDs
achieving similar spatial resolutions along the x-y plane and around 60 nm in the z

direction [78].

2.3.1 Optical properties

As the size of QDs are small, it is possible to treat them as a 3D excitonic potential

well [54] in which the electronic wave equation becomes spatially confined. When
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the QD size is comparable to the Bohr exciton radius of the material, the bulk semi-
conductor energy band structure becomes quantized with the band gap increasing
with decreasing size of the QD as 1/R? - this is the quantum confinement effect [79].
The Bohr radius for a bulk material is found by

eh?

pe?’

(2.23)

ap =

where ¢ is the semiconductor dielectric constant, e is the charge of an electron, and p
is the reduced mass of the exciton given by %L = m% + mih with effective electron (m.)
and hole (mj,) masses. For example, the Bohr radius of CdSe was previously found
to be 5.3 nm [80], thus, one is able to comment on the confinement strength of the
QD by comapring the physical radius to this Bohr radius. Although the diameter
may be measured by microscopy (such as with Transmission Electron Microscopy),
it may also be estimated provided information about certain physical parameters
of the QDs such as the bulk material and QD band gap energy (E;’“”g and E?D ,
respectively), and dielectric constant. This relationship is illustrated by the Brus

equation [81-83|

EOP — gtk L B pbulk h? 4 1.8¢?
g g conf oulom g 8/LR2 47T€08R

(2.24)

where h is the Planck constant, ¢y is the vacuum permittivity, and R is the QD
radius. Additional to the confinement contribution (Ece,s) to the band gap shift,
there is also a significant contribution from the Coulombic interaction (Ecouoms)
between the electron and hole from the smaller spatial separation between the two
particles. This model assumes the QD is spherical in shape with radius R, and is
not always valid in all semiconducting materials, particularly for small sizes where
the effective mass approximation breaks down. However, Eq. 2.24 still provides a

useful tool for the calculation of size dependent energy shifts of the band gap and
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Figure 2.3: Simplified schematic of the two main types of core-shell energy gap offsets. In Type I,
the core energy gap is smaller than the shell and hence the electron and hole pair is confined in
the core. In Type IIA, the energy gap is shifted, thus the electron and hole is confined to different
layers.

the understanding of the quantum confinement effects.

2.3.2 Core-shell types

As discussed above, certain factors limit the optical efficiency of QDs due to defect
sites. One method to improve the QY of such QDs is to cap the core material with
a shell that has an offset energy bandgap to the core. As such, there are different
"types" of QDs depending on the offset level. The two main types discussed here
are Type I and Type ITA, for which the energy gap offset is shown in Fig. 2.3.
The aim of this band engineering is to spatially localise the excitons to different
layers of the QD. As such, in Type I structures, an exciton generated is confined to
the core. Whereas in Type ITA, the core conduction and valence band is lower (or
higher in Type IIB) than in the shell and so the carriers are localised to different
layers (84, 85]. For example, the QDs used in this thesis are CdSe/ZnS core/shell
and are type I with a core bandgap of approximately 1.9 eV and shell gap of 3.8
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eV. The sharpness of the interface (heterojunction) between the core and shell can
affect the quality of the bandgap emission of the QDs. Although many factors can
affect this including source purity, environment temperature etc, the main factor is
the amount of crystal lattice mismatch [86]. Large mismatches between the core and
shell crystals can lead to the creation of defects which may cause carrier trapping

and thus, quenching of radiative emission [87].
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Chapter 3

Materials and Methods

List of Chemicals

The following chemicals listed were used to synthesise the nanostructures. Cetyltrimethy-
lammonium Bromide (CTAB), Cetyltrimethylammonium Chloride (CTAC), Gold(III)
chloride (HAuCly), Sodium Borohydride (NaBH,), and Ascorbic Acid, all pur-
chased from Sigma-Aldrich. Other chemicals used include the polyelectrolytes (PE)
Polydiallyldimethylammonium chloride (polyDADMAC), and Poly (styrenesulfonic
acid sodium salt) (PSS) (nominal molecular weight of 32,000), both purchased
from Sigma-Aldrich. For Electron Beam Lithography fabrication, the resist used
was Poly(methyl methacrylate) (PMMA) 495K A4, purchased from EM Resist.
The development of the PMMA mask involved Methyl-IsoButyl-Ketone (MIBK)
in a 1:3 ratio with Isopropanol (IPA) and covered with espacer - the supplier of
MIBK and espacer was EM Resist. For the nanostructures on quartz, the bind-
ing agents used were (3-Aminopropyl)triethoxysilane (APTES), and Silane-PEG-
Biotin (M, =1000) with Phosphate Buffered Saline (PBS - pH 7.4), purchased from
Sigma-Aldrich. The Quantum Dots (QDs) used here were QDot™ 655 ITK™ Car-
boxyl, QDot™ 605 ITK™ Carboxyl, and QDot™ 585 ITK™ Carboxyl Quantum Dots
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purchased from Invitrogen™, Thermo Fisher Scientific. Unless otherwise stated,

all aqueous solutions were made, and reactions performed in deionized water (18.2

MS2-cm).

List of Equipment

Plasma treatment of substrates were conducted using a Diener Electronic FEMTO
using ambient air as the process gas (unless otherwise stated). Sample centrifu-
gation was done using an Eppendorf MiniSpin Plus for volumes less than 2 mlL,
a Beckman Coulter 64R Allegra benchtop centrifuge for volumes between 2 mL
and 10 mL, and an Eppendorf Centrifuge 5804 for larger volumes. Spin coating
was done with a Laurell WS-650MZ-23NPPB Spin Coater. A Stuart US152 hot-
plate was used for drying of substrate based samples. FElectron Beam Lithography
(EBL) was done using a Raith e-LINE system. The base dosages used were 150
puC em™ and 100 pC cm™ for area and line writes, respectively. Metallic thin films
and substrate-based metallic nanostructures were fabricated with Thermal Evapo-
ration using an Angstrom(@®) EvoVac Physical Vapor Deposition platform. Scanning
Electron Microscopy (SEM) measurements were performed using a ZEISS-EVO®)
LS15 microscope (at 30 kV accerlating voltage and 30 pum aperture). Atomic Force
Microscopy (AFM) images were obtained using a Bruker Dimension Icon operat-
ing on standard tapping mode in air. Dynamic Light Scattering (DLS) as well as
Zeta Potential measurements were performed using a Malvern Zetasizer Nano ZS.
A Shimadzu UV-2600 Spectrophotometer was used to perform UV-Vis absorption
measurements and Photoluminscence (PL) measurements were done using an Ali-
gent Cary Eclipse Fluorescence Spectrophotometer for samples in solution contained
in a Hellma®) Quartz Glass High Performance cuvette. For substrate based sam-

ples, a Piezoconcept BIO3 3-axis nanopositioner was used for scanning and fine
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sample spatial control, mounted on a Nikon ECLIPSE Ti2-U inverted microscope
and equipped with a Nikon x60 magnification air objective (CFI Super Plan Fluor)
with a numerical aperture (NA) of 0.7. Two PicoQuant LDH series laser diodes were
used; one operating at 470 nm and another at 640 nm, each controlled by a PDL
800-D driver. The laser power (CW mode) was measured using a Thorlabs PM100D
digital optical power meter, equipped with a S120C photodiode sensor at the mi-
croscope input port. At the input port, when operating the 470 nm laser, a 500 nm
shortpass filter (FESH0500) was used for the excitation, and emission was filtered
through a 500 nm longpass filter (FELH0500) with the two beams separated with
a 50% transmission/reflection 490 nm dichroic mirror (DMLP490R), contained in a
microscope filter cube. With the 640 nm laser, the corresponding optical elements
were a 650 nm shortpass filter (FESH0650), 650 nm longpass filter (FELHO0650),
and 50% transmission /reflection 650 nm dichroic mirror (DMLP640R). The optical
elements described in the microscope filter cubes were all purchased from Thorlabs.
PL measurements were taken using an Oceanlnsight QE Pro FL spectrometer where
fluorescence emission is collected into a M29L01 Thorlabs optical fibre (600 pm core
size, 0.39 NA and 1 m in length), and intensity maps were obtained using a Thor-
labs PMT2101/M Photomultiplier Tube (PMT). The data from the PMT is fed
into a National Instruments USB-6003 Data Acquision Card (DAQ) for processing
of the analogue signal before being sent to the PC. Time Correlated Single Photon
Counting (TCSPC) measurements were performed with a PicoHarp 300 TCSPC
timing module and a PDM series Single Photon Avalanche Diode (SPAD) detector.
Bandpass filters positioned in front of the SPAD used in this work were FBH580-10,
FBH610-10, and FBH650-10 which were purchased from Thorlabs.
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3.1 Laboratory Setup

In this chapter, I will discuss not only the principles of the techniques used to
characterise the samples but also the set up of the equipment necessary to perform
the measurements. Although many of the individual measurements may be obtained
using commercial grade equipment and software as outlined in the section "List of
Equipment" above, it is often more useful using a customised set up allowing for
more freedom in measurement techniques inlcuding various concurrent combinations,
transparency in analysis, and "future-proofing" the equipment for potentially greater
versatility. A basic schematic of the in-house optical line can be seen in Fig. 3.1
in which all but the microscope was developed from the ground up. Furthermore,
software was written in Python 3.6 (and beyond) to create a graphical user interface
(GUI). This enabled easier control of the scanner stage and synchronise the stage’s
movement with the data acquisition to perform raster scanning imaging as well as
fine stage control for precise positioning of the laser spot over points of interest i.e.

on top of gold nanoparticles.

3.2 Steady-State Spectroscopic measurements

The techniques used in this thesis to obtain the optical and physical characteristics

of samples are described in this section.

3.2.1 Absorption spectroscopy

UVVis absorption spectroscopy was employed to measure the optical characteristics

of samples in solution. This technique is often used to measure the concentration of
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Figure 3.1: Basic schematic illustrating the optical set up. L1 and L2 are the two laser diodes
operating at 470 nm and 640 nm, respectively. The microscope itself is able to output light at
the left (L) and right (R) ports to the steady state detectors and time-dependent SPAD lines,

respectively.
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a sample given by the Beer - Lambert law
AN) =e\CL, (3.1)

where A()) is the absorbance and €y (M ~'cm™!) is the sample extinction coefficient
at wavelength A, C (M or mol L) is the concentration of sample, and L (cm) is
the optical path length of the sample - the thickness of the film/cuvette cavity.
It is also possible to extract ratios of concentrations for constituent species in a
sample mixture by decomposing the observed spectrum into a weighted sum of the
contributing component absorbances by a multiple linear regression model. The
obtained weights for each constituent absorbance translate to the proportion of the

corresponding species in the sample mixture.

3.2.2 Photoluminescence (PL) spectroscopy

Steady state PL spectroscopy offers an important tool in determining enhance-
ment/quenching effects present in the system by monitoring the changes in emis-
sion intensity of the QDs. Often, one would look for and expect the enhancement
(quenching) of the acceptor (donor), however for complicated systems that involve
multiple donors and acceptors of different species, this might not necessarily be the

case.

Importantly, combining PL and absorption spectroscopies allows one to measure
the relative photoluminescence quantum yield (PLQY) of a sample by comparing
its optical properties against a reference with a known PLQY. The unknown PLQY
(®;) of sample i (e.g., QD), is calculated against a reference dye with a known PLQY,
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by [88]
IQD Aref ngp 2
Dop = D, , 3.2
o fjref Agp \ Nyey (3.22)
2
m n
Dop = ey le; (nil;) , (3.2b)

where the subscript "ref" denotes the reference fluorescent dye (of known @), I is
the integrated PL emission, A is the absorbance at the excitation wavelength, and
n is the refractive index of the solvent containing the fluorescing substance. Given a
series of dilutions of the reference and QD sample, it is possible to use the ratio of the
gradients (m) instead of single PL and absorption values [89]. However, as pointed
out by Demas and Crosby [90], Eq. 3.2a is only valid if the geometry and losses of the
system are kept identical (i.e., reflection and scattering), the absorbances are kept
low such that reabsorption and reemission effects are neglected, and the integrated
PL intensity is assumed to be proportional to the absorbed light. Maintaining
an identical geometry and optical losses is relatively easy by changing only the
fluorescent probes, whilst using the same solvent and cuvette, which incidentally
sets the refractive index ratio in Eq. 3.2a and Eq. 3.2b to unity. The assumption
of proportionality between integrated PL and absorption can easily be verified by
ensuring linearity in the measured gradients for the two samples. Alternatively, given

a suitable detector, the method of determining PLQY can be further simplified to

Do\ (ngp\’
q)QD = (pref (D f) <n_f) s (33)

where D; is the detector response for sample . Such a detector is a quantum counter

in which the fluorescent probe has a near constant emission spectrum and PLQY
over a relatively wide range and that the vast majority of excitation photons are

absorbed over this range for suitable concentrations [91]. Historically, Rhodamine
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B was used as the quantum counter material, due to it exhibiting a relatively con-
stant fluorescence efficiency when excited between 350-600 nm, and a photomulti-
plier tube (PMT) to detect the emission photons. Therefore, the use of a quantum
counter may be replaced by a single photon detector (e.g., a SPAD) particularly
when the reference and unknown samples are evaluated at the same or similar emis-
sion wavelengths such that the detector sensitivity are approximately equal. With
this method, the detector response, D, is effectively the photon counts per unit
time. Alternatively, one may use a spectrometer and suitable collection optics, for
example with a microscope objective. The detector response then becomes the in-
tegrated PL area with some geometrical corrections to account for the limited cone
of light collected by the optics. Therefore, the effective sample PLQY can be found
by measuring the difference in the integrated fluorescence intensity from a reference
spectrum. This is particularly useful for changes in the fluorescence of QDs due
to enhancement /quenching for point measurements on substrates. When measuring
the PL of substrate based samples with a PMT or spectrometer, the CW laser power
was kept low at 20 uW to minimise photo-bleaching of the fluorophores and avoid

saturation of the spectrometer due to bright emissions of the QDs.

3.2.3 Dynamic Light Scattering (DLS) and Zeta Potential

Due to the distance sensitive nature of energy transfer, it is imperative to determine
the sizes of nanoparticles in order to ascertain the separation between donors and
acceptors and the minimal distances allowed. Furthermore, the surface charge (Zeta
potential) is an important quantity that can help estimate the stability, and degree of
electrostatic binding between different nanoparticle species. Both of these quantities
can be easily obtained through DLS.

In brief, the working principle of DLS involves the scattering of light from a dilute

nanoparticle dispersion to form a 2-D speckle pattern arising from constructive and
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destructive interference from this scattering. An autocorrelator at a detector then
measures the intensity fluctuation with respect to time, which is related to the
diffusion behaviour of the particles following Brownian motion [92|. Presuming the
the nanoaparticles are monodisperse, an electric field correlation function is obtained
by the autocorrelator which is an exponential function of the diffusion constant, D,
for the nanoparticles. Therefore, D can be extracted from this correlation function
and is subsequently related to the hydrodynamic radius, Ry, of the nanoparticle via
the Stokes-Einstein relation [93, 94]. For a detailed theoretical treatment, I direct
the reader to the useful guide provided by Stetefeld et al. [95]. Here, the Ry refers
to a hypothetical sphere that diffuses at the same rate through the sample solution
as the particle under investigation. It should be noted that the hydrodynamic radius
of a particle includes the effect of surface modifications on the "core" particle and
its effects on the surrounding medium; thus, DLS will almost always provide a larger
value using an intensity distribution than a "dry" particle measured using SEM or
similar techniques [96]. An additional, important parameter obtained from DLS
is the Polydispersity Index (PDI) - a dimensionless quantity used to describe the
uniformity of the size measured. A PDI of 0.0 indicates perfect homogeneity in the
sample size distribution and in general a PDI < 0.1 usually indicates a monodisperse
sample. Greater values of PDI typically implies that the sample is polydisperse with

higher values indicating a greater degree of dispersity in the size distribution.

In Zeta potential measurements, the operating principle is somewhat similar to
DLS except a potential is applied across a capillary cell containing the sample solu-
tion, with the charged particles migrating towards the oppositely charged electrode.
Using a technique known as Laser Doppler Velocimetry (LDV), the rate of fluctua-
tion of scattered light through the sample can be measured, which is proportional to

the velocity (electrophoretic mobility) of particles in the sample. Finally, the Zeta
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potential can then be found using the Henry equation given by

- 2¢ f(ka)’ (3.4)

¢

where ( is the Zeta potential, Ug is the electrophoretic mobility, n is the solvent
viscosity, ¢ is the solvent dielectric constant, and f(ka) is Henry’s function, usually
approximated to be either 1.5 (Smoluchowski) or 1.0 (Huckel) [97]. The choice of
either approximation is largely influenced by the relative size of the particle (given
as «) to its Debye length (defined as x~! which is the distance a charged particle
will affect the distribution of mobile ions in solution), and the ionic strength of
the surrounding solution. In general, the Smoluchowski approximation is suitable
for larger particles in high ionic strength solutions, and Huckel approximation is
used for smaller particles in low ionic strength solutions. However, as only the
difference between Zeta potential values between samples was important, the choice
in Henry’s function value is moot. As such, the Smoluchowski approximation was
used throughout owing to the large size of the AuNP used. The samples were
measured in displosable 1.5 mL polystyrene cuvettes (DLS) and DTS1070 folded
capillary cells (Zeta) at 25 °C. Furthermore, samples measured here are diluted in

deionized water such that their optical density (OD) is approximately 0.15 or less.

3.3 Time resolved spectroscopy

One of the gold standards of time resolved fluorescence spectroscopy, and a technique
commonly used, is known as Time-Correlated Single Photon Counting (TCSPC).
This is owed to the fact that TCSPC affords the user extremely high signal-to-noise
ratios, independence of incident excitation intensity, and well-defined Poisson statis-
tics to describe noise (98, 99]. As the name suggests, TCSPC works by detecting

single photons emitted from a sample and measuring the time delay between an
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incoming laser pulse and the arrival of the detected photon. Therefore, this requires
a pulsed excitation source capable of high repetition rates. This process is repeated
millions of times to generate a histogram of photon arrival times, which can then be

fitted with a multi-exponential decay function of the form

I(t) = foﬁjai - exp (—Ti) (3.5)

where «; are the amplitude fractions for the i-th lifetime component, 7;, for N
components, and [ is the maximum of the decay curve. The sum of the amplitude
fractions is also normalised such that va «; = 1. For this thesis, I consider N < 2 as
this is sufficient to model real decay processes [100]. For multi-component decays, it
is useful to consider an average lifetime, alongside the individual components, either
as the intensity- or amplitude-average lifetime ((7); and ()4, respectively) which

can be expressed as

(1)1 = %Tj (3.6)

(T)a = % (3.7)

As the sum of amplitudes are normalised, the denominator in Eq. 3.7 can be ignored.
As discussed by Sillen and Engelborghs [101], the use of either average lifetimes is
not always well defined in the literature and so following the logic presented by the
authors, the amplitude-average lifetime will be used in this thesis. Furthermore, it
is important to keep in mind that the detectors used are not be able to process an
arbitrarily high number of photon events during some time period. After registration
of a photon event, there is some time in which the SPAD is not able to process

another event due to the recharge of the system - this is known as Dead Time (DT)

[102].
If the laser intensity is set too high, it becomes more probable that each laser

31



CHAPTER 3. MATERIALS AND METHODS 3.3. TIME RESOLVED SPECTROSCOPY

pulse will generate more than one photon. Under this scheme, the photon that
arrives first will be recorded but the later photons will be lost if they arrive within
the DT of the SPAD. This results in artefacts which skews the data towards the
fast decay portion of the histogram due to the over-representation of earlier photons
[103]. This artefact is called "pile-up" and can be seen in Fig. 3.2 where increasing
the laser repetition rate above 1% generally causes the obtained histogram to bias
fast decay processes. Therefore, in order to mitigate such an artefact, the laser
intensity is modulated (either by controlling from a laser driver or with neutral
density filters) such that the detection rate at the SPAD is kept to, at most 1% of
the repetition rate of the laser to ensure only one fluorescence photon emitted by
the sample is generated per pulse. For example, if the laser repetition rate is set
to 5 MHz, the detection rate as recorded by the SPAD should ideally not exceed
50 kHz, however this is only a general guide. In this thesis, the laser intensity was
modulated by directly using the laser driver to vary the output power in order to
achieve the desired photon detection rate.

Finally, as the samples to be investigated involve multiple fluorescent particles of
differing emission wavelengths, bandpass filters were used to discriminate the signals
to avoid (or at least mitigate) the effects of spectral "bleed through" or crosstalk.

These filters are outlined in the "List of Equipment" section above.

