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Summary

In this thesis, a variety of novel emerging systems were chosen to explore new and
enhanced optical functionalities in coupled nano-systems. The coupling of novel
nanomaterials with complimentary properties paves the way for enhanced performance and
functionality for future device applications. Near-field interactions between nano-systems
can lead to a variety of interesting mechanisms, such as, modification of the emission
properties of a fluorescent species, and nonradiative energy transfer (NRET) via dipole-

dipole coupling.

A coupled nano-system of quantum dots (QDs) and chiral Ag nanohelices is investigated
with a view towards optical antennas. The chiral Ag nanohelices are nanoscale analogues of
traditional helical antennas. It is shown that there is a strong interaction between the QDs
and the Ag nanohelices, demonstrating an interaction efficiency of (82 + 2)%. The far-field
emission pattern from the QDs when coupled to the Ag nanohelices is found to exhibit
greater directionality than the emission pattern from the QDs on a planar substrate. The far-
filed emission pattern is also shown to fit with an ordinary end-fire emission pattern, a
characteristic radiation pattern exhibited by traditional antennas. Similarly, the coupling
between the QDs and the chiral Ag nanohelices leads to circular polarisation of the QD
emission, with the emission polarised in the same handedness as the nanohelices, with a

maximum value of (17.7 + 3.0)% circularly polarised emission.

A composite structure of Ag nanoparticle (NP) decorated graphene oxide (GO) is studied
to investigate the influence of the composite substrate on the emission and Raman scattering
signals of three organic dyes; Rhodamine 6G (R6G), Rhodamine B (RhB), and
Sulforhodamine 101 (SR101). The interactions between each of the dyes and the Ag NPs,
GO, and the Ag NP decorated GO (AgGO) were studied to investigate the relationship
between fluorescence quenching and surface enhanced Raman scattering (SERS)
enhancements. The SERS enhancements of R6G were found to be influenced most strongly
by the fluorescence quenching by the GO, while SR101 was more strongly influenced by
the field enhancement associated with the Ag NPs. RhB was shown to have the weakest

SERS enhancements and also the weakest coupling to the Ag NP decorated GO substrate.

Colloidal Ag NPs and lithographically defined arrays of Ag NPs were used to
demonstrate plasmon mediated NRET from QDs to quantum wells (QWSs). This is the first
experimental demonstration of plasmon mediated NRET from QDs to QWSs. Plasmon

mediated NRET efficiencies as large as ~25% are observed. The colloidal Ag NPs were used



to study the distance dependence of the plasmon mediated NRET, where it was found to
follow the same d~* dependence as the direct NRET from the QD to the QW. In the case of
the plasmon mediated NRET, there is evidence of an increased interaction distance,
indicating that the process follows a Forster-type NRET model, with the coupled QD-Ag
NP acting as an enhanced donor dipole. The lithographically defined arrays of Ag NPs
display plasmon mediated NRET efficiencies of ~17% and demonstrate the tunability of the
interaction, going from a situation of overall quenching to an enhancement of the QW
emission, simply by changing the geometry of the Ag NPs.

Coupled system of QDs and MoS: devices are studied to investigate the influence of the
MoS: film quality on the photocurrent enhancements due to NRET from the QDs. The MoS;
film quality is found to be critically important in order to achieve large photocurrent
enhancements. Multiple devices with varying film quality are studied, including pristine
monolayers, mixed monolayer/bilayer, and polycrystalline bilayer devices. NRET
efficiencies of over 90% are measured on each device, however, photocurrent enhancements
of ~14 fold are found for pristine monolayer devices, with modest enhancements of ~2.5
fold on mixed layer devices. The polycrystalline bilayer and bulk-like thickness devices

show no enhancement of the photocurrent.

A spectral dependence study of NRET and photocurrent enhancements in coupled QD-
monolayer MoS; devices is presented. This is the first demonstration of the spectral
dependence of NRET in these coupled systems and also the first demonstration of the
spectral dependence of the photocurrent enhancements. Three spectrally separated QDs with
peak emission wavelengths of 450 nm, 530 nm, and 630 nm, were chosen for the study in
order to identify the optimal spectral location for the sensitizing species in a hybrid QD-
sensitized MoS> device. The largest photocurrent enhancements and NRET efficiencies were
found for the 630 nm QD-monolayer MoS> system. Good agreement is found between the
spectral overlap, NRET efficiency and photocurrent enhancement for each device, which

indicates that the NRET drives the photocurrent enhancement in each hybrid device.
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Chapter 1

Motivation

“There’s Plenty of Room at the Bottom”. This is the title of the talk given by Nobel
laureate, Richard Feynman, to the American Physical Society in Caltech in 1959 and is
considered the inaugural lecture in the history of nanotechnology. In this talk, Feynman
evoked a scientific field of research that had remained undeveloped, the field of
nanotechnology. It was 15 years later in 1974 when Norio Taniguchi at the University of
Tokyo, penned the term ‘nanotechnology’, when describing the research involving the
synthesis and study of nanoscale objects with ‘new’ properties. As a result of the reduced
size of nanomaterials, typically 1 — 100 nm in at least one dimension, the chemical and
physical properties of the nanomaterial can differ significantly from the atomic, molecular,
or bulk counterpart of the same elemental composition.! These nanomaterials offer an exotic
intermediate between the basic building blocks of matter; atoms and molecules, and the
macroscopic, bulk-matter. This intriguing situation gives rise to dynamics and properties

that differ vastly from the macroscopic and molecular systems that prevail at larger scale.

Over the past 50 years or so, scientific advancements in material growth and fabrication
techniques have paved the way for the fabrication and synthesis of many novel
nanomaterials. These advancements have come in the form of both ‘top-down’ and ‘bottom-
up’ approaches to the fabrication of nanomaterials. The ‘top-down’ approach involves the
fabrication of nanostructures through processing of the bulk material, examples of which
include; photolithography and electron beam lithography (EBL), focused ion beam (FIB)
milling, nano-imprint lithography (NIL) and the mechanical exfoliation of 2D materials, to
name but a few. In contrast, the ‘bottom-up’ approach is driven by the self-assembly of

molecules and atoms. These ‘bottom-up’ approaches have gained significant momentum due



to improved chemical synthesis techniques, some examples are; epitaxial growth methods
such as metal-organic-vapor-phase-epitaxy (MOVPE), molecular beam epitaxy (MBE), and
chemical and physical vapor deposition techniques, (CVD and PVD), respectively.
Following the emergence of these techniques came the fabrication and synthesis of novel

nanostructures and nanomaterials.

Some of the relevant milestones that relate directly to the work in this thesis include the
growth of the first quantum well (QW) using MBE techniques in 1974.2 In 1976, Broers et
al. demonstrated the first use of EBL to pattern nanostructures, these structures consisted of
8 nm lines of Au/Pd film (10 nm thick) on carbon foil.*> Quantum dots (QDs) were first
discovered in 1981 by the Russian physicist Ekimov in a glass matrix* and in colloidal
solutions in 1983 by Brus et al. at Bell labs.® Brus followed up on his discovery with
derivations to describe the relationship between the size of the QD and the bandgap
energy.®’ More recently came the discovery of atomically thin 2D materials in 2004 when

Novoselov et al. isolated graphene from bulk graphite for the first time.®

Another promising property associated with nanomaterials is the ability of metallic
nanoparticles (NPs) to support localised surface plasmons (LSPs). Surface plasmons are
collective oscillations of conduction electrons between a metal and dielectric
surface/interface.® The existence of surface plasmons in thin metallic films was first
predicted in the 1950s by Rufus Ritchie.® Following this prediction, the 1960s saw an
extensive body of experimental research in terms of propagating surface plasmon polaritons
(SPPs).t-12 |_SPs which differ from the SPPs in that the LSPs are confined to the surface of
plasmonic NPs, unlike SPPs that can propagate along the metallic surface at the metal-

dielectric interface in thin metal films.®

Due to the perpetual advances in the fabrication of nanostructures, there has been a big
focus on the realisation of fully functional optical antennas for many years now. The ability

to control and manipulate light at the nanoscale unlocks endless potential for a variety of
2



commercial applications including sensing,® lighting,'* display,® and photodetection
technologies.*® However, while there has been significant progress in this field, we are yet
to see full commercial application of optical antennas. As a consideration, one must
appreciate the relationship between the antenna operation wavelength and the antenna
dimensionality, which leads to antennas (ideally 3D) with structural dimensions < 100 nm,
when considering operation at optical frequencies. The performance of the antenna is also
strongly influenced by fabrication related defects and as such there is little room for error in
the fabrication stage as dimensions should be accurate to just a few nanometres. While
traditional radio-wave antennas are fed by electrical generators, the majority of optical
antennas in the literature are driven by light or active materials which are coupled to the

antennas.!’-21

One specific form of antenna that is of particular interest in this thesis is that of a helical
antenna. Helical antennas can operate over a large bandwidth and have the added ability to
polarise the radiation in accordance to the ‘handedness’ of the helix. Given that a helical
antenna has a ‘handedness’ this gives rise to an inherent chirality associated with the
antenna. Chirality is a property of asymmetry, and as a result of this asymmetry, a chiral
object cannot be superimposed on its mirror image. While chirality is typically a property
associated with sugars, proteins, and DNA, being of specific interest in the chemical and
biological sciences,?*? there have been significant theoretical and experimental advances in
terms of chiral nanostructures in recent years.?*2" The coupling of active materials such as
QDs to antennas provides a promising route towards increased directionality of the QD
emission pattern and also the ability to polarise the QD radiation through the imparting of

the antenna properties.?®-33

When considering coupling in these nano-systems, particularly with fluorescent
materials, an important mechanism to consider is that of nonradiative energy transfer
(NRET). NRET is an efficient dipole-dipole coupling mechanism and provides a route for

3



the transfer of energy between donor-acceptor pairs over limited distances, typically on the
order of ~ 10 nm with a d ¢ distance dependence for individual donor-acceptor pairs and a
distance dependence of d~* for 2D planes of donor-acceptor species. This short interaction
range is a notable disadvantage regarding the exploitation of this mechanism in device
applications. Nonetheless, there is a significant effort in the research community aimed
towards increasing this interaction distance.3* One specific area of interest which has gained
substantial momentum is the interaction between emitters and plasmonic metal nanoparticles

(NPs).

The early work regarding the interaction between emitters, such as QDs and organic dyes,
and plasmonic materials, either thin films or NPs, revealed that the optical properties of the
emitters could be significantly modified in the presence of a plasmonic material.>>=° These
modifications come in the form of enhanced Raman scattering signals due to the large
electromagnetic field enhancement provided by the plasmonic material,® and reduced
fluorescence lifetime and intensity due to an enhanced excitation rate, enhanced radiative
rate and non-radiative energy transfer from the emitter to the plasmonic material which can
result in emission quenching via Joule heating or scattered radiation.®®3® Additionally,
NRET from an emitter to a plasmonic NP has been demonstrated to have longer interaction
distances than the traditional donor-acceptor pairs of emitters.” The promise of this
interaction has prompted many theoretical studies of plasmon mediated NRET, predicting
large enhancements of the NRET rate, efficiency, and range of the interaction.**3 In
agreement with the theoretical predictions there have been a number of experimental studies
demonstrating enhanced NRET rates, efficiencies, and range using a variety of different

geometries, emitters, and plasmonic NPs.*+53

As mentioned above, the first QW was grown in 1974,2 and since then there has been a
substantial body of research regarding the characterisation and application of these

materials.>*>> However, there is a lesser body of work regarding the use of QWs coupled to

4



nanostructures. The coupling between QDs and QWSs allows for further device
implementation such as nanoscale lasers, tunable solid state lighting, and solar cells.>¢>°
However, in contrast to QWSs, QDs have poor carrier transport properties and typically
require additional charge transport layers for device implementation.®® One obvious method
to circumvent the poor carrier transport in the QDs is to utilise NRET from the QDs to the
QWs. A hybrid system consisting of both QDs and QWs is advantageous for many device
applications including LEDs and light harvesting systems as the hybrid system combines the

excellent optical properties of the QDs with the electrical properties of the QWs.

More recently, the area of 2D materials has emerged and has had a significant impact on
the scientific community. These 2D materials exhibit a plethora of exciting and exotic
properties, including extremely high carrier mobilities in graphene,® and the transition from
indirect bandgap at few layer thickness to direct bandgap at monolayer thickness in the
Transition Metal Dichalcogenide (TMD) family of materials.®*% These 2D materials are
also of interest in NRET studies and they have been shown to be exceedingly good acceptors
in donor-acceptor pairs,®*%" and have even been dubbed as ‘exciton sinks’.54%® These 2D
materials also possess good electrical properties. While graphene exhibits unparalleled
carrier mobilities, graphene lacks a direct optical bandgap. TMDs, however, possess a direct
optical bandgap at monolayer thickness and display modest carrier mobilities, which leads
to promising applications in photodetection and light harvesting devices. Similarly, given
the ‘exciton sink’ behaviour of these TMD materials, it is of significant interest to utilise
these materials as acceptors in donor-acceptor pairs to study the extraction of electrical
current due to NRET. QDs are the optimal choice of donor in such a system given the
advantages in terms of broadband absorption and high photostability in contrast with
fluorescent dyes. These coupled QD-2D material systems provide an exciting route towards

photodetection and light harvesting applications.



Much of the early work with these nanomaterials and nanostructures has focused on the
growth, characterisation, and understanding of the individual, stand-alone materials or
structures. In this thesis, a number of novel emerging systems were chosen as test beds for
the exploration of coupled nano-systems. These materials are briefly mentioned above and
include, QDs, QWSs, plasmonic nanostructures and chiral plasmonic nanostructures, and 2D
materials. However, it is the combination of these individual elements in coupled nano-
systems that incite curiosity and offer a wealth of intriguing ‘what ifs’ that has provided the
motivation for the work in this thesis. As such, each chapter in this thesis will be briefly

outlined below.

Chapter 2 will focus on the introduction of the general topics discussed throughout this
thesis. These topics include the optical properties QDs and QWs, the basics of NRET theory
and the distance dependences of the process for different sample geometries, and also the
impact of LSPs on emitters and the NRET process. Different energy transfer mechanisms
are also briefly described. Traditional antenna theory with a focus on helical antennas is
concisely explained and the basic properties of chiral systems outlined in the following
section. The origin and benefits of Raman scattering and surface enhanced Raman scattering
(SERS) are also described. This chapter also includes discussion of the most relevant
literature reports and state-of-the-art for each of the coupled nano-systems studied in this

thesis and their individual components.

In Chapter 3, all the sample preparation and characterisation techniques used in this thesis
will be described. This chapter will include specific details on all the materials and
techniques used to fabricate, synthesize, and measure the samples. The custom built
experimental set-ups are also discussed in detail. Descriptions of the analysis of samples
using absorption, photoluminescence (PL), and time-resolved photoluminescence (TRPL)

are also provided.



Chapter 4 will focus on the coupling of QDs to Ag nanohelices. The Ag nanohelices are
grown in an array and behave as an optical antenna array. This system was chosen to
investigate whether the coupled system could behave as a single entity with the QDs acting
as the feed for the antennas with the antennas influencing the radiation properties of the QDs.
In particular, the interaction strength between the QDs and the Ag nanohelices is quantified
using TRPL measurements. The far-field emission properties of the QDs when coupled to
the Ag nanohelices were found to exhibit greater directionality in the far field emission
pattern and circular polarisation of the emission in accordance with the handedness of the
helices. The near-field coupling between the QDs and the Ag nanohelices was found to allow
for the antenna properties of the Ag nanohelices to influence the emission properties of the

QDs.

In Chapter 5, the influence of a Ag NP decorated graphene oxide (GO) composite on the
fluorescence and SERS of three fluorescent dyes; Rhodamine 6G (R6G), Rhodamine B
(RhB), and Sulforhodamine 101 (SR101) is investigated. This coupled nano-system was
chosen to investigate the underlying physics in such a system. Previous reports using similar
systems had shown large enhancements of the SERS signals from fluorescent dyes but it
was unclear whether the major contribution to these enhanced signals was due to quenching
of the dye fluorescence by the GO or enhancement of the SERS signal due to the large
electromagnetic field enhancements from the Ag NPs. The interactions between the dyes
and the Ag NP decorated GO, and each individual constituent; Ag NPs and GO are
investigated using spectral PL, TRPL, and SERS. It was found that the SERS enhancements
of R6G were influenced most strongly by the quenching of the PL by the GO, while SR101
was more strongly influenced by the Ag NPs. RhB was found to have the weakest SERS

enhancements and also the weakest coupling to the Ag NP decorated GO substrate.

Chapter 6 focusses on the plasmon mediated NRET from QDs to QWSs. Two systems
were studied in this chapter, a system utilising colloidal Ag NPs and a system utilising
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lithographically defined arrays of Ag NPs. This coupled system consisting of colloidal Ag
NPs was chosen to investigate the distance dependence of the NRET from the QDs to 2D
QWs with different barrier thicknesses. The distance dependence was found to follow a d—*
dependence, with and without the Ag NPs, in agreement with theoretical predictions. This
was also the first experimental demonstration of this distance dependence utilising a QW as
an acceptor. The coupled QD-QW system utilising lithographically defined arrays of Ag
NPs as the plasmonic elements was studied to investigate the tunability of the interaction
using two different NP geometries, namely nanoboxes and nanodiscs. The nanodisc arrays
lead to a stronger interaction but ultimately quenches the QD and QW intensity, whereas the
nanobox array gives weaker interaction strengths but leads to enhancement of the QW

emission.

Chapter 7 will focus on coupled systems of QDs and MoS> devices of varying film
quality. This coupled nano-system was chosen to investigate the influence of the MoS film
quality on the photocurrent enhancements due to the NRET from the QD sensitizing layer.
The interaction between the QDs and the MoS> was monitored using TRPL measurements
and the enhancements in device performance were quantified using photocurrent
measurements. Large enhancements were found for pristine monolayer MoS: devices with
modest enhancements observed in devices consisting of mixed monolayer/bilayer films.
There was no enhancement in devices consisting of polycrystalline films and also devices

consisting of MoS; of bulk-like thickness.

In Chapter 8, a spectral dependence of NRET and photocurrent enhancements in coupled
QD-monolayer MoS: devices is presented. Three QD samples with emission wavelengths
of 450 nm, 530 nm, and 630 nm, spanning the visible spectrum were chosen for this study
with the aim of identifying the optimal spectral location for a sensitizing species for hybrid
QD-MoS:; devices. Largest NRET efficiencies and photocurrent enhancements are found for

the 630 nm QD-MoS: system. Good agreement is found between the spectral overlap, NRET

8



efficiency and photocurrent enhancement for each device, indicating that the NRET drives

the photocurrent enhancement in each hybrid device.

The main conclusions of this work and some outlook regarding the future work are given

in Chapter 9.



Chapter 2

Background

2.1 Semiconductor Nanocrystal Quantum Dots

Semiconductor nanocrystal quantum dots (QDs) are quasi 0-dimensional (OD) structures
that have spatial confinement in 3 dimensions. This spatial confinement is possible as an
electrons de Broglie wavelength, 4., is greater than one order of magnitude larger than the
lattice constant of many crystals, thus allowing for the confinement of the electrons while
keeping the crystal lattice structure relatively unperturbed. As an illustration, consider the
de Broglie wavelength, 4., and assuming the effective mass of an electron in a real crystal
at room temperature (kzT = 26.7 meV) as an estimate of the electrons kinetic energy, the

de Broglie wavelength is given by%5°

h
le = —— (2.1)

V2mikgT

As an example, consider CdTe, a semiconductor material comprising the nanocrystal QDs
presented in Chapter 4 of this thesis. CdTe has an effective electron mass, m; = 0.1m,,
which gives 1, = 23 nm while the lattice constant is a; = 0.647 nm. As a result of this
quantum confinement, the electronic structure of the QD can be described by discrete energy
levels.®®® This can be understood by applying the quantum mechanical particle in a box’
description to excitons (bound electron and hole states). The formation of an exciton occurs
when a photon excites an electron from the valence band (VB) to the conduction band (CB)
in a semiconductor material, thus leaving a positively charged hole in the VB. Due to the

strong Coulombic attraction between the electron and the hole, an exciton is formed with an
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energy slightly less than that of the unbound electron and hole. This exciton can then be

described using a quantum mechanical treatment as an exotic hydrogenic atom.

Excitons have an average physical separation between the electron and hole, denoted as
the exciton Bohr radius, ag, similar to the electron and proton in a hydrogen atom. However,
in terms of the exciton, this Bohr radius, ag, will vary depending on the material. The
exciton Bohr radius is expressed as aj = &,.(m/u)ag, where ag = 4meyh? /moe? is the
Bohr radius, &, is the relative permittivity, m is the mass, and u is the reduced mass. In bulk
semiconductor crystals the energy levels can be treated as continuous as the physical
dimensions are much larger than ap. However, when the dimensions of the semiconductor
material become comparable to ap then the excitonic energy levels must be treated as
discrete. The term quantum confinement is used to describe the situation of discrete energy
levels. The band gap energy of QDs in such a strong confinement regime, where r < ag is

approximated by®®

h2m? /1 1 e?
E9P = pBulk (— —) —1.786— ) 0.248E* 2.2
g R M, * mp & Ry (22)

where Egu”‘ is the band gap energy of the bulk material, r is the radius of the QD, m, and

m,, are the effective masses of the electron and hole, respectively, ¢, is the dielectric constant
of the material, and Ey,, is the Rydberg energy for the electron-hole pair. The first term in
Equation 2.2 is the band gap energy of the bulk material, the second term arises from the
effect of the “particle in a box” and the third term is due to the Coulombic interaction between
the electron and hole, and the last term is a spatial correlation term. This expression reveals
that as the radius of the QD decreases, the band gap energy increases, thus leading to the
tunability of the QD emission wavelength via the control of the QD size. A schematic
illustration of the bulk material bandgap and the splitting (and tunability) of the QD

bandgaps are shown in Figure 2.1.
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Figure 2.1:  Schematic diagram of the splitting and increasing energy of the QD bandgap

as the QD diameter decreases.

A significant benefit of QDs as compared to organic dyes is the ability to tune the
emission wavelength through the size of the nanocrystal. QDs offer broadband absorption
which permits a wide range of excitation wavelengths, and as such, a single excitation
wavelength can be used to excite a variety of QD samples. This is in contrast to organic dyes
which have narrow absorption bands where multiple excitation sources would be needed to
excite various dyes. QDs also have greater photostability, a higher resilience to
photobleaching, and recent advances in the chemical synthesis of colloidal nanocrystal QDs
have led to improved quantum yields,’®"® further demonstrating the substantial benefits of
QDs over organic dyes, as a fluorescent species. These intriguing characteristics of
semiconductor QDs have given rise to significant interest in the research community and
also in applications such as display technology,’* biomedical applications,”

photodetectors’”~"® and photovoltaic devices.®
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A QD will absorb a photon if the photon energy, Epy,, is greater than the bandgap energy,
E,4. As a result of quantum confinement in QDs, decreasing (increasing) the QD diameter
will result in a blue-shift (red-shift) of the absorption onset corresponding to the first
electronic transition. This can is expected as the E o« 1/L? is evident from the ‘particle in a
box’ description.®! This photo induced energy can then be re-emitted as a photon through
radiative recombination leading to photoluminescence (PL). The rapid optical excitation and
de-excitation that leads to PL is commonly referred to as fluorescence. The photoemission
(radiative) rate, k,., of QDs is on the order of 108 Hz, and as such, the fluorescence lifetimes,
7, of QDs are ~10 ns, where T = 1/k,.° The fluorescence lifetime of a fluorophore is defined
as the average time between the excitation of an electron to the excited state and the return
of this electron to the ground state via the emission of a photon. Theoretically, the time-
resolved PL (TRPL) decay of a QD should be of mono-exponential form, illustrative of the
intrinsic exciton recombination rate, k,. However, given that solution processed QDs are
not ‘ideally’ monodisperse, a given solution of QDs will contain an ensemble of QDs with
deviating diameters, this in combination with surface defects leads to the observation of a

multi-exponential TRPL decay for QDs.

To illustrate the tunability of the QD emission wavelength via the size of the nanocrystal,
the absorption and PL spectra of three CdTe QDs are shown in Figure 2.2. Each of the QD
solutions has a size distribution of 7-10%. It is clear from Figure 2.2 that the QD absorption
and PL spectra blue-shifts (red-shifts) as the QD diameter decreases (increases). The PL
spectra of the QDs have quite a broad distribution with full-width at half-maximum
(FWHM) values between 40-50 nm. In terms of a single QD, one would expect to observe
a narrow profile, similar to that of a delta function, however, due to the size distribution of
the solution processed QDs in combination with scattering at surfaces and defects, a

homogeneous broadening is observed and leads to a Gaussian-like PL distribution.®
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Figure 2.2:  (a) Absorption spectra of three different sized CdTe QDs. The absorption
spectra have been normalized to the peak absorption value of the first
electronic transition. (b) Normalized PL spectra of the three CdTe QDs shown

in a. The legend in each plot gives the QD diameter.

Consider the smallest QDs presented in Figure 2.2 in green, comparison between the peak
wavelength of the first absorption peak (520 nm) and the peak of the PL spectrum (550 nm)
reveals a red-shift of 30 nm. This difference in energy is known as the Stokes shift. The
Stokes shift arises due to exciton-phonon interactions as the electron relaxes to the lowest
vibrational level in the excited state, this is commonly referred to as internal conversion. The
transition resulting in photon emission is usually from the lowest energy excited state to an
excited vibrational level of the ground state. The electron then further relaxes via exciton-
phonon interactions to the lowest energy ground state, which further increases the energy

difference between the absorbed and emitted photon.®

The semiconductor nanocrystal QDs used in this thesis were solution processed,
thioglycolic acid (TGA) stabilised CdTe core-only QDs and oleic acid functionalised alloyed
CdSeS/ZnS core-shell QDs. The CdTe QDs were prepared and supplied in aqueous form

from our collaborators in the Gaponik group, TU Dresden, Germany. The alloyed
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CdSeS/znS QDs were purchased from Sigma-Aldrich in toluene at a concentration of 1

mg/mL.

2.2 Nonradiative Energy Transfer

Nonradiative energy transfer (NRET) is an efficient dipole-dipole coupling mechanism
which occurs due to the Coulombic interaction between confined excitons in the donor and
acceptor species.®®828 The acceptor may be a non-emitting species, (e.g.) a metal
(quenching species). NRET is commonly dubbed as Forster-type resonance energy transfer
(FRET), named after the German physical chemist, Theodor Forster, who outlined the first
theoretical description of the process.3* With this process, the optical excitation of the donor
species generates an oscillating transition dipole and if the donor and acceptor have resonant
states in the excited (S1) and ground (So) states, this oscillating donor dipole can induce a
transition dipole in the acceptor, and this dipole-dipole interaction can mediate the transfer

of energy from the donor to the acceptor.

3
> Donor Emission
Sy - A @
: S, =1
.§ : § Acceptor Emission
= .
'E :........................>.
> .
= .
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A4
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™ .) NRET
So
Donor Acceptor

Figure 2.3:  Schematic illustration of the NRET process.
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A schematic representation of the process is given in Figure 2.3. The donor species is
optically excited and an electron is promoted from the lowest energy ground state (So) to a
vibrational level of the excited state (S1), indicated by the blue line. This electron then relaxes
to the lowest energy excited state via exciton-phonon interactions (internal conversion),
indicated by the yellow arrow. If the donor is isolated, this electron can return to the ground
state via radiative recombination of the exciton leading to photon emission, having a lifetime
of tp = 1/(k, + ky,-), Where k, and k,,,- are the radiative and nonradiative decay rates,
respectively. The photon emission by the donor is indicated by the green line. However, if
the donor is in close proximity to an acceptor species (typically within a distance of < 10
nm),8285 and the acceptor species has available states that are in resonance with the donor,
this exciton energy can be transferred to the acceptor via NRET, with arate, kyggr, indicated
by black dotted lines. The electron in the acceptor then relaxes to the lowest energy level in
the excited state (yellow arrow) and the exciton undergoes radiative recombination, resulting

in a photon emission from the acceptor.

This process leads to an increased decay rate, kp, = k, + kyr + kyrer, In the donor
species due to the introduction of an alternative decay pathway in the presence of an
acceptor. This increased decay rate can be measured experimentally as a reduced lifetime,
Tpa, giventhat k,, = 1/7p4. A decrease in the donor lifetime in the presence of an acceptor

is the key fingerprint of NRET, as well as a reduction of the donor PL intensity.

2.2.1 Nonradiative Energy Transfer Theory

There are four underlying properties that determine the rate, kyzgr, and consequently,
the efficiency, nyrgr, Of the NRET process. These are; (i) the degree of spectral overlap, J,
between the donor PL spectrum and the acceptor absorption spectrum, which accounts for

the coupled oscillator strength of the donor and acceptor dipoles, (ii) the donor quantum

16



yield, (iii) the relative orientation between the donor and acceptor dipoles, and (iv) the

centre-to-centre distance, d, between the donor and acceptor species.

The rate of NRET, kyggr, between a donor and acceptor species at a given centre-to-
centre separation, d, is given by8®

1 (Rp\°
knrer = a (70) (2.3)

where R, is the characteristic distance at which the NRET efficiency, nyggr, i1s 50%, and as
mentioned earlier, tp, = 1/(k, + ky,), is the lifetime of the isolated donor. It should be
noted that k., is the nonradiative decay rate to decay pathways other than NRET, such as
exciton traps at defect states and internal conversion. Taking consideration of the four

prerequisites mentioned above, the NRET rate, kyggr, can be simplified as®

knrer = (2.4)

d6

D

1 (QY-KZ -](/1)>

where QY is the quantum yield of the donor, k? is a factor that describes the relative
orientation between the donor and acceptor dipoles and J (1) is the spectral overlap between
the donor emission spectrum and the acceptor absorption spectrum. The orientation factor,
k2, is typically assumed to be 2/3 arising from the random orientations of both donor and

acceptor dipoles.®? The spectral overlap, J (1), is given by

oo

J) = f In(A) - £4(2) - A*dA (2.5)
0

where I, (1) is the dimensionless, area normalized donor PL spectrum, &4 (A4) is the acceptor
extinction coefficient spectrum in units of M cm™, and given that A is in units of nm, J (1)

has units of M cm™ nm*.

The characteristic distance at which the NRET process is 50% can be expressed by®882
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. 9000-ln(10)'K2'QY'](/1)% (2.6)
0~ 128 N, - 5 - n*

where N, is Avogadro’s number and n is the refractive index. This expression can be further

simplified by grouping the physical constants, where R, has units of nm

1
2, . 6
R, = 0.0211 (%)6 (2.7)
n

The NRET efficiency, nygrer, Which represents the percentage of photo-generated

excitons in the donor that transfer their energy to the acceptor is given by

KnreT
ky + kny + kngrer

"INRET = (2.8)

The NRET efficiency is typically extracted from the measured donor PL lifetimes and
the integrated donor PL spectra when the donor is isolated (7, and I,) and when the donor

is in the presence of the acceptor (74 and Ip4).8? Therefore

Tpa
NMnrer = 1 —— (2.9)
Tp
Ipa
Nnrer = 1 — To (2.10)
D

where tp,4 = 1/(ky + kpy + kyger) and tp, = 1/(k, + k,,;-). Substituting these lifetime
relations into Equation 2.9 and rearranging gives Equation 2.8. Similarly, the energy transfer

rate, kyger, Can be calculated from the measured lifetimes as
Knrer = Tpa — Tp " (2.11)

It should be noted that the rate equations described above have been derived for a single
donor-acceptor pair. However, in the situation where a donor can interact with multiple, i,

acceptors, then the NRET rate, kyggr, Of the single donor is the sum of all NRET rates, k;,
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with respect of the NRET to the i*" acceptor at a centre-to-centre separation, d;, from the

donor, then the NRET rate is given by
-1 RO °
knrer = z ki =1p Z (d_> (2.12)
i i ‘
This expression indicates that increasing the number of acceptors surrounding a donor leads

to an increased NRET rate and an increased probability of the NRET process occurring.

Substituting Equation 2.12 into Equation 2.8 gives

R\6
2ilg
TINRET = dilz 5= ! P (2.13)
(@) 1+ [n(®)]

In terms of the NRET in separated layers of donors and acceptors, analytical solutions
can also be obtained.®® Considering the homogenous distribution of acceptors in a plane

layer, Equation 2.12 can be converted to a surface integral, given by

knrer = T51 "Cacc” j (70) ds (2.14)
0

where cacc is the acceptor concentration. The integration limit can be extended to infinity
given the NRET rate decreases rapidly as d increases. Carrying out the integration leads to

the expression®’

Cocc " T 8
k _ Cacc T R 215
NRET = 5 gt 1, (2.15)

where dp;.ne 1S the separation between the donor and acceptor planes. After carrying out the
integral in Equation 2.14 it can be seen that the typical d~° dependence of the NRET changes
to a dpjine for the interaction of between a donor and a plane of acceptors. Substituting

Equation 2.15 into Equation 2.8, gives the NRET efficiency as
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R (2 B1ane ] (2.16)
6
Cacc " T " Ry

While the aforementioned theory was originally developed for molecular systems, previous
studies have shown that the NRET in QD systems is described appropriately with a Forster-

type NRET theory.87-8°

2.2.2 Other Energy Transfer Mechanisms

When studying interactions in coupled nano-systems it is of paramount importance to
distinguish NRET from other energy transfer mechanisms. These similar mechanisms are
that of Dexter energy transfer,®3% charge transfer,64%1-%3 and radiative energy transfer.®* In
NRET processes, following the excitation of the donor, the excited donor species (D*)
relaxes to the ground state (D) as the excited state energy is transferred to the acceptor
species (A*), which was originally in the ground state (A) before the energy was transferred.

The overall NRET process, which is a single-step process, can be represented as®®

k
D*+A==D + A" (2.17)

The process of radiative energy transfer, however, is two-step. A photon which has been
emitted by the donor is then absorbed by the acceptor, with the photon mediating the transfer
of energy. In comparison to NRET, this has a longer interaction range, with a distance

dependence of d=2.% This two-step process can be represented by
(A)D*->D+hv (ii))A+hv— A* (2.18)

Similar to NRET, Dexter energy transfer is a nonradiative process which involves the
exchange of electrons between the donor and acceptor species, this process occurs due to the

overlapping charge wavefunctions in the donor and acceptor.®® Given the reliance of the
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process on the overlap of charge wavefunctions, this process has a much more stringent
distance dependence (~ 1 nm)® as compared with NRET. The rate of Dexter energy transfer,

ke, decreases exponentially as a function of distance, d, given by

2d
kpex = K ']Norm(l) e L (2'19)

where K is a factor that is related to specific orbital interactions, Jy,m (1) is the normalized
spectral overlap term, and L is the characteristic wave-function decay length (van der Waals
radius). /yorm(4) is different to /(1) for the NRET calculation because the oscillator strength
of the acceptor (accounted for by £(A) in the NRET calculation) is not important for Dexter

energy transfer.

Charge transfer, on the other hand is similar to Dexter energy transfer given that they
both rely on the orbital overlap between the donor and acceptor species, however, the energy
transfer range is slightly extended in the case of this mechanism (~ 2 — 3 nm).54°%%2 Contrary
to NRET and Dexter energy transfer, this mechanism does not require the spectral overlap
between the donor and the acceptor, however, it does require an electron or hole donor and
an acceptor species. The rate of charge transfer process, k., similar to Dexter energy

transfer, decreases exponentially with distance, given by
ker = Ko - e P (2.20)
where K, is a pre-exponential factor and S characterises the energy transfer.

For all of the coupled systems in this thesis, in terms of NRET, the minimum centre-to-
centre separation between the donor and acceptor was greater than 3 nm. In Chapter 4, the
CdTe core-only QDs have a diameter of 2.6 nm and a TGA ligand of ~ 0.5 nm. Multiple
layers of QDs were deposited onto the Ag nanohelices and the first layer of QDs were
separated from the Ag nanohelices by a PE buffer layer of ~ 7.5 nm. In Chapter 6, the alloyed

core-shell CdSeS/zZnS QDs have a diameter of 6 nm and an oleic acid ligand of ~ 0.5 nm.
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These were deposited on top of the GaN barrier/capping layer of the InGaN QWs. The active
region of the InGaN QW is 2 nm and the GaN barrier thicknesses were 3 nm, 5 nm, and 7
nm, thus excluding Dexter energy transfer or charge transfer as the energy transfer process.
Similarly, in Chapters 7 and 8, the QD donors used to study the NRET to MoS; devices were
alloyed core-shell CdSeS/ZnS QDs with a diameter of 6 nm with an oleic acid ligand of ~
0.5 nm. The monolayer MoS> has a thickness of ~ 0.65 nm. Once again, ensuring that the
centre-to-centre distance between the donor and acceptor is greater than 3 nm. Therefore,
the NRET in each of the systems studied is Forster-type NRET, which will just be referred

to as NRET throughout the rest of the thesis.

2.2.3 Distance Dependence of Nonradiative Energy Transfer

NRET has a well-defined distance dependence and the distances over which this process
can occur extend beyond the limits of Dexter energy transfer and charge transfer to ~10
nm.82 In conventional NRET, single donor-acceptor pairs are considered, in which case,
the efficiency and rate of the NRET has been proven to follow a traditional d~° distance
dependence.®® However, consideration of the dimensionality of the donor-acceptor pair can
lead to a range of different distance dependences which is ultimately governed by the
acceptor dimensionality,2°7% as illustrated in Section 2.2.1 for a 2D plane of 0D acceptors.
The influence of the acceptor dimensionality on the distance dependence of the NRET is
driven by the degree of quantum confinement in the acceptor species. These distance
dependences of NRET have been proven as d~°, d~>, d~*, and d~2 for QDs (confined in
three dimensions), nanowires (NWSs) (confined in two dimensions), QWs (confined in one
dimension), and bulk materials (no confinement), respectively.®® The NRET efficiency
between a point dipole donor (QDs) to 0D QDs, 1D NWs, 2D QWs and 3D bulk materials,

as a function of distance, is given in Figure 2.4 to illustrate the difference in these regimes.
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For qualitative purposes and simplicity, R, has been set to 5 nm for each case. It is clear
from Figure 2.4 that as the confinement decreases from three dimensions in the QD acceptor
to no confinement in the bulk acceptor, that the range over which the NRET process can

occur is increased but the efficiency at shorter distances falls off more quickly.
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Figure 2.4: NRET efficiency as a function of distance showing the variation in the

distance dependence due to the acceptor dimensionality.

2.3 Surface Plasmons

Surface plasmons are bound electromagnetic oscillations of conduction electrons at a
metal/dielectric interface. There are two fundamental excitations of surface plasmons:
Localised Surface Plasmon Resonance (LSPRs) and Surface Plasmon Polaritons (SPPs).
LSPRs are non-propagating excitations of the conduction electrons in metallic nanoparticles
(NPs) which are coupled to an electromagnetic field, these LSPRs are confined to the surface
of the NP. LSPRs give rise to an enhanced near-field amplitude at sub-wavelength
dimensions when excited at the resonance wavelength. This enhanced near-field amplitude
decays rapidly into the surrounding dielectric medium. SPPs are propagating

electromagnetic waves that propagate along metal/dielectric interfaces in planar
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structures.®>*°1% The confinement of these waves to the surface requires that the dielectric
permittivity of the metal, ¢,,,, and the dielectric, €, are of opposite sign. The result of which
reveals that these surface waves can only exist at the interface between a conducting medium
and an insulating medium. The frequency at which ¢, = —¢&; is known as the surface
plasmon frequency, wgp.
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Figure 2.5:  (a) Schematic illustration of LSPR in metallic NPs. (b) Schematic of SPP at

a metal/dielectric interface.10!

A schematic representation of LSPRs and SPPs is given in Figure 2.5. The work in this
thesis in involving surface plasmons focusses solely on LSPRs of colloidal and

lithographically defined arrays of plasmonic NPs. There are many benefits that arise from
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the inclusion of NPs that support LSPRs in coupled systems, such as, emitter-NP systems.
Optical excitation of a plasmonic NP induces a coherent oscillation of electrons on both
sides of the NP (assuming spherical geometry). Two specific light-matter interactions can
occur here; (i) absorption of the incident light at or close to the peak LSPR wavelength and
(i) scattering of the incident light on the red (low energy) side of the LSPR. The sum of the
absorption and scattering contributions gives the extinction. In terms of the light-matter
interaction with a plasmonic NP, it is important to consider the NPs effective cross-section.

The extinction cross-section, oz, is given by

Ogxt = Opps T Osca (2-21)

where oy4,s and og., are the absorption and scattering cross-sections, respectively. As
mentioned above the electromagnetic excitation of the plasmonic NP causes a large
electromagnetic field enhancement around the NP and this results in larger absorption and
scattering cross-sections and consequently a larger extinction cross-section.'®® The relative
contributions of absorption and scattering to the overall extinction is strongly dependent on
the material, shape and size of the plasmonic NP. The effective cross-section of a plasmonic
NP can be as much as 10 times larger than the actual NP size. This strong light-matter
interaction has led to significant interest in implementation of plasmonic NPs in a variety of

optical systems.

In coupled systems of emitters and plasmonic NPs, there can be modifications of the
emitter’s properties which can result in a reduced fluorescence lifetime and reduced or
increased fluorescence intensity. These modifications of the emitter’s florescence properties
when coupled to plasmonic NPs can include an enhanced excitation rate, enhanced radiative
rate and NRET from the emitter to the plasmonic NPs which can lead to emission quenching
via Joule heating or scattered radiation from the plasmonic NPs.3"-3%52 A large body of work

regarding the energy transfer to metals was contributed by Sibley, Chance and Prock in the
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late 1970’s.%% Such work has been more recently applied within a Nanometal Surface Energy
Transfer (NSET) formalism.*® Previous work in this group focussed on a complete study of
the wavelength, concentration and distance dependence of NRET from QDs to a plane of
Au NPs.>2 The experimental findings of this study revealed that while there is a good
agreement between the calculated Ro values using a Forster-type NRET model, and the
experimentally obtained values for QDs emitting close to the peak wavelength of the LSPR
(on-resonance) of the Au NPs, in terms of the QDs emitting at wavelengths longer than the
peak LSPR (off-resonance) of the Au NPs, much better agreement is found for fitting with
an NSET model which gives a characteristic distance, do, value. The data suggests that the
NSET formalism gives a better approximation of the NRET to a plane of plasmonic NPs
(non-emitting acceptors). More recently further theoretical work using the Greens tensor
formalism has shown that in fact a range of distance dependences can be observed in emitter-
plasmon coupled systems and that d~* and d~2 dependences will only be observed under

certain conditions.*?

2.3.1 Plasmon Mediated Nonradiative Energy Transfer

As mentioned above, NRET is a dipole-dipole coupling mechanism with a well-defined
distance dependence, typically < 10 nm in conventional systems.®2®° However, the
modification of Forster-type NRET in a donor-acceptor pair (point dipoles) via the inclusion
of a plasmonic NP as a mediator of the NRET process was theoretically predicted in the
1980s.441% The enhancement of the NRET depends on the distance between the
donor/acceptor and the plasmonic NP, the geometry of the plasmonic NP, and also the
orientation of the molecules donor/acceptor dipole transitions in terms of the location of the
plasmonic NP. This enhanced NRET process could potentially increase the effective

distance of the process from the conventional 10 nm by as much as 7 fold,* thus increasing
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the viability of NRET in future applications. Similarly it was found that the optimal
geometry for plasmonic enhancement of NRET was to place the plasmonic NP between the
donor and acceptor with a 180° separation between the donor and acceptor species.*? Recent
work carried out in this group has also found that the plasmon mediated NRET depends on
a variety of factors, including the emission wavelength and quantum yield of the donor, and
the size of the plasmonic NP (Au NPs were used in the aforementioned study).*® It was found
that the small Au NPs which have a negligible scattering component, can greatly reduce the
emission intensity of the donor via an enhanced quenching rate, whereas increasing the
diameter of the Au NP increases the scattering cross section and gives rise to a larger
scattering component which can lead to increases in the donor emission intensity. Similarly,
it was found that in the case of NRET in a donor-acceptor pair mediated by plasmonic Au
NPs, that the donor-NP separation was much more influential in the process than the
acceptor-NP separation. Interestingly, in the small Au NP limit, it was found that the
interaction between the donor and the Au NP was, in essence, that of a single dipole-dipole
interaction (d~°), with the interaction strength increased over that of the free-space
counterpart. Consideration of this enhanced donor-Au NP interaction indicates that the
coupled donor-Au NP can be considered as an enhanced donor dipole that then couples with

the acceptor dipole leading to an enhancement of the NRET process.

There have been numerous experimental observations of the enhanced NRET rate,
efficiency, and characteristic interaction distance using a variety of emitters and plasmonic
materials, either plasmonic films or NPs. In 2003, Lackowicz et al. revealed that the close
proximity of Ag islands to donor-acceptor pairs bound to DNA led to an enhancement of the
Forster radius, Ry, from 3.5 nm in the absence of the Ag islands to 16.6 nm.% Work carried
out by the same group in 2007 demonstrated that the NRET rate in donor-acceptor pairs that
were bound to a single Ag NP was enhanced by 21 fold while the Forster radius was

consequently increased by 60%.1% It should be noted that the NRET studies carried out
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by the Lackowicz group were carried out using dyes and not QDs. These previous reports
demonstrated that the enhancement of the NRET depends on the size of the plasmonic NP
and also the distance between the donor-acceptor pair and the surface of the plasmonic NP.
Similarly, it is worth mentioning that the first experimental demonstration of plasmon
enhanced NRET in mixed monolayers of CdTe core-only QDs was carried out in this group
in 2006.%° A study of the NRET from a conjugated polymer to an emitting, multilayer core-
shell NP revealed an increase of over 50% of the Forster radius, a 13 fold enhancement in
the NRET efficiency and a 173 fold increase in the NRET rate.*® Work carried out by de
Torres et al. demonstrated long range, plasmon mediated NRET using Ag nanowires (NWS5s)
as the plasmonic element, which allows for propagating plasmons, where they found NRET
efficiencies as large as 17% for a donor-acceptor separations of 1.3 um.'%” However, the
process involving SPPs as the NRET mediator is technically a two-step process while the
LSP mediated NRET of interest to this thesis is a single-step process. In addition to these
single NP or NW reports, NP dimers and resonators have also been demonstrated as effective
plasmonic mediators of the NRET process.*>1% A variety of other plasmon mediated NRET
reports include the use of Ag prisms as the plasmonic element with donor ZnO NPs and
acceptor core-shell CdSe/ZnS QDs in a mixed spincast layer;*® and other layered
configurations such as a mixed layer of core-only CdSe QDs and Ag NPs;% mixed core-
shell CdSe/ZnTe and CdSeS/ZnS QDs with Au NPs;!? and a separated layer structure of
donor core-only CdTe QDs, Au NPs, and acceptor core-only CdTe QDs* reflective of the
theoretically proposed optimal geometry for NRET.*2 Similarly, there are number of reports
regarding the influence of the plasmonic NP concentration,® size,''! distance,>® and the

selective coupling between the NP and the donor or the acceptor.t!?

Regarding the control of the NRET process via the plasmonic NPs, variation of the
spectral position of the LSPR in terms of the donor and acceptor absorption allows the ability

to switch the NRET process ‘on and off’, this was achieved by studying the core-shell
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arrangement of Au-Ag core-shell nanocrystals where the donors and acceptors were in the
shell.*” Competition between the plasmon mediated NRET rate and the modified decay rates
of the donor and acceptor in the presence of the plasmonic elements has also been proven to

either quench or enhance the PL intensity.'**118

Previous work in this group had focussed extensively on plasmon mediated NRET 495153
These studies revealed that the signatures of plasmon mediated NRET depend strongly on
the positioning and concentration of the plasmonic NPs. The greatest enhancements in the
NRET rate and efficiency were found for systems with higher plasmonic NP concentration,
and those with the shortest separations between the donor and the plasmonic NP, and the
acceptor and the plasmonic NP. As mentioned earlier, the separation between the donor and
the plasmonic NP has a much larger influence on the NRET than the separation between the
acceptor and the plasmonic NP.%® It was also shown that the distance of the plasmon
mediated NRET had the same d™ distance dependence as conventional Forster-type NRET.
The dominant coupling of the donor to the plasmonic NP indicates that in the tri-layer
structure, where the Forster radius is independent of the separation between the acceptor and
the plasmonic NP, the coupled donor-plasmon behaves as an enhanced donor dipole, in

agreement with theoretical studies performed in this group.*®

2.4 Antenna Theory

The IEEE Standard Definitions of Terms for Antennas (IEEE Std 145-1983) gives the
definition of an antenna or aerial as “a means for radiating or receiving radio waves”.'!° That
being said, the antenna is the traditional structure between free-space and a guiding device
(receiver) or source (transmitter).!?° In Chapter 4, the free-space component is that of far-

field propagating electromagnetic radiation and the source is the emission from the QDs.
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Plasmonic nanostructures are commonly referred to as antennas due to their ability to

convert the propagating far-field energy to localised near field energy.!?

Helical antennas have many important uses; they are broadband antennas so they can
operate across a broad frequency range and they have the added ability to circularly polarise
the emitted radiation according to the handedness of the helix itself.*?° This is beneficial in
two senses as the antenna can be used to transmit signals of a given circular polarisation and
receive only signals that are polarised in the same handedness.?° A traditional helix antenna
is usually connected to a central conductor or coaxial cable (transmission line) at the feed
point while the outer conductor is attached to a ground plane. For the work performed in
Chapter 4, the source (feed) will be the CdTe QDs and the transmission line will be the near

field of the excited QDs whilst the chiral Ag nanohelices will act as the antennas.

Figure 2.6:  Schematic diagram of a traditional helical antenna.?
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The traditional helical antenna can be seen in Figure 2.6. The geometrical parameters are
labelled in the figure, whereby the helix has N turns, a diameter, D, and a pitch or spacing,

S, between consecutive turns. The antenna has a total length, L, given by
L=NS (2.22)

The total length of the ‘wire’, Ly, IS given by

Ly = NLy = N/S2% + C2 (2.23)

where the length of the wire between turns, Ly, is given by

Ly =+/S% + C? (2.24)
The circumference of the structure is given by
C =2nr =nD (2.25)

The pitch angle, «, is the angle formed by a tangent line between the helix axis and the plane

perpendicular to the same axis, given by

a = tan™! (25?) = tan™! (—) (2.26)

The radiation characteristics of these helical antennas can be tailored by tuning the
dimensions of the helix compared to the wavelength of operation. For helical antennas, the
standard output polarisation is elliptical, but linear and circular polarisations can be achieved
over varying frequency ranges. These helical antennas generally transmit in two
modes/patterns; normal (broadside) and axial (end-fire). The broadside emission pattern has
its maximum power radiating outwards, normal to the helix axis whereas the axial emission
pattern has its maximum power radiating along the axis of the helix. The axial (end-fire)
mode is the most practical mode for the system studied in Chapter 4 and can achieve circular

polarisation over a large bandwidth.*?°
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(a) normal mode (b) end-fire mode

Figure 2.7:  Three dimensional radiation patterns for helical antennas.?

The standard emission patterns for helical antennas can be seen in Figure 2.7. Herein,
only the axial (end-fire) mode will be discussed as this is the emission pattern we wish to
exploit. This mode displays just one main lobe with highly supressed side lobes. As can be
seen from Figure 2.7, the maximum radiation intensity is along the helix axis. In order to
excite the end-fire mode, the diameter and pitch of the helix must be large fractions of the
operating wavelength, and circular polarisation in the main lobe is achieved when the

circumference of the helix is in the range

wl &

(2.27)

B w
AN
>0
AN

The optimum condition being C/A = 1. The pitch should also be close to S = 1/4. Yet,
this all relates to the antenna being fed from a coaxial line. Other feeds such as waveguides
or dielectric rods are used more specifically at microwave frequencies. Here the dimensions

of the helix are not as important for the end-fire mode and a greater bandwidth is achieved.*?°
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In order to achieve an ordinary end-fire emission pattern using traditional antennas the

relative phase, ¢, throughout the turns of the antenna must be considered. This phase is given

by
¢ = kyScos(6) + (2.28)

Achieving an end-fire emission pattern requires that the radiation from each turn of the
helix along 8 = 0° is in phase, thus there is no phase difference (8 = 0). The angle 6 = 0°
is along the helix axis, whereas 8 = 90° is perpendicular to the helix axis. Therefore the
wave along each turn of the helix travels a distance L, and the desired radiation direction is

along 6 = 0°. In which case the phase is given by
¢ = (koS cos(8) — kLy)g=go = —2mm m=0123.. (2.29)

where m = 0 corresponds to that of a linear wire, and m = 1 corresponds to the first
transmission mode of a helix and so on. To achieve maximum directionality, such as that of

the Hansen-Woodyard pattern, the phase is given by
¢ =—(2mm+"/y) m=0,123.. (2.30)

Therefore, the normalized far-field emission pattern can be given by

Sin(N/z)gb

2.31
sin (¢/2) ( )

E = sin(/5)cos(6)

The cos(8) term in the above equation represents the field pattern from one turn on the helix
and the bracketed term represents the array factor for the uniform array of N elements.
Multiplication of both terms gives the total field pattern.*?° It should be noted that Equations

2.30 and 2.31 are valid provided that N > 3.

The antennas studied in Chapter 4 are not that of the traditional model and may be more

or less sensitive to certain aspects of the above given theory. The antennas used in this
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project are those of a plasmonic nature and have been shown to support a longitudinal LSPR

which decays radiatively along the helical axis.*?*2*

2.4.1 Optical Antennas

Over the past two decades there has been significant interest in the premise of optical
antennas.1®17:32123-128 These optical antennas are devices that efficiently couple the energy
of free-space propagating radiation to a confined region of sub-wavelength dimensions. The
majority of optical antenna demonstrations in recent years have utilised light as the driving
force to manipulate the transmission/receiving of radiation.**° Similarly, indirectly fed
antennas have been demonstrated via excited states in active media close to the antennas. 22
These driving methods for optical antennas are unlike radio-wave antennas, which are fed
by electrical generators. In 2015, Hecht et al. demonstrated the first electrically driven
optical antenna.’?® The electrically driven device consists of a lateral tunnel junction and
operates based on the quantum shot-noise of electrons tunnelling across the feed gap.
Interestingly, the authors also find that the spectrum of emitted radiation can be tuned
through the antenna geometry and the applied voltage. However, it is important to appreciate
the dimensions of these devices. Radio antennas operating at radio frequencies generally
have dimensions of ~ 1 m or less. Whereas dielectric waveguides, a technology that utilises
planar structures to confine radiation to sub-micron dimensions, have been well established
for decades. These devices generally operate at IR and microwave frequencies, and have
structural dimensions of 1 — 10 um. Now consider optical antennas, whereby the wavelength
range of operation is between 400 — 700 nm, the dimensional requirements of these
structures are sub 100 nm and must be accurate to tens of nanometres. This stringent
requirement over the structural dimensions has been the main hurdle regarding the progress

and commercial application of optical antennas. Some of the more promising characteristics
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of antennas are the ability to control the polarisation of the emitted radiation and the emission
pattern.'?° These properties have attracted significant interest in recent years and there have
been many reports of the influence of optical antennas on the emission patterns and
polarisation of photoluminescence of emitters coupled to the antennas.?®3%® The
advantageous properties of optical antennas and the efforts in the scientific community that
are paving the way for the complete control of these antennas have led to the extensive
application of optical antennas for photodetection,!® sensing,’® lighting,}* and display

technologies.®®

2.5 Chirality

Chirality is in essence, a property of asymmetry. Chiral objects lack mirror symmetry and
as a result of this the chiral object and its mirror image cannot be superimposed on top of
each other. The signature characterisation technique for chiral objects is circular dichroism
(CD) spectroscopy, a technique which is of great importance in chemistry,?? biology, and
more recently nanoscience.}?2130-135  Chiroptical effects such as CD or optical rotary
dispersion (ORD) arise due to a difference in the refractive indices and extinction
coefficients which are experienced by incident light of either left- or right-circularly
polarisation, LCP or RCP, respectively.?” The refractive index difference, An, is responsible
for ORD, which is a rotation of the plane of linearly polarized light upon interacting with
chiral molecules or structures. The difference between extinction coefficients, Ae, is
responsible for CD effects,?” and is measured from the difference in transmission of LCP
and RCP light through the chiral molecules or structures. An example of a chiral structure’s
lack of mirror symmetry and a typical CD spectrum for an array of ‘right-handed’ Ag

nanohelices is given in Figure 2.8.
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Figure 2.8: (a) Schematic representation of helix and its mirror image.’*® (b) CD

spectrum of an array of ‘right handed” Ag nanohelices.

Plasmonic metal nanostructures displaying chiroptical effects in the visible spectrum
either intrinsically or via coupling to chiral molecules have been the subject of intensive
theoretical investigation in recent years.?*2® There have been several demonstrations of
chiroptical effects in the infrared***!3"1% and microwave*® regimes of the spectrum. More
recently, following the theoretical prediction of chiroptical effects in the visible spectrum, a
variety  of  experimental  displays of  induced,®*  enhanced,'*®  and
intrinsic/structuralt?130132.135,140.141 chirality have emerged in the literature. The emergence
of these demonstrations is largely due to advances in molecular self-assembly,**
lithographic, and deposition techniques which have allowed for the growth of three

dimensional anisotropic structures,?2:130:132.140.141

2.6 Raman Scattering

Raman scattering is a process which occurs due to the inelastic scattering of photons by
molecules which have been excited to a higher energy vibrational or rotational level,#? this

leads to the scattered photons having different energies than that of the incident photons.
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However, this form of inelastic scattering typically only occurs for 1 in every 107 incident
photons. A much more common scattering process when photons interact with molecules is
that of Rayleigh scattering, which is an elastic process, by which, the scattered photons have
the same energy as the incident photons. There are two types of Raman scattering; Stokes
Raman scattering, and Anti-Stokes Raman scattering. In the case of Stokes Raman
scattering, the scattered photon energy is of lower energy than the incident photon energy.
This loss of energy is due to the absorption of some the incident energy by the molecule,
this loss of energy typically corresponds to a particular vibrational or rotational transition in
the molecule, and as such, identification of the scattering peaks can be used as a ‘fingerprint’
technique to identify particular molecules.**31%* In terms of Anti-Stokes Raman scattering,
the scattered photon energy is greater than that of the incident photon. This process requires
that the molecule is in an excited vibrational level of the ground state prior to the interaction
with the incident photon. While Stokes Raman scattering is a 1/107 event, Anti-Stokes
Raman scattering is a much more unlikely process which is rarely observed under standard
excitation conditions. Given the low probability of the Raman scattering of incident photons,
the measured signals are very weak and require long integration times during measurements.
A schematic representation of these scattering processes in terms of the energy loss and gain

is shown in Figure 2.9.
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Figure 2.9:  Schematic representation of elastic and inelastic scattering processes.

2.6.1 Surface Enhanced Raman Scattering

A significant breakthrough in the field of Raman spectroscopy was the discovery of
Surface Enhanced Raman Scattering (SERS). SERS was first discovered in the 1970’s and
the process was attributed to two mechanisms, local electromagnetic field enhancement and
the chemical enhancement, due to the presence of a roughened metal surface.345146 These
large localized electromagnetic fields can be experienced by analytes located close to the
surface of a metal, particularly nanostructured or roughened surfaces due to the occurrence
of ‘hot spots’, regions of very high electromagnetic field. The enhancement of SERS by
nanostructured metals has been an intense area of research over the past number of years as
has been reviewed in the literature.’*-1%° The most common materials utilised for SERS
studies are those of noble metallic NPs, such as Au or Ag, given the relatively straight

forward synthesis which provides control over size and shape of the NPs, 1505
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Over the past few years, graphene and its derivatives, graphene oxide (GO) and reduced-
graphene oxide (rGO), have been investigated as SERS substrates. These monolayer
materials have been shown to produce strong chemical enhancement, which is attributed to
charge transfer from the graphene substrate.’®>1>* The atomically flat graphene substrate
provides ideal conditions which allow for sufficiently close proximity of the analytes to the
substrate to achieve efficient charge transfer. SERS enhancements as large as 10° have been
reported for Rhodamine B (RhB) dye on rGO substrates.’> Combined structures of metallic
NPs on graphene and GO/rGO substrates have also been shown to provide significant SERS

enhancements,1%6-161

2.7 Quantum Wells

QWs are 2D semiconductor materials that have their charge carriers confined in only one
dimension, in comparison to the 3D confinement of charge carriers in semiconductor QDs.
This means that the charge carriers in QWs are free to move in a 2D plane in the active
region, confined only in the vertical direction. QWs are fabricated in a layered structure
where the active QW is sandwiched between two layers of higher bandgap material. The
QWs used in this study consist of an active layer of 2 nm thick InGaN sandwiched between
GaN layers. Decreasing the thickness of the active layer leads to strong confinement of the
charge carriers in 1D and this gives rise to the quantisation of energy levels,®*%? which leads

to the band structure that can be seen in Figure 2.10.
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Figure 2.10: Band diagram of InGaN/GaN QW showing the conduction band (CB) and

valence band (VB).

In comparison to their bulk crystal 3D counterparts, QWSs display many interesting
properties. One notable property is that of the exciton binding energy in the QW, which can
be as large as four times that observed in the 3D bulk crystal.® The result of this manifests
into many more exotic excitonic properties at higher temperatures. The absorption spectra
of QWs also demonstrates a strong sensitivity to applied electric fields. This heightened
sensitivity of the absorption spectra to applied electric fields allows for the integration of
QWSs with well-established CMOS techniques.'®3'%* Regarding the InGaN/GaN QWs
studied in Chapter 6, there are significant benefits regarding the use of these types of QWs
for applications such as LEDs,'®5-%67 |asers, 168169 and light harvesting devices.'®!" In a
similar vein, combining QDs and QWs in hybrid architectures has led to promising
applications in photovoltaic devices,>>1"217 colour conversion,®”t">"" and white light

generation.178:17°

2.8 Summary

This chapter has provided a glimpse into the extensive work that has been carried out
with QDs, NRET, plasmonic NPs, optical antennas, chiral nanostructures, and QWs. This
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chapter has also provided some of the basic theory that will be used throughout this thesis.
In Chapter 4, the antenna properties of a coupled system of chiral Ag nanohelices and QDs
are investigated for the first time. The influence of a Ag NP decorated graphene oxide
composite on the fluorescence and SERS properties of organic dyes is studied in Chapter 5.
The first experimental demonstration of plasmon mediated NRET from QDs to QWs is
presented in Chapter 6. NRET from QDs to 2D MoS: devices will be the focus of Chapters
7 and 8. Chapter 7 investigates the role of MoS: film quality on the photocurrent
enhancements in QD-sensitized MoS; devices. The first experimental demonstration of the
spectral dependence of NRET and photocurrent enhancements in QD-sensitized MoS>

devices is presented in Chapter 8.
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Chapter 3

Sample Preparation and Characterisation

A variety of materials and structures were investigated in this work. In Chapter 4, the
coupled structure of quantum dots (QDs) and Ag nanohelices was realised using the Layer-
by-Layer (LbL) deposition technique.!%18! The arrays of Ag nanohelices were grown using
a room temperature glancing angle vapour deposition (GLAD) technique?? and supplied by
our collaborators in the Krsti¢ group, TCD. The core only CdTe QDs were synthesized
according to well documented standard procedures’>1828 and supplied by our collaborators
in the Gaponik group, TU Dresden, Germany. The LbL deposition technique works on the
basis of electrostatic attraction, whereby the deposition of alternating layers of oppositely
charged species leads to the formation of complex and multi-layered structures. This simple
and versatile technique allows for nanometre precision and control of the structure simply
through the immersion of a substrate in solutions containing different charged molecules.
This well-established technique has been extensively used to investigate the nonradiative
energy transfer (NRET) process®818" and has been implemented in a variety of
applications, such as, sensors and detectors,’®8818 photovoltaic devices,'*1% and
biomedical devices.'®*1% A detailed description of this technique and the materials used for

the samples studied in Chapter 4 is given in Section 3.1.1.

The hybrid composites of Ag nanoparticles (NPs) and graphene oxide (GO), AgGO,
studied in Chapter 5 were synthesized using a one-pot synthesis according to the method
proposed by Zhang et al.»®® The GO was synthesized using a modified Hummers’ method**®
and supplied by our collaborators in the Coleman group, TCD. The three fluorescent dyes
used in the study; Rhodamine 6G (R6G), Rhodamine B (RhB) and Sulforhodamine 101

(SR101), were all obtained from Sigma-Aldrich. The dyes were optically characterised using
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UV-Vis absorption, photoluminescence (PL), and time-resolved PL (TRPL) spectroscopy.
A detailed description of the synthesis of the AgGO composite is given in Section 3.1.4 and

the optical characterisation is of the composite is described in Section 3.2.4.

The hybrid QD-quantum well (QW), QD-QW, structures studied in Chapter 6 were
realised using a spin coating technique. The alloyed CdSeS/ZnS QDs were purchased from
Sigma-Aldrich and the Ag NPs were purchased from Plasmachem. The InGaN/GaN QWs

were grown using a metal organic vapour phase epitaxy (MOVPE) technique®®’

and supplied
by our collaborators in the Parbrook group, TYNDALL. GaN buffer layers were grown on
sapphire substrates, followed by the growth of a 2 nm InGaN QW. The 2 nm InGaN QW
was then capped with GaN barrier layers of 3 nm, 5 nm, and 7 nm. The colloidal samples of
QDs and Ag NPs, both in toluene, were dispersed in 0.1% wt. poly(methyl methacrylate)
(PMMA) in toluene and spincast onto the QWSs of different GaN barrier thicknesses. A
detailed description of the sample characterisation is given in Section 3.1.5. The

lithographically defined arrays of Ag NPs presented in the Chapter 6.3 were fabricated using

electron beam lithography (EBL).

The QD-sensitized MoS; devices studied in Chapters 7 and 8 were realised using a spin
coating technique. The mono- and few-layer MoS, was grown on Si/SiO. and quartz
substrates using a chemical vapour deposition (CVD) technique®® and supplied by our
collaborators in the Duesberg group, TCD. The electrodes and the electrical contact pads
were fabricated on the MoS> samples using EBL. The QDs were dispersed in 0.1% wit.
PMMA and spincast onto the devices. The alloyed CdSeS/ZnS QDs used in both chapters

were purchased from Sigma-Aldrich.
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3.1 Sample Preparation

3.1.1 Layer-by-Layer: Materials and Sample Description

The samples described in this section were used to investigate the interaction between
QDs and optical antennas, in the form of Ag nanohelices. With semiconductor nanocrystal
QDs the optically excited exciton is formed in the core of the QD, whereby core-shell type
QDs incorporate a shell layer of higher bandgap semiconducting material to passivate
surface trap states, thus increasing the quantum yield of the QD and permitting for tighter
confinement of the exciton to the core. However, core-shell type QDs are typically stabilised
with organic ligands and only soluble in organic solvents which are not compatible with our
LbL deposition process. The core only CdTe QDs and the chosen polyelectrolytes (PES) are
water soluble. The CdTe QDs are stabilized by a thioglycolic acid (TGA) functional group,
giving the QDs a negative charge. The PEs used to form spacer layers were; positively
charged Poly(diallyldimethylammonium chloride) (PDDA), and negatively charged
Poly(sodium 4-styrene sulfate) (PSS). Both PEs were purchased from Sigma-Aldrich. The
PDDA was purchased in solution (20% wt. in water with a molecular weight of 100,000 to
200,000) and used as stock. The PSS was purchased in powder form (molecular weight
~70,000) and a stock solution was prepared by dissolving 543 mg PSS in 10 mL Millipore
water (Resistance = 18.2 MQ/cm?) in an ultrasonic bath. The PEs tend to form long,
stretched out, ultrathin layers to minimise electrostatic forces affecting them. Sometimes it
is not particularly desirable to have such thin layers, and NaCl can be added to the solutions
to increase the thickness of the polymer layers. The Na* and CI" ions screen the polymer
charge when they dissociate in the solution and this allows for the PEs to curl and fold thus

forming thicker layers.1%
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The PE solutions for the LbL procedure were prepared as follows:

e PDDA: 170 uL PDDA + 0.2 mL NaCl (3 M) + 5.8 mL Millipore water

e PSS: 560 pL PSS (Stock) + 0.2 mL NaCl (3 M) + 5.3 Millipore water

The above mentioned PE solutions give bilayer (PDDA/PSS) thicknesses of ~ 3 nm.