3.3.1 Lifetime Fitting

3.3.1.1 Iterative Reconvolution

A well known downside of TCSPC limiting the temporal resolution is the Instrument
Response Function (IRF) and the non-triviality in separating the observed decay
from this IRF. The cause of the IRF is due, mostly, to the finite width of the

excitation pulse as well as temporal broadening introduced by the digital components
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Figure 3.2: Typical lifetime decay curves of CdSe/ZnS QDs. The percentage refers to the detection
rates at the SPAD relative to the laser repetition rate (5 MHz).

in the system [104] - see Fig. 3.3. Unfortunately, this presents itself as a convolution
between the IRF signal and the "true" fluorescence decay (F(t)), producing the
observed decay (D(t))

S

(1) = /0 CFUOIRF( - )t (3.8)

Direct methods of deconvolution for fluorescence lifetime decay data has been pre-
viously shown to fail due to the ill-posed nature of the mathematics (particularly
with truncation or incomplete decay curves within the measurement window) and
sensitivity to noise [105]. Instead, what is typically performed is a method known as
Iterative Reconvolution in which the true fluorescence decay is estimated and con-
volved with the measured IRF. The result is then compared against the observed
data by a non-linear least squares minimization method and the fitting parame-

ters (a; and 7;) are iterated until a solution converges. The reconvolution analysis
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Figure 3.3: Instrument Response Function (IRF) of the optical system used for two different
operating wavelengths. The FWHM is approximately 110 ps and 630 ps for 640 nm and 470 nm,
respectively.
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of sample lifetime data in this thesis was performed using an own code written in

Python 3.

3.3.1.2 Tail Fitting

Often, the method of iterative reconvolution is cumbersome and computationally
expensive, particularly for large data sets e.g. in Fluorescence Lifetime Imaging
Microscopy (FLIM). A far quicker method of extracting lifetimes is to exclude the
temporal region of the data set where the IRF has a significant intensity. This
removes any influence on the data due to the excitation pulse or electronics. As
shown in Fig. 3.3, both pulses start at approximately 26 ns with a temporal width
of 8 ns and 4 ns for the 470 nm and 640 nm laser diodes, respectively. Although
the fitting is less taxing after these time windows from the initial rise, one must
sacrifice the initial part of the data set which is problematic for processes that have
fast decay times that are comparable to the IRF width. Therefore, this technique is
only suitable for species that are known, or expected, to exhibit long decay processes

compared to the IRF width.

3.3.2 Scan imaging

Although TCSPC alone is incredibly powerful, the usefulness can be further in-
creased by combining it with spatial information for fixed samples - commonly known
as Fluorescence Lifetime Imaging Microscopy (FLIM). In its simplest state, FLIM
involves the use of 2D spatial scanning (e.g., raster scanning as shown in Fig. 3.4)
where each pixel contains the full lifetime decay curve, akin to hyperspectral imaging
(HSI) in which every pixel contains spectral information about the sample. FLIM
is most commonly used in biological fields of study and has recently been applied as
pH sensors using tagged QDs in cells [106, 107], glucose sensors [108|, and (rather
appropriately) in FLIM-FRET systems [109, 110].
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Figure 3.4: Two dimensional raster scanning across a substrate area that can provide either lifetime
curves (FLIM) or hyperspectral imaging data (HSI) in each pixel.

Analysis of FLIM information is usually computationally challenging, for exam-
ple performing iterative reconvolution (as discussed above) for every pixel in a large
image often takes a long time to complete. Although there are many types of fitting
and analysis techniques, each presents their own advantages and disadvantages [111].
In an ideal scenario, each decay curve will have a high photon count to increase the
accuracy of the fitting, since the signal-to-noise ratio, SNR, is related to the photon
events detected, N, as

SNR=+N. (3.9)

However, in reality N is often quite low to minimise the time required to scan across
an area with a high pixel count and so limits the accuracy of many fitting procedures.
A simple first solution to overcome this issue of a "photon deficit" is to bin groups
of spatially relevant pixels together to sum their photon events, thereby increasing
N. To do so would require one to know, a priori, which pixels are relevant i.e. are
related to Au-QD coupling and which are background. To increase one’s confidence

in which pixels to be considered, multiple types of images should be taken together
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(either simultaneously if possible or at least temporally close to each other) such
as dark-field scattering and fluorescence intensity images. By correlating features
across the images - such as hot spots - the pixels in the relevant regions of interests

can be selected for binning.

3.4 Synthesis of Gold Nanoparticles

The fabrication of gold nanoparticles (AuNPs) were performed following a previously
established protocol using a seed-mediated growth procedure [112]|. This method re-
lies on the overgrowth of small AuNPs from precursor seeds into larger polyhedrons
and their subsequent, mild oxidation, to form the AuNPs with the desired dimen-
sions and morphology (in this case, nanospheres).

Firstly, a mixture of 9.75 mL CTAB (0.1 M) and 0.25 mL HAuCl, (10 mM) was
stirred together vigorously at room temperature while an ice-cold solution of 0.60
mL NaBH, (10 mM) was rapidly injected into the mixture. The vigorous stirring of
the solution was allowed to continue for approximately 1 minute before reducing to
a gentle stir for 2 hours. Afterwards, this "Seed-1" solution can be stored at room
temperature.

Secondly, a growth solution was mixed together containing 19.5 mL. CTAB (0.1
M), 380 mL H5O, 8 mLL HAuCly (10 mM), and 30 mL Ascorbic Acid (0.1 M). To
this growth solution, 0.24 mL of the previously made Seed-1 was added and the
reaction mixure was gently swirled for approximately 1 minute to fully disperse the
liquid. The mixture was left undisturbed overnight at room temperature and in the
dark. Afterwards, this was centrifuged twice at 5000 rpm for 20 minutes, with the
supernatant discarded and the pellet redispersed into 400 mL. H,O. This solution
shall be referred to as "Seed-2".

To fabricate larger nanospheres, the prior Seed-2 solution must be further over-
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grown into nanopolyhedrons (AuNPH) before undergoing mild oxidation to obtain
nanospheres with the desired diameter. This is achieved by adding a 1.6 mL of
Seed-2 into a second growth solution consisting of 30 mL CTAC (25 mM), 1.5 mL
HAuCly (10 mM), and 0.75 mL Ascorbic Acid (0.1 M). The mixture is kept under
gentle stirring for 3 hours at 45°C followed by centrifugation at 9000 rpm for 15
mins where the resulting pellet is dispersed in 15 mL H5O.

Finally, the obtained AuNPH solution from above is gently stirred for 2 hours
at 45°C with 0.2 mL HAuCly (10 mM) added in order to oxidise the AuNPH to
the desired spherical geometry. The volume of Seed-2 to the second growth solution
may be varied depending on the desired diameter whereby adding a higher volume
of Seed-2 will result in smaller AuNPs. The final AuNPs are stored at room tem-
perature in the dark until required and have been seen to exhibit excellent physical
stability, as will be discussed below.

The thickness of the CTAB surfactant bilayer has been shown previously to be
3.2 nm in Gold Nanorod suspensions [113| and will be assumed to be the case for

the colloidal AuNPs in this study.

3.4.1 Characterisation of Nanoparticles

3.4.1.1 Optical

The AuNPs fabricated using the seed-mediated growth capped with CTAB displayed
excellent stability when kept in storage under ambient conditions. This is shown in
Fig. 3.5a with only a minimal blue shift in the LSPR peak (of only a few nanome-
ters) between the dates measured while the overall spectral shape is maintained
despite having been left for nearly 2 years under ambient conditions. The stability
is attributed to the tight packing and strong binding of CTAB molecules on the Au

surface making it difficult and energetically unfavourable for CTAB to dissociate
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Figure 3.5: (a) Normalized UV-Vis absorption spectra of the same AuNPs batch in solution. The
dates in the legend indicate when the batch was measured with the black curve being the day of
fabrication. (b) UV-Vis absorption spectra of two different AuNP batches fabricated on the dates
indicated on the legend. Note the absorption below 0 error for the black curve at approximately
850 nm. This was likely due to incorrect background correction which would not affect the spectral
position of the LSPR peak.

from the AuNP surfaces [114]. The relatively high surface charge from CTAB also
forms a strong electrostatic repulsion (typically ~30 mV) between particles thus
preventing aggregation.

Not only are the AuNPs stable in an aqueous solution, but the method is also
reliable in its reproducibility of AuNPs with similar optical properties. As seen in
Fig. 3.5b, the spectra of the two batches are highly similar across the entire optical
spectrum, most importantly at ~590 nm at the LSPR peak both in terms of position
and peak width.

3.4.1.2 Physical

The physical properties of the AuNPs were measured using SEM and DLS and
analysed using ImagelJ. It was found that the average area of particles was 5962.4 4+
644.6 nm?; hence, assuming the particles are spherical (with a circularity of 0.80 4
0.07, this assumption is valid), the average diameter is found to be 87.0 £+ 4.7 nm.

In contrast, the hydrodynamic diameter found by DLS is found to be 136.44+0.5 nm
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Figure 3.6: (a) SEM image of as-made AuNPs with an insert showing a histogram of particle
area with an average diameter of 87.0 + 4.7 nm. (b) Intensity-distributed DLS size graph of
corresponding AuNPs. The diameter was found to be 136.4 4+ 0.5 nm.

with a PDI of 0.204+0.01. Although this is a significant discrepancy between the two
measurements, it should be noted that intensity distributed size measurements from
DLS tend to highlight larger particles in the sample due to their greater scattering.
As noted by Souza et. al. in Ref. [115], it may be more appropriate to quote
number distributed DLS sizes for small (relative to the incidence light wavelength),
monodisperse samples due to its similarity to those obtained by electron microscopy
techniques. Nevertheless, this is of little importance as the hydrodynamic radius is

only an indicator of size and the change in this radius is the factor concerned.
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Chapter 4

Multi-step Electron Beam
Lithography

4.1 Introduction

First appearing as early as the 1960s [116], electron beam lithography (EBL) has
remained one of the principal techniques utilized in the nanofabrication space ow-
ing to the sub-10 nm achievable resolution - some works attaining down to 5 nm
[117]. Tt is a direct write approach in which a beam of highly energetic electrons are
accelerated towards a resist to chemically alter its properties. The use of electrons
also eliminates the diffraction problem faced by optical based techniques such as
photolithography which often has a resolution limit on the order of 100 nm [118§].
From the high resolution afforded by EBL, it is therefore excellent for the probing of
spatially dependent light-matter interactions such as between fluorescent particles
and plasmonic structures. Resists used in EBL are usually split into two categories:
positive and negative tone resists. The positive tone group refers to the process in
which the resist is, essentially, chemically etched and removed via a development

step to leave behind a hole in which can be filled by deposition of a desired ma-
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terial such as metals or other chemical compounds to the substrate surface. Such
resists include polymethyl methacrylate (PMMA), and ZEP520 [119-121]. Con-
versely, negative tone resists (also known as chemically amplified resists - CARs)
are polymerized /cross-linked under e-beam irradiation and thus become more resis-
tant to chemical etching during the development stage, ultimately leaving behind

the patterned structure [122, 123].

Unfortunately, due to the top-down nature of EBL, it suffers from low through-
put particularly for large and complex structures that span multiple write fields. As
such, current EBL processes are unsuitable for scaling to larger/commercial grade
production of nanodevices. Recently, efforts have been made to increase the through-
put including the top-layer polymerization of negative tone resists by oxygen plasma
treatment requiring only outline exposures to the e-beam to create arbitrary struc-
tures, thereby drastically reducing the write time needed [124]. It may be possible
to extend this to positive resists such as PMMA from the similar reaction caused

by low energy Ar ion bombardment [125].

Although the theoretical resolution is high due to the use of electrons, achieving
feature sizes of 10 nm is rather difficult to attain in practice. Part of this reason is due
to electron scattering in the PMMA or similar resists which significantly limits the
practicably attainable resolution, rather than the characteristics of the beam itself.
For positive tone resists, a high enough energy electron beam causes scissioning of
the polymer chain under the electron beam’s influence thus changing the solubility
of the mask - known as main-chain scissions (MCS) [126, 127]. The scattering of
electrons in the resists allows the effect of this MCS to permeate laterally away from
the exposure point - this is called the proximity effect [128-130]. Works involving
simulations have been performed to study this effect where the scattering is due to
the forward scattering from the interaction with the resist, and back scattering from

the substrate causing large angle deflections [131]. This is most evidently shown in
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Figure 4.1: Simulated electron trajectories (a) in resist and substrate (b) within resist as a function
of beam energy. Image taken from Ref. [132].

Fig. 4.1 where an increase in beam energy creates a narrower trajectory within the
resist, however it also widens the scattering volume in the substrate, thus affecting
a large area in the resist due to this back scattering.

The physical manifestation of this in resist can be seen in Fig. 4.2 where the
pearl-shaped cavity in Fig. 4.2b is due to electron-resist scattering. Here, the sam-
ple used was a 5 pum thick PMMA layer exposed to a 20 keV electron beam of
constant dosage at different points on the layer. The development time was in-
creased from images (i) to (iv) indicating the volume surface represents contours of
constant electron energy deposition in the resist. Therefore, the user must consider
the resist thickness, type, incident beam dosage, and development times when fab-
ricating nanostructures with minimal deformation due to this proximity effect from
the substrate and nearby exposure sites.

Efforts to attempt to model and correct this effect that have been made include
shape modification which involves maintaining the same dosage but varying the write

path such that the developed image closely resembles the desired shape as compared
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Figure 4.2: (a) Schematic of forward and back scattering volume into the resist and substrate.
(b) Pearl-shaped cavity in a 5 um thick PMMA layer produced by electron-resist scattering from
an incident 20 keV electron beam at fixed dose, and increasing development time from (i) to (iv).
Images taken from Ref. [135, 136].

to an uncorrected model to avoid overexposure from nearby beam sites [133]. Alter-
natively, the dosage (related to exposure time) is varied such that local proximity
effects from nearby sites are accounted for and the correct dosage is achieved at
the spot [134]. However, this is often computationally expensive especially for large

circuits.

A relatively simple work around to this is to separate the structure such that
geometries that are nearby (approximately 10 nm) are in different layers, where
each layer represents an independent lithographic step that are aligned to some
global feature. This idea was first conceptualised by Chen et al. in a two-step EBL
process [137]. their work involved the fabrication of ultra-short T gate structures in
PMMA /UNIII resists that would otherwise be extremely challenging or impossible
to perform with a single step. Similarly, Koller et al. demonstrated the fabrication
of 3 dimensional structures with a two-step EBL method using different acceleration

voltages in each step for a single, SU-8 negative tone resist [138, 139|. Although in
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these cases, the two-steps are conducted on the same resist without development in
between.

Instead of direct metallic deposition via sputtering or thermal evaporation, pre-
vious works have been shown to successfully transfer plasmonic materials onto sub-
strate via stamping procedures in which a master was fabricated using EBL [140,
141].  The main motivation for these types of printing techniques is to increase
scalability and reduce production costs of SERS based platforms that similarly rely
on EBL. This is particularly true if EBL is only required once to fabricate a ro-
bust "master" template from which the SERS substrate is created from and is not
sacrificed in the process like with traditional masks.

As the thesis is primarily interested in light-matter interactions between metallic
nanoparticles and QDs, EBL provides an excellent platform for which the relative
positions of the nanoparticles can be controlled. This enables one to accurately
measure the separation distance between constituent nanoparticles, and therefore
measure the energy transfer and plasmon-coupled decay rates of QDs as a function of
this distance. Hence, in this chapter the method of performing multiple lithographic
writes over fresh resists on a single substrate will be explored and the practicality
of the method will be discussed. Printing based fabrication techniques that utilises
EBL as well as advances made in the field of EBL as a whole will also be briefly

discussed.

4.1.1 Surface Enhanced Raman Spectroscopy (SERS)

Raman spectrocopy (RS) is a vibrational spectroscopy method which provides users
with particularly useful information about the composition of samples investigated
due to the unique "chemical fingerprints" of Raman active molecules [142]. The
interaction between light and molecules very often results in elastic scattering (if

not absorption), meaning there is no change in incoming and outgoing photon wave-
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length - this is known as Rayleigh scattering. About 1 in 10° interactions between
Raman active molecules and incident photons results in an inelastic scattering pro-
cess, thus exchanging energy and manifesting as a change in the outgoing photon
energy - this is Raman scattering [143|. The difference in energy between the in-
coming and outgoing photon is known as a Raman shift and is reported in terms of

a wavenumber, Av, as calculated by

Av =

, (4.1)

> =

x
Ao
where \g and A are the wavelengths of the incident and scattered photons, respec-
tively. The change in photon energy is due to the interaction of the incoming photon
and the vibrational /rotational modes of the molecule in question, thus the specific
chemical bonds and composition of the molecule will yield different spectral shifts
providing a characteristic or "fingerprint" spectrum. As such, RS has seen wide
applications in detection of atmospheric compounds and long distance remote mon-

itoring for hazardous and even explosive chemicals [144, 145|, as well as the analysis

of paint pigments and authentication of historical paintings [146].

Since the signals from RS are extremely weak, methods employed to limit back-
ground signals include the use of red (typically 785 nm) or infrared lasers with long
acquisition times to obtain a sufficient number of photons for adequate discrimina-
tion of peaks from the background while minimizing damage to the sample at higher
lasing frequencies. Alternatively, plasmonics can provide a useful tool in enhancing
the Raman signals by up to 8 orders of magnitude [147]. The mechanisms to explain
this include the large electric field enhancement from plasmon induced field localisa-
tion around the nanoparticles and rough metallic surfaces. Additionally, plasmonics
induces chemical enhancement which results from the charge transfer from the metal

atoms to the Raman probe [148].
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Figure 4.3: Schematic of the setup and optical path of the WITec alpha3000 R Raman microscope.

4.2 Methods

4.2.1 Equipment

Raman spectroscopy measurements were performed using an Oxford Instruments

WlTec alpha300 R confocal imaging microscope and the acquired Raman maps

were analysed using WITec Project FOUR 4.1. The laser wavelengths used were

532 nm (WITec), and 785 nm (Toptica) with the power output controlled using a

Topas iBeam smart app for the 785 nm laser. Raman signals were detected using a

WIlTec UHTS 300 spectrometer. A schematic of the optical set-up is shown in Fig.

4.3.
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4.2.2 Substrate preparation

To begin, the substrates used were quartz slides 15 x 15 x 1 mm and cleaned by
sequential sonication in a bath of Acetone, Isopropanol (IPA), then water, for at least
1 minute in each solvent and dried under N5 flow. The slides were then mounted onto
the spin coater where Poly(methyl methacrylate) (PMMA) 495K A4 was applied to
the quartz surface which was then spun at 3500 rpm (2000 rpm/s acceleration)
for 60 s. Here, PMMA is used as the positive mask which, after the spin coating
step, is baked on a hot plate set to 180°C for 3 minutes. Furthermore, EBL (and
other electron based techniques including in microscopy) requires the substrate to
be conductive to dissipate the charge build-up which causes bright artefacts, thus
a few drops of e-spacer is added to the PMMA coated substrate and spun at 2000
rpm for 60 s before baking the substrate on a hot plate at 90°C for 1 minute. The
quartz slide is now ready for EBL.

4.2.3 Mask Design and Development

The mask used in this study is illustrated in Fig. 4.4a where the two initial layers
are represented by yellow for the first gold structure and blue for the second QD
deposition. The dimensions of the arrays and Au bars are given in the figure and
are fabricated with a thickness of 200 nm (not including the local and global marker
Au pads). Furthermore, the QD holes are increased in diameter in steps of 20 nm
starting with the left-most column at 20 nm and finishing at 120 nmm at the right-
most column in the arrays highlighted in red and blue. The array highlighted in
green has the same starting diameter and 20 nm step size but finishes at 140 nm for
the right-most column. The periodicity of the holes is 2 pym in the red-highlighted
array, and 1 gm in the blue array in both the vertical and horizontal directions. The

cross-like features in the corners of the array in the figure serve as "local markers"
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to identify the boundaries of each array and is also be used as alignment markers.
Larger versions of these crosses that span a significant portion of the write-field (i.e.,
are roughly 50 pum in width and proportionally larger than the local markers) are
also used to mark the corners of a collection of such masks for example in a larger
grid (Fig. 4.4b). The size of these large markers enable easier localization of the
entire collection of hybrid structure arrays and aid in the alignment of subsequent
steps and hence are referred to as "global markers". In order to enable subsequent
layer alignment, the origin was set to a permanent feature of the substrate and all
positions were set relative to this global origin point; thus the bottom left corner
of the substrate was chosen and the mask arrays were positioned in the centre of
the substrate accordingly. This allows one to re-centre the global origin back to the
same corner when removing the substrate from the EBL in between each write and
development and therefore overlay the subsequent layers accurately on top of the
previous layers.

After electron beam irradiation, the substrate was removed from the EBL and
submerged in a Methyl Isobutane Ketone (MIBK):Isopropanol (IPA) mixture (in a
1:3 ratio) for 45 s at room temperature to develop the mask and then into a pure
IPA solution for 30 s, before drying under Ny flow. This is to allow the dissolution of
exposed PMMA to the solvent mixture while leaving the rest of the mask unaffected

due to the MCS.

4.2.4 Substrate Nanostructure fabrication

After development of the PMMA mask, the substrate was placed in a FEMTO
plasma asher, in this case using O, as the process gas, at 0.2 mBar, 40% power for a
total of 12 s. This uniformly etches the PMMA across all surfaces at a reasonably low
rate [149] and to activate the quartz surface to promote the formation of hydroxyl

groups as well as increase the wettability [150]. The presence of hydroxyl groups
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Figure 4.4: (a) Schematic of the mask design used in the AuNP-QD structure for a single write-field
with dimensions given in ym. The first layer was gold and is represented by the yellow structures.
The second QD layer is represented by the blue circles. Although not an identical scale match, the
schematic represents closely the mask used in the study including the different sized holes in the
second QD layer. The four corners of the array are bounded by local markers used to define the
boundary of the write field and used in the alignment procedure between lithographic writes. The
scale bar is 20 ym and the green/red/blue highlights are for visual reference only. (b) SEM image
of a global marker - the four local array markers at the corner boundaries are omitted here. The
total size of the write-field is 100 pm x 100 pm.
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Figure 4.5: Flow diagram summarising a two-step EBL process. The bottom row may be repeated
as many times as necessary for more complex structures for example with more QD types.
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reacts with the silane group when the substrate is covered with APTES (2% in 95%
Ethanol) forming a siloxane linkage (Si-O-Si) to create a self-assembled monolayer
(SAM) [151]. After leaving for 30 s, the surface is washed with Ethanol and dried
under Ny flow.

This is then loaded into the thermal evaporator and 50 nm Au is deposited onto
the SAM surface at a rate of 2 A /s at a working pressure of <10 Torr. Finally, the
sample is left in an Acetone bath overnight to dissolve the PMMA and lift-off the
excess Au film. Often-times the Au film remains on the surface due to incomplete
dissolution of the PMMA film, in which case the sample will have been sonicated for
no more than 5 s at a time to remove the excess PMMA and Au while minimising
any damage potentially caused to the Au structure. The overall flow of the multistep

EBL method is summarised graphically in Fig. 4.5.

4.2.5 Quantum Dot-Quartz attachment

The process of PMMA surface preparation, and lithographic write was repeated as
before using the second layer design as illustrated by the blue circles in fig. 4.4. In
multi-step lithography, the alignment between the gold array of the previous layer
and the subsequent QD layer is critical particularly when small feature sizes are
present between the layers. As discussed previously, this first involves the resetting
of the global origin point back to the bottom left corner of the substrate. The
coordinates used in the previous write are entered into the software to position
this next QD layer on top of the gold array. However, this is typically not enough
as there is often misalignment in the positioning of the physical substrate in the
EBL sample holder. This misalignment is seen by driving to the coordinates of the
previous write’s local markers and these positions not properly superimposing onto
the previously deposited gold local markers. To account for this, a "Three Point

Alignment" process is performed: the stage is brought to a recognizable feature on
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a local marker (such as the centre of the cross - global markers may also be used),
and the stage coordinates are saved. These coordinates are then correlated to the
same reference point on the computer aided design (CAD) structure (e.g., centre
of the local marker cross in software) - in other words the real coordinates of the
gold structure are linked to the CAD software coordinates for the same reference
point. This is performed for a total of 3 markers and is iteratively repeated by
driving the stage to the reference points on the gold structures and adjusting the
coordinates if necessary until all three reference points are adequately mapped to the
CAD structure. The alignment of the markers is critical as errors introduced here
will be compounded with subsequent layers, thus degrading the quality of the final
array with multiple writes. As discussed by Yoon et al., the two largest sources of
error are the fabrication of alignment markers (i.e., their quality), and mechanical
error from the stage [152]. The dimensions of the alignment markers may differ
from those in the designed CAD model due to the proximity effect (as discussed
previously), and thus introduces uncertainty in the alignment between fabricated
and designed structures. The authors point out that simple cross geometries (such as
the markers used in this thesis) are enough to minimise this proximity effect induced
uncertainty if the dimensions of the intersecting bars are large enough such that the
lengths are not affected by this effect. The original reference point is therefore at
the intersection of the edges of the large nanobars. Secondly, the mechanical errors
can be eliminated between the layer writes by aligning to the same structures for
all subsequent layers. This is because the stage errors are typically constant along a
direction for every layer and so aligning to the same reference point(s) eliminates the
need for correction. The absolute position of a layer is not important - only their
relative position. Accounting for these uncertainties, sub-20 nm alignment errors

with high reproducibility are achieved by Yoon et al.

Immediately after the mask development and surface activation by Oxygen plasma,
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the surface was covered by a solution of Silane-PEG-Biotin (in ethanol) and left to
react with the surface for 30 mins. This was followed by rinsing the substrate with
plenty of Ethanol to remove excess Silane-PEG-Biotin and drying under Ns. Fi-
nally, enough PBS to entirely cover the surface was added and a drop of 655 nm
Streptavidin conjugated QDs (QD-STV) was introduced into the PBS volume. This
mixture on the substrate was left undisturbed for 30 mins before being rinsed off
with of PBS. The removal of the PMMA layer was performed by submersion of the
substrate upside-down in an Acetone bath overnight, held by a custom 3D printed
mount made from a chemically resistant filament (e.g. PTFE aka Teflon). Finally,
the substrate was removed from the bath and rinsed with copious amounts of water

before being dried under Ny flow.

4.3 Characterisation

4.3.1 Dose Testing

In order to obtain accurate structures using EBL, one must first perform dose testing
of the electron beam for the system used (provided the astigmatism has previously
been corrected and the beam current has been measured i.e. with a Faraday-cup).
This is to ensure the development of the PMMA results in hole sizes, and subse-
quently the Au nanostructures, that closely resembles the desired morphologies with
high reproducibility.

To achieve this, arrays of different fundamental shapes (typically lines, and disks)
with varying electron dosages across multiple arrays were "written". After deposit-
ing a thin layer of Au, the arrays were then imaged using an SEM, and the resulting
structures were compared against the desired dimensions on the computer aided de-
sign (CAD) software. The result of this dose testing can be seen in Fig. 4.6 where the

dimensions of each structure was measured and the coverage of Au was evaluated
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Figure 4.6: (a) Disks, (b) lines, and (c) rings produced from the E-Beam process for calibrating the
required electron dosage along with their corresponding CAD images (d-f). The beam parameters
are 20 keV accelerating voltage, and 10 pm aperture, with a line and area dose of 130 pC/cm and
150 xC/cm?, respectively.

(i.e. homogeneity of the evaporated disks/lines/rings and number of successfully

deposited structures in each array).

4.3.2 Substrate bound QDs

To determine the efficacy of the substrate binding, the quartz slides were imaged
using an alpha300 R confocal Raman microscope. Under 532 nm CW laser illu-
mination, a hyperspectral Raman map could be obtained within the array at the
expected QD locations. These maps are shown in Fig. 4.7b and 4.7c¢c where an
example of the PL emission of the hot spots are given in Fig. 4.7. The intensity
and colour of the heat map corresponds to the integrated area of the PL emission
between 600 nm and 700 nm. Evidently, the hot spots correlate very well with the
expected positions of the QDs in each of the scan areas, replicating the difference

in spot spacing. Furthermore, the intensity of each of the hot spots corresponds to
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Figure 4.7: (a) Dark field image of the gold array fabricated by a two-step EBL procedure. Holes
for QD deposition are located in the bottom three bounded areas and in the centres of the cross
hair-like region in the upper portion of the write field with large holes seen on the right section.
Confocal scanning PL maps of the areas bound by a (b) red and (c) blue box shown in (a). The
intensity of the maps are determined by integrating under the curve between 600 nm and 700 nm
of (¢) the PL emission spectra of one of the hot spots in the (c¢) array. The periodicity of the holes
are 2 pm and 1 pym for the red, and blue boxes, respectively.
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the concentration of the QDs which is directly affected by the hole size generated
by the e-beam. It can be seen that the intensity of the spots decreases from right to
left in Fig. 4.7c - precisely as expected from the CAD with decreasing hole sizes in
this direction. It can also be faintly seen in the dark field image in Fig. 4.7a where

only the largest holes are visible in the red and blue boxes.

4.4 Stamped SERS substrate

As briefly mentioned in the introduction, previous works have involved the use of
EBL to fabricate a reusable mask for stamping, also known as nanotransfer printing
(nTP) or microcontact printing (uCP). In brief, the method can be summarized
by fabricating the master template using the EBL workflow as described above
using a Si substrate. A layer of Cr is then deposited via a Physical Vapor Depo-
sition technique (such as thermal evaporation) and the mask removed to reveal a
Cr template. The exposed Si is then etched by Reactive Ion Etching (RIE), and
the Cr is removed leaving behind arrays of Si pillars in the shape of the desired
pattern forming the base master template. This template can then be exposed
to a releasing agent and coated with the patterning material such as Ag or Au -
the releasing agent is used to allow the metals to easily transfer substrates such as
heptadecafluoro-(1,1,2,2,tetrahydrodecyl)-trichlorosilane [141] or heptakis(6-O-tert-
butyldimethylsilyl-2,3-di-O-acetyl)-5-cyclodextrin (H-8-CD) [140]. The sample sub-
strate is then prepared, typically coating with a self-assembled monolayer (SAM)
that is strongly reactive to the substrate. Finally, the template and substrate is
brought in contact to each other to transfer the material, and the template peeled
off leaving behind the desired structure on the sample substrate. The master tem-
plate can then be reused by chemically etching the deposited metal on the Si surface.

This process is summarized graphically in Fig. 4.8. Studies have shown great suc-
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Figure 4.8: Schematic summarizing a typical nanotransfer printing process with traditional EBL
and RIE of the Si wafer (top row from left to right) and nanometal transfer from the template to
a functionalized substrate surface (bottom row from left to right).

cess using different types of linker molecules between substrate and transfer material
for example with the use of complimentary DNA to funcationalized AuNPs for high
specificity in potential biosensor applications [153]. For SERS substrates, the SAM
must be Raman active (presents a change in polarizability of the molecule) or re-
active to the material used e.g., are terminated with silanes for quartz substrates
or amines and thiols for Au chemisorption. Examples of such molecules include

mercaptobenzoic acid [154], benzenethiol [155], and cysteamine [156].

In this section, a SERS based substrate was studied in which an ordered array
of 100 nm diameter AuNPs were assembled over a SAM of biphenyl-4-thiol (BPT).
The samples were made by collaborators Lee et al. at the Korea Advanced Institute
of Science and Technology, and Ludwig-Maximilians-Universitat Miinchen from the
published work found in [157]. This was fabricated using a template dissolution

Capillary-assisted particle assembly (CAPA) method in which AuNPs in solution
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Figure 4.9: (a) Schematic summary of the CAPA protocol obtained from Ref. [157]. (b) Chemical
structure of biphenyl-4-thiol along with an example Raman spectrum where the y-axis represents
the signal intensity in arbitrary units obtained from Ref. [158].

are forced into recessed sections of a PMMA mask by capillary forces. These forces
are generated at the meniscus formed at the edge of a glass coverslip that was
pulled across a PMMA template when this solution was trapped between the two
surfaces. The recesses are made by spin coating PMMA over a Si master and
peeling this away with polyimide tape. As described above, the PMMA template
is then stamped onto a BPT covered glass substrate and the PMMA dissolved with
acetone, leaving behind the ordered AuNP arrays. This process is shown graphically
in Fig. 4.9a with an example Raman spectrum of BPT (Fig. 4.9b). Using a 785
nm laser, the AuNP arrays were scanned across and a spectrum was obtained for
each pixel. To represent the spatial variation, the Raman spectra were integrated

L'and 1800 cm™ for each pixel. This integrated Raman map can

between 800 cm”
be seen in Fig. 4.10b. The bright field (BF) image shown in Fig. 4.10a clearly
indicates the ordered pattern of the AuNPs on the glass substrate and correlates
with the position (and orientation) of the Raman map. It is worth noting that there

is a spatial shift between the BF and Raman map, likely due to inaccuracies in the

scanning stage positioning. Furthermore, the authors note that the assembly process
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Figure 4.10: Printed AuNP arrays using the CAPA method showing the (a) bright-field image, (b)
Raman map integrated between 800-1800 cm™! where the scanned area corresponds approximately
to the blue box in (a), and Raman spectra of the BPT linker molecule corresponding to the (c)
black, and (d) red crosses on the map.

(AuNPs on the PMMA template) has a yield of approximately 70 % whereas the
printing process (transfer from PMMA to substrate) has a yield of roughly 98 %,
explaining the missing AuNPs in the arrays. As expected, the substrate alone does
not provide any detectable Raman signals (Fig. 4.10d corresponding to the red cross
in Fig. 4.10b), as in line with the extremely low probability of Raman scattering
occurring. At the AuNP sites, we see a clear Raman signal with the three major
peaks at approximately 1075 cm™, 1280 cm™, and 1584 cm™, matching closely with
the example spectrum in Fig. 4.9b. As the AuNPs are relatively sparse in the

array, with an approximate average separation of 800 nm, it is not expected for any
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Figure 4.11: (a) Integrated Raman map of spun coated AuNPs on glass between 800-1800 cm™
with (b) the corresponding bright field image. (¢) Raman shift spectrum of BPT at the black cross
indicated in (a).

coupling effects to be significant at normal incidence and at this excitation. This
can be explored by removing the array aspect of the substrate and, instead spin
coating the AuNPs over the reporter SAM. In this sample, the AuNP distances can
be somewhat controlled by careful consideration of the AuNP concentration and the
spin parameters. From the bright field image in Fig. 4.11b, there are large distances
between the AuNP spots and therefore can be considered isolated. After scanning
across the red area, an excellent spatial agreement can be seen between the AuNPs
in the bright field image and the integrated (between 800 - 1800 cm™) Raman map

hot spots. The Raman spectrum obtained at the black cross show clearly the same

60



CHAPTER 4. EBL 4.5. CONCLUSION

prominent peaks, indicative of the BPT reporter molecule, at the same intensity as

the printed sample.

4.5 Conclusion

In this chapter, Streptavidin-conjugated QDs were immobilized onto biotin func-
tionalized quartz substrates at specific regions within a gold marker array, achieved
using a two step EBL process. It has been shown that this method can be used
effectively to produce multimaterial substrate based samples with nanometric con-
trol. This control has been exploited previously where QDs are shown to couple to
lithographically fabricated silver nanoparticle arrays [159] and gold nanoring cavities
[160], modifying their lifetime and emission characteristics.

Given the promising initial results of successful surface functionalization and QD
attachment, it is exciting to see how the two-step EBL procedure can be extended
to an (N+1)-step process for N conjugated QDs. This would allow careful probing
of the optical behaviour (fluorescence intensity and lifetime) of QDs in different
environments near other QD systems and within a plasmonic structure. This is of
course provided that the subsequent deposition and removal of PMMA layers do not
degrade the quality of the previously deposited QDs on the surface.

In addition, EBL was successfully used to fabricate a robust and reusable tem-
plate for the fabrication of CAPA substrates. Using the AuNP array made with this
method, the Raman signal of the underlying BPT layer is greatly enhanced given
that the regions without AuNPs produced no detectable signal. As discussed pre-
viously, EBL suffers from low throughput due to the long times necessary for large
and /or complex structures, for example spanning multiple write-fields (usually 100
x 100 pm) requiring precise stitching (or alignment). An initial solution to this issue

is to remove the need for EBL at the beginning of every fabrication process using
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new substrates. With the template dissolution method as outlined in Fig. 4.9a,
EBL is only required once to create the Si master template from which PMMA is
used to create replicas in the subsequent printing process. Since the time required
for spin coating and dissolution of PMMA is less (minutes/hours) compared with
EBL (hours/days depending on size and complexity of the master template), the
throughput is greatly improved. The main disadvantage with this method is the
complete lack of flexibility of nanostructure configuration once a template is made.
This method has been recently applied to using different polymer transfer materials
such as polydimethylsiloxane (PDMS) and OrmoComp [161]. Piolo et al. further
performed a sequential CAPA fabrication process within a microfluidic channel to
allow customized placement of different nanoparticles on the same template replica

depending on deposition order and meniscus direction of travel [162].

Unfortunately, the project was ceased early due to the COVID-19 pandemic.
If given enough time, the proposed nanostructure that would be fabricated using
EBL is illustrated by Fig. 4.12 with the largest QDs in the inner ring and smaller
QDs in the outer rings as the distance from the Au increases. The relative positions
(and thus the separation distances) of the nanoparticles could be precisely controlled
allowing for distance dependent fluorescence/plasmon decay-, and energy transfer-
rates to be measured using a variety of different combinations of QDs. From these
decay rates, it would be possible to observe a directed transfer of excitonic energy
from the outer to the inner ring of QDs. Additionally, the intensity of the QD
fluorescence could be measured depending on the distance to the Au and/or the

nearby QD rings.

The pandemic highlights the disadvantage of using EBL despite affording the
user exquisite control of the nanostructure. For one, the machinery required is
costly and so limits the availability of the equipment to only a few places that can

afford to purchase and maintain such a device. This causes issues in usage for ex-
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Figure 4.12: The proposed structure to be fabricated using the multi-step EBL process with the
evaporation of gold for the central nanodisk, and the subsequent deposition of the differently sized
QDs starting with the central ring of red QDs and ending with the outer most green QDs. Note
that this schematic is not to scale and the colour representation of the nanoparticles are only used
for illustrative purposes.

ternal users to the facility in which the EBL is housed in. Along with the cost and
complexity of the equipment, this demands specialist knowledge and expertise in
being able to effectively operate the EBL. Although a lower resolution is achieved,
modern laser based lithography techniques have been shown to produce large area
writes with 1000s of sub-wavelength features at speeds far exceeding the capabilities
of EBL [163|. The authors of the study report that they are able to fabricate a
large (10x10 mm?) area write in 5 minutes. Although this feat is impressive, such a
solution still does not meet industry requirements of high throughputs that match
other similar techniques such as photolithography (although the optical resolution
of photolithography is still a limiting factor for high precision applications). Nev-
ertheless, it is still interesting and exciting to see what the next generation of high
throughput, nanometric control fabrication techniques will be that use lithographic

methods.
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Chapter 5

Plasmon Coupled QD Films

5.1 Introduction

As mentioned in chapter 2, the use of QDs in film-based technologies has seen consid-
erable interest in the last few decades in various applications. Of particular interest
in this study is their exhibition of Forster /Fluorescence Resonance Energy Transfer
(FRET) in which the optical energy of an excited QD is transferred non-radiatively
to a nearby QD. Due to their size-dependent tuneable bandgaps, a chain or stack
of QDs near each other of increasing or decreasing size may exhibit uni-directional
Cascaded Energy Transfer (CET) from the higher energy emitting QDs to the lower
energy QDs [164]. Previous works from Mamedov et al. [165] and Franzl et al.
[166] showed that layer-by-layer (LbL) assembly methods are particularly suitable
for fabricating multi-layered structures consisting of differently sized QD nanocrys-
tal films. In fact, the work by Franzl et al. was the first to demonstrate this CET
where the spatial variation of bandgaps produces a funnel-like structure allowing ef-
ficient transfer of excitons towards lower energy QDs. Graded bandgap QD energy
transfer systems has also been realised in other works based on film and nanotube

based structures for up to 3 distinct QD layers [167-169]. Thin film based QD struc-
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tures has also been shown to be effective biosensing platforms. Seker et al. showed
that QD thin films separated by polyelectrolyte peptides could be used to monitor
enzyme activity of proteases by monitoring the changes in the FRET lifetime of the
donor QD films as the peptide separators where cleaved [170]. The versatility of
film-based QD technologies is further highlighted by their demonstration as light
emitting devices [171, 172|, and as full colour photodetectors [173-175].

The benefit of fabricating film based QD structures is the relative ease in which
QDs can be arranged on the 2D plane via methods including Langmuir-Blodgett
films [176, 177], jet spraying [178], spin coating [171, 179], and simply drop casting
[180]. These methods also has the benefit of scalability in which much larger surface
areas/substrates can be quickly covered with nanoparticles - an advantage over the

inherent issue that currently plagues e-beam based nanolithographic techniques.

For LSP-coupled FRET systems, the surface plasmon of the metallic nanopar-
ticle couples to the QD dipole which introduces an extra decay pathway for the
exciton — an energy transfer to the LSP. This treatment of an additional pathway
essentially leaves the original, intrinsic decay of the QD unmodified which greatly
simplifies the calculation of the decay rates [181]. Although the change in local
density of states from the plasmonic nanoparticle influences both the radiative and
nonradiative decay rates of the QDs as well as the energy transfer (ET) rates between
donor and acceptor QDs [182, 183, this plasmonic influence can still be separated
from the intrinsic decay [184]. Some works have been able to calculate the theoreti-
cal LSP-coupled FRET rate involving dyadic Green’s tensors of the AuNP coupled
Donor-Acceptor system [185, 186|. However, these calculations are more cumber-
some and still are considered separately from the other decay rate terms. The use
of plasmonic nanoparticles has been shown to enhance the PL intensity of QDs and
energy transfer rate between donor and acceptor QD species in thin film structures.