3.1.2 Description of the Layer-by-Layer Process

As mentioned above the LbL process involves the deposition of alternating layers by

immersion in solutions of oppositely charged species.

Figure 3.1:  Schematic diagram of the LbL process showing the initial immersion of the
substrate and absorption of the PE, followed by the rinsing and removal of

excess PE, and the immersion and absorption of the second PE.

For the preparation of a LbL structure, the 1TO/glass substrate is first immersed in a
solution containing positively charged PDDA. The substrate is kept immersed in solution

for 10 minutes to allow for complete coverage of the substrate with the positive PE, giving
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a net positive charge. The substrate is then removed from the PE solution and rinsed in
Millipore water for 1 min to remove any loosely bound excess PE. The substrate is then
immersed in the solution containing negatively charged PSS. Similarly, the substrate is kept
immersed in the solution for 10 minutes to form the bilayer (PDDA/PSS). The substrate is
then removed from the PE solution and rinsed in Millipore water to remove the excess and
loosely bound PSS. These steps are repeated multiple times to achieve the desired number

of layers. A schematic diagram of this process is given in Figure 3.1.

The samples studied in Chapter 4 required close proximity between the QDs and the Ag
nanohelices to allow for effective coupling, and as such, two PE bilayers and a final layer of
PDDA (resulting total thickness of the PE layers is ~ 7.5 nm) were deposited before the
addition of the QDs, on both the Ag nanohelices and the reference 1TO substrate. The TGA
stabilized QDs have a negative charge and hence the outermost PE layer was positively
charged PDDA to allow for the QDs to adhere to the PE due to electrostatic attraction. A
schematic diagram of the LbL structure, including dimensions, on the Ag/ITO substrates is

given in Figure 3.2.

~25.2nm

Ag/ITO

CdTe QD PDDA (+) PSS (-)

Figure 3.2:  (a) Schematic diagram of the LbL samples on the Ag nanohelices/ ITO

substrate surface.
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3.1.3 Ag NP Decorated Graphene Oxide: Materials and

Methods

The samples described in this section were used to investigate the influence of Ag NPs,
graphene oxide (GO), and Ag NP decorated GO (AgGO) on the fluorescence and surface

enhanced Raman scattering (SERS) properties of three organic dyes; R6G, RhB, and SR101.

Expandable graphite flakes, purchased from Asbury Graphite Mills, US, with an average
flake size > 500 um were used as starting material for the synthesis of GO. Chemicals used
for GO synthesis included potassium permanganate (KMnQa), sulphuric acid (H2SO4 97%),
hydrochloric acid (HCI 37%) and hydrogen peroxide (H202 30%). Chemicals used for the
AgGO synthesis were Poly-(N-vinyl-2-pyrrolidone) (PVP) (molecular weight = 40,000) and
silver nitrate (AgNOz) (molecular weight = 169.87). The fluorescent dyes used in the
experiments were R6G, RhB and SR101. Unless otherwise stated all chemicals and dyes
were purchased from Sigma Aldrich. The dyes were purchased in powder form and dissolved

in Millipore water to achieve the desired concentration.

3.14 Synthesis of GO and AgGO

Large GO sheets were prepared by modified Hummers’%

method using expandable flake
graphite with a typical size of 500 - 600 pm as the raw material. In a typical procedure,
graphite flakes were heated in a 100 W microwave for 15 s to produce expanded graphite
(EG) (volume expansion ratio 70:1) as the precursor for GO synthesis. Then 4 g of EG and
500 ml of H2SO4 were mixed and stirred in a three neck flask for 2 hours. Next, 20 g of
KMnO4 was slowly added to the mixture. After 24 hours of stirring at room temperature, the

mixture was transferred into an ice bath and 500 mL of deionized water and 100 mL of H20»

were added dropwise into the mixture under controlled temperature (T < 60 °C) resulting in
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a colour change from dark green to golden yellow. Having stirred for another 30 minutes,
the resulting oxidized EG particles were washed and centrifuged with HCI solution (9:1 vol
water: HCI) three times, then centrifuged again and washed with deionized water. Repeated
centrifugation and washing steps with deionized water were carried out until a solution of pH
> 5 was achieved. During the washing process, oxidized EG particles were exfoliated to GO

sheets resulting in a highly viscous solution with concentrations above 4.5 mg/mL.

The obtained solution of GO in water was then further sonicated for 1 hour and a stock
solution of 1.6 mg/mL was prepared for use as the precursor for the synthesis of the AgGO
composite. The AgGO composite was prepared according to the method described by Zhang
et al.?® With this synthesis, 1.88 g PVP was dissolved in 8 mL of stock GO solution. The
solution was then heated to 60 °C under constant stirring. Once the GO solution had reached
60 °C, 3 mL of 188 mM AgNOs in water was added and stirred for a further 5 minutes. The
stirring was then stopped and the reaction was allowed to proceed for 24 hours. Four AgGO
samples, labelled Sample A, B, C, and D, were prepared with different levels of Ag NP
coverage on the GO flakes by altering the GO concentration in the reaction solution.
Transmission electron microscope (TEM) images of the four AgGO samples with varying
degrees of Ag NP coverage on the GO flakes can be seen in Figure 3.3. To obtain complete
Ag NP coverage of the GO flakes the concentration of GO in the reaction solution was
reduced to 0.01 mg/mL. The coverage of Ag NPs on the GO could not be increased beyond
this point as the GO flakes were completely covered with dense clusters of Ag NPs. The
product of the reaction was then centrifuged at 9000 RPM/5705 g using a Labnet Spectrafuge
7M (6.3 cm centrifuge radius and a 12 x 1.5 mL rotor) for 20 minutes and washed with
Millipore water. This step was repeated 5 times to remove all of the excess and unbound Ag
NPs. The resulting AgGO was then re-dispersed in 5 mL Millipore water and sonicated in
an ultrasonic bath with a frequency of 35 kHz for 30 minutes. The microscopy based

characterisation of the GO and AgGO samples are further discussed in Chapter 5.
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Figure 3.3:  TEM images of AgGO samples with increasing Ag NP coverage. (a) Sample
A (0.8 mg/mL GO), (b) Sample B (0.2 mg/mL GO), (c) Sample C
(0.02 mg/mL GO), and (d) Sample D (0.01 mg/mL GO). The scale bar in each

image is 200 nm.

3.15 Spin-coating of QD/PMMA Layers: Materials and

Methods

The samples described in this section were used to investigate the nonradiative energy
transfer (NRET) from QDs to 2D materials, such as, InGaN/GaN quantum wells (QWS) in
Chapter 6, and MoS; in Chapters 7 and 8. The QDs used for these studies were alloyed

CdSeS/znS core-shell semiconductor nanocrystals. The QDs have peak emission
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wavelengths of 450 nm, 530 nm and 630 nm. The QDs were purchased from Sigma Aldrich
and were supplied in toluene at a concentration of 1 mg/mL and these solutions were used
as stock. Unlike ‘traditional’ QDs, the optical properties of these alloyed QDs are tuned
through the elemental composition of the nanocrystal?®® and not by the physical dimensions.
This tuning of the QD optical properties through the composition of the nanocrystal is
beneficial for spectral dependence studies as the QDs with emission wavelengths of 450 nm,
530 nm, and 630 nm, all have the same diameter (6.0 + 0.8) nm and this removes any
ambiguity regarding the centre-to-centre separation between the QD (donor) and acceptor
species. Poly(methyl methacrylate) (PMMA) with a molecular weight of 996,000 was
purchased in powder form from Sigma Aldrich. The PMMA solution for the spin-coating of

QD/PMMA layers was prepared to a concentration of 0.1% wt in toluene.

The samples used in the first section of Chapter 6, for the study of the distance
dependence of NRET from 450 nm QDs to InGaN/GaN QWs with GaN barrier thicknesses
of 3 nm, 5nm, and 7 nm, consisted of QDs and colloidal Ag NPs dispersed in a solution of
0.1% wt. PMMA in toluene. To ensure even dispersion of the QDs and the Ag NPs in the
PMMA solution, the blend was then sonicated for ~ 20 s. The resultant mixture was
subsequently spincast at a speed of 5000 RPM onto the InGaN/GaN QWs of different GaN
barrier thicknesses and the GaN reference substrates. Spin-coating of the QDs in the 0.1%
PMMA results in an ultrathin layer with a thickness of (6 = 2) nm, as confirmed by atomic
force microscopy (AFM) (See Figure 3.4). A schematic diagram of the colloidal Ag NP

samples is also given in Figure 3.4c.
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Figure 3.4: (a) AFM image of a single trench cut into the QD/PMMA layer on a GaN
substrate. (b) Height profile of the QD/PMMA layer corresponding to the
dotted white line in the AFM image in a. (c) Schematic diagram of the
colloidal QD and Ag NP sample on the QWs with different GaN barrier

thicknesses.

The second section in Chapter 6 focusses on the plasmon mediated NRET from 450 nm
QDs to an InGaN/GaN QW with a GaN barrier thickness of 3 nm. In this section,
lithographically defined arrays of Ag NPs are used as the plasmonic element as opposed to
the colloidal Ag NPs used in the distance dependence study in the first section of Chapter 6.

The arrays of Ag NPs were fabricated on the InGaN/GaN QW and the GaN reference
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substrate using electron beam lithography (EBL). The arrays of Ag NPs in the form of
nanoboxes and nanodiscs were fabricated by patterning a PMMA resist using EBL. The
focussed electron beam draws the pattern of the arrays in the PMMA resist, causing the long
chained PMMA molecules to be broken up into short chain molecules. The short chain
molecules are then removed in the developer solution leaving the exposed regions void of
any polymer. The developer solution consists of methyl-isobutyl ketone (MIBK) and
isopropyl alcohol (IPA) in aratio of 1:3 (MIBK:IPA). The Ti/Ag (5 nm/ 35 nm) metals were
deposited using electron beam evaporation. The PMMA is then removed in acetone using a
standard lift-off process, leaving behind only the plasmonic structures that have adhered to
the substrate. A schematic diagram of the arrays, including dimensions, is given in Figure
3.5a with SEM images of the nanobox and nanodisc arrays given in Figure 3.5b and Figure

3.5 ¢, respectively.

The samples used to study the NRET and photocurrent enhancements in QD-sensitized
MoS: devices in Chapter 7 consisted of alloyed CdSeS/ZnS QDs with a peak emission
wavelength of 630 nm in an ultrathin PMMA layer on a variety of MoS: electrical devices.
The QD/PMMA blend was prepared by dispersing 12.5 pL of the stock QDs in 500 pL of
0.1% wt. PMMA in toluene and the solution was placed in an ultrasonic bath for ~ 20 s to
ensure the even dispersion of the QDs in the PMMA solution. The MoS; islands giving large
area coverage were grown on Si/SiO2 substrates using CVD techniques®® by our
collaborators in the Duesberg group, TCD. The electrical devices were fabricated by
patterning a PMMA resist using EBL. The Ti/Au (5 nm/ 45 nm) contact pads and electrodes
were deposited using electron beam evaporation. The contact pads have dimensions of 80
pm x 80 pm and each device has a 5 um channel length between the electrodes. The
QD/PMMA solution was subsequently spincast onto the Si/SiO» substrates containing the

MoS; devices.
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Figure 3.5: (a) Schematic diagram of EBL defined nanobox and nanodisc arrays. The
diagram does not include the 5 nm Ti adhesion layer underneath the 35 nm
Ag structures. (b) SEM image of the nanobox array. Inset: Zoom-in image of
the nanoboxes to illustrate the box like shape of the structure. (c) SEM image

of the nanodisc array.

The samples used in Chapter 8 to investigate the spectral dependence of NRET and
photocurrent enhancements in hybrid QD-MoS; devices consisted of ultrathin sensitizing
layers of alloyed CdSeS/ZnS QDs with peak emission wavelengths of 450 nm, 530 nm, and
630 nm on triangular monolayer MoS; electrical devices. Similar to the samples used in
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Chapter 7, 12.5 pL of the QD (450 nm, 530 nm, and 630 nm) stock solutions were dispersed
in 500 pL of 0.1% wt. PMMA and sonicated for ~ 20 s to ensure the even dispersion of the
QDs in the PMMA solution. The triangular MoS2 monolayers were grown using CVD
techniques by our collaborators in the Duesberg group, TCD. The electrical devices were
fabricated in an identical manner to those mentioned in the paragraph above for use in
Chapter 7. The QD/PMMA solutions were then spincast onto the Si/SiO2 substrates
containing the triangular monolayer MoS; devices. The thickness of the QD/PMMA layers
were verified using AFM (See Figure 3.6). The layer thicknesses as verified by AFM were
(7 £3) nm, (9 £ 2) nm, and (8 £ 2) nm for the 450 nm, 530 nm, and 630 nm QD/PMMA
layers, respectively. Schematic diagrams of the 630 nm QD-sensitized MoS; devices and the
QD-sensitized triangular monolayer MoS: devices can be seen in Figure 3.6g and Figure

3.6h, respectively.
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Figure 3.6:  (a-c) AFM images of the trenches cut into the (a) 450 nm QD/PMMA layer,
(b) 530 nm QD/PMMA layer, and (c) 630 nm QD/PMMA layer. (d-f) Height
profiles corresponding to the white dotted lines in a-c, respectively. ()
Schematic diagram of the 630 nm QD sensitized MoS; devices. (h) Schematic

diagram of the QD sensitized triangular monolayer MoS; devices.
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3.2 Sample Characterisation

3.2.1 Transmission, Reflection and Extinction Measurements

over Micron-Scale Areas

The array of Ag nanohelices studied in Chapter 4 was characterised by means of
circularly polarised transmission and reflection measurements. Given the small size of the
array of Ag nanohelices (~ 100 pm x 100 pm), a custom built setup had to be constructed to
accurately measure the optical properties from the array itself. Standard, commercial UV-
Vis spectrometers could not be used as the optical spot size is generally a few millimetres in
diameter at the focus. Similarly, the CVD grown MoS: triangles studied in Chapter 8 have
typical edge lengths of between 10 pum and 20 pum and as such commercial UV-Vis
spectrometers are incapable of accurately measuring the optical properties of individual
flakes. A schematic diagram of the custom built transmission apparatus is shown in Figure.

3.7.

The custom built setup shown in Figure 3.7 works on the principle of magnification. The
setup magnifies the region of interest and forms an image of the sampling area on the face
of a fibre optic cable which is fed directly to a spectrometer. The setup was carefully
constructed to ensure that transmission and reflection measurements are easily performed
without any modifications to the fixed components in the system. Flip mounted beam
splitters and mirrors are used to redirect the optical path to perform reflection measurements.
Flip mounted optical components are shown with dashed lines in Figure 3.7. There is also a
collimated space in the system that allows for the addition of polarising optics such as linear

polarisers and quarter wave plates for the circular dichroism (CD) measurements.
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Figure 3.7:  Schematic diagram of the custom built transmission apparatus.

The accuracy of the custom built system was confirmed by comparing the transmission
spectrum of a Ti/Au film on a quartz substrate obtained in a commercial UV-Vis
spectrometer and the custom built setup, as seen in Figure 3.8a. The system was also used
to measure the extinction of triangular monolayers of MoS; with edge lengths of ~ 20 um
on quartz substrates (See Figure 3.8b). The ability to incorporate polarising optics into the
collimated space in the setup allowed for the measurement of chiral signatures in the chiral
Ag nanohelices by measuring the transmission and reflection from the arrays using both left-
and right-circularly polarised (LCP and RCP, respectively) light. The transmission and
reflection spectra of the Ag nanohelices under LCP and RCP illumination can be seen in

Figure 3.8c and Figure 3.8d, respectively.
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(a) Transmission spectra of a Ti/Au film measured using a commercial UV-

Vis spectrometer (red) and using the custom built transmission setup (black).

(b) Extinction spectrum of a triangular monolayer of MoSz (~ 20 um edge

length) measured using the custom built transmission setup. (c) Transmission

spectra of 100 um x 100 um array of Ag nanohelices under LCP and RCP
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of Ag nanohelices.
3.2.2

Angle- and Polarisation-Resolved Photoluminescence

To investigate the antenna properties of the arrays of Ag nanohelices, the far-field

emission behaviour of the QDs coupled to the Ag nanohelices was examined. As previously

58



mentioned, the general characteristics of antenna are the ability to convert localised energy
(near-field) to propagating energy (far-field) and vice-versa. Within this conversion of
energy, antennas also possess the ability to preferentially direct and influence the
polarisation of the propagating energy. A custom built setup was constructed to measure the
far-field emission pattern of the QDs coupled to the arrays of Ag nanohelices. The need for
the custom built setup arises from the fact that the arrays are ~100 pm x 100 pm in
dimension, therefore the laser excitation spot size should be smaller than the array and also
that the collection optics would need to collect the emission from a spot size smaller than

the complete array.

The custom built system utilises two motor controlled stages and can be used for
scattering measurements, reflection measurements and a variety of angle-resolved
measurements. A schematic diagram of the custom built setup is shown in Figure 3.9. The
schematic diagram of the angle-resolved system shows elements labelled in black, orange
and blue text. The components labelled in black text remain in the setup for each type of
measurement. The orange and blue texts represent elements that are only in the setup for
angle-resolved and polarisation-resolved measurements, respectively. For the angle-
resolved measurements the emission intensity is measured using a Silicon avalanche
photodiode connected to a lock-in amplifier. In the case of the polarisation-resolved
measurements, the emission spectrum was measured using a fibre optic cable coupled to a

spectrometer.
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Figure 3.9:  Schematic diagram of the custom built two stage rotation setup

The angle-resolved measurements are completely controlled using a LabVIEW program
which operates both stages and the lock-in amplifier. The LabVIEW program records the
photodetector voltage at each step and returns the corresponding voltage and step number in
a text file after the measurement. The step number can be converted to angle (each step of
the motor corresponds to 0.01°) and the polar emission plot can be generated. The excitation
source for the angle-resolved emission measurements was a continuous wave 405 nm laser
diode with an output power of 2.5 mW. The laser excitation was linearly polarised for the
angle-resolved emission measurements, and the collection optics were configured to collect
the absolute emission. The excitation optics were arranged so that the laser excitation of the
sample was at an angle of -22.5°. This was done to ensure that the emission could be

measured perpendicular to the array of Ag nanohelices (8 = 0°) to observe any preferential
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directionality of the emission in the normal direction. An optical chopper was used in
combination with the photodiode to ensure that all measured emission intensity was that
from the QDs coupled to the Ag nanohelices. To dispel the influence of the excitation source
from the measured intensity, the collection optics utilised a 450 nm long pass filter to block
all wavelengths below 450 nm from being detected. Figure 3.10a shows the emission pattern
from QDs on a planar ITO substrate and reveals that the emission pattern follows that of a

Lambertian, cos(6), dependence.

The polarisation-resolved emission measurements were performed using the same setup
as the angle-resolved emission measurements (See Figure 3.9). For these measurements, the
excitation angle was normal to the array plane in order to fully couple the circularly polarised
excitation with the chiral structures. The detector was moved to an angle of 25° off normal
and remained static so that the spectral dominance of the excitation was removed from the
measured emission spectra. A linear polariser and quarter wave-plate were used in
combination to form LCP and RCP light at the excitation end, whilst a quarter wave-plate
and linear polariser were incorporated into the collection optics to resolve the polarised
emission components. Polarisation-resolved emission measurements were carried out under
a variety of conditions. Both circular polarisations and linearly polarised excitation
conditions were used. Emission was collected for both circular polarisations, and also
unpolarised conditions. For each excitation condition, unpolarised and circular polarised
emission was measured. The polarisation-resolved PL spectra of the QDs coupled to the
‘right handed’ Ag nanohelices under LCP excitation in Figure 3.10b reveals that there is a

larger intensity of RCP emission as compared with LCP.

61



(a) = QDsITO
_ 15 0 15 o Lambertian Fit

PL Intensity

——LCP Collection
800 ——RCP Collection A

400 |

200

S
o
Z
-g 600 | m
£ \\U 4
-
o

0 1 1 1
450 500 550 600 650 700 750
Wavelength (nm)

Figure 3.10: (a) Angle-resolved emission pattern of QDs on an ITO substrate. (b)
Polarisation-resolved PL spectra of QDs on the Ag nanohelices under LCP

excitation.

3.2.3 Absorption

The absorption spectrum of the colloidal QDs provides information regarding the
concentration and the diameter of the QDs. The absorption measurements of the QDs in
solution and in layers were performed using a Cary 50 UV-Vis spectrophotometer. The
measurements were performed with a resolution of 1 nm over the spectral region from 300
nm to 800 nm. The absorption of light in a given material is characterised by the Beer-

Lambert law, given by

A=e)-C-1 (3.1)
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where £(4) is the extinction coefficient of the material, C is the concentration and [ is the
length of the light path through the material (in cm). In solution, a standard cuvette for UV-
Vis measurements has a path length of 1 cm and if the extinction coefficient, (1), is known,
then the concentration, C, can be determined by measuring the absorption of the sample. The

absorption and normalized PL spectra of the CdTe QDs in water is shown in Figure 3.11.
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Figure 3.11: Absorption and normalized PL spectra of CdTe QDs in water.

The diameter (in nm) of the colloidal CdTe QDs, dgp, can be calculated using the peak

wavelength of the first absorption peak, A,, from the empirical sizing curve, given by!83201
dop = (9.1827 X 1077)A} — (1.7147 x 1073)17 4+ 1.00641; — 194.84nm  (3.2)

Similarly, the extinction coefficient (in M™ cm™) of the CdTe QD, &), can be determined

from the diameter of the QDs, dp, by?®*
SQD = 10043(dQD)212 (33)

The diameter of the CdTe QDs shown in Figure 3.11 was found to be (2.6 £ 0.2) nm using
Equation 3.2. The absorption spectrum reveals a peak absorption value of 0.171 + 0.002 at
the first absorption peak, 4,, of (522 + 2) nm. The extinction coefficient, £,p, of the CdTe

QDs was calculated using Equation 3.3 and gives a value of (7.61 + 0.03) x10* M cm™ at
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the first absorption peak, A;. Knowing the path length ({ = 1 cm) and the extinction
coefficient, eqp, of the QD solution allows for the calculation of the solution concentration,
C, using Equation 3.1. The concentration, C, of the CdTe solution given in Figure 3.11 was

found to be (3.24 £ 0.03) M.

The deposition of the QDs on the ITO and Ag nanohelix samples was monitored using
the Cary 50 UV-Vis spectrophotometer, however, when the QDs are densely packed on a
substrate they can no longer be considered as non-interacting single elements (as they would
be in a colloidal solution with a diameter of 2.6 nm). This consideration of scattering is more
important in the case of the Ag samples as the Ag nanohelices are anisotropic in geometry
and have dimensions which are sufficiently large enough to scatter the incoming light. With
this in mind, the extinction is considered, where the extinction is the sum of the absorption
and scattering.10?
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Figure 3.12: (a) Extinction spectra of CdTe QD layers on an ITO substrate. (b) Extinction

spectra of CdTe QD layers on Ag nanohelix sample.

The extinction spectra of the QD layers on the ITO reference substrate can be seen in
Figure 3.12a. It is clear from the increase in the extinction spectrum following the addition

of each layer that the QD layers have been successfully deposited on the ITO substrate.
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Similarly, the deposition of the QD monolayers can also be probed through the influence of
the QD layers on the optical properties of the Ag nanohelix array and the surrounding Ag
film. The normalized extinction spectra of the QDs on the Ag nanohelix sample are shown
in Figure 3.12b. A clear redshift (~ 6 nm) in the peak extinction wavelength for the Ag
sample is observed following the deposition of each QD layer. The peak extinction
wavelength of the Ag sample corresponds to the localised surface plasmon resonance
(LSPR). The redshift of the peak LSPR wavelength in the extinction spectrum indicates the
deposition of each QD layer through a change in the refractive index surrounding the

plasmonic structure.

3.2.4 Extinction, Absorption and Scattering

The spectral characteristics of the AgGO composites studied in Chapter 5 were
investigated using a combination of UV-Vis techniques to elucidate the roles of absorption
and scattering in the overall extinction spectrum. The extinction spectrum of the AgGO
composite revealed a significantly broader spectrum as compared to the Ag NPs from the
reaction solution, these Ag NPs are identical to the Ag NPs adhered to the GO in the AgGO
composite. This led to the use of a UV-Vis spectrometer with an integrating sphere to extract
the absorption and scattering spectra from the extinction spectrum. Extinction, scattering
and absorption measurements were performed using a Perkin-Elmer Lambda 650 S UV-Vis
spectrometer equipped with a 150 mm integrating sphere. To distinguish between
contributions from absorption and scattering to the extinction spectrum, the AgGO
dispersions were measured in the integrating sphere using a custom-built sample holder to
place the cuvette in the centre of the integrating sphere. It should be noted that the cuvettes
need to be transparent on all sides for these measurements. The absorption spectrum is
obtained from the measurement inside the sphere. While the extinction spectrum is obtained
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from a measurement outside the sphere. This allows the scattering spectrum to be calculated

as extinction-absorption.
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Figure 3.13: (a) Normalized extinction spectra of AgGO (black line), GO (red dot) and Ag
NPs (blue dash). (b) Extinction (black), absorption (red) and scattering (blue)

spectra of AgGO.

The normalized extinction spectra of the AgGO sample and its individual components;
GO and Ag NPs, can be seen in Figure 3.13a. The Ag NPs were removed from the AgGO
reaction solution and therefore they are identical to those in the AgGO composite. The Ag
NPs show a much sharper LSPR than that of the AgGO composite. The extinction,
absorption and scattering spectra of the AgGO composite are presented in Figure 3.13b.
Here it is clear that the scattering from the AgGO composite has a much larger influence in
the overall extinction spectrum, particularly at longer wavelengths. This increase in the
scattering component is due to both the polydisperse nature of the Ag NPs and the increased

interaction between the neighbouring Ag NPs in the 2D AgGO composite.?%?
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3.2.5 Photoluminescence and Quantum Yield

In order to calculate the quantum yield of a fluorescent sample, both the absorption and
PL spectra are required. The PL spectra of QD and organic dye solutions were measured
using a Perkin Elmer LS 55 fluorescence spectrometer for the quantum yield calculations.
The fluorescence spectrometer utilises a pulsed Xenon lamp as a source which allows for a
wide range of excitation wavelengths. The PL spectra of the QDs and the organic dyes were
recorded at an excitation wavelength of 400 nm (except for the QDs with an emission
wavelength of 450 nm), as the samples studied have a measurable absorbance at this
wavelength. The PL spectra were generally recorded over a range from 420 — 700 nm with
a spectral resolution of 0.5 nm. The QDs with a peak emission wavelength of 450 nm were
excited at a wavelength of 350 nm and the PL spectra was recorded over the range of 380 —
680 nm. Saturation of the detector was avoided via the inclusion of a neutral density filter
(1% transmission) during the measurements, given the high quantum yield of the samples in

solution.

The quantum yield of a fluorescent sample is determined by comparison with a reference
standard with a well-known quantum yield. For samples that emit in the spectral range of
400 — 500 nm, Quinine Sulphate was used as the reference standard, having a quantum yield
of 58%. For samples emitting in the spectral range of 500 — 650 nm, R6G was used as the
reference standard, having a quantum vyield of 95%. The absorption and PL spectra of
Quinine Sulphate, R6G, CdSeS/ZnS QDs and CdTe QDs are shown in Figure 3.14. The
quantum yield of a fluorescent sample is determined by the ratio of the number of photons
emitted to the number of photons absorbed. Any differences in the number of photons
absorbed between the samples, Aggmpie (Agy), and the reference, Ag.r(1) gy, are accounted
for by the ratio of the absorption of the sample and the absorption of the reference at the

excitation wavelength.
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Figure 3.14: Absorption (left axis) and PL spectra (right axis) of (a) Quinine Sulphate, (b)

CdSeS/znS QDs, (c) R6G, and (d) CdTe QDs.

The PL spectra of the sample, Isgmpie (A1), and the reference, Ir.(4), are integrated to
determine the number of photons emitted. For sample comparison with Quinine Sulphate,
the PL spectra were integrated form 380 — 650 nm, and for samples comparing with R6G,
the PL spectra were integrated from 500 - 700 nm. The PL spectra of the reference and the
sample were measured using the same excitation wavelength to ensure that there is no
difference in the excitation intensity for both measurements. For certain cases, the host
solvent for the sample and the reference may be different, and as such, the refractive index

for both the sample, nggmpe, and the reference, ng, s, must be considered in the calculation.

The equation for the quantum yield of a sample in solution, Qsampie. is given by®?
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(3.4)

_ ARef ()LEx) fISample (l)d/’l <nSample)2
. . . QRef

Q =
Sampte ASample (AEx) f IRef (’1) da nRef

The ratio Ager(Agy)/ [ Ires (A)dA was obtained by measuring the reference PL spectrum as
a function of concentration and plotting the integrated PL versus the absorption value at the
excitation wavelength. The slope of this plot, mg.s, gives the ratio. To avoid the inner
filtering effects such as the attenuation of the incident and emitted light in this
measurements®?, and similarly to avoid self-quenching of the reference samples?®32%, the
concentrations used were quite low (optical density <0.01). The QD sample concentrations

were also quite dilute in order to avoid reabsorption of the emitted photons.?%
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Figure 3.15: Integrated PL versus absorption for (a) Quinine Sulphate and (b) R6G.

Black dotted lines in each plot are linear fits.

The slopes obtained from the integrated PL versus absorption curves which are shown

in Figure 3.15 can then be placed into Equation 3.4, this gives

(3.5)

_ fISample (A)dl 1 (nSample>2
. . . QRef

QSample -

ASample (AEx) mRef nRef
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For Quinine Sulphate, mg.; = 140607 and ng,r = 1.42 as the host solvent was H2SOa4
(0.1 M). The CdSeS/ZnS QDs were dispersed in PMMA and therefore, nggmpe = 1.49.

Inputting these values in to Equation 3.5 in combination with the values obtained from the

QD spectra in Figure 3.13b gives

2402 1 (1.49

2
— . . . — 0 3.6
Osampte = 570223 140607 1.42) 0.58 = 0.49 or 49% (3.6)

The measured quantum yield of (49 £ 7)% for the CdSeS/ZnS QDs is in agreement with the

manufacturers stated value of 50%.

For R6G, mg.r = 104777 and ng.r = 1.329 as the host solvent was methanol. The CdTe
QDs were dispersed in water and therefore, ng,mpe = 1.333. Inputting these values and the

values obtained from the absorption and PL spectra in Figure 3.14d into Equation 3.5 gives

2376 1 (1.333
Qsampte = 0.068 104777 \1.329

2
) . 0.95 = 0.32 or 32% (3.7)

PL measurements were also performed on a variety of different systems including the
custom built setup described in Section 3.2.2 for the angle- and polarisation-resolved
measurements and also using Andor Shamrock sr-303i spectrometer with an Andor Newton
970EMCCD. This spectrometer is coupled to an output port of the fluorescence lifetime
imaging microscope (FLIM) used to measure time resolved PL decays. The excitation
wavelength used for the majority of PL measurements presented in this thesis was 405 nm.
In Chapter 7, the PL spectra that accompany the PL maps were measured at an excitation

wavelength of 532 nm.
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3.2.6 Time-Resolved Photoluminescence

Time-resolved PL (TRPL) decays were measured using a Picoquant Microtime FLIM
system. The excitation in this system is provided by a diode laser with 90 ps pulses at a
repetition rate of 10 MHz at an excitation wavelength of 405 nm. The signals are collected
using a 40x microscope objective (NA = 0.65) and recorded using a single-photon avalanche
diode. The system utilises time correlated single photon counting (TCSPC) to generate the
PL decay curves. The PL decays were measured over square areas of varying size

(depending on the sample under investigation) with an integration time of 4 ms per pixel.
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Figure 3.16: Transmittance spectra for band-pass filters used for TRPL measurements.

The PL decays of the QDs and dyes studied in this thesis were spectrally resolved using
a variety of band-pass filters. The band-pass filter used are shown in Figure 3.16. The band-
pass filter used to measure the CdTe QDs in Chapter 4 was the 550 nm Broad (FWHM =75
+ 5 nm), however, other band-pass filters were used to measure the PL lifetime on the blue
and red side of the PL spectrum, these are shown in Chapter 4. The band-pass filters used in
Chapter 5 to measure the PL decays of the organic dyes were the 550 nm broad (FWHM =
75 £ 5 nm) for R6G and RhB, and the 600 nm (FWHM = 10 + 2 nm) for the SR101. The
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filters used in Chapter 6 were the 450 narrow (FWHM = 10 = 2 nm) for the QDs and the 500
narrow (FWHM = 10 £ 2 nm) for the QWs. The filter used in Chapter 7 was the 635 nm
(FWHM =10 £ 2 nm) to separate the QD emission from the MoSz emission. The band-pass
filters used in Chapter 8 were the 450 nm broad (FWHM =40 + 5 nm) for the 450 nm QDs,
the 500 nm broad (FWHM = 75 £ 5 nm) for the 530 nm QDs, and the 635 nm (FWHM =10

+ 2 nm) for the 630 nm QDs.