Su et al. utilised silver nanoparticles on a mixed layer of donor and acceptor QDs
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and demonstrated a PL enhancement of up to 47 times for the acceptor QD and a
plasmon enhanced decay rate of 1.22 times for the donor QDs [187|. The relationship
between the amount of enhancement of the energy transfer decay rate is intimately
tied with the distance between the QD films and plasmonic nanoparticle. In the
literature the LSP-coupled 2-layer and non-LSP coupled 3-layer QD structures have
been extensively studied, however there is little work conducted on an LSP-coupled
3 (or more) layer QD structure.

In this chapter, the time-resolved emissive behaviour of multiple QD species in a
2D film geometry fabricated using common Layer-by-Layer (LbL) techniques will be
explored. The behaviour of these QDs in the presence and absence of a plasmonic
particle will be compared, and attempt to elucidate the complex nature of multiple

emitters and decay pathways in a LSP-coupled multi-layer QD system.

5.2 Methods

5.2.1 Layer-by-Layer (LbL) Assembly

The substrates used were Corning 20.0 x 20.0 x 0.7 mm glass slides. Firstly, these
glass slides were cleaned sequentially in Acetone, Isopropanol (IPA), and water in
an ultrasonicating bath for at least 5 mins in each solution and dried under N,
flow. For a deeper clean (for example with sustained organic contamination after
the initial clean), the substrates were left in 0.5% Hellmanex III (Hellma Analytics)
overnight or sonicated for 30 mins, which were then rinsed with a copious amount of
water. Finally, the substrates were plasma treated for approximately 30 s at 100%
power, using ambient air as the process gas. This both removes any leftover organic
contaminants and increases the surface hydophilicity ensuring total coverage of the
polyelectrolytes (PE) [188]. The substrates were then submerged in a solution of
polyDADMAC (2 wt. % in HyO) which was left for 5 mins before being subsequently
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Figure 5.1: A simple schematic illustrating the general LbL assembly with two polyelectrolyte
layers (PE1 and PE2) including the the washing and drying steps in between.

submerged in HyO for approximately 30s and dried under Ny. A solution of as-
made AuNPs was diluted by a factor of 2 (reaching an optical density, OD, of
approximately 1.0), and 200 uL was used to spin coat over the functionalized glass

surface at 1500 rpm for 60 s with 2000 rpm/s acceleration.

Following this, the substrate was then submerged sequentially in alternating
baths of polyDADMAC and PSS (2 mg/mL, in H,O), with rinsing in water and
drying as before in between each PE layer. These PE coating steps were repeated as
many times as needed, always starting and ending with a poly DADMAC layer before
the next nanoparticle layer was added. For the work conducted in this chapter only 3
PE separation layers were used (polyDADMAC/PSS/polyDADMAC). A graphical
representation of the LbL assembly is shown in Fig. 5.1 summarising the alternating

PE submersion.

Once sufficient PE layers have been deposited, a dilute solution of QDs (approx-
imately 3.2 nM) was drop cast onto the surface using 200 pL - enough to cover the
entire slide and was left to dry on a hotplate at 45 °C. The procedure mentioned
above was then repeated to add more PE layers - again, 3 PE layers was used - be-
fore the subsequent QD layer was deposited. Although contrary to various studies
that rely on spin coating QDs onto substrate surfaces [189], it was decided to drop
cast dilute solutions of QDs due to the extremely high losses incurred during the

spin coating process [178]. Additionally, the dilute concentrations help to minimise
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Figure 5.2: (a) Diagram of the AuNP@QD multilayered structure illustrating the possible excitonic
decay pathways and the associated decay rates. The wavy arrows represent the radiative decay
pathways, ko ;, where ¢ denotes the QD layer. The curved arrows are the different non-radiative
pathways including the surface plasmon decay, ksp ;, and energy transfer, kgt ;;, where ¢ and j
represent the donor and acceptor layers, respectively. (b) AFM image of a 2 QD layer sample of
QD655 and QD605 showing the distribution of QDs. (c¢) Sketch of the locations of the conduction
band (CB) and valence band (VB) for the QDs along with the Fermi level (Ef) of the AuNP for
the sample structure illustrated in (a). The cascaded band gaps are visualised by their CB and
VB offset which enables the directed energy transfer of excitons.

the potential effects of quenching due to aggregation although it is believed that
this is mainly due to electronic coupling rather than excitonic energy transfer [190].
As seen from the AFM map given in Fig. 5.2b, the drop cast method is able to
produce homogeneously distributed multilayered QD samples. Furthermore, drop
casting solutions onto substrates causes a region of high concentration on the outer
edge of the droplet’s area - known as a "coffee-ring". To avoid this, the entire sub-
strate was covered (as previously mentioned) so that the coffee-ring was limited to
the extreme outer edge of the substrate and all physical and optical measurements

were conducted in the central region of the sample.
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5.3 The photophysical model

From the fabrication method above, the proposed structure of the full graded-
bandgap tri-QD layer on AulNPs is illustrated by Fig. 5.2a with the associated
de-excitation pathways of excitons supported by each QD layer. Specifically, exci-
tons in each QD i*" layer can de-excite via their own intrinsic decay pathway, k.,
but also via FRET to QDs in a different layer (kgr;;,7 > j from layer i to layer
J), and via energy transfer due to exciton-plasmon coupling to the AuNP layer un-
derneath (kp;). It should be noted that the requirement for the acceptor’s energy
bandgap to be smaller than the donor’s restricts the FRET decay pathway to be
unidirectional from the top most QD layer (QD585, i = 3 in Fig. 5.2) to the bottom
most QD layer (QD655, i = 1). Following the kinetics models presented in previous
works for multi-layer QD containing layers [53, 191], and extending the photophys-
ical kinetic models within to include multiple QD layers as well as the plasmonic
nanoparticles sub-layer, a series of coupled differential equations can then be formu-
lated to describe the exciton density evolution of the system using the above-defined

rates of de-excitation pathways applicable to each QD layer:

dn
- = ~koam = kg + kerans + kprams, (5.1a)
dn
7 = ~koana — kuanz — kprans + kpraans, (5.1b)
dn
d_t3 = —koans — kspans — kprzins — kprsans, (5.1¢)

where n; refers to the exciton density of the i*" pure QD layer at time t after the
initial excitation of the layer, which can be thought of as the number of excitons per
unit area. Note that, in the model, the effects of charge transfer between the layers
are discounted since the presence of the PE layers has been shown to degrade the

conditions necessary for charge transfer [192|. The effect of re-absorption or inner
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Figure 5.3: UVVis absorbance measurements of QD films on glass substrates. The vertical line
corresponds to a wavelength of 470 nm where the absorbance values are used to determine the
exciton density.

filtering is also not considered since the thicknesses of all layers are extremely small
and the in-layer processes are accounted for in the intrinsic decay rates. Furthermore,
and due to the reasons outlined here, we further assume the total absorption of the
3 layers is a sum of the absorption of the individual layers 5.3. From this the initial
exciton density for each layer was set to be in proportion of the total summed
absorption of the 3QD-layer system at 470 nm. The absorption of the films were
measured using UVVis with a substrate holder and can be seen in Fig. 5.3 where
the values taken at 470 nm are 1.69 x 1073, 6.6 x 107, and 9.9 x 10~*, for QD585,
QD605, and QD655, respectively. Thus, the corresponding exciton densities used in
the model for the each of the QD layers are 50.6, 19.8, and 29.6 for the non-LSP

coupled system.
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Figure 5.4: Atomic Force Microscopy images of (a) QD655, (b) QD605, and (c) QD585. (d-f) The
corresponding line profiles for each image.

5.4 Results

5.4.1 Physical properties

The characteristic diameter of the QDs were measured using Atomic Force Mi-
croscopy (AFM) - the images of which can be seen in Fig. 5.4. Using the open
source software Gwyddion to analyse the images, the characteristic diameters were
found to be 8.05 + 1.02 nm, 7.74 4+ 1.18 nm, and 7.19 £ 1.29 nm for QD655, QD605,
and QD585, respectively.

5.4.2 Optical properties

In order to calculate various optical parameters of the QD multilayer system such
as the spectral overlap and Forster radius (Eq. 2.4 and Eq. 2.5, respectively), the
PL emission and UVVis absorption spectra were measured. These, along with the

AuNP absorption are illustrated in Fig. 5.5a, which shows the distinct absorption
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Figure 5.5: (a) UVVis absorption curves of bare AuNP and QDs (solid lines - left axis) and
normalised PL emission spectra of QDs (dashed lines - right axis). The concentrations of the QDs
used for these absorption spectra were found to be 48.5 nM, 47.1 nM, and 169.3 nM, for QD655,
QD605, and QD585, respectively. (b) Lifetime decay curves of pure QD films on substrate.

profile of QDs with an increased absorption strength with decreasing wavelength.
Following the Beer-Lambert law (Eq. 3.1), the concentration of the solutions used in
the drop casting procedure was calculated given an extinction coefficient of 2,900,000
M~tem™ (QD655), 1,100,000 M~tem™! (QD605), and 530,000 M~tem=! (QD585)
all at 488 nm, which were all obtained from the manufacturer. The concentrations
were found to be approximately 3.8 nM, 12.2 nM, and 20 nM for QD655, QD605,
and QD)85, respectively.

Another important quantity required is the photoluminescence quantum yield
(PLQY) of the QDs. These were found according to Eq. 3.2b using the reference
dyes (with their known, corresponding PLQY) ATTO655 (0.3), Alexa Fluor 594
(0.66), and Alexa Fluor 568 (0.69) to compare against QD655, QD605, and QD585,
respectively. To minimise non-linear absorption effects of the reference dyes (such
as reabsorption [193]), the solution absorbances were kept low such that, at the
excitation wavelength, it was well below 0.1 using a 10 mm quartz cuvette. Three
different concentrations of each of the dyes and QDs were prepared, and for each

concentration the absorption UVVis was measured. A corresponding PL spectrum
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Figure 5.6: Photoluminescence quantum yield emission vs absorption graphs for (a) QD655, (b)
QD605, and (¢) QD585 measured against their corresponding reference dyes. The red and black
lines are their corresponding fits.

was obtained for every concentration with an excitation wavelength of 620 nm for
QD655, 590 nm for QD605, and 565 nm for QD585 (and their corresponding refer-
ence dyes). The PL spectra was integrated across the wavelength range measured
and a graph of integrated PL vs absorbances were plotted for each sample. The
wavelength range used to measure the PL was between 640 - 900 nm for QDG655,
600 - 900 nm for QD605, and 575 - 900 nm for QD585. As mentioned in the previous
chapter, these plots can also be used to ensure linearity between PL and absorbance
within the concentration ranges used to verify the validity of the equations used.
The PL vs absorption graphs for each of the three samples can be seen in Fig. 5.6
where in all cases, a linear relationship is indeed identified. Fitting a linear model to
the graphs and extracting the gradients yielded (4.6340.10) x 10°, (7.4740.05) x 10°,
and (8.80 +2.11) x 10° for QD655, QD605, and QD585, respectively. Their corre-
sponding reference dye gradients were (1.51 4 0.13) x 10, (7.33 4+ 0.07) x 10°, and
(7.44 4+ 0.21) x 105. Thus, from these gradient values the QD quantum yields were
found to be 0.92 + 0.08 (QD655), 0.80 + 0.20 (QD605), and 0.67 + 0.01 (QD585).
Next, the lifetime decay of the QDs, as seen in Fig. 5.5b, were extracted by an itera-
tive reconvolution fit with 2 components (wherever possible) which are summarized

in Table 5.1.
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Sample (1) 71 ms (cve) T2 ns (T) ns
QD655 (0.64) 6.57 = 1.65 (0.36) 10.37 + 2.61 11.13 + 1.9
QD605 (-) - (1.00) 30.35 £ 1.56 30.35 £+ 1.56

QD585  (0.63) 7.62 £ 0.81 (0.37) 20.68 £ 1.01 12.44 + 1.57

Table 5.1: Lifetime of single species QD layers on substrates with the fast (7;) and slow (72) decay
components. Note that QD605 had only 1 lifetime component and so 7y is omitted.

5.4.2.1 Crosstalk

Since the fluorescence lifetime behaviour is used to study the exciton kinetics in
each QD layer in a stratified structure, it is important to distinguish between the
detected signal from the desired QD channel from other QD signals. This is because
the QDs possess a broadband absorption spectrum (see Fig. 5.5a for their absorption
behaviour) which leads to the simultaneous excitation of all QD species in the layered
samples with a high energy laser source. As briefly discussed in chapter 3, bandpass
filters were used to discriminate photons originating from each layer detected at the
SPAD. However, as the emission profiles of the QDs are spectrally close to each other,
one cannot fully separate the signals using spectrally narrow filters alone. There will
be a degree of overlap between other QD emission peaks and the desired wavelength
channel set by the bandpass filter window - this is known as spectral bleed-through
or crosstalk. This can pose an issue particularly as it can be confused with energy
transfer effects. Therefore, one must determine whether crosstalk has any significant
effect on the measured lifetime for each QD channel. This was done by measuring
the PL of the 3QD layered system (without and AuNP layer) and decomposing
the spectrum into its constituent peaks at the 3 QD emission wavelengths by linear
unmixing, as shown in Fig. 5.7a. The three peaks were then integrated within each of
the optical filter limits (between 575-585 nm for the 580-10 filter, 605-615 nm for the
610-10 filter, and 645-655 nm for the 650-10 filter) to obtain an area which represents

the total contribution of each of the QD layers in each of the filter windows, or a
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Figure 5.7: Calculation of crosstalk taking the area within each spectral bandpass window in the
(a) PL emission spectra of the trilayer and its decomposed peak fits at the QD emission wavelength.
The red, blue, and green areas correspond to the QD655, QD605, and QD585 contributions in each
window, respectively. (b-d) Comparison in the lifetime decay curves between the measured and
calculated by weighted sum for the trilayer
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"weight". These contributions are shown as coloured areas in Fig. 5.7a, with each
colour corresponding to a QD layer. These weights were then multiplied by the
pure QD film lifetime histogram and summed together to obtain a "Weighted Sum"
and compared against the experimentally measured lifetime decay of the 3QD layer
structure for each detection channel. The weighted sum curve represents a decay
of an ensemble of non-interacting QDs, and any deviation from it would indicate
some interaction, such as energy transfer. A simple inspection of the comparison
between this non-interacting lifetime and the measured lifetime (Fig. 5.7b-d) shows
an obvious discrepancy between the two for each channel. Therefore, it was found
that the effect of crosstalk had a minimal effect on the measured lifetime using the

filters and could be disregarded.

5.4.3 Surface coverage

The surface density (or number of QDs per unit area), ogp, can be obtained using the
Beer-Lambert equation (Eq. 3.1) where the UVVis absorbance is measured through
the glass slide so that the optical path length is the thickness of the QD film (i.e.,
the diameter of the QDs as obtained by AFM measurements). The background
corrected absorbance values from each QD film spectra, as shown in Fig. 5.3, at
488 nm were found to be 7.3 x 10#, 2.8 x 10, and 9.9 x 10 for QD655, QD605,
and QD585 respectively. Using the dimensions of the QDs obtained via AFM and
extinction coefficients from the previous sections, the volumetric concentration, c,
can be found (recall that the Beer-Lambert equation is A = ecl where [ in this case
is the QD film thickness).

Finally, this volumetric concentration can be converted to a surface density via
ogp = cNyl, with Avogadro’s constant (IN4). Thus, the surface coverage (in units of
QDs per square metre) was calculated to be (1.5+0.2)x 10" m™2, (1.54+0.3)x 10%
m2, and (11.241.7)x 10'® m?2, for QD655, QD605, and QD585, respectively. These
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values are comparable to the densities found from previous works that also utilise
LbL techniques with self assembly linker molecules [194], but lower than those with
similar PE spacer layers likely due to the low concentrations used in this chapter

[195].

5.4.3.1 Polyelectrolyte thickness

As the FRET efficiency is sensitive to the centre-to-centre separation of the con-
stituent QDs, as well as the plasmon quenching, it is important to characterise, not
only the QD sizes but also the polyelectrolyte (PE) thickness. The thicknesses of PE
layers vary in the literature with some reporting 1-2 nm for polyDADMAC /PSS bi-
layers [196] and about 3.3 nm for polyDADMAC/PSS/polyDADMAC trilayers [197].
This variation is likely due to a number of factors that may affect the conformation of
the polymer such as pH, molecular weight, and concentration. Firstly, the thickness
may be obtained experimentally by scratching the surface of a QD585+605+655
layered sample with a sharp razor and measuring the height difference between the
substrate surface and the top of the QD trilayer stack. An example of a scratch and
line profile is illustrated in Fig. 5.8. The average height of the 3 QD layer peaks
were then subtracted by the average sizes of the QDs to get the total thickness from
the 2 PE spacer layers. Through this, it was found that the average polyDAD-
MAC/PSS/polyDADMAC thickness between each QD was 2.7 + 0.7 nm which is in
good agreement with the previous works. Furthermore, as no additional salts were
used in the PE baths (acting as counter ions) it is assumed that the adsorption of
the PE layers on substrate would produce a relatively flat and uniform layer around

the QDs [198|.
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Figure 5.8: An AFM image of a trilayer QD sample with a razor slice to measure the average PE
layer thickness. The white line on the AFM image corresponds to the line profile shown on the
right side. The arrow indicates the location of an exemplar peak containing the stack of 3 QDs.

5.4.4 Two layer QD films

As discussed in the previous section, it is imperative to find the distances between
nanoparticles to fully study their optical behaviour in the context of energy transfer.
Another important quantity that is related to this distance dependency is the FRET
radius, or Ry. Furthmore, Ry is unique for each fluorescent donor-acceptor pair and
sensitive to their optical profiles, and must be calculated using the experimentally
obtained spectra. Firstly, let us recall from Eq. 2.4 that R, is proportional to the
spectral overlap, J ()\)1/ 6. Then, for each QD donor-acceptor pair, the acceptor ab-
sorption spectra and donor normalized emission spectra from Fig. 5.5a, an environ-
ment refractive index of 1.375 (polyDADMAC), and the orientation factor x* = 2/3,
are taken to calculate the values of J and Ry. Note, that the environment refractive
index of the polyDADMAC was taken as the PE films are flexible and the QD films
are sparse (discussed later), thus it is assumed that the PE fully encapsulates the
QDs such that the local refractive index is wholly due to the polyDADMAC. These

are summarized in Table 5.2 for each QD combination.
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QD pair (Donor+Acceptor) dp J (nm*M~tem™) Ry (nm)
QD605+655 0.80 + 0.20 1.45 x 107 11.14+0.5
QD585+605 0.67 £0.01 1.39 x 10'7 10.73 +£0.03
QD585+655 0.67 +0.01 1.42 x 10'7 10.77 £ 0.03

Table 5.2: The quantum yield of the donor QD, ® p, spectral overlap, J, and theoretically calculated
Forster radii, Ry, of the 3 different combinations of the QDs used. Here, Eq. 2.4 was used to
calculate Ry using the spectral overlap values.

m  CdSe605 1
W CdSe655+605 (610BP)

= CdSe585 = CdSe58!

5
# CdSe655+585 (580 BP)

I o A CdSe605+585 (580BP) &

5 5 5

2 01 ‘» 0.1 » 01

=) o o &

@ o] @ :

N N N T T

£ oot — & 00 .. g 00 L PO

o] — O S

z = = —— Z T

0001 +——T—TT1 71771 0001 +——T—TT1 7171 0001 4+~ 71+ 71
0 40 80 120 160 200 0 40 80 120 160 200 0 40 80 120 160 200

Time (ns) Time (ns) Time (ns)

Figure 5.9: Lifetime decay histograms comparing the donor only QD film and the 2-layer donor-
acceptor structure measured at the donor wavelength for (a) QD655+605, (b) QD605+585, and
(¢) QD655+585.

Alternatively, the value Ry can also be obtained via experimentally obtained
parameters with Eq. 2.7. To find the energy transfer rates, the lifetimes of the
decay curves for the control QD bilayers are extracted at the donor QD wavelengths
and the amplitude average lifetime was calculated. These lifetime decay curves,
comparing the donor only and the 2QD-layer structure at the donor wavelength,
can be seen in Fig. 5.9.

Using the lifetimes obtained in table 5.3 and Eq. 2.8 (recalling that kgpr =
(tpa)~' = (7p)71), leads to an ET rate of 0.00940.003ns™", 0.103+0.023 ns™!, and
0.025+0.015ns™!, for the QD605+655 (from QD605 to QD655), QD585+605 (from
QD585 to QD605), and QD585+655 (from QD585 to QD655) pairs, respectively.
Interestingly, the ET rate for the donor in QD605+4-655, is considerably lower than
between QD585+4605 despite a comparable spectral overlap and acceptor/donor sur-

face density. This could be due to the larger amplitude associated with the slow
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QD585 QD605 QD655
QD585 | 16.17 & 1.44 ns _
QD605 | 5.44 & 0.60 ns | 30.35 &= 1.56 ns -
QD655 | 951 = 1.02 ns | 23.60 & 1.49 ns | 11.13 & 1.99 ns
AuNP | 934 £ 033 ns | 1450 &£ 2.05 ns | 8.83 & 0.84

Table 5.3: Experimental lifetimes for single- and double-layer structures. The column header
indicates the top layer (donor) of the double-layer structure, while the row header denotes the
bottom layer (acceptor). All entries represent the donor lifetime for the specified combination of
nanoparticles, except for the same QD entry (shaded) which corresponds to a single QD film. In
all double-layer structures, the layers were separated by a single PE spacer thickness of 2.7 nm.

decay component in the 2QD-layer structure. It was found that the fast and slow
lifetime (amplitude) components for QD605+655 measured at 610 nm were 27.40 ns
(0.73) and 13.52 ns (0.27). The appearance of the fast component from QD605 in
the 2QD-layer system clearly indicates the presence of an ET mechanism, however
due to the multiexponential decay, calculations involving the average lifetime, (1),

is still preferable.

Finally, with the QD densities obtained previously, the energy transfer rates, the
donor QD only lifetimes, and the PE spacer thickness, the experimental value of
Ry for each of the QD pairs can be found. Thus, for the QD pairs QD585+605,
QD585-+655, and QD605+655, the calculations yields a value of 14.4 4+ 1.3 nm, 12.2
+1.1 nm, and 10.7 4 1.0 nm, respectively. There is a clear discrepancy between the
two values of Ry (although there is agreement for the QD605+655 sample) which
is possibly due to the assumption of the refractive index and the orientation factor
values which may not be valid. The orientation factor is only assumed to have a
value of 2/3 if the transition dipoles are allowed to orient randomly which, for the film
samples used here is not the case as the QDs are fixed and the laser illumination is
fixed at normal incidence. Hence, to avoid further assumptions in the calculations,

the experimentally calculated values for Ry will be used.
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5.4.5 Plasmon-coupled to one QD film

To identify the effects of plasmonic enhancement on the QD ET system, one must
first understand the effect of coupling AuNPs to individual layers of QDs. Firstly,
the average nearest neighbour separation distance between the AuNP on substrate
was found by measuring the distances between scattering points on a Dark Field
image of a spin coated AuNP sample - this was found to be 2.1 + 0.7 ym from
analysis of 60 pairs of nearest neighbours. As such, the particles are considered
isolated as plasmonic effects are confined to the nanometre range and the laser spot
size is not large enough to excite QDs near more than 1 AuNP (about 820 nm in

diameter for a laser wavelength of 470 nm).

Next, the effect of plasmonic coupling of QD layers to the Au NP layer under-
neath was determined, allowing one to isolate decay rates due to relaxation into the
LSP (ksp). The steady-state and time-resolved PL emission spectra of the QD layers
with and without plasmonic coupling are shown in Fig. 5.10. This shows a signifi-
cant increase in the PL for QD585 (5.27 times peak enhancement), and QD605 (2.25
times enhancement), whereas quenching is seen for QD655 (0.05 times of control).
Furthermore, the emission of QD585 shows a blue-shift to 575 nm from 585 nm
in the control case but a red-shift is observed for QD605 to 613 nm from 606 nm.
No spectral shift was observed for QD655. However, the steady-state emission is
dependent on local concentrations of QDs at the laser spot whereas the lifetimes are
not expected to vary and so changes in the lifetime are more indicative of plasmonic
coupling (or other electronic/excitonic changes). Therefore, the bulk of the analysis
will concentrate on the lifetime changes of the QDs, though it is still noteworthy to

point out the change in PL behaviour.

The plasmon coupled excitonic decay is often reported as an extra decay pathway,

similar to FRET, which manifests as a fast decay component in a measured lifetime
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Figure 5.10: (a-c) PL emission spectra of QD and AuNP coupled QD films at each emission
wavelength. (d-f) Time-resolved emission spectra of the corresponding QD and AuNP@QD films
with the (g-1) extracted, corresponding lifetimes.
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[26, 52, 53, 199-201]. It is denoted here as kgy(d) = kspraa + Kspnr to reflect the
distance dependency between the nanoparticles and the extra radiative, kg yqq, and
non-radiative, kg, ., decay rates introduced by the metal - which is inserted into

Eq. 2.2 as

1
u— - s 2
T4u-QD krad + knr + ksp(d) (5 a)
kop(d) = ks (5.2b)
sp - .

Here, Ry 1sp is analogous to the FRET R, but between the AuNP and QD, and kgp
is the maximum quenching rate due to surface plasmons (SP) as though the QD is
in direct contact with the AuNP (not including charge transfer effects). It is worth
noting that Eq. 5.2b follows a FRET-like 1/d° distance-dependency relationship for
the QD-plasmon decay rate. This is due to the AuNP being large enough to support
a LSP resonance dipole mode which can interact with the QD dipole [202, 203].

Using Eq. 5.2a, the decay rate due to relaxation into the LSP is calculated by
1/Tau—qgp — 1/7gp. With the lifetimes in Table 5.3 for the AuNP coupled Ds, and
the pure QD films yields a kg, of 0.045 £ 0.007 ns™*, 0.036 £ 0.010 ns™, and 0.023
+ 0.019 ns! for AuNP coupled to QD585, QD605 and QD655, respectively. These
values are of the same order as similar, previously calculated AuNP-QD systems
[26, 53]. Given the emission of the higher energy QD matching more closely to
the LSPR peak of the AuNP compared to the lower energy QD, it is unsurprising
to see increase kg, with increasing QD emission energy. Alternative treatments for
the AuNP coupled QDs include the modification of the radiative rates due to the
plasmonic field enhancement and change in the local density of optical states - a
phenomenon known as the Purcell effect (as discussed in a Chapter 2) [38]. As the
PLQY of the QDs are high (in the QD655 case it is close to unity), it is not expected

for the radiative rate to increase considerably compared to the non-radiative transfer

83



CHAPTER 5. PLASMON COUPLED QD FILMS 5.4. RESULTS

to the metal nanoparticle. Hence, the additional plasmonic rate can be considered

separately.

5.4.5.1 Au-QD FLIM

The spatial dependency on the lifetime of QDs around AuNPs were briefly studied
for QD655 to demonstrate the variance in the decay curve profiles. As expected
from Fig. 5.11, the QDs on and near the AuNP display a fast (5.49 + 0.53 ns,
red circles) and slow (22.06 £ 0.76 ns, black squares) decay component due to the
plasmonic coupling of the exciton which averages to 11.25 + 1.03 ns. Once the
excitation is far enough away (approximately 2 um away in X and 3 pum in Y), the
lifetime reverts back to a single exponential decay and increases to 18.83 + 1.86
ns, indicating a plasmonic decay rate (kg,) of approximately 0.036 ns™ (as obtained
in the previous section). Interestingly, the distance away from the AuNP at which
the lifetime becomes mono-exponential is farther than expected at around 2-3 pm.
Possible explanations include the fact that the calculated spot size is an idealized
one and so, realistically, the laser spot may be larger due to imperfect focusing on
the AuNP. In an ideal case, the spot size (Airy disk) would only be around 820
nm in diameter using the 470 nm laser with a 0.7 NA objective. However, this
assumes the alignment is perfectly focused and the rear of the objective is uniformly
illuminated - both of which may not be the case given the beam profile is Gaussian.
Therefore, this results in a larger spot size than predicted by common Airy disk
diameter calculations (1.22\/Numerical Aperture). The centre of the beam spot
may also not be precisely on the AuNP due to the difficulty in determining the
beam centre location when obscured by the QD fluorescence as seen on a camera.
There also exists a relatively large region around the central AuNP with reduced
lifetime and enhanced PL. It is not immediately clear as to the origin of this dark

strip as it was ensured that only one AuNP was present in the scan area (due to
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Figure 5.11: (a) 30x30 scan FLIM intensity image (from the lifetime histogram amplitude taken
at each pixel) of an AuNP (approximately at the dashed circle) covered by a film of QD655, and
integrated at 1000 ms per pixel. (b) Corresponding lifetime fit image of (a) where the numbered
crosses indicate the regions in which the binned pixel lifetimes are evaluated. (c) Lifetime decay
curves for a distance (indicated by the legends) away from the AuNP in X with (d) the extracted
lifetimes. (e, f) Lifetime curves and extracted values for Y direction. Each curve corresponds to
a point evaluated for a constant 1000 ms and the dashed lines show the direction of travel for
the corresponding axes. (g) Representative dark-field optical image of the AuUNP@QQD655 sample

where the arrows indicate the position of AuNPs in the field of view.
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Figure 5.12: (a) Lifetime, and (b) fluorescence intensity map of a QD605 film over dispersed
AuNPs (50 x 50 pixels in size), and integrated for 250 ms per pixel. (c¢) Dark field image of the
AuNPs where the white box indicates the approximate scanned area. The coloured circles indicate
the approximate locations of the corresponding AuNPs across the three images. The scale bar is
10 pm and numbered circles/crosses indicate the location at which the binned pixel lifetimes are
evaluated.

the sparsity of the sample region seen in Fig. 5.11g). It is possible that the local
distribution of QDs is not as homogeneous, nor the AuNP as sparse (particularly
if obscured by a thicker than usual layer of QDs viewed on camera and through
an eye piece), as initially assumed. Then, there may be other AuNPs hidden from
view under a higher than expected concentration of QDs in the dark spots around
position 1 in Fig. 5.11b causing the reduction in lifetime and enhancement in PL
much further away from position 1 than expected. Nevertheless, this demonstrates
rather well the lifetime modification of QDs when near and far from AuNPs. This
spatial effect is demonstrated by Fig. 5.11c and Fig. 5.11e in the increase in the

average lifetime at a certain distance away.

Similar behaviours can be seen in the lifetime and FLIM amplitude maps for
QD605 (Fig. 5.12) and QD585 (Fig. 5.13). In either case, quite a good agreement
can be seen between the location of the lifetime dark spots (shorter lifetimes), am-
plitude hot spots (higher fluorescence intensity), and AuNP scattering spots in the
Dark Field. A slightly different approach to analyse the samples was also taken for
these two lifetime maps. The decay curves of the corresponding pixels were used

in the fitting procedure instead of remeasuring over the same spots at longer inte-
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Figure 5.13: (a) Lifetime, and (b) fluorescence intensity map of QD5855 over AuNPs (50 x 50
pixels in size), integrated for 250 ms per pixel. (c¢) Corresponding dark field image where the white
box represents the approximate scan area. The scale bar is 5 ym and numbered crosses indicate
the location at which the binned piel lifetime are evaluated.

gration times. As the conventional non-linear least-squares method requires high
photon counts for reliable analyses, pixels around a region of interest (ROI) were
binned and the photon histograms were summed together to increase the total pho-
ton budget available. Typically, the bin size was 3x3 (unless otherwise stated) with
the central pixel taken as the ROI allowing for a more accurate determination of the
regional lifetime. To verify this, the lifetimes of each pixel was extracted and the

average obtained in order to compare against the binned lifetime.

For AuNP@QQD655, 3 ROIs were evaluated: at the AuNP location (position 1),
and two relatively far away from the AuNP without AuNP (positions 2, and 3). The
fitting procedure for the lifetime decay curves are as before and the output values
are summarized in Table 5.4. Similarly for AuNP@G605, 4 ROIs were investigated:
positions 1 and 2 correspond to AulNP locations, whereas positions 3 and 4 do
not. Finally, in the case of AuNP@585, the 3 ROIs evaluated are positions 1 and 2
which are at AuNP locations, and position 3 is far away from an AuNP. The sample

lifetimes are also summarized in Table 5.5 and Table 5.6, respectively.

From these tables and figures, it is apparent that the lifetime of the QDs are
reduced at the AuNP locations. Although they are different to the lifetimes pre-

sented in the previous section, these QDs have considerably lower photon counts
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Region of Interest Binned lifetime (ns) Averaged lifetime (ns)

1 9.55 9.85 £ 0.34
2 18.27 20.29 £ 1.99
3 15.47 16.91 £+ 1.32

Table 5.4: AuNP@655 FLIM image lifetime values at each Region of Interest (ROI) of the binned
and pixel sum averages.

Region of Interest Binned lifetime (ns) Averaged lifetime (ns)

1 24.33 24.64 £+ 0.48
2 24.60 25.09 £ 0.61
3 35.88 35.93 £ 2.15
4 35.88 35.92 £ 0.70

Table 5.5: Summary of AuNP@605 FLIM image lifetime values are each ROI of the binned and
pixel sum averages.

(on the order of 1 x 10°) than before (over 1 x 10° photon events). Note that the
AuNP@585 lifetimes obtained here are used in the plasmon decay lifetime calcula-
tions in the previous section as the QD batch were the same. Interestingly, although
the image in Fig. 5.12a clearly shows a darker spot in the circled region labelled
2, the extracted lifetime is not significantly different compared to the expected QD
only regions in position 3 and 4. This is opposite to position 1 suggesting a higher
efficiency coupling between the QDs and LSP which isn’t necessarily the case in all
QD-AuNP pairs (possibly due to a thicker PE spacer). Again, assuming the lifetime
of the LSP-coupled QD film takes the lifetime of the form 5.2a, the energy transfer
rate to the surface plasmons was found to be approximately, 0.052 ns™, 0.005 ns!,
and 0.045 1, for AuNP@655, AuNP@605, and AuNP@585, respectively. These val-
ues match closely with those found in the previous section, with the exception of
QD605. As seen in the fluorescence intensity map given in Fig. 5.12b, the maximum
intensities measured around the AuNP are an order of magnitude smaller than for
the other two QD maps. The local concentration of QD605 at these locations could
be lower than for the other two resulting in fewer photon emissions which would di-

rectly impact the quality of the fitting algorithm due to the smaller photon budget
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Region of Interest Binned lifetime (ns) Averaged lifetime (ns)

1 8.93 9.34 £ 0.33
2 9.91 10.42 £ 0.28
3 15.48 16.17 &+ 1.44

Table 5.6: Summary of AuNP@585 FLIM image lifetime values at each Region of Interest (ROI)
of the binned and pixel sum averages.

available from Eq. 3.9.

In all cases, alongside a reduction in lifetime, an increase in the fluorescence
can also be observed around the AuNP (as seen in Fig. 5.11a (AuNP@655), Fig.
5.12b (AuNP@605), and Fig. 5.13b (AuNP@585)). As the PLQYs of the pure QDs
are known, as well as the lifetimes, the change in the radiative decay rates of the
QD layer in the presence of a plasmonic AuNP can be found and thus, the Purcell
factor as described by the expression given in Eq. 2.20, noting that it is assumed
the plasmonic particle does not affect the intrinsic decay rate of the QD. Following
the calculation yields 1.28 4+ 0.24, 2.15 £+ 0.43, and 2.09 + 0.19, for AuNP@655,
AuNP@605, and AuNP@585, respectively.

Alternatively, the change in the fluorescence intensity using the lifetime decay
curve maxima (I(t = 0)) from the bare QD film to the LSP-coupled QD emission
can be used with Eq. 2.21. This allows one to calculate the change in the radiative
rate of QDs, and therefore inform us of the Purcell factor by the enhancement in
the radiative rate. In this case, the pixels corresponding to the AuNP positions are
chosen if the lifetime amplitude are above a certain threshold (which is set to be
about 0.6-0.8 of the global maximum amplitude value), and amplitudes less than
this threshold are taken as the QD layer background. The average intensity values
for these categorized pixels are averaged and the ratio of the two are taken as the
enhancement factor (and thus the Pucell factor) of the decay rates. Thus, the average
FLIM intensity values for the LSP-coupled QDs, QD background, and subsequent

Purcell enhancement factor is reported in Table 5.7. Comparing the Fp values

89



CHAPTER 5. PLASMON COUPLED QD FILMS 5.4. RESULTS

calculated previously using the decay rates with those calculated by the change in
fluorescence lifetime intensity shows good agreement between the two methods. This
also supports the equivalency between the mathematical treatments of having k,, as
a separate de-excitation pathway that does not affect the intrinsic radiative rates of
the QDs (decay rate calculations), with the metallic nanoparticle directly influencing
the excitation and emission rates of the QDs (fluorescence intensity calculations).

Sample AuNP@QQD  Background Fp

QD655 1553 £ 1.67 7.61 £2.30 2.04 £ 0.65

QD605  9.22 £041 4.84 £0.37 1.90 £0.17
QD585 16.28 + 1.63 6.88 £ 0.78 2.36 £ 0.36

Table 5.7: Fluorescence lifetime decay intensity maxima (I(¢ = 0)) extracted from the FLIM maps
of the QD layer at the AuNP position (AuNP@QD column) and for the QD background. The
ratio of the AuNP@QQD and background values give the Purcell enhancement factor, Fp.

Furthermore, the PLQY of the LSP-coupled QDs can be calculated with Eq. 2.19
leading to values of 0.937 £ 0.065 for AuNP@655, 0.896 + 0.106 for AuNP@QG605,
and 0.809 £+ 0.019 for AuNP@585. From these, there is a slight increase in the
corresponding PLQY of the LSP-coupled QDs with an enhancement of 1.02, 1.12,
and 1.21 times from the control (non-LSP coupled film) values (recall they were 0.92,
0.80, and 0.67, respectively). As mentioned before, this slight increase is expected
given the already high PLQY values for the control QDs. There is also the trend
where the amount of enhancement increases as the difference between QD emission
and AuNP LSP resonance peaks decreases (i.e., the higher energy emission QDs
matches more closely with the LSP peak) which follows with the LSP-coupled decay

rates calculated in the previous section.

5.4.6 AuNP Coupled to two-layered QD films

Not only is the decay rate of individual QDs enhanced, manifesting in a shortening

of the average lifetime, but the ET between coupled QDs can also be enhanced [186,
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204, 205] at distances close to the surface of the metal. However, studies of AuNP
weakly coupled to FRET pairs demonstrate a minimal effect on the FRET rate at
distances of up to 10 nm for AuNPs of up to 20 nm in diameter [206] - AuNPs of

these sizes are known to exhibit LSP resonances and so may behave in a similar way

to the AuNPs used in this study [207].

Although less preferable to formulate conclusions using the steady-state PL spec-
tra due to the local concentration dependence, the graphs shown in Fig. 5.14c, and
Fig. 5.14i demonstrate an enhancement in the acceptor peak (with a corresponding
quenching in the donor peak) whereas Fig. 5.14f shows relative quenching for both
QDs. To more easily compare the lifetimes, the extracted values are plotted in Fig.

5.15.

To begin with, let us consider the lifetime of the QD655 acceptor in the QD655-+605
pair where the addition of a donor QD605 appears to increase the average lifetime
(14.04 + 2.39 ns), although not significantly within the margin of error from the con-
trol lifetime of 11.13 £ 1.99 ns (Fig. 5.15a). An increase in lifetime of the acceptor
would be characteristic for ET as shown by Ozel et al. in a similar LbL fabricated
AuNP-coupled QD films [200]. This increase in acceptor lifetime is much more pro-
nounced with the addition of AuNP to 15.75 £ 0.66 ns (AuNP@655+605). The
same can be said for the QD655 acceptor in the QD655-+585 pair where the average
lifetime is increased considerably to 19.72 + 2.25 ns. Conversely, for QD605+4585,
the lifetime of the QD605 acceptor decreases to 16.68 + 2.08 ns. Similarly, in the
prescence of AuNP, we see a reduction to 4.43 4+ 0.65 ns (AuNP@G605+585). It is
possible to explain this behaviour by considering the different decay pathways as
competitive in nature. The model provided in Eqns. 5.1a - 5.1c, the energy transfer
term kpr,;; will be positive for an acceptor QD layer (for a 2QD-layer system, this
will be layer j), which suggests the exciton density increases by this rate. If this

energy rate is dominant (particularly with plasmonic enhancement) then excitons
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are excited in the layer faster than they can de-excite leading to an increase in
the detected fluorescence lifetime. Conversely, if it is not a dominant process, the

measured lifetime may decrease.

Further evidence of this LSP-coupled FRET is provided by the consistently de-
creased average lifetimes of the donor’s emission in the AuNP@2QD systems. This
is the case for all three QD pairs as can be seen in Fig. 5.15d-f. This reduction
in lifetime is not significantly present in the QD655+4585 case where the lifetime
of QD585 layer was measured to be 8.01 + 2.02 ns in the presence of AuNP (i.e.,
AuNP@QQD655+585), indicating no decrease in the average lifetime within the mar-
gin of error. For the AuNP@QQD655-+585 case, a reduction in the fast and slow
lifetime components can be seen from Fig. 5.15f, indicating that there is indeed
some influence on the decay characteristics of the QD585 layer due to coupling to
LSP. In this case, the lack of variation in the measured average lifetime is due to

changes in the component amplitudes (o), of the extracted fast and slow lifetimes.