The PL intensity decays were fitted with a bi-exponential fitting curve, given by

t t
I(6) = e & + Le % (38)

where I; and I, are the intensity amplitudes having lifetimes of 7, and t,, respectively. The
average lifetime was then calculated in terms of an intensity weighted average lifetime, 74,4,

given by

Lit? + 1,72

= 3.9
Lty + LT, (3.9)

TAvg

Similarly, since the decay rate, k = 1/7, one easily obtains the average decay rate, k., =
1/T4p4. An example of a PL decay curve for the alloyed CdSeS/ZnS QDs with a peak

emission wavelength of 630 nm and the bi-exponential fit are shown in Figure 3.17.
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Figure 3.17: TRPL decay of CdSeS/zZnS QDs (black line) and a bi-exponential fit to the

data giving an average lifetime, 74,4, = 17.7 ns.

3.2.7 Raman and Surface Enhanced Raman Spectroscopy

The surface enhanced Raman scattering (SERS) measurements presented in Chapter 5
were performed using a Horiba Jobin Yvon LabRAM HR800 Spectrometer in air under
ambient conditions. The Raman emission was collected by a 100x objective lens (N.A. =
0.8, spot size ~1 um) and dispersed by 600 gr/mm. Prior to the acquisition of the samples,
the spectral position was calibrated to the 521 cm™ peak of Si/SiO,. The samples used for
the Raman study were prepared from a stock dye solution of 10 M and dilute AgGO
solution in a 1:1 ratio. The mixture was left to settle for several hours and subsequently
sonicated for 1 minute to disperse the AgGO flakes in the solution. 10 pL of the mixture
was dropcast onto a glass cover slide and left to air dry in a fume hood. This technique
ensures sufficient adsorption of dye molecules onto the substrate. Based on the absorption
bands of the fluorescent organic dyes, the 532 nm excitation wavelength was chosen in order
to excite fluorescence and provide resonance Raman scattering conditions. An example of

the SERS spectra of R6G on the GO, AgGO and Ag NPs is shown in Figure 3.18a.
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The CVD-grown MoS; studied in Chapters 7 and 8 was characterized by Raman
spectroscopy. These measurements were performed using a WiTec Alpha 300R tool with a
532 nm excitation laser operating at a power of ~250 uW with a 100x objective (N.A. =
0.95). Raman maps were obtained by acquiring 4 spectra per um in x and y directions. An
example Raman map plotting the separation between the characteristic A and E Raman
modes in the MoS, Raman spectrum can be seen in Figure 3.18b with the corresponding

average spectrum extracted from inside the dash yellow box shown in Figure 3.18c.
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Figure 3.18: (a) SERS spectra of R6G on the AgGO (black line), Ag NPs (red line), and
on the GO (blue line). (b) Raman map of monolayer MoS: device, plotting
the separation between the characteristic A and E modes. (c) Average Raman
spectrum extracted from inside the dash yellow box region in the Raman map

in (b).
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3.2.8 Photocurrent Measurements

Photocurrent measurements were performed on MoS; and QD sensitized MoS> devices
in Chapters 7 and 8. The excitation laser used for the photocurrent measurements was a
variable power Toptica iBeam smart laser diode with a 405 nm excitation wavelength. The
wavelength of 405 nm was chosen as the corresponding PL and TRPL measurements were
performed using a 405 nm excitation wavelength. The active regions of the devices were
excited through a 10x (NA = 0.25) with an excitation spot diameter of ~3 um. The electrical
measurements were carried out using a Keithley 2400 source meter to provide a bias and
measure the current through the devices. A white light source and a camera were used to
image the sample to allow for successful contact between the contact probes and pads and
also to ensure that the laser spot is tightly focussed on the active region between the
electrodes. A LabVIEW program was written to control the Keithley 2400 source meter.
This program allows for the measurement of looping I-V curves. The I-V curves were
performed for -1 V to +1V in a four step process. Initially, the measurement sweeps from 0
V to +1 V in the first step, then from +1 V to 0 V in the second step, from 0 V to -1 V in the
third step, and from -1 V to 0 V in the fourth and final step. The LabVIEW program then
outputs the voltage and current values in a text file. An example I-V curve of the MoS;
device with and without the QD sensitizing layer is given in Figure 3.19a. A schematic

diagram of the setup can be seen in Figure 3.19b.
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Figure 3.19: (a) I-V curve of MoS> device before (blue line) and after (red line) adding the

QD sensitizing layer. (b) Schematic diagram of the photocurrent setup.

3.3 Summary

In summary, this chapter has provided all the relevant information regarding the
controlled placement and separation of QD layers on the Ag nanohelices, using the LbL
deposition technique. This enables the coupling between the QDs and the Ag nanohelices

studied in Chapter 4. A detailed description of the synthesis of GO and the AgGO composite

76



is also provided. The influence of the GO and AgGO composites on the emission and SERS
properties of organic dyes is studied in detail in Chapter 5. The sample preparation and spin-
coating procedure for the deposition of QDs and Ag NPs dispersed in PMMA layers is
discussed in detail. These spin-coating techniques allow for the formation of the hybrid
samples studied in Chapters 6, 7, and 8. The EBL fabrication of the ordered arrays of Ag
NPs, studied in Chapter 6 (section 6.5), and the electrical contacts and electrodes, on the
MoS; devices studied in Chapters 7 and 8, are also discussed. Detailed information about
the custom built set-ups is also provided. Furthermore, the characterisation and data analysis

techniques required to extract the relevant physical quantities are presented.
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Chapter 4

Chiral Plasmonics

Chapter Summary

The work in this chapter will focus on light-matter coupling between semiconductor
nanocrystal CdTe core-only quantum dots (QDs) and chiral plasmonic nano-antenna arrays.
The chiral plasmonic Ag antennas have a helical form and were grown in arrays using a
glancing angle vapour deposition (GLAD) technique. In terms of dimensions, each chiral
Ag helical antenna has a diameter of 80 nm, pitch of 90 nm and a height of 220 nm. The
centre-to-centre spacing between each individual antenna in the array is 150 nm and the total
array consists of 670 x 670 individual units giving a total array size of ~100 pum x 100 pm.
The chiral Ag helices were optically characterized by means of circularly polarised
transmission and reflection spectroscopy, and consequently circular dichroism (CD)
spectroscopy. Due to the small size of these arrays, standard commercial spectroscopic
equipment could not be used as they are not capable of accurately measuring the optical
properties over such small dimensions, given that commercial UV-Vis or CD spectrometers
generally have a beam diameter of 1-3 mm at the focus. To overcome this obstacle, a custom
setup was constructed and is shown in Chapter 3 (section 3.2.1). The QDs were characterised
using absorption and photoluminescence (PL) measurements. The coupled QD-Ag helix
structure was realised by depositing densely packed monolayers of QDs onto the Ag-helix
array using the layer-by-layer (LbL) technique described in Chapter 3 (section 3.1.2). The
interaction between the QDs and the Ag helices was investigated using steady state spectral

PL, time-resolved PL (TRPL), and angle- and polarisation-resolved PL measurements.
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4.1 Introduction

Plasmonic nanoparticles (NPs) have long been considered as antennas for optical
frequencies given the ability to confine and enhance the local electric field.®%°1% More
specifically, plasmonic structures capable of supporting the propagation of surface plasmon
polaritons (SPPs) convert propagating electromagnetic radiation into localised energy
(SPPs) and vice-versa.2%2% The resulting novelty of having antennas composed of
plasmonic nanostructures is the concentration, control and directed electromagnetic
radiation at optical frequencies.!?°121125 However, there are several limitations in terms of
the implementation of optical antennas, most significantly, the nanometre scale design and
structural requirements.'?® The characteristic dimensions of antennas are less than or very
close to the operating wavelength,'2%1% thus in terms of optical antennas, this requires the
fabrication of structures with dimensions of ~100 nm, and efficient antennas would require
three dimensional structure. Ideally, the precise and reproducible fabrication of three
dimensional nanoscale structures would allow for the fundamental study of optical antennas
which would have significant benefits for optical communications and optoelectronic

technologies.

The GLAD technique, which is a relatively new technique, allows for the growth of three
dimensional anisotropic structures at the nanoscale, thus paving the way for the growth of
helical structures with dimensions suitable for optical antenna technologies.'?#131:132.141 The
GLAD technique has been reported to fabricate helical antenna at the nanoscale allowing
for the growth of novel chiral structures having dimensions of the order of tens of
nanometres, 122131132141 Chirality in plasmonic structures is a growing field and has become
a hot topic in recent years,26:27:130209-211 Similar to the dimensional requirements of optical
antennas, chiral responses at optical frequencies have a strict reliance on sub 100 nm

structural dimensions.?”?%® The bottom-up growth of anisotropic metallic structures using

79



the GLAD technique allows for the growth of plasmonic nanostructures that meet the

stringent  dimensional requirements to obtain chiral responses at optical

frequenCieS 27,122,131,132,209,212

The system studied in this chapter involves the coupling of QDs to chiral plasmonic
helical antennas in arrays. The near-field interaction/coupling between the QDs and the
helical antennas is investigated using TRPL measurements. Similarly, the influence of the
near-field coupling between the QDs and antennas on the far-field emission properties of the

QDs is investigated using angle- and polarisation-resolved PL measurements.

4.2 Characterisation of Ag nanohelices

Following the growth of the Ag nanohelix array, optical characterization was performed
using circularly polarised transmission and reflection measurements using the custom-built
system described in Chapter 3 (section 3.2.1). The circularly polarised measurements
revealed the chiral nature of the Ag nanohelices through differences in the tramsmission and
reflection of both left- and right-circular polarisations (LCP and RCP, respectively). The
transmittance and reflectance spectra of the ‘right handed” Ag nanohelices for both circular
polarisations are shown in Figure 4.1a and 4.1b, respectively. The transmittance spectra in
Figure 4.1a show that the ‘right handed’ Ag nanohelices have a higher transmittance of LCP
light than RCP light, most notably in the range from ~450 nm to 650 nm. Consequently, the
reflectance spectra in Figure 4.1b show a higher reflectance of RCP light than LCP light, a
difference of 2% in the 400 nm — 500 nm region. It is worth pointing out that the ‘right
handed” Ag nanohelices absorb and reflect more light of polarisation in the same handedness
as the helical structure. This effect is due to the structural chirality of the material, whereas
a similar effect would not be observed for chiral molecules as their chirality is of a molecular

nature. Chiral molecules exhibit a circular dichroism (CD) through a preferential absorption
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of either LCP or RCP light due to chiral absorption bands and this would have no influence

on the reflection of LCP and RCP light. The peaks in the reflectance spectra at ~450 nm

correspond to the structural colouring resulting from the scattering of incident light from the

plasmonic Ag nanohelices,?*>?'* as can be seen in the optical image of the Ag nanohelix

array in the inset in Figure 4.1b.
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(@) LCP (red line) and RCP (black line) transmittance spectra for the right
handed Ag nanohelix array. (b) LCP (red dash) and RCP (black dash)
reflectance spectra for the right handed Ag nanohelix array. Inset: Optical
image of Ag nanohelix array. (c) CD spectrum of the right handed Ag

nanohelix array. (d) SEM image of the Ag nanohelix array.

81



The most common form of characterization for chiral molecules or structures is CD
spectroscopy. CD is measured as the difference between the extinction of LCP and RCP
light through a chiral material. Therefore, given that structurally chiral molecules absorb and
reflect more light polarised in the same ‘handedness’ as the structure a ‘left handed’ chiral
structure will exhibit a positive CD spectrum and a ‘right handed’ chiral structure would
exhibit a negative CD spectrum.®*® However, structurally chiral particles that have been
dispersed in solution show a bisignate response in the CD spectrum due to the random
orientation of the particles in solution, resulting in a peak-dip (positive-negative CD)
signature for ‘left handed’ structures and a dip-peak (negative-positive CD) signature for
right handed molecules.t3%1% The extinction spectrum for both circular polarisations can be
extracted from the transmission data. The CD spectrum is calculated from the extinction data

as

CD = €1cp — ERrcp (4.1)
where €, -p and egp are the extinction spectra for LCP and RCP light, respectively. The CD
spectrum of the ‘right handed’ Ag nanohelix array is given in Figure 4.1c. The CD spectrum
clearly demonstrates a strong circular dichroism with a peak value of ~-320 mdeg at 480
nm, verifying the ‘right handed’ nature of the structures. Scanning electron microscopy
(SEM) was also performed to confirm the ‘handedness’ of the structures. The SEM image

in Figure 4.1d clearly shows the ‘right handed’ structure of the Ag nanohelices.

4.3 QD Coupled System

4.3.1 Sample Preparation

The QDs chosen for the study were negatively charged thiolglycolic acid (TGA)

stabilised CdTe core-only QDs with a diameter of 2.6 nm in the aqueous phase. The QDs
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display maximum emission at a peak wavelength of 545 nm in solution, located close to the
maximum CD peak of the Ag nanohelices. The normalised extinction and PL spectra for
these CdTe QDs can be seen in Figure 4.2. The CdTe core-only QDs were deposited on the
Ag nanohelices using the LbL technique described in Chapter 3 (section 3.1.2). The LbL
technique works on the basis of electrostatic attraction whereby alternating layers of
oppositely charged polyelectrolytes allows the formation of multi-layered structures. The
charged ligand attached to the QDs is advantageous for the simple and versatile LBL
technique. The polyelectrolytes (PE) used for the formation of (PE) bilayers were positively

charged PDDA and negatively charged PSS.
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Figure 4.2:  Normalized absorption and PL spectra of CdTe QDs in water.

The Ag nanohelix sample was immersed in PDDA initially for 20 minutes and each
subsequent PE solution for 10 minutes. The samples were rinsed in Millipore water between
each immersion to remove any excess or loosely bound PE to prevent cross-contamination
and to ensure the formation of monolayers. Two bilayers of PDDA/PSS and a final layer of
PDDA were deposited onto the Ag helix sample before depositing the QDs. The sample
was immersed in the QD solution for 30 mins for each QD layer deposition. Each PE bilayer
has an average thickness of 3 nm and therefore the separation between the Ag nanohelix

surface and the surface of the initial layer of QDs is ~7.5 nm.?'® A schematic diagram of the
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structure, including dimensions, is given in Figure 4.3a. To improve the emission intensity
from the QDs, 5 layers of QDs were added in total, each layer of QDs is separated by a
PDDA layer. The final distance between the Ag nanohelix structures and the centre of the

outermost layer of QDs was ~25 nm.

4.3.2 Optical Characterisation

The QD extinction and PL spectra were monitored after the addition of each subsequent
layer on both the ITO (reference substrate) and the Ag nanohelices. The extinction spectrum
of the QD-Ag sample was measured using a commercial UV-Vis spectrometer. To avoid the
excitation and subsequent fluorescence from the QDs it was necessary to use scanning
monochromatic excitation from a commercial UV-Vis spectrometer to measure the
extinction as opposed to broadband excitation from a Xenon source in the custom built
apparatus. Since the UV-Vis spectrometer was used to measure the extinction of the Ag helix
sample, the array and the surrounding Ag film were subjected to the measurement
conditions. Accurate spectra from the array itself were not obtained, however, the effect of

the addition of QDs to the Ag sample is clearly evident as can be seen in Figure 4.3b.

The addition of each QD monolayer to the Ag nanohelix sample results in a red shift of
~6 nm in the peak extinction wavelength of the Ag sample. The red shift in the peak
extinction wavelength indicates the influence of the QD deposition on the plasmon
resonance of the Ag structures, resulting from a change in the refractive index surrounding
the plasmonic material. The peak extinction wavelength of the bare Ag sample is 385 nm
and had shifted by 30 nm to 415 nm after the deposition of the fifth and final layer of QDs.
Multiple layers of QDs were deposited to achieve sufficiently strong PL intensity in order
to measure the angular emission pattern from the QDs and also to resolve the QD emission
into individual circularly polarised components.
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Figure 4.3:  (a) Schematic diagram of the QD monolayers and the PE buffer layers on the
surface on the Ag nanohelix structures. (b) Normalized extinction of the QD-

Ag sample as the number of QD monolayers increases.

Following the addition of the fifth layer of QDs the PL intensity was sufficiently high for
spectral measurements to proceed. The PL spectra of the QDs in solution, on the ITO
reference substrate, and on the Ag nanohelices are shown in Figure 4.4a. It should be noted
that the PL spectrum of the QDs in solution has been scaled to sit with the QDs on the ITO
substrate, while the spectra of the QDs on the ITO substrate and the Ag nanohelices are
absolute values. It is clear from Figure 4.4a that the PL intensity from the QDs coupled to
the Ag helices is less than a quarter of that of the QDs on the bare ITO substrate. This
reduction in intensity is due to quenching of the QDs to the metal. The full-width at half-
maximum (FWHM) for each PL spectrum is shown in the legend. The QDs in solution
exhibit a FWHM of (34.4 = 0.1) nm, and in this case the individual QDs are considered to
be equally spaced and non-interacting. The monolayers of QDs on the bare ITO substrate
have a FWHM of (41.3 + 0.4) nm which is slightly larger than that of those in solution. This
is indicative of the interaction between neighbouring QDs in the densely packed

monolayers.?!® The QDs coupled to the Ag helices show a much larger and asymmetric
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broadening of the emission with a FWHM of (57.1 + 0.7) nm and small levels of emission

at longer wavelengths.
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Figure 4.4: (a) PL spectra of QDs in solution (black), QDs on ITO substrate (blue) and
QDs on the Ag nanohelix array (red). (b) Normalized PL spectra of the QDs

in solution (black) and QDs on the Ag nanohelix array (red).

The normalized PL spectra for the QDs in solution and the QDs on the Ag nanohelix
array are shown in Figure. 4.4b. The magnitude and asymmetry of the broadening of the PL
spectrum from the QDs on the Ag nanohelix array can be seen much more clearly here. This
large asymmetric broadening on the low energy side of the photon distribution is
characteristic of intra-energy transfer between the QDs.?!® The smaller QDs in the
distribution transfer their energy through nonradiative pathways to the larger QDs and these
larger QDs subsequently radiate this energy. Since such broadening is not seen for the QDs
on the bare ITO substrate it is most likely that the large asymmetry in the broadening is due
to the plasmonic nature of the Ag nanohelices, and as such, the origin of the asymmetric
broadening can be attributed to surface plasmon enhanced intra-energy transfer from the

small QDs to the larger QDs in the monolayers.?%'¢
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4.3.3 Time-Resolved Photoluminescence

Time-resolved PL (TRPL) measurements were performed to quantify the strength of the
interaction between the QDs and the Ag nanohelices. The normalized PL decays for the QDs
on the ITO substrate and the QDs on the Ag nanohelices and their respective lifetimes can
be seen in Figure 4.5. The PL decays were fitted using a bi-exponential decay curve, given
by Equation 3.8 in Chapter 3 to obtain the lifetime of the decays. The strength of the

interaction was expressed in terms of an efficiency, n, given by

Top-4g

n=1 (4.2)

Top
where typ and top_44 are the lifetimes of the QDs on the ITO substrate and the QDs on the
Ag nanohelices, respectively. The efficiency, n, of the interaction was found to be (82 + 2)%
for the QDs on the Ag nanohelices after the addition of the fifth and final layer of QDs,

indicating significant coupling between the emitters and the antennas.
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Figure 4.5:  Normalized PL decays for the QDs on the ITO substrate (black line) and the

QDs on the Ag nanohelices (red line).

The interaction between the QDs and the Ag nanohelices was further investigated in terms

of the effect of the Ag nanohelices on the intra-energy transfer between the QDs in the
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monolayers. This intra-energy transfer can be investigated by probing the lifetimes recorded

at the short (75.,.) and long (tz.q) Wavelength sides of the PL spectrum using spectral

bandwidth filters. Previous concentration dependent studies performed in this group have

shown that one signature of intra-energy transfer is a short blue lifetime and longer red

lifetime. So to compare the variation in QD lifetime on the Ag nanohelices and on the ITO

substrate, we define the parameter, 1 — T5/Treq @S the lifetime difference between the

blue and the red side.®® Investigation and comparison between the lifetimes of the small QDs

at short wavelengths and the large QDs at long wavelengths can provide insight into the

interaction between the small and large QDs and also between the QDs and the Ag

nanohelices.
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Figure 4.6:

Filter transmittance and normalized PL spectra of QDs on ITO and QDs on
the Ag nanohelices, in (a) and (c), respectively. (b) Normalized PL decays of
QDs on the ITO substrate measured using the 500 nm and 600 nm filters
shown in (a). (d) Normalized PL decays of the QDs on the Ag nanohelices
measured using the 500 nm, 600nm and 650 nm filters shown in (c).
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The PL spectrum for the QDs on the bare ITO substrate (black) is shown in Figure 4.6a
along with the filter transmittances on the blue and red sides of the emission spectra. The
filter transmittance spectra indicate the area of the spectrum from which the lifetime
measurements are recorded. The average lifetime values of zgiue = (1.85 £ 0.1) ns and tred =
(8.14 £ 0.1) ns demonstrate the intra-energy transfer between the small and large QDs in the
monolayers. The PL decay plots for the QDs at both sides of the emission spectrum are
shown in Figure 4.6b and a clear difference in the PL lifetime can be seen from the decay
curves. Taking the decrease in lifetime, 1 — Tgp,e/Treq, Qives a lifetime increase of (77 £
2)% on the red side of the spectrum indicating FRET-like energy transfer from the small to

large QDs.

PL lifetimes were also measured at the blue, intermediate and red side of the emission
spectrum for the QDs coupled to the Ag nanohelices. Since there is a large shift and
broadening on the red side of the emission spectrum when the QDs are coupled to the Ag
nanohelices, lifetime measurements were recorded at 3 locations across the spectrum. The
normalised PL spectrum for the QDs on the chiral Ag nanohelices (black) is shown in Figure
4.6¢ along with the filter transmittances at the blue, t5;,.= (0.21 + 0.1) ns (500 nm filter)
and red, tz.4= (2.18 = 0.1) ns (650 nm filter) side of the spectrum with an intermediate
position, Torqnge = (1.13 £ 0.1) ns (600 nm filter). Taking the lifetime difference for the
QDs on the Ag nanohelices we get a lifetime increase of (90 = 1)% on the red side, 1 —
Taue/ Trea, OF the emission spectrum and (80 = 1)% at the intermediate position, 1 —
Tpiue/Torange- Figure 4.6d shows the PL decay plots recorded for each filter position. A

significantly large difference between the lifetime on the blue and red sides (4t = Tgeq —
Tme = 1.97 ns) of the emission is clearly observed. This large difference in the PL decay
is most likely due to the presence of the metal structures and the plasmonic nature of the
structure which enhances the energy transfer rate between the small and large QDs in the
monolayers.>3 This enhanced energy transfer process occurs as the NRET process is

89



accelerated in the presence of a plasmonic structure due to the plasmon assisted

amplification of the electric fields in the coupled nano-system.*2

4.4 Angle- and Polarisation-Resolved Photoluminescence

The antenna properties of the arrays of Ag nanohelices were investigated by examining
the far-field emission behaviour of the QDs in the coupled system. As mentioned above, the
general characteristics of antenna are their ability to convert localised energy (near-field) to
propagating energy (far-field) and vice-versa. Within this conversion of energy, antennas
also possess the ability to preferentially direct and influence the polarisation of the
propagating energy. The custom built setup described in Chapter 3 (section 3.2.2) was used
to measure the far-field emission pattern of the QDs coupled to the Ag nanohelices. Given
that the arrays are ~100 um x 100 pm in dimension, it was necessary to ensure that the laser
excitation spot size was smaller than the array and also that the collection optics collected

the emission from a spot size smaller than the complete array.

4.4.1 Angle-Resolved Photoluminescence

To clarify that any directionality observed in the emission pattern from the QDs coupled
to the Ag nanohelices was in fact due to the antenna properties of the nanohelices, the
emission profile from the QDs on the bare ITO substrate was measured for comparison. The
far-field emission pattern from the QDs on the bare ITO substrate (black squares) and that
of an ideal Lambertian (red circles) are shown in Figure 4.7. It is clear from the plot that the
multiple monolayers of QDs on a planar substrate have an emission pattern that follows a
Lambertian, cos(8), dependence. The fit between the ideal Lambertian and the measured

emission pattern are in almost perfect agreement, thus verifying the Lambertian nature of
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the far-field emission. One should also note the void in the far field emission pattern from ~
-7.5° and -37.5°. This results from the excitation of the sample. Despite the inclusion of the
450 nm long pass filter to block the laser excitation (405 nm) used for the measurement,
alignment between the detector and the excitation beam gave a large auto-fluorescence on
the surface of the filter and this caused the photodetector counts to rise significantly. To
avoid this artefact in the measurement, the excitation beam was blocked when it began to
impinge on the filter and the block was removed when the detector had passed by the region
in which the beam was passing through.
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Figure 4.7:  Polar plot of the far field emission pattern of QDs on the ITO substrate.

The far-field emission pattern from the QDs coupled to the array of Ag helices (blue
triangles) can be seen in Figure 4.8, along with the ideal Lambertian fit (red dash) and the
ordinary end-fire fit (purple squares). It is clear that the emission pattern from the QDs
coupled to the Ag nanohelices does not follow that of the Lambertian, cos(8), but indeed
has a greater directionality. The emission pattern from the QDs coupled to the Ag
nanohelices more-so follows that of an array of equally spaced antenna elements, known as
an ordinary end-fire emission pattern. The end-fire description used to fit the data is taken
from traditional antenna theory. This end-fire mode describes the radiation pattern from an

evenly spaced array of individual elements, considered as dipoles or radiation points. This
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agrees with the Ag nanohelix antenna itself as the helix is also considered as an evenly
spaced array of dipoles, with each half-turn of the helix behaving as a dipole or radiation

point, where the QD emission is scattered into the far-field.'?>1?® The normalized end-fire

pattern, F (), is given by*?°

_ [sin (%) (cos(8) — 1)]
FO) = [sin (%) (cos(0) — 1)] cos(®) “3

where N is the number of point dipoles contributing to the radiation into the far-field. A
value of N = 7 gives the best fit to the experimental data. This can be understood by the
number of scattering points on the Ag nanohelices and the ground plane. The Ag nanohelices
have ~3 full turns as can be seen in the SEM image in Figure 4.1d. Each half turn can be
considered as a dipole?® or scattering point, this gives N = 6, there is also the interaction

between the bottom turn on the helix and the ground plane, resultingin N = 7.
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Figure 4.8:  Polar plot of the far-field emission pattern of the QDs coupled to the array of
Ag nanohelices (blue triangles), ideal Lambertian fit (red dash) and ordinary

end-fire fit (purple squares).

The emission pattern from the QDs coupled to the Ag nanohelices demonstrates that 62%

of the emitted power lies in the 30° cone normal to the array plane, whilst on the ITO
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reference substrate only 50% of the emitted power lies within the 30° cone normal to the
substrate plane, as calculated from the fit for each pattern. This clear difference in the far-
field emission patterns verifies that antenna properties of the Ag nanohelices have been

imparted to the emission of the QDs.

4.4.2 Polarisation-Resolved Photoluminescence

Polarisation-resolved emission measurements were also performed to further investigate
the antenna properties of the coupled system. The polarisation-resolved measurements were
carried out under a variety of conditions. Both circular polarisations and linearly polarised
excitation conditions were used. For each excitation condition, unpolarised and circular

polarised emission was measured.

The polarisation-resolved emission components of the QDs coupled to the Ag
nanohelices measured under LCP excitation are given in Figure 4.9a. It is clear from the plot
that more RCP emission is measured. This demonstrates that the emission from the QDs
coupled to the Ag nanohelices is polarised in accordance with the ‘handedness’ of the
helices. This result agrees with that expected from antenna theory.*?° This is a significant
result as it demonstrates that nanoscale helices can be used to modify the emission properties
of emitters based upon the antenna properties possessed by the antenna-like structure itself.
Figure 4.9b shows the difference between the emission components for both circular
polarisations. A common quantification for circularly polarised emission is the degree or

percentage of circularly polarised emission, p¢, given by

_Miep — Ircp

pe (4.4)

Iyep + Ipep

where I;-p and I,qp are the emission intensities of both LCP and RCP emission components,
respectively. The percentage of circularly polarised emission, p., under LCP excitation is

(10.0 = 3.0)% at the emission peak wavelength of 560 nm and (17.7 + 3.0)% at 600 nm. The
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increase in the amount of circularly polarised emission at 600 nm is attributed to scattering

from the antenna-like structure.
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Figure 4.9: (a) LCP and RCP emission components measured under LCP excitation. (b)
Difference between emission components corresponding to higher RCP

emission.

The polarisation resolved emission components under RCP excitation can be seen in
Figure 4.10a. A clear difference between the RCP and LCP emission components is
observed, but the difference in the polarised components is not as significant here as in the
case of LCP excitation. This is most likely due to the fact that the helices are right handed
and therefore have a preference to absorb and reflect incident RCP light. A noticeable
difference in the polarised components of the emission can be clearly seen at the peak
emission wavelength, 560 nm and once again at 600 nm. This difference in circularly
polarised emission can be more clearly observed in Figure 4.10b, where it becomes
abundantly clear that the circularly polarised emission is much stronger at 600 nm. The
percentage of circularly polarised emission for RCP excitation is (3.3 + 3.0)% at 560 nm and
(12.6 £ 3.0)% at 600 nm. Similar to the previous case under LCP excitation, a much higher
degree of circular polarised emission is achieved at 600 nm which is not the peak emission
wavelength.
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Figure 4.10: (a) LCP and RCP emission components measured under RCP excitation. (b)
Difference between emission components corresponding to excess RCP

emission.

Figure 4.11a shows a plot of the polarisation resolved components of the QD emission
under excitation with the linearly polarised laser source. Clear differences in emission
intensities are again observed, with greater emission intensity from the QDs with right
circular polarisation. Similar to the previous polarisation resolved measurements one can see
that there is a greater magnitude of circularly polarised emission on the red side of the
emission spectrum. The higher polarised emission is shown in Figure 4.11b. This plot shows
that the largest difference in the polarised emission is obtained at 600 nm, the same position
that is seen in all previous plots. The percentage of circularly polarised emission obtained
under linearly polarised excitation was (2.5 £ 3.0)% at the peak emission wavelength, 560
nm, and (9.0 = 3.0)% at 600 nm. It should be noted that multiple linearly polarised
measurements were performed every 15° from 0° to 180° with each measurement giving
close to identical results. This indicates that the angle of the linearly polarised excitation has

no influence on the emission properties of the QDs coupled to the Ag nanohelices.
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Figure 4.11: (a) LCP and RCP emission components measured under linearly polarised
excitation. (b) Difference between emission components corresponding to

excess RCP emission.

The absolute (unpolarised) emission from the QDs coupled to the Ag helices under LCP
and RCP excitation can be seen in Figure 4.12. When the QDs are excited with circularly
polarised light it appears that the total emission is equal for excitation with both circular
polarisations. This indicates that in all cases the total emission from the QDs is equal but
depending on the polarised character of the excitation a different amount of circularly
polarised emission is achieved. The difference in the total emission components under
excitation from both circular polarised components is negligible and amounts to (0.007 +

3.0)% at the peak emission wavelength and (0.02 + 3.0)% at 600 nm.
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Figure 4.12 Unpolarised (absolute) emission components measured under LCP and RCP

excitation.

4.5 Conclusion

The work in this chapter has demonstrated the effective coupling between core-only
semiconductor nanocrystal CdTe QDs (emitters) and Ag nanohelices (antennas) and the
resultant influence of the antenna properties from the Ag nanohelices on the far field
emission properties of the QDs. The Ag nanohelices were characterised using circularly
polarised transmission and reflection measurements and the chiral nature of the structures
was revealed from the CD spectrum and SEM imaging. Multiple densely packed monolayers
of QDs were deposited on the Ag nanohelices using the LbL deposition technique to achieve
measureable PL intensities, given the significantly strong quenching of the QD PL to the
metal structures. The extinction of the QD-Ag hybrid structure was measured following the
deposition of each QD monolayer to monitor the formation of the coupled structure,
illustrated by a 6 nm red shift in the peak extinction wavelength after the deposition of each
QD monolayer. A large red shift and asymmetric broadening of the QD PL spectrum was
observed after coupling to the Ag nanohelices, indicating that the system behaved as a
coupled entity. The TRPL measurements further verified the interaction between the QDs

and the Ag nanohelices. The PL lifetime measurements showed strong interaction between
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the QDs and the Ag nanohelices and the interaction was quantified in terms of the coupling

efficiency, demonstrating a coupling efficiency of (82 £ 2)%.

PL lifetime measurements recorded on the blue and red side of the QD PL spectrum also
indicated the presence of intra-energy transfer on the ITO substrate surface plasmon
mediated intra-energy transfer with a lifetime increase of (77 £ 2)%. Similar measurements
of the QD PL lifetimes when coupled to the Ag nanohelices demonstrated a lifetime increase
of (90 £ 1)%, consistent with surface plasmon mediated intra-energy transfer in the coupled

system.

The QDs coupled to the arrays of Ag nanohelices demonstrated a directional emission
pattern fitting that of an ordinary end-fire pattern, as opposed to the Lambertian emission
pattern of the QDs on the planar ITO substrate. Preferentially circularly polarised emission
in the same handedness as the chiral structure was achieved under excitation with each
circular polarisation and linearly polarised excitation. The degree of the circularly polarised
emission was largest under LCP excitation (circular polarisation opposite to the handedness
of the structure) with a value of (17.7 £ 3)% at a wavelength of 600nm. The peak emission
wavelength of the QDs when coupled to the Ag nanohelices was 560 nm, however, the
largest circularly polarised emission intensities were observed at 600 nm, which we attribute
to scattering from the antenna like structures. Measurements of the absolute emission of the
QDs under both circularly polarised excitations showed no difference in the emission
intensity, revealing that there is no difference in the total amount of photons emitted but the
differences arise in the number of photons that are circularly polarised. The number of
circularly polarised photons was found to be dependent on the excitation condition, with the

greatest advantage found for LCP excitation.