Given the donor lifetimes, the LSP-coupled FRET rates is calculated by modifi-

cation of Eq. 2.3 to

1
krsp—prET = ————— — ksp(d/> ) (5'3>
TAuNPQAD

where the subscript AuNP@QAD indicate the AuNP coupled to the acceptor+donor
system, and k,(d') corresponds to the calculated plasmon decay rate of a donor
QD at an extended distance, d’, away from the AuNP (using Eq. 5.2b). It should
be noted that with the addition of an acceptor QD layer, the separation distance
between the donor QD layer and AuNP will naturally be different than in the AuNP-
donor only case considered earlier. With this in mind, the energy transfer rate for

AuNP@QD605+585 (from QD585 layer to QD605) increases to 0.297 4 0.007 ns
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Figure 5.14: (a) Lifetime decay curves of QD655+605 with and without AuNP coupling measured
at QD605, and (b) QD655 wavelengths with (c¢) the corresponding PL emission spectrum. (d)
Lifetime decay curve comparison for QD605+585 at QD585 emission, (e) QD605 emission, and (f)
PL spectra. (g) Lifetime curve comparison of QD655+585 measured at QD585, (h) QD655, and

(i) PL spectra of the corresponding QD bilayer.

93



CHAPTER 5. PLASMON COUPLED QD FILMS 5.4. RESULTS

0l @ wd P wq C e
— . L = @ ® 5 ’g A <21>A
) 1 <> £
£20 4 Sy £ 20 &[4 < 2 20 o esomp 1t
o 650BP 4 e 1 etoep 2
= E ko £ 10 2y i
g0 3 . £ 10 - g4 i
= x
o
0 l T 0 T 0 & 4
0 ,
CO/S 4(,4/p 0(78@ 4(/4/,6 8865 /Vp@
6 0. @, % 65
55, @, 5, 6 & 3,
%6 655, > 5, %5
Os "6‘06 ’(6295 S5
30 d b 30 - © — a0 f e
* - 1
e 1, ® = ®
m i | <o, m Aot M ® | A <,
£20 £20 il £ 20
2 E 610BP 2 580BP 0 580BP E
81 5 ¥ 5
510 [} 51 - . [ E Y
-
*
0 é : 0 , : 0 — c'* . 4J )
0 A, Co A, 0 ,
896‘5 4/,0@ Seg /V,o@ Sees /Vh@
*g 635, Sxg 60s, Sxs, 655,
05 "6‘05 S5 *5@5 S5 ’(6:96

Figure 5.15: (a-c) Extracted acceptor lifetimes of QD bilayers for QD655+605, QD605+585, and
QD655-+585, respectively, with and without LSP-coupling. (d-f) Extracted donor lifetimes for the
corresponding QD bilayers.

with plasmonic coupling, translating to an enhancement of 2.4 from the control case
(0.122 ns!). Conversely, no significant change is observed for AuNPQQD655+605
which yields a calculated transfer rate of 0.007 & 0.013 ns™ from QD605 to QD655
layer (compared with a control energy transfer rate of 0.009 ns?). Similarly, the
transfer rate for AuNP@655+585 (from QD585 to QD655) was found to be 0.044
+ 0.034 ns! (in comparison to a control energy transfer rate of 0.043 ns*). This
indicates that the presence of a plasmonic body can increase the rate at which
excitons are transferred between donor and acceptor QDs but is unexpected for the
QD655+605 and QD655+585 system. In either case, the LSP-FRET rate either is
unaffected or is adversely affected which is indicative of weak plasmonic coupling
to the donor QD, as suggested by Bohlen et al. [206]. Despite this, there is clearly
a reduction in the average and/or component lifetimes for the donors. On the

other hand, a large enhancement in the ET rate is seen for AuNPQQD605+585
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Figure 5.16: Extracted lifetimes of the QD trilayer (with and without plasmonic AuNP) where the
decays were obtained at wavelengths corresponding to (a) QD655, (b) QD605, and (c) QD585.

which evidently suggests there is strong plasmonic enhancement in the LSP-coupled

QD605+585 layered sample.

5.4.7 Plasmon coupled QD trilayer

Before delving into the beast that is the LSP-coupled QD trilayer, let us first re-
examine the QD655+585 case as it will be necessary to compare the expected results
against the effect of adding an intermediate QD layer. Along the same analytical
path as in the previous section, we first determine the ET rate from the QD585 layer
to the QD655 layer at a separation distance that includes the average diameter of
QD605 for the control case using Eq. 2.7. This yields a value of (1.1 4 0.4) x 1073
ns! which, in comparison to the intrinsic decay rates, is virtually negligible at these
distances.

Now to examine the control trilayer system (QD655+605+585 in the absence
of AuNPs) - due to the presence of multiple acceptors of a similar species, the
term "energy transfer" rate becomes ambiguous for the donor QD585. A more
appropriate term would be to consider the energy extraction rate instead. Although
the calculation is virtually identical and conceptually there is little difference, it is
worth pointing out for the sake of clarity. Although it was found above that the
energy transfer from QD585 to QD655 at an extended distance is negligible, this
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may not be the case in an LSP-coupled system. Like before, let us examine the
case for the purely donating QD585 in the control 3QD layer system - the lifetime
of which was found to be 7.44 + 0.76 ns, equating to a decay rate of 0.134 + 0.014
nst. Therefore, it is simple to calculate the energy extraction rate of the trilayer by
subtracting the intrinsic decay rate of the pure QD film, obtaining a rate of 0.073 +
0.015 nst. This is somewhat surprising as this is a marked decrease in the extraction
rate compared with the QD605+585 (which was 0.122 ns!) suggesting the addition

of QD655 decreases the extraction efficiency of the outer most layer.

In the AuNP@QD655+605+4585 full layered structure, the lifetime in the QD585
layer was measured to be 4.41 + 0.40 ns. Taking into account the expected k, as
before (with a separation distance between the AuNP and QD585 layer of 71.0 & 3.7
nm, a kg, of 0.009 £ 0.004 ns is obtained), one obtains an energy extraction rate
of 0.156 + 0.022 ns! - an enhancement of 2.1 from the control case above. Upon
initial inspection, it appears that this rate is lower than that of the AuNP@605+585
system, however the QD585 donor and QD605 acceptor layers are further from
the AuNP surface due to the presence of the purely accepting QD655 layer. This
decrease in the extraction rate may be attributed to this larger separation thereby
decreasing the influence of the electric field enhancement, subsequently decreasing
the non-radiative transfer rates [208]. As a result of this change in environment and
3rd QD influence, it is difficult to draw direct comparisons between the plasmon
coupled 2QD- and 3QD-layer systems. Evidently, the addition of the intermediate
QD605 layer has a profound effect on the extraction rate from the QD585 given
the large difference in the calculated energy transfer/extraction rates between the
bilayer and trilayer systems and the virtually negligible calculated transfer rate

between QD585 and QD655.

Considering the QD605 layer in the AuNP@Q3QD system, there is a clear re-

duction in the measured lifetime from the control to the LSP-coupled case in Fig.
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5.16b. The measured lifetime was 17.81 + 2.95 ns without AuNP and 13.33 £+ 1.57
ns with AuNP coupling. Taking the pure QD605 lifetime as a reference, this leads
to a measured energy transfer (extraction) rate of 0.023 £ 0.009 ns* and 0.028 +
0.011 ns™!, respectively. Again, this considers the expected plasmon decay rate for
the respective QD at the same distance from the AuNP centre. This shows that the
lifetime of the QD605 in the 3QD-layer system increases compared to QD605+4585
(here the QD acts as an acceptor) from 16.68 ns but decreases in lifetime from
23.60 ns compared to QD655+605 (donor). A similar behaviour is also observed in
the LSP-coupled 3QD-layer case where the lifetime is shorter in comparison to the
purely donor case (AuNP@QQD655+605) suggesting the presence of an extra donor
accelerates the exciton relaxation. This is an interesting result as, from the calcu-
lations, the presence of AuNP does not seem to affect the energy transfer rate of
QD605 to QD655 in the trilayer system despite clearly decreasing in the average
lifetime.

Finally, in the case of the QD655 acceptor in the trilayer system, the average life-
time does not change significantly in the presence of AuNP. This could be explained
as before by the competitive nature of the decay pathways between quenching due
to AuNP and exciton donation mainly from QD605 as the local environment does

not change significantly after the addition of QD585.

5.4.8 Photophysical dynamics

Let us now investigate and compare the exciton dynamics for each of the QD layer
in the 2QD- and 3QD-layer structure. Due to the Purcell effect in the LSP-coupled
system, the rate of excitation of the QD layer in the vicinity of a AuNP must be
accounted for which is described in the previous chapter by Eq. 2.17. Since the
modified PLQY of the QDs in the Au-QD complex and emission rate ratio were

found from the experimental values in the previous section, the enhancement factor
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Figure 5.17: Exciton density decay dynamics for a 2-layer QD system comparing with and without
plasmonic coupling for (a) QD655+605, (b) QD605+585, and (¢) QD655+585. The top row graphs
correspond to the exciton density dynamics for the acceptor layer and bottom row for the donor
layer.

of the excitation rate (kese/k0,. from Eq. 2.17) can be calculated. For a single QD
layer separated by a PE spacer from an AuNP, the enhancement of the excitation
rates were calculated to be 1.26 + 0.27, 1.92 + 0.66, and 1.83 £ 0.14 for QD655,
QD605, and QD585, respectively. As kg, is a distance dependent value used in
the determination of the modified PLQY and emission rates, these excitation rate
enhancements will also vary with increasing separation distances between the AuNP
and QDs in the multilayered system. Then, with these values the increase in the
initial exciton density, n;, for each QD layer, i, as a function of particle separation
distance from the AuNP surface in the AuNP-QD complex is calculated from the

following expression:

ke;rcz’
n; =n; i (5.4)

€exc, %

where the 0 superscript refers to the non-LSP coupled QD layer.

From Fig. 5.17, it is evident that in all cases the coupling with a plasmonic

98



CHAPTER 5. PLASMON COUPLED QD FILMS 5.4. RESULTS

AuNP causes a faster decrease in the exciton density for donors and acceptors alike.
This is the expected result given the introduction of the plasmon decay pathway
for QDs as well as the modification to the ET rate. Perhaps the more profound
difference in the exciton dynamics is in Fig. 5.17b monitoring the exciton density of
the acceptor QD605 in the QD605+585 2-layer system. In the control case (without
plasmonic coupling), the density reaches a maximum of 37.3 (the units here are
arbitrary but can be thought of as the number of excitons per unit area) at roughly
8.8 mns, an increase in density of 88 % from 19.8 at t=0. In the AuNP coupled
case, this maximum increased to 63.9 at 4.3 ns leading to an increase in density of
69 % from the same initial density. This is expected given that the ET transfer
rate is the dominant process, hence the increase in density after the initial pulsed
excitation (at t=0) as well as the steeper rise in the plasmonically coupled system.
A somewhat similar (but not as pronounced) behaviour can be seen for the QD655
layer in the QD655+585 system (Fig. 5.17f. In this case, the density does not

decrease immediately as is the case for the other QDs.

In the 3-layer case, the exciton density dynamics is shown in Fig. 5.18. If we
examine the intermediate QD605 layer, we see that the maximum density reached
is 35.2 (a 78 % increase from a density of 19.8 initially) at roughly 7.8 ns, without
LSP-coupling. With LSP-coupling this maximum density is increased to 54.7 (94 %
increase from the initial density) and reached at 5.0 ns. Although the percentage
increase from the initial density to the calculated maximum for the AuNP coupled
to the 3QD layer case clearly rises compared to the AuNP coupled to 2QD layer
case, the maximum reached decreases. This is attributed to the greater separation
between the AuNP surface and the donor QD585 which decreases the influence of
the plasmonically enhanced energy transfer rate, as well as the excitation rate of
the QDs involved. Briefly examining the QD655 layer, we can see in Fig. 5.19a,

the addition of each donating QD layer decreases the curvature of the decay (or
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Figure 5.18: Calculated exciton density decay curves for the control QD655+605+585 (solid lines)
and AuNPQQD655+605+585 (dashed lines) samples evaluated at the spectral windows indicated

in the legend.
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Figure 5.19: Calculated normalized exciton density decay curves for three different QD layer
samples for pure QD films (solid lines) and AuNP coupled QD films (short dash lines). The curves
are calculated for the density in the (a) QD655, (b) QD605, and (c) QD585 layer. Note that
the AuNPQ@QQDG605 extended curve in (b) indicates the density dynamics was calculated for an
average AuNP-QD605 centre-to-centre distance equal to the average AuNPQQD655-+605 centre-
to-centre distance. The curves in (c) representing QD655+605+585 and AuNP@QQD655-+605-+585
are, respectively, virtually identical to QD605+585 and AuNP@QQD605-+585, hence are obscured.
The samples denoted as “AuNP@QD585 extended” and “ AuNPQ@QQD585 extended 27 are calculated

for an Au-QD separation accounting for a QD605, and QD655 and QD605 in between with any
additional PE spacer layers, respectively.
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a reduction in the slope is observed) which is characteristic of an excitonic ET.
Surprisingly, the change in gradient between QD655 and QD655+605 is smaller
than between QD655+605 and QD655+605+585 suggesting a greater ET rate for
the latter. This behaviour is copied in the AuNP-coupled density curves although
the differences in the slopes are visibly smaller. This similarity may also be explained
by the competition between plasmon-coupled ET from the donating layers and the
plasmon enhanced decay of QD655. As we have seen previously, the ET rate between
QD585 and QD655 is low for extended distances. Therefore, it is possible that the
addition of QD585 increases the exciton density in the QD605 layer which, in turn,
allows for a greater number of excitons to transfer to the QD655 layer. Furthermore,
considering Fig. 5.19c, it is of little surprise that the exciton density profile for
QD605+585 and QD655+605+585 are virtually identical and so the ET is mostly
due to QD605 - again, suggesting a directed transfer of excitons across the layers.
What is interesting to note, however, is the steepening of the decay profile for the
QD585 exciton density, with the addition of AuNP, by the same amount for the 2QD-
and 3QD-layer system. In the section above, it was suggested that the plasmonic
coupling with QD605 at >5 nm separation away from the AuNP surface is weak
and so we do not expect a significant plasmonic effect on the energy extraction rate
of QD585 due to QD605 at these greater distances. Coupled with the fact that
the ET between non-adjacent QD585 and QD655 layers is low, and an increase in
the lifetime decay from AuNPQQD605-+585 to AuNP@QQD655+605-+585, it is likely
that the QD585 layer is not affected significantly by the addition of the AuNP or
QD655 layer.

This is akin to a multi-stage chemical reaction in which the speed of the whole
reaction is as fast as the rate limiting step. In this multilayer system, the "rate
limiting" step for the transfer of excitons is between the QD605 and QD655 layers.

This is evidenced by the large increase in initial exciton density in the QD605 layer
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but a comparatively minimal change in QD655. As the different decay pathways are
competitive, not all excitons will be transferred to the QD655 layer and instead will
decay via other pathways e.g. coupling to the far field or non-radiatively dissipating

to the environment.

5.4.9 AuNP energy absorption

Given the model prescribed in Eq. 5.1a-5.1c, it is possible to estimate the total
number of excitons received by the AuNP, ng,, due to the plasmon coupled decay

rates over one excition period (i.e., one pulse). This is found by the following integral,

Ngp = Z/o nikspidt (5.5)

where n; is as before - the exciton density of the i*® QD layer. Since the decay
pathways are independent, they can be treated separately and used as weights to
find the expected density of excitons arriving at the AuNP. Furthermore, one can
use Eq. 5.5 to calculate the total energy received by the AuNP wia the surface
plasmon decay route. As these excitons have an energy approximately equal to the
emission bandgap of the QDs (AE;), one may calculate the energy contribution to
the AuNP from the i-th layer by simply multiplying this bandgap with the number
of excitons. Summing the energy contributions for every layer will then yield the
total energy absorbed by the AuNP via plasmonic decay, Ey,. The bandgap energies
were calculated by taking the wavelength of the first absorption peak in Fig. 5.5a
and converted to eV, which were 1.94 eV, 2.09 eV, and 2.19 eV for QD655, QD605,
and QDb585, respectively. Note that the total exciton number is given as a num-
ber density, and hence Ej, is also, conceptually, an energy density. As expected,
with an increasing number of QD layers, the total number of excitons and energy

transferred increases due to the extra plasmonic and energy transfer decay pathways
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Sample nsy  Egp (eV)
AuNP@QDG655 502 9.74
AuNPQ@QD655+4-605 15.71 31.64
AuNP@QD655+605+585 30.67  62.93

Table 5.8: Calculated exciton number density, nsp, and total plasmon decay energy, E,, transferred
to the AuNP by the exciton-plasmon coupling decay using the surface plasmon decay rates, ks,
obtained experimentally. The values of the QD bandgap energies used were 1.94 €V, 2.09 eV, and
2.19 eV for QD655, QD605, and QD585, respectively.

contributing to the increase in excitons in the acceptor QD layers. There appears
to be a tripling of the number of excitons transferred to the AuNP from 1 to 2 QD
layers, and a doubling from 2 to 3 QD layers — a relationship also reflected by the
total energy. For this structure, it is not expected for excitons to be quenched via
recombination before reaching the AuNPs or the next QD layer. As the exciton dif-
fusion length is of the order of 10-20 nm in length within a layer, it may be possible
to increase the QD density and layer thickness before one begins to observe a degra-
dation in the exciton multiplication with subsequent additions of QD layers [209].
This is, of course, if the plasmon decy rate remains sufficiently faster than other
decay pathways to ensure the transfer is dominant. Furthermore, this behaviour
is only expected to be possible with a structured formation of QDs such that the
excitons energy is spatially funnelled towards the AuNP (or some other centre). For
a randomly distributed set of QDs, the energy transfer no longer becomes directed,
and hence a lower density of excitons will be concentrated at QD layers close to the

AuNP surface, which limits its effectiveness as an energy harvester.

5.5 Conclusion

It has been shown through time-resolved PL spectroscopy the energy transfer dy-
namics of excitons across a plasmon coupled multi-layered QD films fabricated by

a LbL approach. The lifetime of the purely accepting QD655 layer in direct prox-
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imity to the AuNP presents insignificant changes due to the competition between
excitonic relaxation from the LSP-exciton coupling and energy transfer from the
immediate donating layer. It can also be seen that the ET contributions from non-
adjacent QDs fall to negligible levels compared to the ET rate of adjacent layers
owing to the rapid decrease in the FRET-life coupling strength. As the QD585 is
far away from the AuNP in the 3-layer system, the plasmonic coupling no longer
becomes significant and so an increase in the lifetime is seen as compared to the
2-layer system. Furthermore, the presence of this donor appears to accelerate the
excitonic relaxation of the intermediate QD605 in the 3-layer system through the

photophysical calculations after an initial excitation.

Despite a reduction in lifetimes, the calculations show that the LSP-coupled
FRET rate does not change significantly compared to the non-plasmonic system
other than between QD605+585 if they remain near the surface of the gold. It has
been suggested that the transfer of excitons between the layers is similar in concept
to a rate limiting step for chemical reactions. High ET rates between the QD585 and
QD605 will inevitably cause an increase in the exciton density for the acceptor layer.
However, if the ET rate to the QD655 layer remains low, compared to the intrinsic
or plasmon decay rates, minimal changes in the exciton density will be observed
and excitons will instead decay via other pathways. Therefore, not only should
the energy bands of the QDs be considered when constructing multi-species, multi-
layered QDs, the decay rates must also be accounted for to optimize the probability
for excitons to be transferred across the layers. The use of plasmonic coupling
must also be thoughtful to ensure enhancement of any energy transfer/extraction
pathways that can be considered "rate limiting" in the overall system i.e., enhancing

the slowest energy transfer processes.

Finally, the total energy transferred to the AuNP was estimated by using the
model provided in the section above (Eq. 5.5) where it was found that the energy
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$

Figure 5.20: COMSOL Multiphysics simulation (using the Radio Frequency module) of the electric
field enhancement (|Z/E,|) around a AuNP of diameter 87 nm on a 1 nm thick spacer layer and
glass substrate. The arrow indicates the direction and angle of illumination by a 470 nm plane
wave source at normal incidence.

received over a decay period is enhanced by a factor of 6, from 1 to 3 QD layers.
Thus, this structure serves as an energy harvester in which the energy transferred
to a plasmonic system can be increased due to the enhancement of energy transfer
rates and spatially directed transfer of excitons - effectively increasing the absorp-
tion cross section of the AuNP. Such a conclusion is echoed by Carretero-Palacios
et al. in which the authors demonstrated an increase in absorption of noble metal
nanoparticle doped perovskite films for the purposes of solar harvesting [210]. This
clearly has implications for energy harvesting devices which may exploit such prop-
erties of directed energy transfer for uses that include solar cells and purification

systems.