This chapter has provided clear evidence of the strong interaction between the QDs and
the Ag nanohelices and the ability to impart the chiral properties of a structure to the

emission properties of an emitter through coupling in the near-field. Ultimately, it would be
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desirable to achieve an emission pattern that has maximum directionality in a fairly narrow
profile and total circular polarisation. In order to achieve such high levels of directionality
fine tuning of the spatial parameters of each individual helix and also the parameters of the
array are of paramount importance. Tuning the parameters of the helix can lead to a highly
directional emission pattern within a single lobe, but the spacing between each antenna
element in the array is extremely important in order to minimise the number of side lobes in
the overall emission pattern. This tuning can also lead to the realisation of 100% circular

polarisation within the main emission lobe.
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Chapter 5

Influence of AgGO Composites on the Fluorescence Properties of

Organic Dyes
Chapter Summary

This chapter will focus on the interaction between organic dye molecules and Ag
nanoparticles, graphene oxide (GO) and a composite material of Ag nanoparticle (NP)
decorated GO. This work investigates the impact of the AgGO composite, and its individual
constituents, on the fluorescence properties and the Raman scattering signals of three organic
dyes: Rhodamine 6G (R6G), Rhodamine B (RhB) and Sulforhodamine 101 (SR101). There
are a number of processes associated with the AgGO composite: enhanced Raman scattering
signals due to Ag NPs and/or GO, quenched or enhanced fluorescence due to the properties
of the localised surface plasmon resonance (LSPR), and fluorescence quenching by the GO
flakes. By studying the emission and Raman spectroscopy it is possible to isolate and
examine the contributions of the various processes to the enhanced surface enhanced Raman

scattering (SERS) signal for each of the dyes studied.

5.1 Introduction

Graphene and GO are strong quenchers of fluorescence4%6217:218 and along with other
2D materials are often referred to as ‘exciton sinks’.®® The ability to strongly quench
fluorescence makes GO a promising species for use as an acceptor in a donor-acceptor pair.
Graphene and GO have been shown to be efficient acceptors of excitation energy from
nearby emitters due to highly efficient nonradiative energy transfer (NRET) through dipole-

dipole coupling.542%° The inclusion of graphene and GO as an excitation energy acceptor via
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NRET is a promising avenue for future optoelectronic applications, with a view towards
light harvesting and photodetection devices.??%??! The measurable signatures of the NRET
process in these donor-acceptor pair systems are a reduction in the donor lifetime, quenching
of the donor fluorescence and, enhancement of the acceptor fluorescence (if the acceptor is
an emitting species). Ag NPs supporting LSPRs can also quench fluorescence via Joule
heating or scattered radiation. The presence of Ag NPs can also lead to a reduction in the
lifetime of nearby emitters, through a number of processes associated with plasmonic NPs,
such as an enhanced excitation rate, enhanced radiative decay rate, and NRET from the

donors to the Ag NPs. Such processes are extensively reported in the literature.3’-3952

Similarly, surface enhanced Raman scattering (SERS) can take advantage of the LSPR
associated with Ag NPs. The large localised electromagnetic fields generated close to the
surface of the Ag NPs can lead to significant enhancements of the SERS signal.3>145147-
149,222 However, there is a downside to the use of Ag NPs for SERS of fluorescent molecules
as the metal NPs can also give rise to metal/surface enhanced fluorescence.*%?23224 This
enhancement of the fluorescence is detrimental to SERS measurements, as the resulting

fluorescence masks the Raman scattering peaks.

Combining the quenching properties of the GO with the large electromagnetic field
enhancements of the Ag NPs provides an opportunity to overcome this enhancement of
fluorescence associated with the Ag NPs. A one-pot chemical synthesis was used to form a
composite material of Ag NPS decorated on GO (AgGO). Multiple samples were prepared
to find the optimum Ag NP concentration and coverage on the GO in order to achieve large
SERS enhancements and significant quenching efficiencies. Careful combination of both the
Ag NPs and the GO allows for a large enhancement of the Raman scattering peaks and a
reduction of the background fluorescence, which yields clearly identifiable Raman spectra

with a reduced fluorescence background.
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This chapter presents complimentary studies regarding the impact of each of the
individual constituents in the composite material on the emission and Raman spectra of the
three dyes. Steady state and time-resolved photoluminescence (PL) measurements were used
to characterise the emission properties of the dyes. While the emission from the dye
molecules is quenched more efficiently by the GO flakes, time-resolved PL (TRPL)
measurements reveal that the dye molecules are more strongly coupled to the AgGO
composite. The dye emission intensity is found to be higher on the AgGO composite
compared to the GO flakes, with enhancement of the Raman scattering intensities also
observed. The improvement in the SERS intensity is quantified using a signal-to-noise ratio
(SNR). The SERS signal detection limits for each of the dyes are revealed using a
concentration dependent study. For each of the dyes studied, the AgGO shows improved
performance over each of the individual constituents in the composite and strong correlation

is found between the SERS and TRPL data.

5.2. Initial Characterisation

5.2.1. Fabrication Characterisation

The GO flakes were prepared using a modified Hummers’!% technique and the AgGO
composites were prepared using a one-pot chemical synthesis as described in Chapter 3
(section 3.1.4). Multiple samples of the AgGO composite were prepared with varying
Ag:GO ratios to identify the optimal level of Ag NP coverage on the GO flakes that provides
the largest Raman signals from the dyes. Optimised packing density should yield a larger
number of ‘hot-spots’. Transmission electron microscope (TEM) images of the four samples
prepared with differing levels of Ag NP coverage can be seen in Figure 5.1. The TEM images

were recorded using a JOEL 2100 TEM operated at 200 kV. The initial concentration of Ag
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in the reaction solution was 5.53 mg/mL and this concentration was kept constant for all
samples prepared. Sample A (0.8 mg/mL GO) has a Ag:GO weight ratio of ~7. Sample B
(0.2 mg/mL GO) has a Ag:GO weight ratio of ~28. Sample C (0.02 mg/mL GO) has a
Ag:GO weight ratio of ~277. Sample D (0.01 mg/mL GO) has a Ag:GO weight ratio of
~553. The TEM images (Figure 5.1) revealed that Sample D had the largest degree of Ag
NP coverage. Preliminary SERS measurements with R6G were carried out using the
composites of each Ag NP density. It was found that the largest enhancements were observed
using the sample with the highest Ag NP density (Sample D). This is in line with
expectations as the higher Ag NP density should produce a higher density of hotspots.
Therefore, Sample D (0.01 mg/mL GO) was chosen for a more detailed study of the three
dyes. The first aim of this work was to identify and select the AgGO sample that gave the
largest Raman signals from the dyes. Subsequently, once the optimal substrate was
identified, the main focus of the work was to investigate the influence of a single substrate
on three different dyes.

It can be observed from the TEM images in Figure 5.1 that there is a range of Ag NP
diameters and morphologies on the GO flakes. This is attributed to the excess amount of Ag
present in the reaction solution in combination with the lengthy reaction time. Particle sizing
was performed on each of the samples using ImageJ to gain a distribution of the Ag NPs
size. The particle sizing was performed by taking multiple TEM images of each sample and
measuring the diameter of over 300 Ag NPs from each sample to determine the mean
diameter. The histograms of the Ag NP diameter for each of the AgGO samples are shown
in Figure 5.2. The average diameters of the Ag NPs were found to be (19 £ 1) nm, (25 + 13)
nm, (31 £ 18) nm and (40 + 16) nm for Samples A, B, C and D, respectively. These results
from the particle sizing indicate that the average Ag NP diameter increased with increasing

AQ:GO ratio.
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Figure 5.1:

TEM images of AgGO composites with increasing Ag NP coverage. (a)

Sample A (0.8 mg/mL GO), (b) Sample B (0.2 mg/mL GO), (c) Sample C
(0.02 mg/mL GO), and (d) Sample D (0.01 mg/mL GO). (e) Close up image

of Sample D. The scale bar in each image is 200 nm.
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Figure 5.2:  Histograms of Ag NP diameters. (a) Sample A (0.8 mg/mL GO), (b) Sample
B (0.2 mg/mL GO), (c) Sample C (0.02 mg/mL GO), and (d) Sample D (0.01

mg/mL GO).

SEM images were recorded to obtain a better visual of the surface morphology of the
AgGO composite (Sample D). The SEM images were recorded using a Carl Zeiss Ultra
SEM. 10 uL of the AgGO dispersion was dropcast onto a Si/SiO» wafer with a 300 nm oxide
layer and allowed to dry in a fume hood prior to imaging. The high density coverage of Ag
NPs on the GO flakes can be clearly seen in the images in Figure 5.3. It is evident from
Figure 5.3, panels ¢ and d, that all GO flakes are completely covered in Ag NPs and that

there are no unbound Ag NPs remaining on the substrate.
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Figure 5.3:  SEM images of AgGO Sample D.

To ensure that the GO flakes were coated on both sides by the Ag NPs AFM
measurements were performed using a VeecoNanoscope-Illa (Digital Instruments) system
equipped with an E-head (13 um scanner) in tapping mode. A 10 uL drop of the dispersion
was deposited on a pre-heated (180 °C) Si/SiO. wafer with an oxide layer of 300 nm. After
deposition, the wafer was rinsed with ~ 5 mL of Millipore water. AFM measurements were
performed on both the GO flakes and the AgGO composite. AFM images of the GO flakes
and the AgGO composite can be seen in Figure 5.4. The average thickness obtained for the
monolayer GO was ~ 1.2 nm, which is in agreement with the literature values.?® The AFM
measurements of the AgGO composite gave thicknesses in the range of 50 — 100 nm,

indicating that the Ag NPs are adhered to both sides of the GO flakes.
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Figure 5.4: (a) AFM images of GO flakes and (b) AgGO Sample D.

5.2.2. Optical Characterisation

The spectral characteristics of the AgGO composites were examined using UV-Vis
spectroscopy. The extinction spectra of Ag NPs (unbound NPs from Sample D), GO and the
AgGO Sample D in aqueous solutions are shown in Figure 5.5. Figure 5.5a shows the typical
extinction spectra associated with the LSPR of the Ag NPs (blue dash) with a peak extinction
wavelength of ~ 405 nm. There is substantial broadening of the AgGO extinction spectra
and a large red-shift of the peak extinction wavelength (~ 30 nm) as compared with the Ag
NPs. The extinction spectra of each of the AgGO samples can be seen in Figure 5.5b. There
is an increase in the peak wavelength and broadening of the extinction spectrum as the
AgQ:GO ratio is increased. To ensure that the red-shift of the peak wavelength and the
broadening of the extinction spectra were not completely dominated by the Ag NP diameter,
extinction spectra for each of the average diameters from the AgGO Samples were calculated
using a Mie theory model®® in combination with experimentally measured data.??” The
calculated extinction spectra are shown in Figure 5.5c. It is clear from Figure 5.5¢ that the

red-shift in the peak wavelength and the broadening of the spectra with increasing Ag NP
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diameter are minute compared to those observed experimentally. The red-shift in the peak
wavelength and the broadening of the measured extinction spectrum are attributed to the
increasing diameter and polydisperse distribution of the Ag NPs as the Ag:GO ratio is
increased, in combination with the increased interaction between the Ag NPs due to the
dense packing on the GO flakes. The result of this interaction is a more prominent role of

scattering at longer wavelengths.2%?
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Figure 5.5:  (a) Extinction spectra of GO (red dot), Ag NPs (blue dash) and AgGO (black
solid). (b) Extinction spectra of Sample A (red), Sample B (black), Sample C
(blue) and Sample D (orange). (c) Calculated extinction spectra of Ag NPs
with diameters of 19 nm (red), 25 nm (black), 31 nm (blue) and 40 nm
(orange), in comparison with the average Ag NP diameters in AgGO Samples

A, B, C and D, respectively.
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UV-Vis measurements were then performed with an integrating sphere to separate the
extinction spectrum into absorption and scattering components. Separating the extinction
spectrum into its absorption and scattering components offers insight into the more dominant

contributions in the overall extinction spectrum. The extinction cross section, o, IS given

by102

OExt = Oaps T Osca (5'1)

where g4, and os., are the absorption and scattering cross sections, respectively. As a
result of this relationship the extinction, absorption and scattering spectra can be related in
the same manner. Two measurements were performed to isolate the components. The
extinction spectrum is acquired by performing a measurement outside the integrating sphere,
while the absorption spectrum is acquired by performing a measurement inside the
integrating sphere. This allows the scattering spectrum to be calculated as extinction minus
absorption. The extinction, absorption, and scattering spectra of AgGO Sample D are shown

in Figure 5.6.
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Figure 5.6:  Extcinction (black), absorption (red) and scattering (blue) spectra of AgGO

Sample D.
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The spectra presented in Figure 5.6. show that the scattering contribution is much larger
than the absorption component in the overall extinction, particularily at longer wavelengths.
The broadened extinction spectra from the AgGO composite is beneficial for the Raman
study of the dyes as the Raman excitation wavelength, 532 nm, overlaps the LSPR extinction
spectrum, therefore local field enhancement is expected at this wavelength which is

beneficial for SERS.

As mentioned previously, the dyes chosen for this study were Rhodamine 6G (R6G),
Rhodamine B (RhB) and Sulforhodamine 101 (SR101). These dyes have emission
wavelengths spanning 550 to 700 nm. Each dye can be optically excited using 532 nm
excitation, and as such, the dyes should fluoresce during excitation in the Raman
measurements. The extinction spectra for each of the dyes in aqueous solution (10° M) are
shown in Figure 5.7a. The vertical dashed line in Figure 5.7a indicates the Raman excitation
wavelength, 532 nm, and it can be seen that there is clear overlap between the laser excitation

and each of the dye’s optical absorption bands.
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Figure 5.7:  (a) Extinction spectra of R6G (green), RhB (orange) and SR101 (red) at 10°
M concentration in solution. The dashed vertical line indicates the Raman
excitation wavelength, 532 nm. (b) Normalised scattering (black dash) and
absorption (blue dot) of AgGO Sample D and normalized PL of R6G (green),

RhB (orange) and SR101 (red).
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The normalised PL spectra for each dye are shown in Figure 5.7b along with the
normalized extinction and scattering spectra from AgGO Sample D. There is greater overlap
between the PL spectra and the AgGO scattering spectrum as compared to the absorption
spectrum. In addition the peak PL wavelengths are all located close to the maximum of the
AgGO scattering spectrum which can lead to metal/surface enhanced fluorescence.*%223.224
This enhanced fluorescence can prove detrimental for SERS studies as the resulting
fluorescence can mask the characteristic Raman peaks and, consequently, dramatically

reduce the detection sensitivity.

5.3. Influence of AgGO composite on dye photoluminescence

and surface enhanced Raman scattering

5.3.1. Time-Resolved and Steady State Photoluminescence

The interaction between the dyes and the AgGO/GO substrates was investigated using
time-resolved photoluminescence (TRPL) and steady state photoluminescence (PL)
measurements. The samples used for the TRPL and PL measurements were prepared as
follows: 50 pL of dye solution (1 x 10 M) was added to 25 uL Millipore water and 50 uL
of AgGO/GO, giving a dye concentration of 4 x 10" M. For the dye only measurements 50
uL of dye solution (1 x10® M) was dispersed in 75 uL Millipore water. The solutions were
sonicated for ~ 60 s and spincast onto a hydrophilic quartz substrate at 2000 RPM for 180 s.
The TRPL and PL measurements were performed using a PicoQuant Microtime200 time-
resolved confocal microscope system using pulsed laser excitation (~ 90 ps) at a wavelength
of 405 nm with a repetition rate of 10 MHz and an integration time of 4 ms per pixel. The
samples were excited through a 40x microscope objective (NA = 0.65, spot size = ~430 nm)

and the emission was collected through the same objective. The TRPL and PL measurements
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were performed over 5 um x 5 um areas. Both the TRPL and PL measurements for each dye
and dye-substrate (AgGO/GQO) combination were recorded from the same area to ensure
correlation between the measurements. The TRPL measurements were performed first using
relatively low excitation powers of 0.11 pW, 0.21 uW and 0.42 uW for R6G, RhB and
SR101, respectively, taking account of the spectral mismatch between the excitation
wavelength and the absorption bands of the individual dyes and ensuring that the dyes were
not photo-bleached by high excitation intensities. The PL measurements were then
subsequently performed at excitation powers of 4.2 uW, 6.3 uW and 8.4 uW for R6G, RhB
and SR101, respectively. In the case of SR101, the electron multiplication setting of the
spectrometer was doubled to compensate for the low dye absorption at the excitation

wavelength and the low quantum yield.

As mentioned previously, the quenching of fluorescent molecules by GO has been
extensively documented,5+2!" however, the interaction between fluorescent molecules and
AgGO composite substrates is less studied. In this section steady state and TRPL
measurements are implemented to elucidate the role of the individual components in the
composite on the overall quenching of the organic dyes. The fluorescence decays of R6G,
RhB and SR101 can be seen in Figure 5.8 a, Figure 5.8c, and Figure 5.8¢, respectively. From
the decays of the dyes alone (blue), on GO (red) and on AgGO (black) substrates, it is
important to note that the dye only decay curves exhibit a single exponential decay. This

decay was fitted using a single exponential decay curve, given by

I(t) = Ile_% (2)

where I; is the intensity amplitude of the single decay having a lifetime of 7;. It is
apparent from the decays in Figure 5.8 that the decay of the dyes on the GO and AgGO

substrates now display bi-exponential decay curves.
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Figure 5.8: (a, c, e) Fluorescence decay curves for (a) R6G only (blue), on GO (red) and
on AgGO (black). The extracted fluorescence lifetime is given for each
decay. (c) RhB only (blue), on GO (red) and on AgGO (black). (¢) SR101
only (blue), on GO (red) and on AgGO (black). (b, d, f) PL spectra for (b)
R6G only (blue), on GO (red) and on AgGO (black). (d) RhB only (blue), on
GO (red) and on AgGO (black). (f) SR101 only (blue), on GO (red) and on

AgGO (black). The dye concentration in each spectrum is 4 x 107 M.
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This extra exponent in the decay is due the introduction of an additional decay pathway when
the dye is coupled to the GO/AgGO substrate. The decays of the dyes on the GO and AgGO

substrates were fitted using a bi-exponential decay curve, given by

_t _t 5.3
I(t) =Le T1+ e ™ (®3)

where I; and I, are the intensity amplitudes for both decays having lifetimes of 7, and 7,,
respectively. A single representative lifetime is then extracted from the bi-exponential decay
through the use of an intensity weighted average lifetime, 7,,,4, given by

_ Lti + LT3 (5.4)
B Lty + L1y

Tavg

All dye lifetime values on the GO and AgGO substrates mentioned herein are those of
the average lifetime, 7,4,,. For each of the dyes, the TRPL curves show a decrease in the
lifetime when adsorbed onto the GO as compared with the dye only, with a further reduction
in the lifetime when adsorbed onto the AgGO. The further reduction of each dye’s
fluorescence lifetime when adsorbed onto the AgGO is attributed to processes associated
with the Ag NPs. These processes include an enhanced excitation rate due to the large
electromagnetic fields generated close to the surface of the Ag NPs, enhanced radiative rate,
and non-radiative energy transfer from the dyes to the Ag NPs which can lead to emission
quenching due to Joule heating or the scattering of radiation from the Ag NPs.3"3%52 The
fluorescence lifetime values obtained from the decays give a direct measure of the quenching
efficiency in the case of the dye-GO and a measure of the interaction strength between the

dye and the AgGO. This interaction between the dye and the AgGO can be quantified in

terms of a coupling efficiency. These efficiencies, i, are given by
Ips (5.5)
where 7, is the lifetime of the dye alone and 7, is the lifetime of the dye when adsorbed

onto the GO or AgGO substrate. The efficiencies for each dye on the GO and AgGO
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substrates are presented in Table 5.1. The quantum yield for each of the dyes in aqueous

solution are also presented in Table 5.1.

Table 5.1: Dye quantum yields, and efficiencies when adsorbed onto GO and AgGO.

Efficiency (%)
Dye Quantum Yield (%)
GO AgGO
R6G 95+ 14 53+7 75+10
RhB 43+6 45+ 8 66 7
SR101 19+3 21+2 74+8

The data presented in Table 5.1 indicates a stronger interaction between each of the dyes
and the AgGO composite when compared with the GO itself. Similar efficiency values of
~75% for R6G and SR101 on the AgGO composite are observed with a slightly lower value
of 66% for RhB. This indicates a weaker interaction between RhB and the AgGO composite
than for R6G and SR101. The quenching efficiency of SR101 on the GO is also lower than
that of R6G and RhB. However, given that the quenching of the dyes in the presence of GO
is due to NRET, it should be noted that this interaction is strongly dependent on the donor
(dye) quantum vyield and the spectral overlap between the donor (dye) emission spectrum
and the acceptor (GO) absorption spectrum, both of which are lower for SR101. There is a
significant recovery of the SR101 efficiency when adsorbed onto the AgGO. This is
attributed to the enhanced excitation and radiative rates in the presence of the Ag NPs and,

consequently, NRET to the Ag NPs, as mentioned earlier.

The steady state PL spectra of the dyes alone (blue), dyes on the GO (red) and AgGO
(black) substrates are shown in Figure 5.8b, Figure 5.8d, and Figure 5.8f. The results from

the steady state PL measurements show that the emission intensity is most strongly quenched
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when the dyes are adsorbed on GO. However, a slight increase in the emission intensity is
observed when the dyes are adsorbed on the AgGO substrate compared to the GO substrate.
This increase in the emission intensity can be attributed to metal enhanced fluorescence or

an increased adsorption of the dye on the AgGO substrate.1°

To measure the percentage of dye adsorbed onto the AgGO composite, adsorption
capacity measurements were performed. The dye solutions were prepared to a concentration
of 4 x 107 M, to replicate the conditions in the TRPL and PL measurements. To prepare the
dye + AgGO solutions, 50 pL of stock AgGO solution was added to 2 mL of 4 x 107 M dye
solution. The solution was mixed and sonicated for 20 seconds, then allowed to incubate for
3 hours at room temperature. The solutions were then centrifuged at 9000 RPM/ 5705 g for
20 minutes to precipitate the AgGO and consequently the dye adsorbed on the AgGO from
the solution. Absorption measurements were then performed on the supernatant. To prepare
the dye only reference samples, 50 uL of Millipore water was added to 2 mL of 4 x 107" M
dye solution. The percentages of each dye adsorbed on the AgGO composite are shown in

Figure 5.9.

Ro6G RhB SR101

Figure 5.9:  Percentage dye adsorbed on the AgGO composite.
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The histogram in Figure 5.9 represents the adsorption capacity of the AgGO composite
for each of the dyes. Similar levels of adsorption are observed for R6G and RhB while there
are approximately half the number of SR101 molecules adsorbed onto the AgGO composite
as compared to R6G and RhB. Taking this into account it should be noted that the lifetime
values extracted from the TRPL measurements are concentration independent at the
concentrations used in these experiments?® and are not affected by the difference in

adsorption capacity.

5.3.2. Surface Enhanced Raman Scattering

The advantages of the AgGO composite as a surface enhanced Raman scattering (SERS)
substrate were assessed under excitation with a 532 nm laser, which also excites fluorescence
from each of the dyes studied. The dyes were specifically chosen so that they would
fluoresce under standard excitation conditions in the Raman system. This is commonly
referred to as resonance Raman spectroscopy. This resonant excitation can enhance the
Raman scattering signal by several orders of magnitude,??® however, it can be masked by
the fluorescence background arising as a result of the resonant excitation. The aim of the
work is to assess the influence of the modified emission properties of the dyes in the presence
of the AgGO composite on the SERS detection. As mentioned earlier, the dyes have
emission wavelengths spanning the visible spectrum from 550 to 700 nm. To probe how the
individual components of the AgGO composite influence the Raman scattering signals,
Raman measurements were performed on GO flakes and Ag NPs. The Ag NPs used for the
Raman measurements are unbound NPs from the AgGO Sample D reaction solution. This
ensures that the Ag NPs are identical to those that are adsorbed onto the GO flakes. The Ag

NPs were also found to form clusters upon drying, thus replicating the dense aggregation of
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NPs found on the GO flakes in the AgGO composite and contributing to larger densities of

‘hot-spots’.

The Raman scattering spectra for each dye at a concentration of 10 M of can be seen in
Figure 5.10. The Raman spectra presented in Figure 5.10, panels a, ¢, and e, are single
measurements. This data has not been background subtracted to qualitatively demonstrate
the influence of the AgGO composite (black), and its individual components; Ag NPs (red)

and GO (blue) on the Raman scattering spectra of the dyes.

The Raman spectra for each dye on the Ag NPs show large overall signal intensity,
however, this large signal intensity is the result of background fluorescence from the dye
which dominates the spectra. While the signal intensity is large, it is difficult to resolve the
characteristic Raman peaks. In the case of the dyes on the monolayer GO, the fluorescence
background is significantly reduced due to the quenching of the dyes by the GO, consistent
with the large quenching efficiencies observed in the TRPL measurements. However,
Raman peak intensities are also low and very difficult to resolve for each of the dyes. In
contrast, the dyes on the AgGO show large and clearly identifiable Raman peaks in
combination with a moderate fluorescence background. The fluorescence background is
significantly reduced and flatter compared with the Ag NP sample spectra. The Raman
spectrum for each dye on the AgGO shows the most intense peaks compared to the GO and
Ag NPs spectra. The reduction in the fluorescence background and the enhancement in the
magnitude of the Raman peaks on the AgGO are attributed to contributions from of the GO
and the Ag NPs, respectively. It can be noted that the background intensity is higher for the
AgGO than the GO, which is consistent with the increase in PL discussed earlier. The Raman
peaks are clearly more visible on the AgGO composite regardless of the higher fluorescence.
These initial results qualitatively demonstrate the benefit of combining the quenching
properties of the GO and the electromagnetic field enhancements from the Ag NPs to achieve
low fluorescence intensities and enhanced Raman peaks.
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Figure 5.10: (a, c, ) Single Raman spectra of (a) R6G on AgGO (black), on Ag NPs (red)
and on GO (blue). (c) RhB on AgGO (black), on Ag NPs (red) and on GO
(blue). (e) SR101 on AgGO (black), on Ag NPs (red) and on GO (blue). The
dye concentration in (a, c, e) is 10 M. (b, d, f) Average Raman scattering
spectra at a concentration of 10 M for (b) R6G, (d) RhB and (f) SR101. In
each panel the spectrum for the dye alone is shown in blue, dye on the AgGO
composite is shown in black and dye on the Ag NPs is shown in red. The
Raman spectra of dye only have a concentration of 10 M. The red solid
[green dash] arrows in (d-f) indicate the peak [noise] positions chosen to

calculate the SNR values.
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In the following subsections, the improvement in the Raman spectra for each of the dyes
due to the AgGO composite will be quantified in terms of three parameters; signal-to-noise

(SNR) ratio, detection limit, and apparent enhancement factor (AEF).

5.3.3 Signal-to-Noise Ratio

Given that the Raman peak intensities on the GO were minute in comparison to the AgGO
and the Ag NPs, it is more relevant to consider the performance of the AgGO over the Ag
NPs. The impact of each component on the Raman spectra was quantified using a signal-to-
noise ratio (SNR). The SNR is a measure of the detection sensitivity, essentially quantifying

the visibility of the Raman peaks over the background signal/noise. The SNR is given by

_S—-N (5.6)
SNR ==

where S is the signal intensity and N is the noise intensity. The background was fitted and
subtracted from each raw spectrum prior to the calculation of the SNR. Equation 5.6 shows
large variations at low noise levels, and as such, the spectral peak and noise positions were
chosen carefully to minimise uncertainty. Figure 5.10b, Figure 5.10d, and Figure 5.10f show
the average background subtracted Raman spectra from over 50 measurements at a dye
concentration of 10* M on Ag NPs (red) and AgGO (black). It is important to note that there

were no changes in any of the peak positions on the different substrates.

For the SNR calculations, the spectral peak [noise] positions chosen for R6G, RhB and
SR101 were 1362 cm™, 1511 cm™ and 1508 cm™ [1334 cm?, 1545 cm™ and 1532 cm™],
respectively. These peak [noise] positions are indicated in Figure 5.10b, Figure 5.10d, and
Figure 5.10 by red [dash green] arrows. The results from the calculations show that the
average SNR values are higher on the AgGO than on the Ag NPs alone. The distribution of

the average SNR values for each of the dyes on the AgGO and Ag NPs are shown in Figure
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5.11. The larger values on the AgGO are attributed to the fluorescence quenching of the dye
due to the presence of the GO flakes and to larger enhancement of the Raman signal arising
from the higher packing density of the Ag NPs on the GO flake, leading to a greater number
of ‘hot-spots’. The greatest improvement in the average SNR value is seen for R6G. This is
in agreement with the qualitative spectra shown in Figure 5.10. R6G has the highest quantum
yield of the three dyes, it fluoresces more strongly than the other dyes and it has the largest
spectral overlap with the excitation laser at 532 nm, and as such, it is expected that the

influence of fluorescence quenching would yield the largest improvement for this dye.
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Figure 5.11: SNR distribution calculated from Raman spectra on Ag NPs (left) and AgGO
(right) for (a, b) R6G, (c, d) RhB, and (e, f) SR101.
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5.3.4 Detection Limit

Another important characteristic in terms of SERS substrates is that of the detection limit;
the lowest concentration of analyte that can be detected on the chosen substrate. To identify
the detection limit of the AgGO composite for each dye, a concentration dependent study
was carried out. The results of the concentration dependent study are shown in Figure 5.12.
The spectra at concentrations of 1073, 10®° and 10°® M were averaged over 30 spectra while
51 spectra were averaged at a concentration of 10 M. At dye concentrations of 107" M and
lower, single spectra taken at ‘hot-spots’ showing the largest peak intensities are presented.
This is due to the fact that, at the lower concentrations between 107 and 10° M, the broad
D and G Raman peaks from the GO begin to dominate the spectrum in the 1300-1700 cm
range. Using the AgGO composite, detection limits of 10°, 10 and 10® M were achieved
for R6G, RhB and SR101, respectively. These detection limits compare well with recent
reports using metal-graphene composites in the literature. One of the most commonly used
SERS analytes is R6G and the detection limit of 10° M reported here is similar to that
reported by Kavitha et al. 2° and lower than some reports using similar substrates.*>%%° RhB
is a less studied SERS analyte, however, the detection limit of 10 M observed here is within
the range of 107 M reported by Sil et al. using a variety of treated graphene based
materials?3! and 10° M reported by Fu et al. using an rGO-Ag dendrite composite.?*? The
measurements reported here are the first using SR101 as an analyte on an AgGO composite.
The Raman spectra presented in Figure 5.12 display all of the characteristic peaks from each
dye above the detection limit while the quality of the measured spectra above the detection
limit further demonstrates the benefits of the AgGO substrate for SERS detection of
fluorescent analytes. For each of the dyes, the Raman scattering peak intensity is found to
increase as the analyte concentration is increased from the detection limit to a concentration
of 10* M. The Raman scattering peak intensities subsequently decrease at the higher

concentration of 103 M corresponding to the SNR values as a function of dye concentration
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in Figure 5.13. At the highest studied concentration of 10 M, the dye molecules are densely

packed on the substrate and as a result the overall signal intensity is reduced due to self-
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Figure 5.12: Concentration dependent Raman spectra of (a) R6G, (b) RhB and (c) SR101.

The SNR values presented in Figure 5.13 were calculated from the spectra given in Figure

5.12 using the same peak [noise] positions indicated by in red [green dash] arrows in Figure

5.10. As mentioned earlier, the sensitivity of the AgGO composite at a given concentration

123



of analyte is quantified by the SNR value. This value is implemented here to assess the
effectiveness of using the AgGO composite as a SERS substrate for fluorescent dye analytes.
It is clear from Figure 5.13 that R6G performs the best on the AgGO substrate with SNR
values approximately twice as large as the other two dyes. This increased performance of
R6G is attributed to a number of factors; (i) the high quantum yield (95 £ 14)%, (ii) the
resonant excitation of the dye at the Raman excitation wavelength, 532 nm, as the laser
overlaps spectrally with the maximum of the electronic absorption band, and (iii) the large
quenching efficiency by AgGO substrate (75 + 10)%. SR101 demonstrates larger SNR
values than RhB on the AgGO substrate which is consistent with the efficiency values
extracted from the TRPL data. The TRPL data presented earlier had revealed that SR101
had a weak interaction with the GO flake. However, the presence of the Ag NPs in the AgGO
composite lead to a stronger interaction with the SR101, indicating that the SR101 is coupled
more strongly to the Ag NPs in the composite. Also taking the results of the adsorption
capacity measurements into account whereby there are half as many SR101 molecules
adsorbed to the AgGO than R6G and RhB, this further indicates improved performance from
the SR101. RhB shows the lowest SNR values across all concentrations which is
representative of the lowest coupling efficiency with the AgGO composite as revealed from

the TRPL measurements.
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5.3.5 Apparent Enhancement Factor

A commonly used figure of merit for SERS studies is that of an ‘enhancement factor’.
However, there is no standardised method for calculating the ‘enhancement factor’, and as
such, the further analysis of the impact of the AgGO substrate on the Raman scattering signal
detection for a given concentration of solution lead to the definition of an apparent

enhancement factor, (AEF), given by

ISERS) _ (CGlass> (5.7)

AEF = (
CSERS

I Glass

where Isgrs 1S the intensity of the dye Raman scattering peak on the AgGO substrate, Csgrs
is the dye concentration of the solution used to prepare the dye-AgGO sample, 1455 1S the
intensity of the dye Raman scattering peak measured from a dried sample prepared from dye
solution with C;;4sc = 1073 M drop cast onto a glass substrate. The calculation of the AEF
was performed using averaged spectra, as presented in Figure 5.12. Averaged spectra were
used to calculate the AEF due to the fact that single measurements may be performed at a
‘hot-spot” but each of these ‘hot-spots’ does not necessarily produce the same Raman
scattering enhancement and, therefore, any data obtained using these ‘hot-spots’ would not
be representative of the substrate as a whole. The Raman scattering spectra were recorded
over more than 30 measurements to gain an average Raman spectrum for each dye in the
concentration range of 103-10® M. The average Raman scattering peak intensities, Iggxs,
used for the AEF calculation were taken from averaged spectra at the lowest dye
concentration (in solution) of 10® M. The peak and noise values used for the AEF calculation
were the same as those used for the SNR calculations. The AEF values calculated for R6G,
RhB and SR101 at a solution concentration of 10° M were 1 x 104 2 x 10% and 6 x 10,
respectively. It should be remembered that these AEF values are representative of an average
and not a single ‘hot-spot’ enhancement. The largest AEF value is found for SR101, this
large enhancement of the dye signal on the AgGO substrate is attributed primarily to the
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presence of the Ag NPs in combination with the weak Raman scattering signal from the dye

alone sample, I;;4ss-

54 Correlation between Fluorescence and Raman Results

As mentioned earlier in this chapter, it is the combination of the fluorescence quenching
properties of GO and the enhanced electromagnetic fields associated with the LSPR of the
Ag NPs that reduce the fluorescence background and lead to the enhanced Raman scattering
signals. The experimental studies in this chapter have demonstrated clearly the viability of
the AgGO composite as a SERS substrate for fluorescent analytes. Comparing the Raman
and TRPL data gives insight regarding the influence of each of these mechanisms for each
of the dyes studied. The efficiency values obtained from the TRPL data for the dyes on the
AgGO composite presented in Table 5.1 show a similar trend to the SNR values in Figure
5.13, particularly at the same dye concentration (10" M). The efficiency calculated from the
TRPL data can be considered as a measure of the interaction strength between the dyes and
the substrate as was discussed earlier. The efficiency and SNR values are largest for R6G,
followed by SR101 and lowest values are found for RhB. The AEF values are found to be
highest for SR101 and again lowest for RhB. This difference is even more pronounced when

one takes consideration of the lower adsorption ability of the AgGO composite for SR101.

The efficiency data presented in Table 5.1 shows that R6G was strongly quenched by the
GO directly with an efficiency of (53 £ 7)% with a further increase in the efficiency of ~
22% in the presence of the AgGO composite, bringing the efficiency value to (75 £10)%.
The weakest direct quenching by the GO was found for SR101 with a value of (21 + 2)%,
which is to be expected given the lower quantum yield of SR101. However, the introduction
of the Ag NPs in the AgGO composite caused the efficiency to increase by ~ 53% for SR101,

resulting in an overall efficiency of (74 + 8)% for the SR101 dye on the AgGO composite.
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This is an indication that the quenching of emission is a much stronger factor for the SERS
SNR and AEF for R6G than SR101. These findings also indicate that the SR101 is more
strongly coupled to the Ag NPs than the GO which would be expected to yield the largest
enhancements of the Raman signal, as seen in the AEF. In terms of RhB, the direct emission
quenching by the GO is ~8% lower than for R6G, and while the relative increase of
efficiency on the AgGO composite is similar to that of R6G, the overall efficiency is lowest
for RhB compared with R6G and SR101, which mirrors the lowest SNR and AEF values

from the Raman results for this dye.

5.5. Conclusion

This chapter has examined the impact of AgGO composite substrates on the fluorescence
and Raman signals of fluorescent dye molecules with emission wavelengths spanning from
550 to 700 nm. Steady-state and time-resolved PL measurements reveal the impact of the
addition of Ag NPs onto GO monolayer flakes, forming the AgGO composite on the dye
emission. The stronger interaction between the dyes and the AgGO composite as compared
to the GO flakes is indicated through a further reduction of the dye fluorescence lifetime on
the AgGO composite. An important factor in the determination of the suitability of a
substrate for SERS of fluorescent molecules is the interplay between fluorescence and
SERS. The fluorescence quenching properties of the monolayer GO flakes are confirmed
using steady-state PL. measurements while a small increase in the fluorescence intensity is
observed after the adsorption of the Ag NPs onto the GO flakes (AgGO). For each of the
dyes, the fluorescence background in the Raman spectra was significantly reduced due to
the dominance of the fluorescence quenching by the GO flakes in the AgGO composite. The
impact of the AgGO composite on the Raman spectra for each of the dyes was quantified by

the signal-to-noise ratio (SNR), obtained over many measurements to represent a substrate
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average and not a single ‘hot-spot’ measurement. For each of the dyes, large increases in the
SNR are observed on the AgGO compared to Ag NPs. The high sensitivity of the AgGO
substrate is revealed through ‘hot-spot’ measurements with detection limits of 10° M, 108
M, and 10 M for R6G, RhB and SR101, respectively. Analysis of the SNR data reveals that
R6G benefits most from the composite substrate with similar improvements observed for
RhB and SR101, despite the lower adsorption of SR101 dye on the AgGO composite. This
correlates with the time-resolved PL data where the largest reductions in the fluorescence
lifetimes on the AgGO composite are observed for both R6G and SR101. The fluorescence
quenching by the GO is a more significant contribution in the SERS for R6G and RhB on
the AgGO composite while the Ag NPs in the composite benefit SR101 more due to the

direct enhancement of the Raman scattering signals.
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Chapter 6

Nonradiative Energy Transfer from Semiconductor Quantum Dots to

Quantum Wells

Chapter Summary

This chapter and the following two chapters will focus on the nonradiative energy transfer
(NRET) from alloyed semiconductor nanocrystal quantum dots (QDs) to two-dimensional
(2D) semiconducting materials with a view towards light harvesting and photodetection
applications. This chapter in particular focuses on the NRET from QDs to three different
InGaN/GaN quantum wells (QWSs) having barrier thicknesses of 3 nm, 5 nm and 7 nm. The
QWs were grown using a metal-organic vapour phase epitaxy (MOVPE) technique. It should
be noted that the InGaN active region of each QW consists of the same thickness and
composition and thus the only variation between each of the QWs is the barrier thickness.
The NRET from the QDs to the QWs is studied in the hybrid system alone and also in the
presence of colloidal and lithographically defined arrays of Ag nanoparticles (NPs). The

defined arrays of Ag NPs were patterned using electron beam lithography (EBL).

6.1 Introduction

QDs have been considered as an ideal candidate for light harvesting systems due to their
broadband absorption, high extinction coefficient and increased photostability in
comparison with fluorescent organic dyes.222332% QDs also demonstrate significant
versatility through the tunability of the absorption and emission properties from the UV to
the IR via variation of the elemental composition and size of the nanocrystals.?%%2%

However, a substantial drawback in terms of the use of QDs for electrical applications is
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their poor electrical properties.®® The poor electrical performance of solution processed QDs
is what leads to the use of QDs as optical absorbers or sensitizers in hybrid systems where
an alternative semiconducting material is used as the extraction point for the electrical
current. QWs on the other hand have good electrical properties?®® which deems them ideal
candidates for the electrical component in this hybrid system, allowing for the efficient
extraction of the generated photocurrent. Ag NPs were chosen for use in this hybrid system
for multiple reasons. Firstly, Ag NPs can support a localised surface plasmon resonance
(LSPR) which, when in the presence of optically absorbing media, can increase the effective
absorption cross-section, and enhance the radiative and NRET rates.®’~3%23" Depending on
the location of the Ag NPs in a layered system (i.e. at the surface of the layer) the Ag NPs
can also behave as sub-wavelength scattering elements, where it has been proposed that they

may be used to trap propagating light into thin layers.?%82%

There have been previous reports demonstrating the use of NRET in light harvesting
devices.172240241 gimilarly, the use of QWs in light harvesting devices has also been
proposed.’0172242 |t js with this in mind that the use of a coupled donor-acceptor system
was implemented to investigate the viability of the hybrid structure for use as a light
harvesting device. In the system studied in this chapter the donor and acceptor in this hybrid
structure are the QDs and QWs, respectively. The use of QDs as donors in donor-acceptor
pair systems is well documented. QDs have been proven as efficient donors to noble
metals,>? fluorescent organic dyes, 233243 QDs,5388244.245 gnd two-dimensional (2D) materials
including semiconductor nanoplatelets,*®  graphene,®#%® and transition metal
dichalcogenides (TMDs) such as M0S, 557247 The Ag NPs were incorporated in the hybrid
system to increase the absorption of incident light by the QDs and to help overcome the short
range distance dependence of NRET as discussed in Chapter 2. The presence of metal NPs
in a donor-acceptor system has been proven to enhance the Forster radius of the donor-

acceptor interaction. %5
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The first system discussed in this chapter involves QDs and colloidal Ag NPs dispersed
in an ultrathin PMMA layer on top of the 3 nm, 5 nm and 7 nm barrier QWs. These colloidal
samples were studied to investigate the distance dependence of the direct and plasmon
enhanced NRET from the QDs to the QWs. The NRET was characterised through the donor
(QD) lifetime on the 3 nm, 5 nm and 7 nm barrier QWSs in the presence and absence of the
Ag NPs. The second system studied looks at ordered Ag NP arrays and the impact of the

array geometry on NRET from the QDs to the QW.

6.2. Initial Characterisation of the Colloidal Ag NP system
6.2.1. Absorption and Spectral Photoluminescence
Colloidal Agnp Sample

Figure 6.1:  Schematic illustration of colloidal QD-Ag NPs on the InGaN/GaN QWs.

A schematic diagram of the colloidal QD-Ag NPs sample is presented in Figure 6.1. The

QDs have a peak emission wavelength of 450 nm and a diameter of (6.0 + 0.8) nm. The Ag
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NPs also have a diameter of (6.0 £ 0.5) nm in solution. The QDs were purchased in solution
at a concentration of 1 mg/mL in toluene from Sigma-Aldrich. This solution was used as
stock. The Ag NPs were purchased in powder form from Plasmachem. The Ag NPs were
then dispersed in toluene at a concentration of 2.5 mg/mL and this solution was used as
stock. Aliguots of both QD and Ag NP solutions were then dispersed in 0.1% wt. PMMA in
toluene and subsequently spincast onto the InGaN QWs with GaN barrier thicknesses of 3
nm, 5 nm and 7 nm. The colloidal QD-Ag NP dispersions in 0.1% wt. PMMA were made
up to a total volume of 100 pL. These solutions consisted of 20 uL QDs, 40 pL Ag NPs and
40 pL 0.1% wt. PMMA. Reference samples were prepared by replacing the volume of the
solution occupied by QDs, Ag NPs or both the QDs and Ag NPs, with toluene to give the
same PMMA concentration in solution prior to spincasting the layer. Spincasting of the
mixed QDs-PMMA solutions gave a layer thickness of ~ 6 nm; verified by atomic force

microscopy (AFM) as shown in Figure 6.2.

(@)

Height (nm)

0 2 4 6 8 10 12
Position (um)

Figure 6.2: (a) AFM image of trench cut in the QDs-PMMA layer. (b) Corresponding
height profile of the trench in the QDs-PMMA layer, indicated by the dash

white line in (a).
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The Ag NPs, in PMMA solution and in layers, were optically characterized by means of
UV-Vis absorption spectroscopy. The extinction spectra of the Ag NPs in 0.1% wt. PMMA
solution and in a layer on a quartz substrate are presented in Figure 6.3. The extinction
spectrum of the Ag NPs in PMMA solution (red line) shows a peak extinction wavelength
at ~ 460 nm corresponding to the LSPR of the Ag NPs. The extinction spectrum of the Ag
NPs in the ultrathin PMMA layer shows a dampened and broadened LSPR compared with
the Ag NPs in PMMA solution, indicating that the Ag NPs have aggregated during or after

the spincasting of the layer.
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Figure 6.3: (@) Extinction spectra of Ag NPs in 0.1% wt. PMMA solution (red line) and
in a layer on a quartz substrate (blue line). (b) SEM image of Ag NPs in 0.1%

wt. PMMA film on a Si/SiO; substrate.

The aggregation of the Ag NPs was investigated using scanning electron microscopy
(SEM). An SEM image of the Ag NPs in a PMMA layer on a Si/SiO> substrate is shown in
Figure 6.3. It is clear from the SEM image that there is significant aggregation of the Ag
NPs in the PMMA with aggregate sizes as large as 10 um, confirming that the dampening
and broadening of the Ag NP LSPR in the extinction spectrum is due to the aggregation of

the NPs.
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Figure 6.4: (a) Normalized PL spectra of the QDs (blue line), 3 nm QW (red line), 5 nm
QW (olive line) and 7 nm QW (orange line) on the left axis. The extinction
spectra of the Ag NPs in the PMMA layer is given on the right axis (black

line). (b) Transmittance spectra of each QW and GaN sample.

The normalized PL spectra of the QDs and each of the QWs are shown in Figure 6.4a.
The extinction spectrum of the Ag NPs in a PMMA layer is also shown to demonstrate the
overlap between the QD emission and the LSPR of the Ag NPs. The QDs have a peak
emission wavelength of 450 nm which overlaps well with the peak of the Ag NPs LSPR at
~ 460 nm. The 3 nm, 5 nm, and 7 nm barrier QWSs have peak emission wavelengths of 530
nm, 500 nm, and 510 nm, respectively. The transmittance measurements of each of the
different barrier thickness QWs in Figure 6.4b indicates that there is no significant change
in the absorption and, subsequently, no variation in the spectral overlap between the QDs

and each of the QWs.

6.2.2. QD and QW Power Dependences

In order to identify the optimal excitation power range for the study, the dependences of

the QD and QW PL lifetimes and PL intensities on the optical excitation power were
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investigated. The QD PL lifetime and integrated PL intensity as a function of optical
excitation power are shown in Figure 6.5a and Figure 6.5b, respectively. The QD PL lifetime
and integrated PL intensity shows a close to linear increase with increasing excitation power
(Figure 6.5b). At higher excitation powers the QD PL lifetime and integrated PL intensity
begin to decrease due to photobleaching of the QDs. The linear region of the power
dependence curve corresponds to powers at which single exciton generation occurs in each
QD. The dashed black line in Figure 6.5a and 6.5b indicates the power at which all further

PL lifetime measurements were performed.

The power dependences of the PL lifetime and the integrated PL intensity for the 3 nm,
5 nm, and 7 nm barrier QWs were also measured. However, in terms of the QWs one can
consider the carrier density, n, corresponding to a given optical excitation power, Pg,. The
carrier density, n, is given by 248

PEx

n= - e~%GaNdGaN - [1 — e~ %nGaNdinGaN] - [1 — R (6.1)
Epp "S-y dimgan [ |

where Epj, is the photon energy, S is the laser spot size, y is the repitition rate of the
excitation, d;,cqy and dgqy are the thicknesses of the active region and the barrier in the
QW, respectively, a;,qq.n and ag,y are the absorption coefficients for the active region and
the barrier in the QW, respectively, and R is the reflectance of the pump laser at 405 nm. In
our measurement setup, we utilize a 405 nm laser which gives a photon energy of Epj, =
3.1 eV, allowing for excitation of the InGaN active region without exciting the GaN barrier
(~ 3.4 eV) and therefore agoy = 0. Qppgay = 10*em™1,24920 g, - v =2nm, dgey =

3 nm, 5 nm, and 7 nm for each of the QWs, y = 10 MHz, S = 430 nm and R = 0.15.24

135



~
L

—
O
~—

17 . . . Z — ; .
— @ 450 nm QDs ‘Zj @ 450 nm QDs i
W 16 I ] 6| ---- Fit ! i
g TRE 0 S B
@71 ! <] ; @
qE.a 15F °+ %— % 1 el w,-’
] = - n
£ 14} %e} i % a1 3% Al
& - o n=1.14+0.01
5 13r o 3 4 99 |
1 = 10°F o
- g
a 12 % gﬂ 9
RIS '
11 1 i 1 1 1 1 1
0.01 0.1 1 10 = %01 0.1 1 10
(C) Power (WW) (d) Power (uW)
T LN} T b T T T
Aé.s b . ; @ 3nmQW 7 z) b oo smmow | -2
26'0-0 0++ : 310- Fit : "0'
S - = ,g
S5F T 5 : &
< R, E L
Eso pT } : f
- i : b
D 4.5F : L 5 n o AL ]
& : ° T 2 b = 1.47+ 0.01
- 4.0 F ! - & :
é & R . - H
w35k =10'L @
-9 ; 3 g
3.0F - = .
1 1, 1 o 102 " L 1
10]6 1 17 18-’3 ] 1016 1017 1018
( ) Carrier Density (cm™) ( f) Carrier Density (cm™)
e
5.0 - : £ - ;
’;\4'5- a @ 5nom QW 1 g 10° ___Q";il:mQW /‘4
= I 2 2 A
~4.0F Qé : 5 L7
N - é ) Oq' - 107 F 9
3.5F 1 P
E ¢ = o
g aop 9 BT o7 meAr
= , . =1.83 +0.
= st ) k5 & b = 1.83 + 0.02
i ? S b P
= 20} * . 5 P
1.5F 2 o
L 1 1 : 102 1 I y
1016 1017 1018 3 o 1016 1017 1013 3
Carrier Density (cm™) Carrier Density (cm™)
@) | L)
2 7 nm QW J 12} 7 nm QW :
@ 20p 3 S 10°[ - Fit i
= 18F ‘é o8
16 F 4L '
E J 10 5,«" b
= 14F o ot n o« Al
&1 = 10°L & 1 b=154:0.02 ]
= 10f 2 T
= .
- 8F =10°F '
=~ sk ) :
Ew i
4 al aa i esal il 10 'l L 'l
101\"1 1017 10183 o 1016 1017 1018 73
Carrier Density (cm™) Carrier Density (cm™)
Figure 6.5: (a, c, e, g) QD PL lifetimes as a function of excitation power (a) and QW PL

lifetimes as a function of carrier density (c, e, g). (b, d, f, h) Integrated PL
intensity as a function of excitation power for the QDs (b) and as a function

of carrier density for the QWs (d, f, h).
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The dependence of the QW PL lifetime on the excitation power is influenced by many
different decay dynamics, including the population of free carriers, heavy and light free
excitons, and bound excitons, in combination with complex carrier formation.?®%2>2
However, if we consider the QW PL lifetimes of the 3 nm and 5 nm barrier QWs as a
function of carrier density in Figure 6.5¢ and Figure 6.5e, there is an slight increase in the
PL lifetime at low carrier densities. Increases in the PL lifetime can be attributed to defect
filling due to the capture of charge carriers at defect sites.>*® Eventually the PL lifetime
reaches a maximum before steadily decreasing. This decrease in the PL lifetime as the carrier
density increases indicates that all defect states have been filled and the dominating
mechanism for the recombination of charge carriers is that of radiative recombination.?®
However, in the case of the 7 nm barrier QW (Figure 6.5g), the lifetime is constantly
decreasing indicating a lower number of defect states as they are filled with a lower number
of excited carriers as compared with the 3 nm and 5 nm barrier QW. This indicates that the
defects states are instantly filled at the lowest carrier density and the PL lifetime decreases
as the carrier density increases. The dotted black line in the plots indicates the excitation
power at which all further PL lifetime measurements were recorded. This is on the
decreasing side of the curve where radiative recombination is the dominant recombination

process for the charge carriers.

Similar to the characterization of the QDs, the integrated PL intensity was investigated
as a function of carrier density for the 3 nm, 5 nm, and 7 nm barrier QWSs and are shown in
Figure 6.5d, Figure 6.5f, and Figure 6.5h, respectively. The integrated PL intensity data is
fitted with a power law where n « I?. From the fits, b = 1.47 + 0.01,1.83 + 0.02, and
1.54 £+ 0.02 for the 3 nm, 5 nm, and 7 nm barrier QWSs were extracted, respectively. These
values indicate that the radiative recombination processes in the QWs can involve free

carriers and excitons.2>42°
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6.3. Nonradiative Energy Transfer with Colloidal Ag NPs

In this section, NRET and its distance dependence from QDs to QWs of different barrier
thicknesses is investigated. Ag NPs are introduced into the hybrid system as a plasmonic
mediator for the NRET process. Four QD configurations are considered for each of the QWs
in order to accurately quantify the magnitude of the NRET efficiency given that the
trademark characteristic of NRET is the reduction of the donor (QD) lifetime. The reference
for the direct interaction between the QDs and the QWs (QD-QW) consists of QDs in a
PMMA layer on GaN (QDs Only), while the reference for the Ag NP plasmon mediated
interaction between the QDs and QWSs (QD-Ag NPs-QW) consists of QDs and Ag NPs in a
PMMA layer on GaN (QD-Ag NPs). A schematic representation of the four samples can be

seen in Figure 6.6.

QD-Qw

(a) (b) ‘

(c)

QD-Ag NPs-Gan ‘ ’ QD-Ag NPs-Qw

Figure 6.6:  Schematic diagrams of the four colloidal samples, (a) QD-GaN, (b) QD-QW,

(c) QD-Ag NPs-GaN, and (d) QD-Ag NPs-QW.
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The normalized PL decays for the QDs on the 3 nm, 5 nm, and 7 nm barrier QWs are
presented in Figure 6.7a, Figure 6.7c, and Figure 6.7e, respectively, with the corresponding
PL lifetimes given in Figure 6.7b, Figure 6.7d and Figure 6.7f, respectively. It is instantly
apparent from the PL decays that the largest reductions of the QD PL lifetimes occur on the
3 nm barrier QW (Figure 6.7a), which is expected as this QW provides the smallest centre-
to-centre separation, d, between the QDs and QW. In a multi-component hybrid structure
such as this it is important to first consider the direct interaction between the QD and the
QWs. This direct interaction between the QD and the QW is evident by the separation
between the black (QD Only) and the green (QD-QW) curves [and the PL lifetimes] in
Figure 6.7a[b], Figure 6.7c[d], and Figure 6.7¢[f]. The NRET efficiency for the direct QD-

QW interaction, nop—qw, is quantified using the measured PL lifetimes as follows

Top-Qw
T 6.2)
QD

where top and 7op_ow are the PL lifetimes of the QDs in a PMMA layer on GaN (QDs
Only) and the QDs in a PMMA layer on the QWs (QD-QW), respectively. Given that this
system is that of a planar system, Equation 2.16 in Chapter 2 (section 2.2.1) shows that the

NRET efficiency in a planar system has the form

1

= 6.3
TINRET 1+ kd? (6.3)

where k is a constant and d is the centre-to-centre separation. It can be seen from Equation
2.16 that k = 2/c,..RS, Where c,. is the acceptor concentration and R, is the Forster
radius. The NRET efficiencies for the QDs on each of the QWSs were calculated using
Equation 6.2 and are plotted as a function of centre-to-centre separation, d, in Figure 6.8. A
linear plot of the NRET efficiency is given in Figure 6.8a where the dash red line is a fit to
Equation 6.3 with k = 2.9 x 10™3nm™* which gives an R, for the direct NRET from the

QDs to the QW of 4.3 nm. The logarithmic plot of the NRET efficiency in Figure 6.8b is
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fitted using a power law (4d™) with n = —4 and shows the d~* dependence. A free fit to
the data (black dotted line) gives n = —3.8 + 0.09, which is close to the ideal fit of n = —4
(red dash line). This is the first experimental validation showing that the distance dependence
of direct NRET from QDs to QWs follows a d~* dependence, in agreement with theoretical

prediction.®

When considering NRET in the hybrid QD-Ag NPs-QW system, the interaction between
the QDs and the Ag NPs must first be considered. There is a reduction of the QD lifetime in
the presence of the Ag NPs on each reference sample for each of the barrier thickness QWs,
as can be seen from the PL decays and PL lifetimes in Figure 6.7. This is to be expected
given the spectral overlap between the QD emission spectrum and the Ag NPs extinction
spectrum (Figure 6.4). There is a stronger interaction between the QDs and the Ag NPs than
the QDs and the 5 nm and 7 nm barrier thickness QWs, while the interaction between the
QDs and the 3 nm barrier QW is of similar magnitude to the QD-Ag NPs interaction. The
efficiency of the interaction between the QDs and the Ag NPs is quantified in terms of a

quenching efficiency, ngyench, given by

Top—-Ag NPs

NQuench = 1 (6.4)

TQD
where 74p and Top_ag nps are the PL lifetimes of the QDs in a PMMA layer on GaN
(QDs only) and the QDs in a PMMA layer with Ag NPs on GaN (QD-Ag NPs). For each of

the QD-Ag NPs reference samples the quenching efficiencies, ngyencn, Were ~ 17%.

With the interaction between the QDs and the Ag NPs accounted for, the interaction in
the complete QD-Ag NPs-QW structure can be quantified. While there is a reduction of the
QD PL lifetime in the presence of the QW and also in the presence of the Ag NPs, there is a
further reduction of the QD PL lifetime in the presence of both the Ag NPs and the QW, as
can be seen in Figure 6.7. The plasmon mediated NRET efficiency can be calculated as

follows
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Figure 6.7:  (a, c, ) Normalized PL decays of QDs Only in a PMMA layer on GaN (black

line), QDs and Ag NPs in PMMA layer on GaN (red line), QDs in PMMA
layer on QWs (green line) with barrier thicknesses of 3 nm, 5 nm and 7 nm
in a, ¢ and e, respectively, and QDs and Ag NPs in PMMA layer on QWSs
(blue line) with barrier thicknesses of 3 nm, 5 nm and 7 nm in a, ¢ and e,
respectively. (b, d, f) QD PL lifetimes extracted from bi-exponential fits of

the corresponding decays in a, ¢ and e, respectively.
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Top-Ag NPs—QW

(6.5)

Npiasmon = 1
Top-Ag NPs

Where Top_ag nps@Nd Top—ag nps—ow are the PL lifetimes of the QDs in a PMMA layer with

Ag NPS on GaN (QD-Ag NPs) and the QDs in a PMMA layer with Ag NPs on the QW

(QD-Ag NPs-QW), respectively.
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Figure 6.8: (a) NRET efficiency, nyrgr, as a function of centre-to-centre distance, d,

between the QDs and the QW. The dashed red line is a fit to Equation 6.3. (b)
Logarithmic plot of the measured NRET efficiency, nyggr, and fit to a power
law revealing the d—* distance dependence. The dotted black line is a free fit
to the data while the red dash line is a power law fit with a fixed n value of
—4 illustrating the agreement between the ideal case and the experimental

data.

Similar to the direct QD-QW NRET efficiencies in Figure 6.8, the plasmon mediated

NRET efficiencies in the QD-Ag NPs-QW structure are plotted as a function of centre-to-

centre separation, d, on a linear scale in Figure 6.9a and logarithmic scale in Figure 6.9b.

The dashed red line in the linear plot of the plasmon mediated NRET efficiency, #piasmon, in

Figure 6.9a is a fit to Equation 6.3 with k = 1.6 x 107 3nm™*, revealing a smaller k value

than the direct QD-QW case, and gives a larger R, value of 5 nm. The free fit (dotted black
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line) to the power law in Figure 6.9b with n = —3.9 £+ 0.2 is very close to the ideal fit of

n = —4 (dash red line), revealing that the plasmon mediated NRET also follows a d~*

dependence. It should also be noted that this is the first experimental demonstration of

plasmon mediated NRET in QD-QW systems.
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(@) Plasmon-mediated NRET efficiency, nygrgr, as a function of centre-to-

centre distance, d, between the QDs and the QW. The dashed red line is a fit

to Equation 6.3. (b) Logarithmic plot of the measured NRET efficiency,

nnrer, and fit to a power law revealing the d~* distance dependence. The

dotted black line is a free fit to the data, while the red dash line is a power law

fit with a fixed n value of —4 illustrating the agreement between the ideal

case and the experimental data.

The reduction of the k value in the case of the plasmon mediated NRET, where,

k = 2/caccmRS, signifies an increased value of c4.. or R, or both.>*8” However, the same

QW sample was used for all measurements presented here, for both the QD-QW and the

QD-Ag NPs-QW studies. Therefore, the decrease in the value of k must correspond to an

increase in the Forster radius, Ro, and not to an increase in the acceptor concentration, c,..

Given that the distance dependence of the NRET efficiency in the QD-Ag NPs-QW samples
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follows the same d~* dependence as the QD-QW samples, combined with the increase of
R, in the presence of the Ag NPs signifies that the coupled QD-Ag NPs can be considered
as an enhanced donor dipole, in agreement with similar reports of plasmon mediated NRET

in QD pairs. 33

The presence of the Ag NPs in the hybrid system not only helps to increase the Forster
radius, Ry, from 4.3 nm to 5 nm, but also increases the NRET efficiency from the QDs to
each of the different barrier thickness QWSs. For the 3 nm barrier QW the NRET efficiency
is increased from (18.1 = 1.1)% without the Ag NPs to (25.3 + 1.3)% with the Ag NPs.
Similarly, the NRET efficiency from the QDs to the 5 nm and 7 nm barrier QWSs is increased
from (4.3£0.2)% to (8.9 £ 0.3)% and (2.3 £ 0.3)% to (4.2 £ 0.2)%, respectively, due to the
presence of the Ag NPs. However, despite the presence of NRET in the hybrid structures
there was no enhancement of the QW PL intensity. This may be due to the close proximity
between the active region and the Ag NPs in the PMMA layer with the QDs which could
lead to quenching of the QW emission by the Ag NPs. It should also be noted that there was
large variation in the QW PL intensity (~ 15%) across the samples. This variation in the QW
PL intensity makes it difficult to accurately quantify any enhancements, especially in the
case of the direct QD-QW samples as the variation in the PL intensity is of the same
magnitude as the NRET efficiency. While increasing the centre-to-centre distance between
the QW and the Ag NPs (as for the 5 nm and 7 nm barrier QWSs) reduces the quenching of
the QW PL,* the NRET efficiency is much lower than the variation in the QW PL intensity

(~ 15%) and as such hinders the observation of any enhancement of the QW PL.

6.4 Summary of Colloidal Ag NP System

The colloidal samples presented here in section 6.3 have demonstrated significant NRET

efficiencies and strong interactions in QD donor and QW acceptor pairs following the
144



fabrication of hybrid QD-QW and QD-Ag NPs-QW structures through simple and
industrially scalable processing techniques. However, there is still significant room to
improve the hybrid systems. The samples presented in section 6.3 utilize a mixed layer of
QDs and Ag NPs which sit side by side in the PMMA layer. Some aggregation of the Ag
NPs at the surface of the PMMA layer arises from issues regarding the compatibility of the
Ag NPs surface ligands with the polymer. Ideally, it would be of significant benefit to isolate
the Ag NPs which would avoid aggregation and simultaneously increase the magnitude of,
and sharpen the LSPR, leading to a stronger interaction. To overcome issues regarding the
uniformity of the QD and Ag NP deposition, other coating techniques could be considered,
such as Langmuir-Blodgett techniques.t®2® Similarly, wet-coating processes can be
combined with chemical functionalization of the QW surface to produce ordered arrays of
QDs and NPs.%" However, this planar geometry of the QD-Ag NP layer, where the QDs and
Ag NPs rest in the same plane, is not the optimal geometry for enhanced NRET. The optimal
configuration incorporates a 180° separation between the donor, plasmonic NP and the
acceptor.*>*3 In terms of an optoelectronic device, it would be of interest to investigate the
role of NRET on the extraction of generated photocurrent in such a hybrid system. The
reduction of the QD lifetime on the QW verifies the presence of NRET in the hybrid system
despite the lack of an observable increase in the QW PL intensity. However, an increase in
PL intensity is dependent on the increased recombination rate of charge carriers whereas the
photocurrent is dependent on the separation and extraction of the charge carriers. These are
two different processes and it is of interest to investigate whether or not the energy that has
been transferred into the acceptor from the donor through NRET can be extracted
electrically. This issue will be discussed in further detail in Chapter 7 and Chapter 8. These
QWs, however, cannot be electrically contacted following the growth of the wafer and as
such further investigation of the effect of NRET on the photocurrent would require purpose

built QW devices, which is beyond the scope of this study.
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6.5 Nonradiative Energy Transfer with Lithographically
Defined Ag Nanoparticle Arrays

Two different lithographically defined arrays of Ag nanostructures, labelled nanobox and
nanodisc, were chosen and fabricated using electron beam lithography (EBL) to investigate
plasmon mediated NRET from the QDs to a QW. These nanobox and nanodisc arrays were
chosen following the simulation of the array extinction, scattering and absorption spectra
using Finite-Difference Time-Domain (FDTD) commercial software. The simulated
extinction spectra of both arrays revealed good spectral overlap with the QD PL spectrum.
The arrays were fabricated on the 3 nm QW and also on the GaN substrate to provide a
reference for the QDs only and the QD-Ag NP Array. A schematic diagram of the arrays on

the QW, including structural dimensions, is given in Figure 6.10.

Figure 6.10: Schematic diagram of AgNP arrays on InGaN/GaN QW. The arrayed Ag
nanostructures have a total height of 40 nm, consisting of a 5 nm Ti adhesion

layer (not shown in the diagram) beneath the 35 nm Ag structure.
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The nanobox and nanodisc arrays were fabricated by patterning a PMMA resist using
EBL. The patterned resist was then developed by immersion in methyl-isobutyl ketone
(MIBK) and IPA (1:3 MIBK:IPA). The Ti/Ag (5 nm/35 nm) metal was deposited using
electron beam evaporation. The 5 nm Ti layer is incorporated as an adhesion layer and the
35 nm thick Ag nanobox/nanodisc nanostructures are the active plasmonic elements. The
FDTD simulations of the structures have included the Ti adhesion layer and the effects of
the layer have been accounted for. The resist was removed following the deposition of the
metal using a standard lift-off process in acetone, leaving only the Ag nanobox/nanodisc
arrays on the QW/GaN surface. Following the fabrication of the nanobox and nanodisc
arrays on the 3 nm barrier QW and the GaN, SEM images were recorded to verify the
successful fabrication of the arrays. The SEM images of the nanobox and nanodisc arrays

can be seen in Figure 6.11a and 6.11b, respectively.