Although the coupling between QDs and plasmons are observed experimentally,
it is likely a layered structure is not particularly optimal to exploit the field enhance-
ment of AuNPs. As seen in Fig. 5.20, most of the field enhancement is localized to
the lateral regions of the AuNP and at the space between the AuNP and substrate
surface. It is surmised that the QDs reside mostly on the top half around the AuNP
(furthest side from the substrate surface) and so do not experience as strong of a field

enhancement. Therefore, it is logical to explore alternative arrangements between
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AuNPs and QDs that allow QDs to exploit these intense field enhancements.
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Chapter 6

Colloidal Nanoparticle Encapsulation

6.1 Introduction

In the previous chapter, the excitonic energy transfer processes were investigated for
AuNP-coupled QD films on glass substrates. As the QDs and AuNPs were fixed on
a substrate, it was shown to be unlikely that the electric field enhancements were in
regions where the QDs could reach and that the dipole moments relative orientation
for the two nanoparticles were likely fixed. To overcome this, the use of strong
binding ligands (such as Biotin-Streptavidin) and electrostatic attraction forces can
be used to surround a central AuNP with QDs such that the relative placement
and dipole orientations are random. This increases the likelihood that QDs reside
in a region of electric field enhancement, thus imporving the energy transfer rates
between NPs.

The binding of Biotin (BTN) and Streptavidin (STV) is well-known for its high
affinity and specificity, and has been utilised previously as a ligand for surface func-
tionalization of Gold and Silver nanoparticles [211, 212|. Therefore, Biotin that is
thiolated (with a sulfur end group of the form -SH) is often used due to the high
affinity of sulfur groups to noble metals [213] and is exploited to fabricate Biotin
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functionalized AuNPs. An advantage to this method is the relative ease in which
fluorescent probes (such as dyes or QQDs) can also be functionalized with either the
Streptavidin protein or Biotin. This allows one to construct concentric multilayers
of QDs around a central AuNP using alternating Streptavidin/Biotin ligands. A
disadvantage to this method, however, is the lack of flexibility in the separation dis-
tances between the AuNP and the concentric layers. This distance is usually limited
to the length of a polymer that is terminated by a thiol group and Biotin on either
end, such as polyethylene glycol (PEG).

An alternative method to conjugate QDs explored in this chapter is to use the fact
that CTAB capped AulNP are positively charged and can be further encapsulated
by PE layers, in a similar way to the films constructed in chapter 5. The use of
alternating positively and negatively charged PEs on AuNPs allows one to customize
the separation distances between nanoparticles by varying the number of layers used.
However, although simple in practice, high yield samples are often difficult to achieve
for a greater number of PE layers due to the washing steps required in between the
layers which may incur considerable losses per wash and in total. The increased
thickness also means a decrease in plasmonic sensitivity and effectiveness of the
increase in electric field enhancement due to the larger separation from the metal

surface [214].

Either method aims to overcome the issue of scalability inherent in typical top-
down approaches (such as Electron Beam Lithography, as discussed in chapter 4).
To fabricate large scale, 2-D structures require long write and development times,
on top of various other post-processing requirements to fully functionalise a sur-
face. Therefore, it becomes impractical for large scale production of such samples
required for manufacturing using these traditional lithographic techniques. With
chemical based methods, one solves the issue of limited scalability by essentially

converting linear writing (i.e., EBL) into a parallel self-assembly process. In doing
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so, one trades nanometric control of structured assembly with throughput. In this
chapter, the viability and performance of such liquid based samples will be explored
by investigating the fluorescence energy transfer rates of QDs that are coupled to

plasmonic gold nanoparticles.

6.2 Methods

The AuNP used here were the in-house made nanoparticles described in chapter 3.
Three methods to conjugate QDs to the surface of AuNP in solution were attempted
and are referred to as ethanolic, reduction, and electrostatic - the first two involving
the Biotinylation of the AuNP.

In this study, SH-PEG-Biotin (M,, =1000 g mol™!) was used for the ligand ex-
change process for AuNP Biotinylation. Dyes used here for comparison were Alexa
Fluor 633 Carboxylic Acid (AF633) and Streptavidin Alexa Fluor 633 conjugate
(AF633STV), both purchased from Thermo Fisher Scientific. Furthermore, the QDs
used were QDot 655 Streptavidin conjugate (QD655STV), QDot 605 Biotin conju-
gate (QD605BTN), and QDot 585 Streptavidin conjugate (QD585STV) obtained

from Thermo Fisher Scientific.

6.2.1 Ethanolic Displacement

Firstly, the method of ethanolic displacement is based off of the work conducted by
Kinnear et. al. [215]. Here, ethanol is added with the biotinylated linker molecule
to the as-made AuNP solution and left for a long period of time to slowly displace
the CTAB bilayer. The as-made AuNP solution was centrifuged at 6000 rpm for 15
mins where the supernatant was discarded and the pellet was dispersed into a 90%
ethanol solution. During this centrifugation, a stock solution of SH-PEG-Biotin was

diluted to 1 mg/mL (90% ethanol). Subsequently, 200 uL of diluted SH-PEG-Biotin
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was added to the ethanolic AuNP solution and left to stir on the orbital shaker at
100 rpm for 24 h. After this period, the solution was centrifuged at 6000 rpm for 15

mins, the supernatant was discarded and the pellet dispersed in water.

6.2.2 Reduction Replacement

An alternative method for the removal of CTAB and subsequent replacement with
SH-PEG-Biotin molecules is to use Sodium Borohydride (NaBH,). It is a strong
reducing agent that is often used in chemical reactions [216] such as in the fabrication
process of AuNPs here. An attractive property of using NaBHj, is its effectiveness of
removing CTAB from the Au surface compared with various other complex methods
[217] and stability of AuNP during the CTAB removal process [218, 219|.

Since NaBH, is a strong reducing agent (as it decomposes to form a hydride
ion which eventually forms Hy when left in water for too long), a solution must be
freshly made every time it is required. To 1 mL of as-made, CTAB-capped AuNP,
200 pL of 50 mM NaBH, was added and vigorously stirred for approximately 1 min.
As the CTAB is removed, it is free in solution and has the potential for readsorption
onto the Au surface. Therefore, 200 L (1 mg/mL in 90% ethanol) SH-PEG-Biotin
was added to quickly bind competitively to the Au surface to prevent CTAB binding
again. This solution was left undisturbed for 24 h which was centrifuged at 6000 rpm
for 15 mins with the pellet dispersed in water to remove the excess SH-PEG-Biotin

and CTAB.

6.2.3 Dye and QD conjugation

As an initial test, Streptavidin conjugated dyes were used to attach to the Biotiny-
lated AuNP (AuNP@BTN) as they are smaller than QQDs, they are more likely to
remain attached to the surface during centrifugation and can act as a reference.

First, the dyes were prepared by dispersing a small amount of powder into deionized
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(DI) HyO and diluting these solutions to 1 uM concentration each. The initial con-
centration was determined by UV Vis spectroscopy and using Eq. 3.1 with the molar
extinction coefficient (g, ) at the absorption peak supplied by the manufacturer. The
molar extinction coefficients (absorption peak wavelength) are 168000 M ~'em™!
(620 nm) and 138000 M ~tcm™! (636 nm) for AF633 and AF633STV, respectively.
Second, 200 uL dye solution (1 M) was added to 400 uL AuNP@BTN and left to
incubate for 45 mins. Afterwards, the mixture was centrifuged at 6000 rpm for 15

mins and the pellet was subsequently dispersed in 400 L H5O.

6.2.4 Colloidal LbL

Instead of CTAB removal, this method aims to entirely passivate the CTAB surface
by encapsulation with oppositely charged PE layers. This method is similar in
principle to that described in chapter 5 and has proved successful, especially in
biomedical applications, utilising LbL assembly of PE films on colloidal NPs [220-
222]. We exploit the fact that CTAB-capped AuNPs are positively charged, thus
anionic polymers are electrostatically bound to the AuNP surface, reversing the Zeta
potential. This may be repeated multiple times to achieve varying thicknesses as

required and with the desired charge, illustrated by Fig. 6.1.

To 1 mL of as-made AuNP@QCTAB, 200 uL of PSS (2 mg/mL H,O) was added
and vigorously stirred for a few seconds before being left undisturbed for 5 mins. The
mixture was then centrifuged at 6000 rpm for 10 mins once, with the supernatant
discarded and pellet resuspended in water. The procedure was then repeated with
PolyDADMAC (2 wt. % H0) to which this PSS-PolyDADMAC layer will be
referred to as a bilayer (BL).
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Figure 6.1: Zeta potential of AuNP in solution with successive coatings of alternating PE layers up
to 3 bilayers (BL) of PSS and polyDADMAC. The samples denoted with integer BL values have a
final coating with polyDADMAC and half-integer values are finished with a PSS layer.

6.2.5 Electrostatic QD attachment

The carboxylated QDs have been measured to have a Zeta potential of -26.9 + 4.2
mV, -15.7 + 2.0 mV, and -36.1 + 2.7 mV for QD585, QD605, and QD655, respec-
tively, at neutral pH. Therefore, these QDs are susceptible to electrostatic attraction
to positively charged AuNPs capped with an outer layer of polyDADMAC. Here, a
bilayer (BL) of PSS/polyDADMAC is used to encapsulate the AuNPs (AuNP@BL)
before QD attachment both to minimize losses during the centrifugation procedures

and to simulate closely the conditions of the QD films as discussed in chapter 5.

To perform the attachment, 200 pL of QDs diluted to approximately 3.2 nM
was added to 1 mL of AuNPQ@QBL and left for 1 h after which the mixture was
centrifuged at 6000 rpm for 10 mins. The supernatant was discarded and the pellet

dispersed back in 1 mL water before immediately adding 200 L polyDADMAC
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for 5 mins to encapsulate the QDs. Centrifugation was repeated as before and the
pellet suspended in 1 mL H,O. To add extra layers of QDs, the polyDADMAC
covered colloidal heterostructures were first capped with an extra layer of PSS and
subsequently polyDADMAC in an identical way as before with 200 uL, left for 5
mins, and centrifuged out creating a triple PE layer. The following QD solution was

then added as before.

6.3 Results and discussion

6.3.1 AulNP Biotinylation

To evaluate the degree of success of Biotinylation of AuNP (AuNP@BTN), the use
of UVVis, DLS and Zeta potential measurements have been employed to measure
the changes in the optical and physical morphology of the AuNP. As discussed in
chapter 2.2, plasmonic systems are sensitive to changes in the near field, therefore
one would expect differences in the UVVis spectra between AuNPs capped with
either CTAB or PEGylated Biotin. Indeed, we observe this difference as shown in
Fig.6.2a where the absorption peak of the AuNP appears to split with one peak
redshifting likely due to slight aggregation. In addition, the measured DLS of the
sample in Fig.6.2 has no indication of any significant aggregation of the NPs, and
reports a Z-average diameter of 150.6 + 4.4 nm with an average PDI of 0.23 + 0.03
and 151.3 & 3.1 nm with a PDI of 0.24 4+ 0.01 for AuNP@BTNSs fabricated by EtOH
and NaBH,, respectively (up from 128.6 + 2.5 nm with a PDI of 0.05 4+ 0.01 for
this particular AuNP batch). Therefore, this equates to a PEG capping thickness of
11.2 + 1.6 nm suggesting that the PEG molecule at the molecular weight exhibits
a random coiling conformation [223].

Finally, by measuring the Zeta potential it was found that the surface charge

of the AuNP@BTN was -16.7 + 4.6 mV - a significant decrease from +36.6 + 13.8
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Figure 6.2: (a) Comparison of UV Vis absorption spectra of as-made AuNP capped with CTAB and
Biotinylated AuNP by NaBHy reduction. The vertical reference line denotes the AuUNPQCTAB
LSPR peak at 580 nm. (b) DLS size measurements of the two AuNP samples.

mV in the as-made AuNP solution. In light of this information, it is clear that the
surface chemistry of the AuNPs have changed, with little aggregation, most likely
due to the addition of PEGylated Biotin molecules.

6.3.2 Fluorescent dye conjugation

The Biotinylated AuNPs were, first, loaded with fluorescent dyes conjugated with
the complimentary Streptavidin molecule to evaluate the efficacy of dye loading onto
the AuNP surface without damage to the surface ligands from centrifugation. Once
the method had been established, the AuNPs were then reacted with multilayers
of conjugated QDs. The dyes were used first due to their low weight which, after
centrifugation, is less likely to cause significant damage to the AuNP surface lig-
ands. In order to determine the binding of dye molecules onto the surface of gold
nanoparticles the absorption, time-resolved, and steady-state PL emission spectra
were obtained and any changes were identified.

These measurements are illustrated in Fig. 6.3. Although the UVVis (Fig. 6.3b

and 6.3e) spectra do not immediately indicate the presence of dyes in the system, the
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Figure 6.3: (a) Lifetime decay curves, (b) UVVis and (c) PL emission spectra of AuNP@BTN fab-
ricated by NaBH, reduction. (d-f) Corresponding graphs of AuNP@BTN fabricated by ethanolic
displacement. Both left and right axes of the UVVis spectra are shifted relative to each other for
clarity.

emission signature is clearly seen in the steady-state PL emission spectra (Fig. 6.3c
and 6.3f) and lifetime decay curves (Fig. 6.3a and 6.3d). Comparing the PL spectra
clearly shows the significant decrease in emission peak from the pure AF dyes to the
conjugated system. As centrifugation separates constituent components of a fluid
based on differences in mass, it is expected that the majority of unbound dyes would
be removed during the washing and recovery of AuNPs. Hence, it is unsurprising
that the emission profile of the control AF633 dye decreases significantly (which
virtually disappears in the EtOH sample) and in both samples there exists a small
emission signature. However, one cannot completely attribute this reduction in peak
amplitude to plasmonic quenching alone due to the possibility of contributions from
dye molecules that have not been totally removed from the solution. This could
also be explained in part by the reduction in dye concentration after centrifugation.

A control nanoparticle similar in size and morphology, functionalized with Biotin,
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and does not present any plasmonic behaviour (e.g., Polystyrene beads) would be
needed for a more confident conclusion of dye attachment by observing the changes
in PL alone. Therefore, changes in the lifetime of the conjugated system would be
a better indication of any chemical or electronic change in the dyes as opposed to
steady-state PL.

Firstly, the lifetimes of the dyes were found to be 3.27 + 0.01 ns and 1.78 + 0.05 ns
for the AF633 and AF633STV probes, respectively. The lifetime obtained for AF633
matches very closely to those obtained in previous works and in reference tables
validating the use of the fitting methods described in the previous chapters [224, 225].
As shown in Fig. 6.3a and 6.3d, the lifetimes of the control samples (unmodified
AuNPs) remain unchanged indicating that the dyes which are present in the solution
are unbound to the AuNP. Conversely, there is a noticeable change in lifetime for
the Streptavidin-Biotin conjugated system yielding an amplitude averaged lifetime
of approximately 0.64 ns and 0.37 ns for the NaBH, and EtOH samples, respectively.
This average was obtained from the extracted lifetimes (amplitudes): 0.20 ns (0.86)
and 3.48 ns (0.14) for NaBH,, and 0.19 ns (0.92) and 3.60 ns (0.08) for EtOH.
Clearly, the presence of a small emission signature in the PL spectra alongside the
drastic reduction in the average and short component lifetimes indicate the successful
binding of AF dyes onto the surface of AuNPs when compared to the lack of lifetime
changes in the control sample. This further suggests that the reduction in PL peak

can also be partly explained by plasmonic quenching of the dyes.

6.3.3 QD conjugation

To begin with, we follow a similar analytical path as in the previous chapter whereby
we first identify the relevant energy transfer parameters (such as Ry and the trans-
fer rates) then compare these values against the LSP-coupled system. As before,

to find the FRET radii of the different pairs of QDs one must first measure the
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Figure 6.4: Absorption vs integrated PL QY graphs of bioconjugated QDs compared against their
reference dyes for (a) QD655STV, (b) QD605BTN, and (c) QD585STV.

PLQYs of the QDs. These were found to be 0.54 + 0.04, 0.72 + 0.01, and 0.60 +
0.03 for QD655STV, QD605BTN, and QD585STV, respectively. The absorption vs
integrated PL graphs used in the determination of the PLQY are shown in Fig. 6.4.

As the nanoparticles are functionalized by relatively small biological molecules/proteins
that have been found to have very similar refractive indices as water [226], and are
suspended in water, the medium refractive index is taken to be 1.33. The orienta-
tion factor is also taken to be k% = 2/3 like before as in solution the QD transition
dipoles are expected to be randomly oriented relative to each other. With these
parameters, the FRET radii can be found for each QD pair and are summarized in

Table 6.1. Without the intermediate QD605BTN, it is not expected for the other

QD pair (Donor+Acceptor) op J (nm*M~tem™') Ry (nm)
QD605BTN+QD655STV  0.72 +0.01 1.31 x 10'7 10.99 + 0.02
QD585STV+QD605BTN  0.60 + 0.03 3.08 x 1016 8.37 £ 0.07

QD585STV+QD655STV 0.60 £ 0.03 1.27 x 10'7 10.60 4+ 0.09
Table 6.1: Summary of the FRET parameters for the 3 QD pairs with the donor quantum yield,

®p, spectral overlap, J, and Forster radii, Ry, as obtained using Eq. 2.4.

two STV conjugated QDs to bind to each other, but the FRET radii will nevertheless
be useful in determining the QD distances in a shelled structure using the energy
transfer efficiency. First, the lifetimes of the control solution were measured, which

can be seen in Fig. 6.5. Fitting a decay model to these curves and extracting the
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Figure 6.5: Lifetime decay curves of the AuNP@QQD mixture in solution measured at (a) 585 nm,
(b) 605 nm, and (c) 655 nm. The bottom row corresponds to a zoomed section between 25 - 50 ns
of the top row.

lifetime, one obtains, for QD655STV, QD605BTN, and QD585STV, 19.09 + 0.44
ns, 30.44 4+ 0.07 ns, and 30.21 £ 0.35 ns, respectively. Then, pairs of the QDs were
mixed together in solution (e.g., QD605BTN and QD655STV) and the fluorescence
lifetime measured at the donor wavelength. The average lifetimes obtained for the
pairs were 22.74 £+ 0.29 ns for QD605+605, and 28.26 + 0.07 ns for QD585+605.
Here in the naming convention, the conjugated molecules are implied and hence
omitted. Thus, taking these lifetime values, the energy transfer efficiency can be
calculated using £ = 1 — ™pa/r;, recalling from Eq. 2.10b. For QD605+655, the
FRET efficiency was calculated to be 0.253 4+ 0.003, and for QD585+605 this was
0.065 £ 0.001. Finally, with the transfer efficiency and Ry obtained, the centre-to-
centre distance, d, can be calculated by Eq. 2.9. For QD605+655, d was 13.2 +
0.1 nm, and with QD585+605 this was 13.1 £+ 0.1 nm, which given the QD sizes is

expected. As a quick check, the size of the Streptavidin molecule can be calculated
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for the two pairs and an average found between them to verify the validity of the
model, much like in the previous chapter. Assuming the core/shell radii of the QDs
are the same sizes as in the previous chapter, the average Streptavidin molecule size
calculated was 5.4 4+ 0.6 nm. This agrees well with the literature in which previous
studies have quoted a size of roughly 5 nm [227, 228|.

Given the calculated size of the Streptavidin, the expected centre-to-centre dis-
tance between QD655STV and QD585STV as if separated by QD605BTN can be
calculated. Then, using the diameters given above, this extended distance was found
to be 26.2 £ 2.1 nm. As the FRET radius for the QD585-655 pair was found above
with a reasonable level of uncertainty, the extended distance can be used to find the
theoretical energy transfer efficiency. Using Eq. 2.9, the efficiency at this distance
was only 0.004 4+ 0.002 - an order magnitude smaller than for the QD585-605 pair.
Therefore, the energy transfer rate between QD585 and QD655 is virtually negligible

similar to the film structure.

6.3.3.1 AuNP to single QD

Turning our attention now to the conjugated AuNP case, it can already be seen by
simple inspection of Fig. 6.5 that the lifetime of a single layer of QD655 changes
dramatically. The amplitude average lifetime obtained after fitting was 2.22 + 0.29
ns which yields an LSP-coupled decay rate, kg, of 0.399 £ 0.059 ns™'. This value is
far greater than what is achieved in the film based structure by a factor of 17.3. A
possible explanation for this is the fact that in the film based structure, the local field
enhancement is not uniform around the AuNP. In the previous configuration, the
nanoparticles are fixed in space and illuminated at approximately normal incidence.
Therefore, the majority of the field enhancement will be localised to the lateral
regions of the AuNP that are unlikely to affect the QDs due to being impeded by

the polymer spacer. However, in a suspension, the attachment of QDs on the AuNP
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Figure 6.6: Lifetime decay components of the AuNP@QQD multishell structure measured at the
wavelengths (a) 655 nm, (b) 605 nm, and (¢) 585 nm. The label AuNP@nQD indicates the

number of QD shells, n, around the central AuNP, starting with QD655, and then subsequently
with QD605, and QD585.

surface and orientation of the dipole moments are random and thus, it is far more
likely for a QD to be in a region of enhancement from the AuNP. This also means
that the dipole orientation factor, k> = 2/3 is a more valid assumption under this
QD encapsulation configuration.