Figure 6.11: SEM images of (a) nanobox array, and (b) nanodisc array. Inset in (a) shows
a zoomed in image of the nanobox array to illustrate the box-like shape of the

nanostructures.

Both the nanobox and nanodisc arrays are comprised of 200 x 200 units, giving total areas
of 60 um x 60 um and 34 pum x 34 um, respectively (structural dimensions are given in

Figure 6.10). The SEM images in Figure 6.11 show that the fabrication of structures with
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dimensions close to the limitations of EBL suffer from a lack of definition. However, in
arrayed structures of plasmonic NPs, the plasmonic response depends not only on the

individual response from each NP but also on the overall array geometry.

As mentioned above the dimensions of the nanobox and nanodisc arrays were chosen
based on the simulated extinction, absorption and scattering spectra under plane-wave
excitation conditions using FDTD commercial software. The simulations were performed
in-house by Dr. Graham Murphy and Dr. Vasilios Karanikolas. The material parameters
used for the simulations are as follows; the wavelength dependent dielectric permittivity, ¢,
of the Ti and the Ag are included in the simulation using the experimentally measured data
227 while the GaN and PMMA layers are modelled using constant dielectric permittivity of

goan = 5.35%8 and epppa = 2.2,%° respectively.
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Figure 6.12: Normalized PL spectra of the QDs (blue line) and the 3 nm barrier QW (olive
line). Extinction (black line), absorption (orange dot) and scattering spectra

(red dash) of the nanobox array in (a) and the nanodisc array in (b).

The extinction, absorption and scattering spectra of the nanobox and nanodisc arrays are
shown in Figure 6.12a and 6.12b, respectively. The QD and QW PL spectra are also shown

in both panels to indicate the overlap between the QD and QW PL and the nanobox/nanodisc
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extinction spectra. Considering first the magnitude of the extinction for both NP arrays, the
nanodisc array shows a much higher extinction value than the nanobox array at the QD peak
emission wavelength (~450 nm), arising from the dense arrangement of the nanodiscs with
a separation between elements of 80 nm as compared with a separation of 200 nm between
each element in the nanobox array. This large extinction and, consequently, absorption at

the peak QD emission wavelength results in strong quenching of the QD PL lifetime and

intensity compared with the nanobox array.
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Figure 6.13: FLIM images of (a) nanobox array and (b) nanodisc array on the 3 nm barrier

QW.

Similar to section 6.3 the interaction between the QDs and the QW was investigated using
spectral and time-resolved PL (TRPL) measurements. The concentration of QDs used in this
section has been reduced from 2.4 x 102°m3 with the colloidal Ag NPs to 6.0 x 101°m3 to
ensure monolayer coverage and avoid clumping of the QDs around the plasmonic NPs
during the spin coating process, given that the QD/PMMA layer thickness is smaller than
the height of the Ag NPs. Following the deposition of the QDs in a PMMA layer on the QW,
fluorescence lifetime imaging microscopy (FLIM) was used to record images of interaction
between the QDs and each array over 80 um x 80 um areas. The FLIM images of the QDs

on the nanobox and the nanodisc arrays (both on the QW) can be seen in Figure 6.13. It is
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instantly apparent that the QD PL intensity is substantially lower on the nanodisc array
compared with the nanobox array, as expected. However, given that these arrays are also on
the QW this is indicative of not only quenching of the QD PL to the arrays but also of NRET
to the QW. To accurately characterize this system, PL and TRPL measurements were
recorded over 20 um x 20 um areas in the centre of the arrays and 20 pum x 20 pum areas on
the GaN/QW beside the arrays, giving reference positions of “on” and “off” the arrays. This
gives four samples for each array; QDs on GaN (QDs Only), QDs on nanoboxes/nanodiscs
on GaN (QD-NB/ND), QDs on QW (QD-QW), and QDs on nanoboxes/nanodiscs on QW

(QD-NB/ND-QW).

The quenching of the QDs by the nanobox/nanodisc array is quantified from the PL

lifetimes as

Top-4
Nouench = 1 — TQ;"ray (6.6)

where Top and Top—_array are the QD PL lifetime “off” the array on GaN and the QD PL
lifetime “on” the nanobox/nanodisc array on GaN, respectively. Depending on the array
being studied, the array term in Equation 6.6 will be replaced with NB (nanoboxes) or ND
(nanodiscs). The direct NRET from the QD to the QW is given by Equation 6.2, similar to
the colloidal samples in section 6.3. The plasmon mediated NRET from the QDs to the QW

is given by

ToD-Array-Qw

(6.7)

Nplasmon—-Array = 1
TQD—Array

Where Top_ array—qw 1S the QD PL lifetime on the nanobox/nanodisc array on the QW.
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Figure 6.14: (a) [b] PL decays of QDs only on GaN (black line), QDs on the nanobox

[nanodisc] array on GaN (red line), QDs on the QW (green line), and QDs on
the nanobox [nanodisc] array on the QW (blue line). (c) [d] PL lifetimes
extracted from bi-exponential fits to the PL decays in (a) [b]. (e) [f] PL spectra
of QDs only (black line), QDs on the nanobox [nanodisc] array on GaN (red
line), QW only (olive line), QW with nanobox [nanodisc] array (green line),

and QDs on the nanobox [nanodisc] array on the QW (blue line).
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The normalized QD PL decays for the nanobox and nanodisc samples are presented in
Figure 6.14a and Figure 6.14b, respectively. There is a clear reduction of the QD PL decay
lifetime, relative to the QD Only, for each of the sample combinations. Consider first the
interaction between the QDs and the arrays, represented by a change from the black line
(QDs Only) to the red line (QDs-NB/ND) in the PL decay plots. There is a much stronger
interaction between the QDs and the nanodiscs compared with the nanoboxes, in agreement
with the larger extinction (Figure 6.12) and the stronger quenching in the FLIM images
(Figure 6.13). This strong interaction is further clarified in terms of the PL lifetimes in Figure
6.14c and 6.14d. It is also clear from the PL decays that there is a further reduction in the

lifetimes on the arrays on the QW, indicating the presence of plasmon mediated NRET.

The measured PL lifetimes for each of the sample configurations, presented in Figure
6.14c and Figure 6.14d, were then used to quantify the NRET efficiency. The NRET
efficiencies for the configurations with the nanobox arrays are as follows: using Equation
6.6, the NRET from the QDs to the nanobox array gives an efficiency, ngyencn, Of (25 £
1)%; using Equation 6.2 the direct NRET from the QDs to the QW has an efficiency,
Nop—ow Of (17 £ 1)%; and using Equation 6.7 the plasmon mediated NRET from the QDs
to the QW has an efficiency, npiasmon—ng, Of (21 £ 1)%. Similarly the same equations are
used to calculate the efficiency of the NRET for the configurations with the nanodisc arrays,
where the NRET from the QDs to the nanodisc array has an efficiency, ngyencn, 0f (64 =
4)%, the direct NRET from the QDs to the QW has an efficiency, np_qw, 0f (22 + 1)%,
and the plasmon mediated NRET from the QDs to the QW has an efficiency, npiasmon—np.
of (17 £ 2)%. A comparison of the NRET efficiencies measured on each array will be

discussed in further detail below.

The PL spectra for the nanobox and nanodisc sample configurations are presented in
Figure 6.14e and Figure 6.14f, respectively. There is a similar level of reduction in the

intensity of the QD PL spectrum on both the nanobox and nanodisc arrays (red line)
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compared to the QDs Only spectrum (black line) in each case. The intensity of the QW Only
PL spectrum (olive line), however, is much more strongly quenched by the nanodisc array
in Figure 6.14e compared with the nanobox array in Figure 6.14f (green lines). This is due
to the close proximity (80 nm) of the elements in the nanodisc array. Considering the PL
spectrum of the hybrid QD-Array-QW (blue line) structure, there is an increase in the QW
PL for both arrays compared with the QW-Array (green line). In the case of the nanoboxes
(Figure 6.14e), the QD-NB-QW PL spectrum (blue line) has a slightly larger intensity
compared with the QW Only spectrum (olive line), revealing a slight enhancement of the
acceptor (QW) PL intensity due to the plasmon mediated NRET. However, in the case of
the nanodiscs, while there is an enhancement of the QW PL intensity in the QD-ND-QW PL
spectrum (blue line) compared with the QW-ND spectrum (green line), the PL intensity does
not recover to the initial QW Only PL intensity (olive line). The larger quenching of the QW
PL intensity on the nanodiscs compared with the nanoboxes is consistent with the simulated
extinction data presented in Figure 6.12, where the magnitude of the extinction for the
nanodisc arrays at the QW peak emission wavelength is ~3 times larger than that for the

nanobox arrays.

The NRET efficiencies and NRET rates for the QD-QW, QW-Array and QD-Array-QW
sample configurations as a function of array structure (nanobox/nanodisc) are presented in
Figure 6.15a and Figure 6.15b, respectively. From the NRET efficiencies plotted in Figure
6.15a it is clear that the largest NRET efficiency for both the nanobox and nanodisc arrays,
occurs between the QDs and the arrays. The NRET efficiency for the hybrid QD-NB-QW
with the nanobox array is larger than the direct QD-QW NRET efficiency revealing the
plasmon enhanced NRET with the nanobox structures. However, in the case of the nanodisc
array, the NRET efficiency of the hybrid QD-ND-QW structure is less than the direct QD-
QW NRET efficiency, thus revealing that the nanodisc array hinders the full potential of the

NRET due to large extinction associated with the structures (Figure 6.12).
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Figure 6.15: (a) NRET efficiencies as a function of structure for QD-QW (green circle),
QD-MNP array (red Circle) and the hybrid QD-MNP Array-QW structure
(black dot). NRET rates as a function of structure for QD-QW (green circle),
QD-MNP array (red Circle) and the hybrid QD-MNP Array-QW structure

(black dot).

Further insight can be gained by examining the NRET rates as a function of array
structure, plotted in Figure 6.15b. The NRET rate from the QDs to the nanodisc array is
fastest, corresponding to the highest efficiency in Figure 6.15a. This fast NRET rate from
the QDs to the nanodisc array reveals that the low NRET efficiency in the plasmon mediated
NRET (QD-ND-QW) is due to the inability of the plasmon mediated NRET rate to compete
with the NRET rate to the array (QD-ND). The NRET rate from the QDs to the nanodisc
array (QD-ND) is more than 3 times faster than the plasmon mediated NRET rate in the
complete structure (QD-ND-QW). In terms of the nanobox array, the NRET rates for both
the QD-NB and the QD-NB-QW are similar, allowing for competition between plasmon
mediated NRET to the QW (QD-NB-QW) and quenching by the array (QD-NB), ultimately
resulting in a larger NRET efficiency in the plasmon mediated configuration. However,
further adjustments of the nanoparticle structure and the choice of metal combined with a

better understanding of the balancing between the rate of NRET (quenching) to the metal
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and the plasmon mediated NRET rate could lead to significant improvements in the
magnitude of the plasmon mediated NRET efficiency, and ultimately lead to a greater

enhancement of the acceptor PL intensity.

Other studies have shown that the absorption and scattering profiles of metal NP arrays
can be altered significantly by tailoring the size, shape and spacing between the individual
plasmonic elements.?%° These modifications to the plasmonic arrays can lead to substantial
variations in QD and QW emission. Optimization of the NP arrays could lead to an
enhancement of the QW emission due to plasmon mediated NRET, relative to the direct
enhancement of the QW emission due to the presence of the NRET from QDs alone.
However, further modelling, simulation, fabrication and experimental verification of a large
range of plasmonic structures could be undertaken to develop this approach to light
harvesting devices. The lack of the acceptor PL enhancement observed in this study, despite
the significant NRET efficiencies raised the question of whether energy that has been
transferred into the acceptor material, while not observed optically in terms of an acceptor
enhancement, can be extracted electrically. This is a very important question for future

applications, which is pursued in the following chapters.

6.6 Conclusion

This chapter has demonstrated the NRET from alloyed CdSeS/ZnS semiconductor
nanocrystal QDs to InGaN/GaN QWs with GaN barrier thicknesses of 3 nm, 5 nm, and 7
nm. The QWs with different barrier thicknesses allowed for a distance dependence study of
the direct QD-QW NRET. The distance dependence of the NRET was found to follow a
characteristic d=* dependence of NRET from point dipoles (QDs) to a plane (QW),

validating that the acceptor (QW) dimensionality determines the distance dependence.®
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The work carried out in this chapter demonstrated the first case of plasmon mediated
NRET from QDs to a QW, utilising both colloidal Ag NPs and lithographically defined
arrays of Ag NPs. Colloidal Ag NPs were used to perform the distance dependence study of
NRET, ultimately verifying the d~* distance dependence of the plasmon mediated NRET
from the QDs to the planar QW. This is the same distance dependence as explained by
conventional Forster-type NRET theory from a point dipole donor to a 2D plane of
acceptors, but with a larger interaction distance, indicating that the coupled QD-Ag NP is
acting as an enhanced donor dipole.**° Despite the presence of the NRET in the system, no
enhancement of the acceptor (QW) PL was observed. Nonetheless, fine tuning of the
plasmonic elements in the system in terms of the uniformity of the colloidal Ag NPs and the
geometry of the NPs could lead to far greater NRET efficiencies and enhancement of the

acceptor PL intensity.

In terms of lithographically defined arrays of Ag NPs, two structures were chosen,
nanoboxes and nanodiscs. Significant differences were observed between both arrays
indicating that further tuning of the plasmonic elements in the arrays could lead to substantial
improvements in the NRET efficiency, and, similarly, the enhancement of the QW emission.
There was a stronger interaction between the nanodisc array and both the QDs and QW
compared to the nanobox array. However, the strong interaction between both the emitting
species and the plasmonic array lead to significant quenching by the metal that ultimately
limited the efficiency of the NRET process. The nanobox array, however, demonstrated a
weaker interaction with both the QDs and the QW, but given that the quenching to the metal
was less influential, this led to an overall enhancement of the QW emission and a larger
plasmon mediated NRET efficiency compared to the nanodisc array. The variation in the
interactions observed across just two arrays indicates that the scope for optimization and

tunability of performance via the structure size, shape and spacing.
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Chapter 7

Dependence of MoS; Film Quality for Photocurrent Enhancements

in QD-Sensitized MoS; Devices

Chapter Summary

This Chapter will focus on NRET from alloyed semiconductor nanocrystal CdSeS/ZnS
QDs with a peak emission wavelength of 630 nm to MoS:> devices, and the photocurrent
enhancements that arise. The MoS; devices consist of varying layer thickness and crystalline
properties, including pristine monolayers, mixed monolayer/bilayer, polycrystalline bilayers
and bulk-like thicknesses. The large-area MoS: films were grown on Si/SiO> substrates by
chemical vapor deposition (CVD) by our collaborators in the Duesberg group, TCD. The
hybrid QD-sensitized MoS> devices were realised by spin coating an ultrathin layer of QDs
in PMMA on the chip containing the devices. NRET from the QDs to the MoS; devices was
studied using time-resolved photoluminescence (TRPL) and quantified through the
reduction in the QD (donor) lifetime in the presence of the MoS; (acceptor) devices. The
photocurrent was measured from the MoS> devices before and after adding the QD

sensitizing layer, as a function of excitation power.

The electrical devices were fabricated by patterning a PMMA resist using electron beam
lithography (EBL). The Ti/Au (5 nm/ 45 nm) contact pads and electrodes were deposited
using electron beam evaporation. The contact pads have dimensions of 80 um x 80 um and
each device has a 5 um channel length between the electrodes. All MoS: devices discussed
in this chapter were grown on the same Si/SiO- chip in a single growth process, these devices

were also patterned in a single EBL run.
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7.1 Introduction

Over the past decade there has been a plethora of research involving 2D materials. In
particular, the transition metal dichalcogenide (TMD) family of materials has been the
subject of substantial investigation driven by their favorable optical and electrical
properties.5153261 A ot of this interest arises due to the fact that the layered materials’
electronic bandgap transitions from an indirect bandgap at a few-layer thickness to a direct
bandgap at monolayer thickness.®*®® The presence of a direct optical bandgap in the TMD
monolayers paves the way for promising applications for 2D materials in optoelectronic
devices such as phototransistors?%2-264 and photodetectors.?®® Early studies using these
devices were most commonly composed of few-layer and monolayer MoS; flakes obtained
from mechanical exfoliation techniques, a process that is not particularly scalable or
reproducible. However, bottom-up approaches such as CVD are more desirable as these
methods can achieve larger area coverage of monolayer and few-layer regions of the active

material on the substrate in a single growth process.1%26¢

One substantial drawback with 2D materials is the low absorption of incident light,
resulting from the atomic thickness of the active region. Low light absorption limits both the
performance and efficiency of the device. A common and simple method used to increase
the absorption of incoming light is to incorporate a sensitizing layer on top of the active
region. There have been a few reports of dye sensitized?®” and QD sensitized?%26° MoS;
photodetectors in the literature. However, these demonstrations have focussed on devices
that consist of mechanically exfoliated MoS;, and the energy transfer mechanism from the
sensitizing species was that of charge transfer. Although charge transfer is an efficient
energy transfer process, charge transfer has a stringent distance dependence (< 3 nm) and

will only occur if the donor and acceptor carrier wavefunctions overlap.58%
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In comparison to mechanical exfoliation techniques, CVD-grown films of MoS; provide
large-area coverage of monolayer and mixed layer MoS> on the substrate. This provides a
quicker, cheaper and more suitable method for industrial processing. Furthermore, the
energy transfer mechanism implemented in this work is that of NRET. In contrast to charge
transfer, while NRET also has a well-defined distance dependence the distances over which
it can occur extend beyond the limits of charge transfer to ~10 nm.82#° One of the goals of
this work was to utilize commercially scalable techniques such as CVVD growth of the MoS>
and spin coating of the QD sensitizing layer to demonstrate the viability of these devices for
commercial applications.

It can also be noted that recent studies demonstrated highly efficient NRET from
semiconductor QDs to mono- and few-layer MoS2.%5%"%47 These demonstrations have
shown that the NRET efficiency increases as the number of layers of MoS> decreases, in
contrast to the trend observed for NRET to graphene.®® The increase in the NRET efficiency
as the number of MoS: layers decreases is attributed to the reduced dielectric screening of
the QD electric field in monolayer MoS;.%>

The work in this Chapter addresses how the performance of the hybrid devices varies as
the MoS; channels gradually change from pristine monolayers to more polycrystalline
channels. The degree of crystallinity of the MoS> channels was identified using Raman and
photoluminescence (PL) mapping and the MoS; layer thicknesses were determined using
Raman spectroscopy. As will be seen later in this chapter, the largest photocurrent
enhancements are observed for the pristine monolayer devices, after the addition of the QDs,
and little to no enhancement for the polycrystalline and bulk-like thickness devices. This
indicates that the NRET from the QDs has less impact on the extracted photocurrent of

polycrystalline and bulk-like thickness samples.
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7.2 Initial Characterization

7.2.1 Absorption and Spectral Photoluminescence

Figure 7.1:  Schematic representation of the QD-sensitized MoS; device.

A schematic diagram of the hybrid QD-MoS; devices is presented in Figure 7.1. The
alloyed CdSeS/ZnS QDs have a peak emission wavelength of 630 nm and a diameter of (6.0
+ 0.8) nm. The QDs were purchased in solution at a concentration of 1 mg/mL in toluene
from Sigma-Aldrich, this solution was used as stock. The QD/PMMA dispersions were
prepared by dispersing 12.5 pL of the QD stock solution in 500 pL of 0.1% wt. PMMA. The
QD/PMMA solutions were then sonicated for ~20 s to ensure the even distribution of the
QDs in the PMMA. The solution was spincast onto the chip containing the devices. The
height of the QD/PMMA layer was found to be ~ (8 £ 2) nm, as verified by atomic force
microscopy (AFM) measurements (See Figure 7.2). The layer thickness of ~8 nm verifies

the presence of a monolayer of QDs on top of the devices.
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Figure 7.2:

The optical characteristics of monolayer MoS; and QDs in 0.1% wt. PMMA are shown in
Figure 7.3. The CdSeS/ZnS QDs have a peak emission wavelength of 630 nm which
overlaps well with the B exciton of the monolayer MoS; at ~630 nm. The monolayer MoS>
has a peak emission wavelength of ~677 nm corresponding with the spectral position of the
A exciton. The extinction spectrum of the monolayer MoS, was measured following the

CVD of MoS; onto a quartz substrate, using a custom built transmission apparatus using a
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7.2.2 Raman Spectroscopy

The MoS; devices used in this study were characterised using Raman spectroscopy. A total
of five devices were chosen for this study, labelled as D1-D5. These devices consist of
pristine monolayer MoS; (D1), mixed monolayer and bilayer devices (D2 and D3),
polycrystalline bilayer device (D4) and a bulk-like thickness device (D5). Devices, D2 and
D3, both consist of a mix of monolayer and bilayer MoS», however, D2 has a greater
abundance of monolayer material in the device channel while D3 has a greater abundance
of bilayer material in the device channel. Optical images of the devices and the
corresponding Raman maps can be seen in Figure 7.4. The Raman maps plot the separation
between the characteristic in-plane, E, mode and the out-of-plane, A, mode. Raman
spectroscopy is a proven technique for the identification of the layer thickness of M0S,.27%
This is due to the change in the frequency of these characteristic modes as the MoS: layer
number increases. The in-plane mode softens and red-shifts, while the out-of-plane mode
stiffens and blue-shifts with increasing layers. This blue- and red-shifting of the out-of-plane
and in-plane modes, respectively, as the MoS: layer number increases leads to an increasing
separation between the A and E modes with increasing layer numbers.2’%2"* The separation
between the two Raman modes can then be used to identify the layer number of MoS>

without the need for scanning probe microscopy techniques.
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Optical images of the five devices (D1, D2, D3, D4 and D5) and the corresponding
Raman maps are shown in Figure 7.4. The volume of bilayer MoS; is increasing across
devices D1 to D4, moving from a purely pristine monolayer device, D1 (Figure 7.4a), to a
polycrystalline bilayer device, D4 (Figure 7.4j). Devices D2 and D3 (Figure 7.4, panels d
and g, respectively), are representative of intermediary phases between pristine monolayer
and polycrystalline bilayer MoSz. The red rectangle in each optical image indicates the
region in which Raman and PL mapping were performed. It is clear from the optical images
that the polycrystallinity of the devices is increasing from D1 to D4, with D1 showing a
pristine and uniform channel area while D4 appears to have a multitude of nucleation points
throughout the channel and a clear abundance of bilayer MoS.. It is also worth noting that
device, D3 (Figure 7.4g), has more bilayer regions in the channel than device, D2 (Figure
7.4d). It is also clear from the optical images that device D5 is several layers thick,
resembling the appearance of bulk-like MoS; (Figure 7.4m).

Raman maps of the areas indicated by red boxes in the optical images are presented in
Figure 7.4. These Raman maps plot the separation between the A and E peak positions in
the MoS2 Raman spectrum. Device D1 (Figure 7.4b) shows no variation in the peak position
across the device, indicating the presence of a uniform and pristine layer. The corresponding
Raman spectrum averaged over the region indicated by a dash yellow box (excluding the
electrodes) in Figure 7.4b is given in Figure 7.4c, showing a separation between the A and
E peaks of ~18 cm™, which is consistent with the presence of monolayer Mo0S,.2%2"* The
Raman maps of the mixed monolayer/bilayer devices in Figure 7.4, panels e and h, indicate
the emergence of nucleation points of bilayer thicknesses through an increased separation
between the A and E peaks.?’®?"* The Raman spectra in Figure 7.4, panels f and i, are taken
from the regions identified by black and green squares in Figure 7.4, panels e and h,
respectively. The black and green line spectra are measured in the areas indicated by black

and green squares, respectively. The regions indicated in black and green on both devices in
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Figure 7.4, panels e and h, show a separation between the A and E peaks of ~20 cm™ and
~23 cm’!, respectively, indicating the presence of both monolayer and bilayer MoS,.2702"
The slight increase in the separation between the A and E peaks on the monolayer regions
from 18 cm* on the purely monolayer device, D1 (Figure 7.4c), to a separation of 20 cm™
on the devices containing a mixture of both monolayer and bilayer MoS;, D2 and D3 (Figure
7.4, panels f and i), is attributed to signal mixing due to the small size of the grains on the
devices. It should be noted that while both devices, D2 and D3, contain a mixture of
monolayer and bilayer MoSy, there is a larger proportion of bilayer MoS: in the channel of
the device D3 (Figure 7.4h) as compared to device D2 (Figure 7.4e). The Raman map for
device D4 (Figure 7.4K) again shows little variation in the separation between the A and E
peaks. The corresponding Raman spectra (Figure 7.4l) reveal separations of ~22 cm™ and
~23 cm? indicating that the majority of MoS; in the device channel is of bilayer
thickness.2%2"* The channel in the bulk-like device (Figure 7.4n) consists mainly of bulk
thicknesses with a separation between the A and E Raman peaks of ~25 cm®, with a small
region of bilayer thickness, having a separation between the A and E Raman peaks of ~22

cm™,
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The strong interaction between the QDs and the MoS: devices was verified optically using
PL mapping after adding the QD sensitizing layer. The PL maps of each device and the
corresponding PL spectra are shown in Figure 7.5. These PL maps help not only to identify
the MoS; emission intensity and peak wavelength, but they can also reveal information
regarding the interaction between the QDs and the MoS>, such as quenching of the QD PL
which is indicative of NRET. The QD PL maps for each device can be seen in Figure 7.5,
panels a, d, g, j, m. The PL maps are centered on the QD peak emission wavelength (630
nm) to indicate the relative PL intensity on each of the devices. It is instantly apparent that
the strongest quenching of the QD emission occurs on the monolayer device, D1 (Figure
7.5a). Quenching of the QD emission decreases moving from devices D2 to D4, as the
devices become more polycrystalline with the nucleation of bilayer regions. Similarly, the
QD PL shows a lower level of quenching in comparison to the thinner devices, D1-D4. This
indicates that the NRET efficiency decreases as the MoS: layer number increases, which is
consistent with optical studies in the literature,®>% resulting from the reduced dielectric
screening of the donor electric field dipole in the monolayer material. From the QD PL maps
for the devices D2 and D3 (Figure 7.5, panels d and m) the quenching of the QD PL is
strongest in the monolayer regions that can be seen in the corresponding Raman maps
(Figure 7.4, panels f and i), respectively, further confirming the decrease in NRET efficiency
as the MoS: layer number increases. There is a much weaker quenching of the QD PL on
the polycrystalline bilayer and bulk-like devices, D4 and D5, as can be seen from the PL
map (Figure 7.5, panels g and j), which is expected due to increased dielectric screening of

the QD electric field dipole in the bilayer material, in contrast to the monolayer material.%°

PL maps of the devices, centered on the MoS; peak emission wavelength are presented in
Figure 7.5, panels b, e, h, k, n. These PL maps clearly demonstrate that the regions of high
PL intensity are decreasing as the devices transition from pristine monolayer (D1) to bulk-

like thicknesses (D5). The MoSz PL intensity is fairly uniform across the monolayer device,
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D1 (Figure 7.5b), while the PL is quite non-uniform across devices D2 to D4 and the areas
showing high PL intensity are reducing, Figure 7.5, panels e, h and k, respectively. While
the Raman maps in Figure 7.4 indicate the regions of the device that differ in layer thickness,
the corresponding MoS2 PL maps do not show similar patterns in terms of the PL intensity.
The PL maps reveal that for devices D2 and D3 (Figure 7.5, panels e and h) the PL intensity
is larger in regions where there is variation of layer number as can be seen in the
corresponding Raman maps (Figure 7.4, panels e and h) and not solely higher PL intensity
from monolayer regions, which might have been expected. The corresponding PL spectra
for each of the PL maps are shown in Figure 7.5, panels c, f, i, I, 0. Similar to the Raman
spectra in Figure 7.4c, the PL spectra in Figure 7.5c is an average over the device channel
indicated by the yellow dash box in the Raman and PL maps. The pristine monolayer MoS;
has a peak emission wavelength of ~677 nm which is expected for monolayer MoS; flakes.®?
The QD PL spectrum is also shown in Figure 7.5c to indicate the peak position relative to
the MoS; B emission peak. The black and green lines in the PL spectra in Figure 7.5, panels
c, f, i, 1, 0, were extracted from the same regions as the Raman spectra in Figure 7.4. The PL
spectra in Figure 7.5 show both a redshift in the peak emission wavelength for MoS; and an
increase in QD PL intensity at the bilayer and bulk-like thickness locations, as expected.
However, both devices consisting of a mix of monolayer and bilayer MoS, show PL
intensities for the bilayer region either equal to or greater than the PL intensity from the
purely monolayer region. This increase in PL intensity can be attributed to increased
scattering at defect sites introduced by the grain boundaries?’? at the edges of the nucleation
sites where the 2" layer of MoS; has formed. The PL spectra for the polycrystalline bilayer
device, D4 (Figure 7.51), shows a larger QD PL intensity as compared to the other devices
and shows very little variation in the MoS; PL intensity across the whole device, once again
verifying the decrease in the NRET efficiency. Similarly, the bulk-like device presented in

Figure 7.50 shows higher QD PL intensities and lower MoS;, PL intensities as compared

168



with the devices of lower layer numbers (D1-D4), indicating a lower NRET efficiency from

the QDs to the bulk-like MoS; and reduced emission intensity from the bulk-like material.

7.3.2 Time-Resolved Photoluminescence
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Figure 7.6:  (a) PL decays of QDs alone and the QDs on each of the MoS: devices. (b)
NRET efficiency as a function of device. (¢) NRET rate for the QDs on each

device.

TRPL measurements were performed to further investigate the interaction between the
QDs and the MoS; devices. The PL decays of the QDs on each of the devices can be seen in

Figure 7.6a. The substantial reduction in the QD PL lifetime on the MoS; devices indicates
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that the NRET process is highly efficient in this hybrid system, with NRET efficiencies,
Nnrer, 9iVeN bY nygrer = 1 — (Top—mos,/Top), Of over 90% for each of the devices
including the bulk-like thickness device, as can be seen in Figure 7.6b. The highest NRET
efficiency is found for the pristine monolayer device, D1, with an NRET efficiency of (98 £
3)%, while the TRPL measurements on the more polycrystalline devices, D2, D3 and D4,
reveal NRET efficiencies of (97 £ 2)%, (97 £ 3)% and (95 £ 2)%, respectively. The NRET
efficiency for the bulk-like thickness device, D5, is (94 £ 2)%.

The NRET rate, kygrgr, provides further information on the temporal scale over which
the NRET process occurs, where kyrer = Kop—mos, — kop With k = 1/7. A plot of the
NRET rates for each device is presented in Figure 7.6c¢. There is a clear trend in the reduction
of the NRET rate as the devices become more polycrystalline. The NRET rate between the
QDs and the polycrystalline bilayer device, D4, is (1.1 + 0.1) ns™ which is less than half the
NRET rate between the QDs and the monolayer device, D1, which has an NRET rate of (2.5
+ 0.1) ns™. Similarly, the NRET rate between the QDs and the bulk-like device, D5 has a
value of (0.9 + 0.1) ns’L. This increase in the NRET rate as the devices reach monolayer
thickness is due to the reduced dielectric screening of external electric fields in the MoS: as
the layer number decreases.®>%

It is also worth pointing out that despite these ultrahigh NRET efficiencies and rates that
there is no enhancement of the MoS> PL intensity due to the NRET. Ideally, the acceptor
would display an increased PL intensity due to the NRET from the donor. This lack of a PL
enhancement is attributed to nonradiative recombination of excitons at defect sites which
arise from susceptibility of CVD-grown MoS; to growth induced defects. The PL spectra
of the QDs only, QDs on monolayer MoS,, and MoS; only is given in Figure 7.7. In a similar
manner to that described above, the NRET efficiency can be calculated from the integrated

PL spectrum of the QDs alone, Int PLpg, and the integrated PL spectrum of the QDs on

the MoSz, Int PLyp_pos,, and is given by, nyrer—pr, = 1 — (Int PLop_pos,/Int PLyp).
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Calculating the NRET efficiency using the integrated PL spectra gives an NRET efficiency
of (99 + 5)%, which is in good agreement with the NRET efficiency of (98 + 3)% as
measured from the lifetimes. Nonetheless, observation of increased PL emission from the
acceptor (MoS») resulting from NRET relies on the recombination of excitons. However,
the electrical processes depend more on the separation of the photo-generated charge carriers
under an applied bias. Therefore, it is of significant interest to investigate the electrical

extraction of energy transferred from the donor to the acceptor by NRET.

5000 : 200
[ ——QDs —_
—_—
=4 =
= 40001 150 &
> f >
3000} =
= [ 100 £
=*} i =
E 2000: =
i s0
=3 1000 | >
= | R
0 YRR 2 0
400 500 600 700 800
Wavelength (nm)

Figure 7.7:  PL spectra of QDs only, QDs on MoSz, and MoS; only.

7.4 Photocurrent Measurements

The current-voltage (1-V) characteristics for each device (before and after the addition of
the QD sensitizing layer) were measured as a function of laser excitation power in the power
range of ~1-100 pW between -1 and +1 V. All devices were measured under the same
conditions and had a linear or close to linear 1-V curve at all laser powers before and after
the addition of the QD sensitizing layer. I-V curves for each device at a laser excitation
power of 30 uW with (red) and without (blue) the QD sensitizing layer are shown in Figure
7.8, panels a, d, g, j, m. The largest enhancement in photocurrent is seen for the pristine
monolayer device, D1 (Figure 7.8a). Similar enhancements are observed for devices D2 and

D3, both containing portions of monolayer and bilayer MoS; (Figure 3, panels d and g).
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There is little to no enhancement of the photocurrent for the polycrystalline bilayer or bulk-
like thickness devices, D4 and D5, respectively, as can be seen in Figure 7.8, panels j and
m.