It is also worth noting that large AuNPs can be approximated as a plane metal
surface for QDs close to the AuNP (relative to the AuNP size, D, i.e. distance
« D) [229]. The treatment for QDs coupled to surface plasmons from Au film is
the same as what has been presented in this thesis. In fact, Okamoto et al. has
shown a Purcell enhancement of 2 for CdSe QDs coupled to Au films relative to
QDs on quartz substrates [230]. Taking a similar approach, the Purcell factor, Fp,
of LSP-coupled QD samples were calculated to be 8.62 £+ 1.14, using Eq. 2.20.

6.3.3.2 Multi-shell QD structure

With the addition of subsequent QD donor layers, the lifetimes components of the
decay were extracted. These values are plotted in Fig. 6.6 for each constituent
wavelength. Briefly beginning with QD655, the conjugation of subsequent QD
donors reduces the measured lifetime to 0.44 + 0.02 ns with both QD605 alone
and QD605-+585. Furthermore, the lifetime reduces to a single component for these
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structures although, it is quite clear that fast plasmonic decay is dominant in this
process. This is evidenced by the fact that the fast decay amplitude is much larger
at 0.97 (1.88 £ 0.28 ns) compared with 0.03 (12.03 4 0.29 ns) for the slow compo-
nent for the AuNP@655 structure. Therefore, even large plasmonic enhancements

of the energy transfer rate to QD655 is not expected to exceed the plasmonic decay

rate.
Sample kpr nst
QD605+655 (610) 0.011 £ 0.001
QD585+605 (580) 0.0023 £ 0.0004

QD605+655@AuNP (610) 4.816 £ 1.550
QD585+605+655@AuNP (610)  2.779 + 0.538
QD585+-605+655@AuNP (580)  0.268 + 0.156

Table 6.2: Energy transfer rates for the 2 and 3 QD conjugated structures comparing the control
and LSP-coupled samples. The lifetimes used to calcualte the rates are measured at either 580 nm
or 610 nm, as indicated in the parentheses. Note that for the LSP-coupled samples, the calculated
rates include the surface plasmon decay rate, k.

Considering now the intermediate QD605, due to its spatial and spectral position,
it can act both as a donor and acceptor. As a donor in the presence of AuNP (the
sample denoted as AuNP@QD655+605), the lifetime suddenly reduces dramatically
to a single component of 0.21 + 0.07 ns. This is to be expected as the presence of the
AuNP not only quenches the QD but enhances the LSP-coupled FRET rate. It was
found that the combined FRET and surface plasmon decay rate increases to 4.816 +
1.550 ns! (see Table 6.2 for a summary of the calculated ET rates). In comparison to
the control system, without LSP-coupling, this equates to an enhancement of around
438 times! This obtained energy transfer rate, however, incorporates the plasmon
decay rate of the QD605 layer which one cannot completely ignore. Much like with
QD655, it is likely that QD605 is within the electric field enhancement region and
strongly couples with the plasmon mode. This therefore complicates the calculations
and would require careful construction of QDs around plasmonic nanoparticles with

known distances to separate plasmon and FRET decay effects. In spite of this, if
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one were to assume kg, for QD605 is of the same magnitude as in the QD655 case
(at the same distance to the AuNP), the ET rate will still be an order of magnitude
greater. This is especially true when accounting for an extended distance between
the AuNP surface and QD605. With three QD shells around a central AuNP, there
appears to be a slight increase in the lifetime of QD605 to 0.36 4= 0.07 ns. Taking the
calculated kgr of 2.779 4+ 0.538 ns™!, this amounts to a reduction in enhancement
down to 253 times. This seems to be in line with what was detected in the film case
where the presence of a donating layer increases the exciton density of the QD605
layer, thus increasing the apparent lifetime and subsequently appearing to reduce

the energy transfer efficiency.

Finally, analysing the decay of QD585 we must naturally consider the AuNP
shelled with 3 layers of QDs. Much like in the previous chapter, let’s first consider
the theoretical energy transfer efficiency between QD585 and QD655. Assuming the
same core/shell radii as in the previous chapter, the theoretical distance between
the STV conjugated QDs was 26.24 + 2.13 nm, accounting for an intermediate
QD605 joined by STV. Using this distance and the FRET radius from Table 6.1,
the theoretical transfer efficiency for the two QDs was calculated to be 0.004 4+ 0.002.
This is very similar to the efficiency of the film based structure between the two QDs
at this extended distance. Therefore, the energy transfer between non-adjacent QDs

can, again, be discounted in the calculations as it is virtually negligible.

As discussed earlier, the lifetime of the QD585 layer changes only slightly in the
control case considering only the energy transfer to QD605 (Fig. 6.6¢). This is in
comparison to the addition of AuNP where the average lifetime is reduced to 3.32 +
1.71 ns. From these lifetimes, the energy extraction rate for the QD585 layer (Table
6.2) for the QD585+605+655@AuNP sample (0.286 + 0.156 ns') compared to the
QD585+605 control sample (0.0023 + 0.0004 ns!) was found to be enhanced by 116
times! Similar to the QD605 layer, the plasmonic decay rate of the QD585 layer is
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Figure 6.7: Lifetime decay curves of different mixtures of QDs in solution measured at (a) 655 nm,
(b) 605 nm, and (c) 585 nm.

still incorporated into the obtained extraction rate for the LSP-coupled system. It
remains a challenge to disentangle the two rates to obtain a pure energy transfer

rate to the QD605 layer (assuming it is negligible to the QD655 layer).

6.3.4 Electrostatic attachment

Although the conjugated system is simple in terms of fabrication procedure from
the strong affinity of Streptavidin to Biotin, it fails to be readily customizable.
Unless linker molecules with known lengths, conformations, and are doubly termi-
nated with either Biotin or Streptavidin, it is difficult to vary the centre-to-centre
distances between nanoparticles. A work around is to forego the use of the Strep-
tavidin and Biotin and instead revert back to the carboxyl QDs. As seen in the
previous sections, the QDs are bound to AuNPs via electrostatic attraction with
the centre-to-centre distance varied by the number of PE layers used. Unfortu-
nately, this process was limited to using 3 PE layers between each constituent layer
(polyDADMAC/PSS/polyDADMAC). This was due to the losses incurred during
each washing stage. As centrifugation was necessary between each addition of PE
and QD layer, the number of washes were numerous and therefore losses were high
overall. The lifetimes of the control mixtures (no AuNP present) were first mea-

sured as a baseline without the use of PE layers. From Fig. 6.7, the unbound QD
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Figure 6.8: Lifetime decay curves of colloidal LbL in solution for different mixtures of QDs measured
at (a) 655 nm, (b) 605 nm, and (c) 585 nm. (d) Comparison of the lifetime decay curves for
AuNP@QD655 with and without PE layers (denoted as AuNPQCTAB).

mixtures do not appear to affect the measured lifetimes at each of the QD emission
wavelengths. This is in comparison to the LbL encapsulation samples by electro-
static attachment seen in Fig. 6.8. In all cases, a reduction in the lifetime can be
seen in the presence of AuNP - greater than the QD mixtures alone. As before, the
lifetimes are extracted using the iterative reconvolution algorithm and are plotted
in Fig. 6.9.

Firstly, the as-made AuNPs (AuNP@QCTAB) were conjugated with the negatively
charged caroxylated QDs (as per the electrostatic fabrication protocol) and the
lifetime of the solution measured. This was used as a baseline comparison to test
the efficacy of electrostatic attraction between the PE capped AuNPs and QDs.
The lifetime decay curves obtained for the AuNPQCTAB and PE-capped AuNP
mixed with QDs are shown in Fig. 6.8d with the extracted lifetimes plotted in Fig.
6.9a. Despite the surface zeta potential for both the CTAB and polyDADMAC
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Figure 6.9: Extracted lifetime components (fast - blue triangles, slow - black squares, amplitude

average - red circles) for the AuNP@QQD samples measured at (a) 655 nm, (b) 605 nm, and (c) 585
nm.

capping having no discernible difference within the margin of error, it is evident
from the decay curves that the PE layers have a profound effect on the attraction
to QDs. Firstly, the lifetime decay curve background for the AuNPQCTAB-QD
mixture is much greater than the PE capped AuNP sample indicating that the QD
signal is much weaker, suggesting the QDs are either lower in concentration (after

centrifugation) or are quenched more strongly by the AuNPs.

Secondly, the extracted lifetime values show a significant decrease in the am-
plitude averaged lifetime for the PE-capped AuNPs compared with AuUNPQCTAB.
Although not shown in the figures, the faster lifetime component amplitude increased
from 0.28 (bare QDs) to 0.55 (AuNP@QCTAB) and again to 0.61 (PE-capped AuNP).
This increase suggests a greater proportion of the population (of QDs) is modified
by the AuNP [19]. These two observations combined seems to indicate that the QDs
are successfully binding to the PE capped AuNPs, and not to AuNPQCTAB where

unbound QDs are discarded due to the centrifugation washes.

Then, the plasmon decay rate of QD655 can be calculated as before using the
PE capped AuNP@QDG655 lifetime and the QD only as a reference, yielding a kg, of
0.090 £ 0.009 nst. This is clearly much lower than the plasmon decay rate achieved

in the conjugated system but is still greater than in the film based samples. This is
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possibly due to the fact that the QDs used in the conjugation are different - with a
much lower PLQY (about 0.54), the radiative decay rate is not as high as with the
carboxyl QDs here (PLQY of over 0.90). Therefore, the radiative decay pathway
for the carboxyl QDs (used in this section) will likely be dominant, or at least
comparable to the plasmon decay. Assuming the plasmon coupled decay is radiative
and does not influence the QD intrinsic decay, then the PLQY of the carboxyl QDs
cannot increase significantly without going above unity which is not physical. In
addition, the increase in the value of kg, here relative to the film structure (an
enhancement of roughly 3.9 times) can also be attributed to the greater proportion
of QD655 in a region of electric field enhancement around the AuNP, as suggested

before.

Much like in the previous section, the lifetime behaviour and energy transfer
decay rates of the constituent QDs surrounding a central, PE capped AuNP are
investigated. Continuing with QD655, the addition of QD605 appears to maintain
the measured average lifetime - only a slight decrease is recorded (see Fig. 6.9a).
However, with the addition of QD585, this lifetime increases significantly to 11.42
ns. This behaviour is also observed in the QD605 case where the average lifetime
increases going from the LSP-coupled 2QD to the 3QD case. In both samples,
this rise can be attributed to an energy transfer [204], as seen in the film based
structure, in which the donor QD585 increases the number of excitons in either
layers. Therefore, it is of no surprise that we see a drastic reduction in the QD585
lifetime in the full AuNP coupled 3QD structure as shown in Fig. 6.9c. With these
lifetimes, we can then calculate the energy extraction/transfer rate for QD605 and

QD585, with and without plasmonic coupling (Table 6.3).

[t is worth noting that for the AuNP coupled structures, the calculation 1/rp sa aunp—
1/7p (middle column of Table 6.3) provides information about the energy transfer

rate and plasmon decay rate. Therefore, in order to extract kgr, ks, must also be
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Sample Vrpaaaune — Yo (ns1)  kpr (ns)
QD605+655 (610) - 0.003
QD605+655@AuNP (610) 0.177 0.163
QD585 16051655 (610) - 0
QD585+-605+655@AuUNP (610) 0.103 0.089
QD585 16054655 (580) i 0.004
QD585+605+655@AuNP (580) 0.092 0.083

Table 6.3: Summary of the calculated energy transfer rates for the 2 and 3 QD structures in
solution for with and without AuNP, measured at either 610 nm or 580 nm, indicated by the
parentheses. The third column (kgr) values are extracted from the second column by subtracting
the film based ks, values, where applicable, which are 0.014 ns!, and 0.009 ns™ for QD605 and
QDb585, respectively.

known. Fortunately, as the nanoparticles used here are the same as in the film based
structures, the kg, values for the film structure (0.014 ns™ for QD605, and 0.009 ns™
for QD585) can be assumed to be approximately equal to the solution based LbL
structures. However, this is only valid if the environment is kept constant in either
case, which is not the case as the QDs are in a stronger localized field around the
AuNP. Nevertheless, it is still a useful calculation to estimate the differences in the
energy extraction rates, as kg, is only expected to vary with distance and not with

the presence of other QDs.

If the LSP-coupled energy extraction rates for the outer-most QD is examined
in the two and three QD samples (e.g., for QD605+655 and QD585-+605+655),
an enhancement of 54 and 20 times are seen, respectively. A decline in the en-
hancement from the QD605 layer compared with the QD585 layer is an expected
result owing to the greater separation from the AuNP surface for QD585, compared
with QD605. What is interesting to note, however is the reduction in the extrac-
tion rate for the QD605 layer in the QD585+605+655@QAuNP case compared with
QD605+4655@AuUNP i.e., with the addition of the outermost QD585 layer. An initial
inspection would indicate that the energy transfer efficiency has reduced due to the

prescence of QD585 but this would not seem likely. Instead, it is more probable
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that the energy transfer from QD585 to QD605 only appears to reduce the transfer
efficiency from QD605 to QD655, as the fluorescence lifetime of the QD605 layer
increases. As discussed previously, this increase in lifetime is indicative of energy
transfer for an acceptor. Thus, the modification of the energy transfer rate alone
cannot be used to draw conclusions for a system that acts both as a donor and an
acceptor. It is surprising to see that the addition of the QD585 layer has such a
profound effect on the calculated kgpr of QD605 in the presence of AuNP despite
having found previously that the metal should have little effect on the outer most

QD layer.

6.4 Conclusion

To summarise, layers of (QDs were used to encapsulate a AuNP in solution where
the different layers consisted of different emission energy QDs. The first layer im-
mediately next to the AuNP surface consisted of the lowest energy emission QDs
(QD655) and sequential layers consisted of higher energy QDs. Two methods were
used to fabricate such a system: the first method (termed "conjugated") involved
the use of conjugated QDs with either Streptavidin or Biotin, and exploited these
biological molecule’s naturally high affinity to each other. This resulted in a rel-
atively simple fabrication procedure, requiring minimal mixing times and washing
steps producing relatively high yields. As the molecules were small, the separation
between nanoparticles were minimal leading to extremely high exciton energy trans-
fer rates of up to 4.8 ns'. However, this method required one to functionalize the
AuNP surface, which proved to be somewhat difficult due to the close packing and
high affinity of the CTAB capping molecules. This method also limits the separa-
tion between constituent nanoparticles to a fixed distance unless linker molecules

of known lengths are used which are terminated with Streptavidin/Biotin at either
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ends. In reality, these are often polymers, such as polyethylene glycol (PEG), which
are not rigid and can change their conformation which varies their length in solution
depending on the environment conditions, including pH and salt content.

The second method (termed "LbL") utilised polyelectrolyte layers to encapsulate
the AuNP by exploiting the CTAB and carboxylated QD charge at neutral pH to
encourage electrostatic attraction between the nanoparticles. Although the fabrica-
tion required considerably more washing steps, resulting in lower overall yields, this
method generally affords the user exquisite control of the distance between nanopar-
ticles, in steps of approximately 2-3 nm depending on the number of spacer layers
used. The energy transfer rate achieved is not as high as in the conjugated system,
at 0.163 ns! which is an order of magnitude lower.

In either method, there still exists a rate limiting step for the energy transfer of
excitons across the whole system, as observed for film-based structures in chapter 5.
For the LbL and conjugated AuNP coupled 3QD layer systems, the rate limiting step
appears to be the extraction from QD585 layer due to the lower energy extraction
rate measured in comparison to the intermediate QD605 layer energy transfer rate
and QD655 surface plamon decay rate. This may be attributed to the decrease in
the quenching effect due to LSP-coupling and decreased enhancement of the FRET
rate - both of which are affected by the increased distance from the AuNP surface.

Nevertheless, this demonstrates that AuNPs and QDs can be used to construct a
core-shell like structure involving the encapsulation of the central AuNP with layers
of QDs. Such a structure was shown to greatly affect the energy transfer dynamics of
photo-generated excitons in the QD layers through plasmonic enhancement. From
the sequential layering of QDs (starting with lowest, at the AuNP surface, to highest

emission energies), it is likely that the energy transfer is unidirectional.
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Conclusion

To summarise, the thesis can be separated into two parts: the first, dealing with
top-down approaches in fabricating gold-QD structures with particle level control
of the placement. In the second part, non-lithographic self-assembled methods for
constructing gold-QD complexes were explored with the context of harvesting and

directed transfer of energy.

The top down method of choice was Electron Beam Lithography, where multiple
writes were used over the same substrate surface. The motivation behind was to
develop a multilayered QD system around AuNPs arrays where the relative positions
of nanoparticles could be controlled and fixed to a substrate using self assembled
methods. It was found that such a technique could be a viable option for nanometric
control of an arbitrary number of nanoparticles: it would allow one to study distance
dependent properties such as energy transfer and plasmonic coupling with relative
ease, accuracy, and reproducibility.

Due to potential throughput issues that plague EBL, alternative methods to
fabricate substrate based Au-QD structures were explored. Through self-assembled
procedures, AuNP and QD films were layered on top of each other, separated by
polyelectrolyte films that were constructed via the layer-by-layer method. Up to 3
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layers of differing QD species were used, starting with the lowest emission energy
QDs on top of AuNPs and ending with the highest energy QDs as the top-most layer.
By measuring the lifetimes of different combinations of QDs with and without AuNP
coupling, the excitonic behaviour across the different structures could be modelled.
It was found that, not only was it highly probable that the excitons were funnelled
across the layers in a unidirectional manner (from high to low energy QD films), the
Au-QD complex exhibits a rate limiting step in which the excitons reach a so-called
"bottleneck". A characteristic increase in the density of excitons in the acceptor
layers was observed; the greatest increase was found in the intermediate QD605
layer, suggesting the transfer from this layer to the final QD655 was the rate limiting
transfer pathway. Therefore, careful consideration of rate engineering, alongside
bandgap engineering, should be taken for optimising the transfer of excitons across
multi-layered structures. Furthermore, the model introduced in Chapter 5 was the
result of a developed methodology to investigate the photo-dynamics of excitons
in complex multilayered structures in which numerous de-excitation pathways are
possible. This helped to explain the excitonic migration between the layers and
allowed the estimation of the amount of energy transferred to the AuNP layer. To
this end, the energy transferred was calculated to increase 6-fold from 1QD- to

3QD-layers essentially meaning the structure may act as an energy harvester.

From simulations, AuNPs on a glass substrate under normal incidence exhibited
electric field enhancements of up to 7 times, mostly in the lateral regions around the
AuNPs and near the substrate. Since most QDs in the structure resided in the top
half space of the AuNPs, blocked by the PE layers, they were not in the region of
the greatest field enhancement. For this reason, the last part of the thesis focussed
on moving away from the 2D stratified Au-QD structure, towards a 3D core-shell
Au-QD complex. Two different methods were used to construct the 3D complexes,

consisting of a central AuNP surrounded by shell layers of QDs (in the same sequence

131



CHAPTER 7. CONCLUSION

as the substrate based samples). The two methods differed only in their choice of
separating layers, using Streptavidin-Biotin linker proteins (termed "conjugated"),
or PE layers (termed "LbL" instead). Both methods were successful, exhibiting large
modifications to the fluorescence lifetimes of the QD shells. The plasmon coupled
decay rate of excitons, ks, for the first QD layer was found to reach up to 0.4 ns!
for the conjugated system and 0.09 ns for the LbL system, both are greater than in
the film based system of 0.02 ns. Not only was the plasmon decay rate observed to
increase, the LSP-coupled energy transfer rates for the 3QD@AuNP samples were
also observed to increase by up to 3 times for the QD585 and QD605 layers in the
electrostatic LbLL sample compared to the 3QD@AuNP film sample. Similarly, the
conjugated system saw an enhancement of the energy transfer rate of approximately
2 times for the QD585, and nearly 100 times for the QD605 compared to the same
film system. This increase in the energy transfer rate is attributed to the distribution
of QDs over the entire AuNP surface. This increases the likelihood that a greater
proportion of QDs are in a region of greater field enhancement, in comparison to
the fixed film system.

In all of these cases, it could be said that the Au-QD complexes act as energy
harvesters, increasing the effective absorption cross section of the overall structure
compared to the constituent nanoparticles individually. To the best of my knowl-
edge, no other study has previously delved into a similar system involving the use of
localised surface plasmon resonance coupled to multilayered films (greater than two
layers) of QDs. Combined with the high precision control of nanoparticle positioning
from lithographic techniques, it is exciting to see what the future holds in terms of
directed transfer of energy across nanoparticle structures for applications including

solar harvesting, purification, and light emitting devices, to name a few.
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