Figure 7.8, panels b, e, h, k, n, show the generated photocurrent, I, as a function of laser
excitation power for the four devices. All devices exhibit a similar dependence on the
excitation power before and after the addition of the QD sensitizing layer, having either a
linear or slightly sub/super-linear slope. Similar to the 1-V curves (Figure 7.8, panels a, d, g,
J, m) it is clear that the largest enhancement in the photocurrent is obtained from the purely
monolayer device, D1 (Figure 7.8b), with comparable levels of photocurrent enhancement
across the full excitation power range for the devices D2 and D3, containing regions of both
monolayer and bilayer MoS; (Figure 7.8, panels e and h). It is worth pointing out that while
the device, D3, containing more bilayer than monolayer regions (Figure 7.4g) should give
higher levels of photocurrent due to a greater abundance of charge carriers, we observe lower
levels of photocurrent compared to device, D2, which contains almost equal portions of
monolayer and bilayer regions (Figure 7.4d). This is attributed to a larger number of grain
boundaries in the channel leading to a larger density of scattering points (Figure 7.4g), and
is also in agreement with the PL from the bilayer regions shown in Figure 7.5h. The
photocurrent obtained from the polycrystalline bilayer device, D4 (Figure 7.8K), shows
almost identical curves with and without the QD sensitizing layer indicating that the addition
of the sensitizing layer has no effect on polycrystalline bilayer devices resulting from a
combination of grain boundaries leading to electron scattering at defect points, and increased
dielectric screening of the QD electric field dipole in the bilayer material .55 Measurements
performed on the bulk-like device also reveal that there is no enhancement of the

photocurrent after adding the QD sensitizing layer (Figure 7.8n).
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Figure 7.8: (a, d, g, j, m) I-V curves for the MoS; devices before (blue) and after (red)
adding the QD sensitizing layer. (b, e, h, k, n) Photocurrent versus excitation
power for the devices without (blue dots) and with QD sensitizing layer (red
dots). (c, f, i, I, 0) Photoresponsivity as a function of power for the devices

before (blue circles) and after adding the QD sensitizing layer (red circles).

173



The photoresponsivity, R, gives a measure of the current output as a function of incident
optical power. The photoresponsivity is given by R = I, /P,,, Where P, is the excitation
power. The photoresponsivity measured for each of the devices across the full excitation
power range is given in Figure 7.8, panels c, f, i, I, 0. The photoresponsivity of the pristine
monolayer device, D1 (Figure 7.8c), shows a typically steady decrease in photoresponsivity
as the optical excitation power increases which corresponds to a sub-linear dependence of
photocurrent on the excitation power. The largest photoresponsivity for the monolayer
device is achieved at the lowest excitation power of ~1 uW for both the MoS: device only
(R = 2.6 X 10734/W) and with the QD sensitizing layer (R = 2.1 x 10724/W), giving >
8 fold enhancement in the photoresponsivity. The photoresponsivity curves for the mixed
layer devices, D2, D3, and the bulk-like thickness device, D5 (Figure 7.8, panels f, i, o,
respectively), however, display a different character as compared to the monolayer device,
D1. These devices show a combination of increasing, constant and decreasing
photoresponsivity regimes as the excitation power increases. The increasing and constant
regimes correspond to super-linear and linear dependences of photocurrent on excitation
power, respectively. Sub-linear dependence of photocurrent on excitation power in MoS;
devices is commonly observed at large excitation intensity?6>273274 while linear dependences
are observed at lower excitation intensities. 262264265 However, a super-linear dependence of
the photocurrent on excitation power is less documented and can be explained by multi-
centre recombination models.?” The presence of surface defects and edge states at grain
boundaries, due to the granular nature of the channel in devices D2, D3, and D5, could give
rise to a variety of recombination centers such as dangling bonds at the MoS; surface, and
contribute to this super-linear behaviour.2”>?7° Device D4 also shows a similar decrease in
the photoresponsivity with increasing excitation power as D1 both with and without the QD

sensitizing layer.
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To calculate the average photocurrent enhancement for each of the devices, the
photocurrent vs. excitation power curves were averaged across the full laser excitation power
range. The enhancement was then calculated as Iop_pos,/Imos,- We find photocurrent
enhancements as high as ~14 fold for the pristine monolayer device, D1, and photocurrent
enhancements of ~2 fold for devices D2 and D3, and no enhancements for device D4 and
D5 after adding the QD sensitizing layer as can be seen in Figure 7.9. This indicates that the
QD sensitizing layer is most effective for monolayer devices, while the benefits of the QD

sensitizing layer disappear as the MoS> regions in the device become polycrystalline.
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Figure 7.9:  Photocurrent enhancement for each QD-sensitized MoS: device.

It is worth pointing out that there is a significant difference in the trends observed for the
NRET efficiency (and rate) on each device in comparison with the photocurrent
enhancements measured from each device. The difference in NRET across the devices
cannot account for the larger difference in the photocurrent enhancement. The larger
variation in the photocurrent enhancement can be explained by the increased number of grain
boundaries arising from the formation of bilayer MoS; at nucleation points leading to greater
scattering of electrons?®%-282 and consequently reduced mobility. This lower enhancement
resulting from poor carrier transport due to the scattering of electrons is consistent with the

photocurrent and photoresponsivity values obtained from the devices as they become more
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polycrystalline in Figure 7.8, panels d, g, j, and e, h, k, respectively. Typically, as the
proportion of bilayer MoS; increases an increase in photocurrent could be expected due to
the larger number of charge carriers available.5273283 However, the observed decrease in

device performance is due to the increased number of grain boundaries and defect sites.

7.5 Conclusion

In summary the optoelectronic properties of hybrid QD-MoS, devices show a strong
dependence on the properties of the MoS: layer, despite highly efficient NRET from
semiconductor QDs in an ultrathin sensitizing layer to a variety of MoS; devices varying
from pristine monolayer to polycrystalline devices composed of mixed layer thicknesses
(monolayer and bilayer) and bulk-like thickness devices. While NRET efficiencies
exceeding 90% have been demonstrated across all devices, measurements reveal a decrease
in the NRET efficiency and rate as the ratio of bilayer to monolayer MoS; in the device
channels increases. Despite the high NRET efficiency, spectral PL measurements reveal that
there is little to no enhancement of the MoS; PL intensity after the addition of the QD-
sensitizing layer, attributed to nonradiative recombination of excitons at defect sites.
Optoelectronic measurements revealed that the energy transferred from the QDs to the MoS>
through NRET pathways could be extracted electrically. Photocurrent enhancements as large
as ~14 fold were found for the pristine monolayer MoS; device after adding the QD
sensitizing layer, while devices consisting of a mixture of monolayer and bilayer MoS2 gave
~2 fold enhancement. No enhancement was observed as the active region of the devices
became more polycrystalline and predominantly bilayer and bulk-like thickness. The
photocurrent measurements also revealed that the photocurrent decreased as the devices
became more polycrystalline due to increased scattering of charge carriers, and lower
photocurrent enhancements were observed. Importantly, it has been demonstrated that

increased absorption of incident light in a 2D photodetection system can enhance the
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electrical output from the 2D material using NRET, with the greatest advantages obtained
from monolayer MoS; devices. This hybrid system which combines large-area synthesis of
MoS: films and a simple spin-coating process, both of which are industrially scalable and
economically viable methods, suggests a potential route for hybrid 2D optoelectronic

devices, most notably, photodetection and light harvesting applications.
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Chapter 8

A Spectral Dependence Study of Nonradiative Energy Transfer and

Photocurrent Enhancement in Hybrid Quantum Dot-MoS; Devices

Chapter Summary

This chapter will focus on the spectral dependence of nonradiative energy transfer
(NRET) and enhanced photocurrent from three spectrally separated alloyed CdSeS/ZnS
QDs, with peak emission wavelengths of 450 nm, 530 nm and 630 nm, spanning the visible
spectrum, to monolayer MoS; devices. The triangular MoS: islands were grown by chemical
vapor deposition (CVD) on Si/SiO, and these samples were grown by our collaborators in
the Duesberg group, TCD. Similar to the previous chapter, the hybrid QD-sensitized MoS>
devices were fabricated by spin coating an ultrathin layer of QDs in PMMA on the chips
containing the devices. The NRET from the QDs to the MoS: devices was studied using
time-resolved photoluminescence (TRPL). The photocurrent was measured from the MoS»
devices as a function of excitation power, before and after adding the QD sensitizing layer,

using the custom built setup described in Chapter 3 (section 3.2.8).

8.1 Introduction

As highlighted in the previous chapter, research aimed towards the application of
semiconducting 2D materials in optoelectronic technologies has gained substantial
momentum in recent years.?842 Initially, graphene was considered to be the superior
candidate as the active 2D material in many devices, given graphene’s extremely high
mobility® and fast photoresponse,?®® however, the lack of a direct optical bandgap in

graphene limits its applicability in many optoelectronic devices. Transition metal
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dichalcogenides (TMDs) on the other hand, such as MoS», possess the striking ability to
transition from an indirect bandgap at few-layer thicknesses to a direct optical bandgap
material at monolayer thicknesses.2%® The presence of this direct optical bandgap at
monolayer thicknesses gives these TMDs a significant advantage over graphene for many
optoelectronic devices.

Considering devices for photodetection in the visible spectral range, many applications
require broadband optical absorption. A further consideration is that given the monolayer
thickness of these materials, there are significant limitations in terms of the absorption of
incoming light which, consequently, affects the overall device performance and efficiency.
A simple method to overcome this low absorption of incident light is to incorporate a
sensitizing layer on top of the 2D material. Depending on the sensitizing species, most
commonly organic dyes?®’ or quantum dots (QDs),2%82%° the absorption of incident light in
the hybrid system can be improved. However, several factors must be taken into account
when selecting a sensitizing species including the sensitizer’s quantum yield, photostability
and the spectral location of the optical absorption band. Regarding the above factors, QDs
present many advantages over organic dye molecules including high quantum yields,
improved photostability, broadband optical absorption and the ability to tune the emission
profiles using the size or chemical composition dependence of the QDs.2332%4287 The
broadband optical absorption associated with QDs is a significant benefit when considering
light harvesting or photodetection devices operating across a larger optical bandwidth.

This chapter investigates the spectral dependence of NRET to monolayer MoS> devices
using three alloyed CdSeS/ZnS QDs with peak emission wavelengths of 450, 530, and 630
nm, spanning the visible spectrum. These alloyed QDs are ideal for a spectral dependent
study as spectral tuning is achieved by varying the chemical composition and not the size of
the QD.29%287 Having the alloyed QDs of the same diameter (6.0 + 0.8) nm allows for similar

photoluminescence (PL) quantum yields?®’ across the three QD samples (50 * 5)% for these
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QDs in particular) and avoids any variation in the centre-to-centre distance influencing the
measurements. The latter is a particularly important factor given the strong distance
dependence of NRET.

Herein, the spectral dependence of NRET from three spectrally separated QDs to
monolayer MoS; devices and the influence of the NRET on the generated photocurrent is
investigated. Based on the results from the previous chapter, pristine monolayer MoS; was
used. The uniformity and monolayer thickness of the MoS, was identified using Raman
mapping and Raman spectroscopy, respectively. The efficiency of the NRET was
investigated using TRPL measurements. The enhancement of the photocurrent extracted
from the hybrid devices was investigated through photocurrent measurements on the devices
before and after adding the QD-sensitizing layers, over a broad range of optical excitation
powers. We observe enhancements of the photocurrent on each hybrid QD-MoS> device and
find the largest photocurrent enhancements and the largest NRET efficiency for the 630 nm
QD-MoS:; device. Similar trends are found between the NRET efficiencies, photocurrent
enhancements and the spectral overlap as a function of QD emission wavelength. To the best
of our knowledge this is the first spectral dependence study of NRET from QDs to
monolayer MoS;, and, similarly the first spectral dependence study of photocurrent
enhancement in QD-MoS; hybrid devices. It is believed that the findings from this study
provide significant insight for the optimization of future QD-sensitized hybrid devices for

optoelectronic applications.
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8.2 Initial Characterisation

8.2.1 Absorption and Photoluminescence

Si0,

QD/PMMA
Layer

Figure 8.1:  Schematic illustration of the QD-sensitized MoS: devices.

A schematic representation of the QD-sensitized MoS: devices is given in Figure 8.1.
The alloyed CdSeS/ZnS QDs used for this spectral dependence study have peak emission
wavelengths of 450 nm, 530 nm, and 630 nm and each of the alloyed QDs has a diameter of
(6.0 £0.8) nm. The QDs were purchased in solution at a concentration of 1 mg/mL in toluene
from Sigma-Aldrich and these solutions were used as stock. To make up the QD/PMMA
dispersions, 12.5 uL of the QD stock solutions was dispersed in 500 uL of 0.1% wt. PMMA.
The QD/PMMA solutions were then sonicated for ~20 s, ensuring the even distribution of
the QDs in the PMMA. The solutions were then spincast onto the chips containing the
devices. The height of the QD/PMMA layers were found to be ~ (7 £ 3) nm, ~ (9 = 2) nm,
and ~ (8 £ 2) nm, for the 450 nm, 530 nm, and 630 nm QDs, respectively, as verified by
atomic force microscopy (AFM) measurements (Figure 8.2). Layer thicknesses between 7-

9 nm ensures the presence of a monolayer of QDs on top of the devices.
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Figure 8.2: (a-c) AFM images of the QD/PMMA layers with single trenches cut into the
films. (d-f) Height profiles of the QD/PMMA layers corresponding to the

white dash lines in (a-c).

The extinction spectra for each of the QDs and the monolayer MoS> are shown in Figure
8.3 along with the normalized PL spectra of each of the QDs. Figure 8.3 also shows that the
630 nm QDs are on-resonance with the B exciton of the MoS; and the 450 nm QDs are
slightly off-resonance with the C exciton. The 530 nm QDs were chosen as they do not
overlap with any of the MoS; exciton absorption peaks and therefore provide an off-
resonance reference. Recent studies of NRET from QDs to MoS: have primarily focused on
QDs with emission wavelengths located close to the A and B excitons,®>%724" however,
when considering a light harvesting or photodetector type device it is important to assess the
variation in the efficiency of NRET across a larger spectral bandwidth. Herein, the MoS:
devices sensitized with the 450 nm, 530 nm and 630 nm QDs will be labelled as D450, D530

and D630, respectively.
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Figure 8.3:  Normalized PL spectra of the 450 nm QDs (blue line), 530 nm QDs (green
line), and 630 nm QDs (red line) on the right axis. The normalized extinction
spectrum of monolayer MoS; (black line) and the scaled extinction spectra of
the 450 nm QDs (blue dot), 530 nm (green dot), and the 630 nm QDs (red
dot) on the left axis. The QD extinction spectra are scaled to have the first

absorption peak at the same intensity, for presentation purposes.

8.2.2 Raman Spectroscopy

Optical images of each of the devices, D450, D530 and D630 are shown in Figure 8.4,
panels a, b and c, respectively. Each of the MoS: islands chosen for use as devices in this
study are of triangular form with edge lengths > 20 um. The monolayer thickness of the
devices was verified using Raman spectroscopy. Raman maps of devices D450, D530 and
D630 are presented in Figure 8.4, panels d, e and f, respectively. These Raman maps plot
the separation between the characteristic A and E Raman peaks of the MoS, Raman
spectrum. Each of the Raman maps (Figure 8.4, panels d-f) show uniform regions in the
device channels indicating that there is very little variation in the separation between the
characteristic Raman peaks. Device D530, however has a large nucleation point in the

central channel (not used for measurements) which can be clearly seen in the optical image
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(Figure 8.4b) and the Raman map (Figure 8.4e). Raman spectra were extracted from each of

the Raman maps (averaged over the device channel area indicated by the white dotted box

in Figure 8.4, panels d-f) to identify the layer number of the MoS; islands.
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Figure 8.4: (a-c) Optical images of the devices. (d-f) Raman maps corresponding to the
devices in (a-c) plotting the separation between the A and E peaks in the
Raman spectrum. (g-i) Raman spectra extracted from the channel regions

indicated in dash white boxes in the Raman maps (d-f).

The Raman spectra obtained from each of the device channels reveal separations of
~ 18 cm'* between the A and E Raman peaks on each of the devices (Figure 8.4, panels g-i),
verifying the monolayer thickness of the devices.?’®?" As mentioned above, previous
reports in the literature regarding NRET from QDs to monolayer (and few-layer) MoS; have

utilised QDs with emission wavelengths located close to the MoS; A and B excitons.85-67247
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However, a systematic spectral dependence has not been reported. The spectral dependence
of NRET to monolayer MoS; across the visible spectrum is a critical consideration for
broadband applications and optimal spectral location of sensitizing species for use in a

hybrid QD-MoS: photodetection or light harvesting devices.

8.3 Nonradiative Energy Transfer

The strength of the interaction between the QDs (donor) and the MoS; (acceptor) devices
was quantified using TRPL measurements. The PL decays were recorded over 3 um X 3um
areas in the device channel (QD-MoS>) and 3 um x 3um areas close to the device containing
no MoS; (QDs alone). The excitation power used for the measurements was 0.2 uW. The
PL decays presented in Figure 8.5 reveal the strong interaction between the QDs and the
monolayer MoS; through the significant decrease in the QD PL decay on the MoS,. The
decrease in the QD (donor) lifetime is a characteristic signature of NRET. The QD lifetime
is reduced from ~20 ns to ~1 ns on each of the devices (D450, D530 and D630) after the
hybrid structure is formed. The efficiency of this interaction between the QDs and the
monolayer MoS; was quantified by the NRET efficiency, given by nygper =1 —
(TQD_M052 /TQD), where Top_pyos,and Top are the intensity weighted average lifetimes of
the QDs on the monolayer MoS: and the lifetime of the QDs alone, respectively. The NRET
efficiencies, measured on each of the devices were found to be (94 + 5)% for the 450 nm
QDs on device D450, (92 + 5)% for the 530 nm QDs on device D530, and (96 * 5)% for the

630 nm QDs on device D630.
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Figure 8.5:

PL decays of (a) 450 nm QDs alone (blue) and on MoS; device, D450 (black),
(b) 530 nm QDs alone (green) and on MoS> device, D530 (black), and (c) 630
nm QDs alone (red) and on MoS; device, D630 (black).

(b)

(c

450 nm QDs

130(e (OM 530 nm QDs PL(Cnts) BElRTHOE PL (Cnts)
H 2 S A 30 e g i 44
0 0 0
TAVE (ns) TAvg (_DS) TAvg (ns)
D 62.91 52.43 D 41.94
0 0 0
(d) (e) ()
> ®F ' 1 450 nm QDs§ & “f j " 530nm QDs] =
£ sof 1 & axf g %t
S aof 3 220 50 20
) NJVW\ e 10f " 3
0 + st + + 0 + + + 0 . L ' .
g 10 ) 15 =
S 8 = I 0
2 . i = 1of 4
(2) L A 1 . 0 0 . . . L
0o 10 0 40 50 60 0 0 40 0 10 30 40 50

20 3 1020 3 20 60
Position (um Position (um) Position (um)

Figure 8.6: (a-c) Fluorescence lifetime images of QDs on MoS, monolayers. (d-f)
Average lifetime, 7,4, and PL intensity profiles corresponding to the regions

indicated by the red arrows in (a-c). Scale bars in (a-c) are 10 um. The images

were recorded over 80 um x 80 um areas.

To further illustrate the strength of the interaction, fluorescence lifetime images were
recorded on monolayer MoS; triangles located close to the devices on each chip. The

fluorescence lifetime images and cross-sectional profiles of the PL intensity and average
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lifetimes can be seen in Figure 8.6. These images were recorded on separate MoS; flakes as
the Au contacts on the devices make it difficult to fully appreciate the magnitude of the
quenching of the PL and lifetime due to the NRET from the QD to the monolayer MoS..
Similar to the PL decays in Figure 8.5, the cross sectional profiles of the average lifetime in
Figure 8.6d-f reveal a reduction in lifetime from ~ 20 ns to ~ 1 ns when the QDs are on the
monolayer MoS,. Similarly it can be seen that the PL intensity is also quenched to a near

zero value as a result of the highly efficient NRET.

8.4 Photocurrent Measurements

Figure 8.7, panels a-c, show the photocurrent, 17", measured from each device, with and
without the QD sensitizing layers, as a function of optical excitation power at a voltage of
+1V, and the respective fits to the experimental data (dotted lines). It should be pointed out
that an excitation wavelength of 405 nm was used for the TRPL measurements, photocurrent
measurements, and the PL measurements used to calculate the spectral overlap. The black
data points in Figure 8.7, panels a-c, show the photocurrent obtained from the MoS; devices
before adding the QD sensitizing layers. The blue, green and red data points in Figure 8.7,
panels a, b and c, are photocurrent values obtained after the addition of the 450 nm, 530 nm
and 630 nm QD sensitizing layers, respectively. There is a clear enhancement of the
generated photocurrent across the full excitation power range for each of the QD-MoS>
hybrid devices (Figure 8.7, panels a-c). The curves maintain similar dependences of
photocurrent on the excitation power after the addition of the QD sensitizing layers. The
photocurrent measured from each device exhibits a sub-linear dependence at low excitation
powers which transitions to a linear dependence at mid-range powers and finally transitions
to a super-linear dependence at the higher powers. While linear and sub-linear dependences

of photocurrent on the optical excitation power are widely documented in the
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literature,262:264.265.2732714 g per-linear dependences are less reported.?”® This super-linear
dependence of photocurrent on the optical excitation power has been explained by multi-
centre recombination models.?” Given the monolayer thickness of the MoS;, a variety of
recombination centers can be present due to imperfections including surface defects, edge
states at grain boundaries and dangling bonds at the MoS: surface, which could all contribute
to the super-linear behavior.2">2®

A polynomial curve was used to fit the photocurrent data measured from the devices before
and after adding the QD sensitizing layers, given by

IP" = APY? + BPg, + CPZ, (8.1)

where A, B, and C are fitting coefficients. This polynomial fitting curve was chosen to fit
the data in a similar manner to the traditional interpretation of the ‘ABC’ recombination
model, 2828 given by R = An + Bn? + Cn3, where R is the total recombination rate, and
the three main carrier recombination mechanisms in semiconductors are given by; the An
term, which is the Shockley-Read-Hall (SRH) nonradiative recombination rate, the Bn?
term, which is the radiative recombination rate, and the Cn3 term, which is the Auger
nonradiative recombination rate. While the ‘ABC’ model describes the recombination of
electron-hole pairs, our photocurrent measurements involve the separation of electron-hole
pairs, and as such, differences arise in the fitting parameters. The form of Equation 8.1 was
chosen to resemble the form of the ‘ABC’ model given the three regimes in the photocurrent
dependence on excitation power as can be seen in Figure 8.7, panels a-c. The regimes
correspond to a sub-linear, linear, and super-linear dependence of the photocurrent on the
excitation power, and as such it was found that the experimental data gave the best fit to the
power of 0.5, 1, and 2, for the sub-linear, linear, and super-linear regimes, respectively.

As can be seen from Figure 8.7, panels a-c, there is good agreement between the fits and
the experimental data for each of the devices both with and without the QD sensitizing

layers. The coefficients extracted from the fits using Equation 8.1 are presented in Figure
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8.7, panels a-c. To quantify the average enhancement of photocurrent across the full
excitation power range in the MoS; devices due to the inclusion of the QD sensitizing layers,
the average photocurrent enhancement, (E'), was considered. The average photocurrent

enhancement, (E), is given by

(I Mos2 QD)

i)

(E) = (8.2)

where (I,ZZSZ_QD) is the average photocurrent measured from the QD-sensitized devices and
(IMos ) is the average photocurrent measured from the same devices without the QD

sensitizing layer. The average enhancements, (E), for each of the devices are 4.4 £ 0.8, 4.0
+ 1.5 and 6.8 £ 1.5 for the D450, D530 and D630, respectively. Similar to the NRET
efficiencies measured from the QD lifetimes on each of the devices, we find the largest
average enhancement on device, D630 and the lowest average enhancement on device D530.

As was mentioned above, the 450 nm QDs are close to resonance with the MoS; C exciton
and the 630 nm QDs are on-resonance with the MoS; B exciton, while the 530 nm QDs
provide an off-resonance reference (Figure 8.3). Given that the NRET rate depends strongly
on the spectral overlap between the QD PL spectra and the MoSz absorption spectra, it will
be shown in section 8.5 that the spectral dependence of the photocurrent displays the same
trend as the spectral overlap function for each of the three QDs.

The photocurrent enhancement in the acceptor (MoS:) due to the NRET from the donor
(QDs), was quantified in terms of the acceptor enhancement, E,... The acceptor

enhancement, E,.. is the percentage difference, and is given by

11\131’552 QD 11\131}35‘2
EACC - IPh (83)
MOSZ

where I,\‘j,’;s _op and I,\’f,’;s are the photocurrent values of the QD-MoS; (donor-acceptor)

hybrids and the MoSz only (acceptor) devices, respectively. For each of the QD-MoS: hybrid

devices in Figure 8.7, panels d-f, there is a step-like increase in the acceptor enhancement,
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E4.c, as the excitation power increases, while the enhancement appears to saturate and
remain constant at higher excitation powers. In terms of the optimal excitation power range,

the largest enhancements of the photocurrent are found at the higher excitation powers in

the super-linear regime.
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Figure 8.7:  (a-c) Photocurrent measured from MoS; devices as a function of laser
excitation power before (black circles) and after the addition of the QD
sensitizing layers. Dotted lines in a-c are fits to the experimental data. (d-f)
Acceptor enhancement of MoS: due to the presence of the QD sensitizing
layers as a function of laser excitation power. (g-i) Photoresponsivity as a
function of optical excitation power for each of the MoS. devices before
(black circles) and after the addition of the QD sensitizing layers (450 nm

QDs blue circles in g, 530 QDs green circles in h, 630 QDs red circles in (i)).
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The 630 nm QD sensitizing layer gives the largest acceptor enhancement, of 7.0 £ 0.7 at the
maximum excitation power of ~140 pW. Similarly, the 450 nm and 530 m QD sensitizing
layers lead to acceptor enhancements of 4.4 + 0.4 and 5.0 £ 0.5, respectively, at the
maximum excitation power of ~140 pW. The fact that the 630 nm QDs give the largest
enhancement of the MoS, photocurrent is beneficial also in terms of maximizing the
absorption of white light as the 630 nm QDs absorb over a larger spectral region of the
visible spectrum compared to the 530 nm and 450 nm QDs (Figure 8.3).

The photoresponsivity, R, is a good measure of a device’s output current as a function of
optical excitation power. The photoresponsivity, is given by R = I?*/P,.., where P,, is the
optical excitation power. The photoresponsivity curves for the hybrid 450 nm, 530 nm and
630 nm QD-MoS: devices are presented in Figure 8.7, panels g, h and i, respectively. Each
curve (with and without the QD sensitizing layer) shows a decreasing trend in the
photoresponsivity as the excitation power increases at low powers (~1-10 pW). This
decrease in the photoresponsivity corresponds to a sub-linear dependence of photocurrent
on the optical excitation power. When the optical excitation power reaches tens of pWs
(depending on the device), the photoresponsivity begins to level off and remains constant to
a certain point. This constant photoresponsivity is the result of a linear dependence of the
generated photocurrent, 1P, on the optical excitation power, P,,. Moreover, with a further
increase in the optical excitation power, the photoresponsivity begins to rise as the excitation
power is increased. This rising behavior of the photoresponsivity results from a super-linear
dependence of generated photocurrent on the optical excitation power. This behavior is
observed for each of the devices presented in this study, both with and without the QD

sensitizing layers.
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Figure 8.8:  Looping I-V curves for each of the devices before adding the QDs (black)

and after adding the (a) 450 nm QDs (blue), (b) 530 nm QDs (green), and (c)
630 nm QDs (red).

The measured current-voltage (1-V) characteristics of the MoS; and the hybrid QD-MoS;
devices are presented in Figure 8.8. These I-V curves were measured at an excitation power
of 100 uW. There is a clear enhancement in the photocurrent after the addition of the QD-
sensitizing layers, however, there is some hysteresis in the curves as they sweep back from
the maximum voltage. The sweep out from 0 V to +1 V (-1 V) has a close to linear form
while the sweep back from the maximum voltage demonstrates a drop in current, as indicated
by the arrows (Figure 8.8). This hysteresis in the curves is well documented and is attributed
to charge trapping at surface defect states at the interface between the MoS. and the
surrounding medium.?®® The hysteresis in the 1-V curves, arising due to the surface trap

states, further supports the hypothesis that it is the presence of these defects that contribute

to the super-linear behaviour of the photocurrent.?”
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8.5 Comparison  of  Nonradiative  Energy  Transfer

Efficiencies and Photocurrent Enhancements

As discussed earlier, the NRET rate and efficiency between donor-acceptor pairs is
governed by the centre-to-centre separation and the spectral overlap, J, between the donor
emission and the acceptor absorption spectra. Given that each of the QD samples used in
this study have the same diameter (6.0 £ 0.8) nm, the centre-to-centre distance is the same
for each hybrid device. It is therefore of interest to compare the trends of the average
enhancement, (E), with the NRET efficiencies, nyrgr, and the spectral overlap, /, for each

of the hybrid devices. The spectral overlap integral, J, is given by

J = f Ion () * €105, () A* dA (8.4)
0

where Iyp(4) is the area normalised donor emission spectrum and &y,s,(4) is the
acceptor extinction coefficient. Given that the MoS: islands used in this study are single
flakes on a solid substrate, an accurate extinction coefficient could not be obtained.
However, in terms of the spectral overlap calculation, the extinction coefficient acts only as
a scaling factor for the absorption spectrum. Similarly, the extinction coefficient, ey,s,, is
directly proportional to the absorption coefficient, ay,s,, a quantity that can be measured
directly from our samples. Therefore, in order to obtain a purely qualitative comparison of
trends, the measured extinction spectrum of the MoS2 monolayer was converted to an
absorption coefficient, ay,s,, and substituted for the extinction coefficient, &y,s,, in
Equation 8.4. This comparison is validated as the NRET efficiency can be expressed in terms

of the acceptor enhancement and is given by?®

(8.5)

AbSyos, (10B-Mos
NNRET = 2 £-1

E
Absgp I'ios,
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where Absy,s,/Absqp is the acceptor:donor absorption ratio (constant) at the excitation
wavelength, IG5* s, is the integrated emission intensity of the MoS; in the presence of the
QDs, Iyps, is the integrated emission intensity of the MoS in the absence of the QDs, and
the [(I§8-mos,/Ifas,) — 1] term can be obtained from the average photocurrent
enhancement with the inclusion of the —1 term, presented here as

(E) = ((1;;,’;52_@)/(1,’;,252 ») — 1, which is consequently the average acceptor enhancement,

Avg
EAcc

. Similarly, ] < nyrer. Therefore, it should be noted that the QD PL spectra used to
calculate the spectral overlap were measured at low excitation powers, and the lifetime
measurements used to calculate the NRET efficiency for each QD were carried out at low
excitation powers. With this in mind, the A coefficients from Equation 8.1 were used to
calculate the average photocurrent enhancements at low powers as (Agp-mos,/Amos,) — 1.
This provide a more accurate description of the relationship between the photocurrent,

spectral overlap, and the NRET efficiency.

A comparison of the spectral overlap, J, average photocurrent enhancements, (E), and
NRET efficiency, nygrgr, as a function of QD emission wavelength are presented in Figure
8.9. There is good agreement between the trends of the average photocurrent, the spectral
overlap, and the NRET efficiency, however, there is much better agreement between the
average photocurrent enhancement at low powers, which indicates that the photocurrent
enhancement in each of the hybrid devices, D450, D530 and D630 is driven by the NRET
from the QDs to the MoS,. The noteworthy agreement between the trends in the average
photocurrent enhancement at low powers, the NRET efficiency, and the spectral overlap,
removes any ambiguity regarding the mechanism of the energy transfer, such as charge
transfer, but most importantly reveals the dependence of the generated photocurrent on the

NRET efficiency and similarly the spectral overlap.
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Figure 8.9:  Plot of the spectral overlap, J (red dots), average photocurrent enhancement,
Eavg (black hollow circles), average photocurrent enhancement at low
powers (green hollow circles, on black right axis) and NRET efficiency,
nyvrer (blue dots and blue outer axis) as a function of the QD emission

wavelength.

8.6 Conclusion

In summary, the work in this Chapter has demonstrated ultra-high efficiency NRET from
three spectrally separated QDs to monolayer MoS,, with emission wavelengths spanning the
visible spectrum. Time-resolved photoluminescence measurements reveal NRET
efficiencies exceeding 90% at each QD emission wavelength, with values of (94 £ 5)%, (92
+ 5)% and (96 * 5)% for the 450 nm, 530 nm and 630 nm QDs, respectively. Photocurrent
measurements were performed on the devices before and after adding the QD-sensitizing
layers and each device displayed large enhancements of the average photocurrent due to the
NRET from the QDs, with average enhancement values averaged across the full range of
excitation powers, (E), of 4.4 + 0.8, 4.0 + 1.5 and 6.8 + 1.5 for the D450, D530 and D630,
respectively. Using low power fitting coefficients, we find average low power

enhancements, of 2.9 £ 0.5, 1.51 + 0.1 and 5.9 + 1.1 for the devices D450, D530 and D630,
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respectively. The largest acceptor enhancements of the MoSz photocurrent were observed at
the highest excitation power (~140 pW), with values of 4.4 +0.4,5.0 £ 0.5 and 7.0 £ 0.7 for
devices D450, D530 and D630, respectively. We observe the emergence of a super-linear
dependence of photocurrent on the excitation power at high powers in each of the MoS>
devices, with and without the QD-sensitizing layers, attributed to multi-centre
recombination due to the presence of surface defects. This super-linear behavior at higher
powers causes the photoresponsivity to recover and approach values close to those measured
at lower excitation powers. Regarding the significance of the spectral position of the QDs,
analysis and comparison of the NRET efficiencies, average low power photocurrent
enhancements and the spectral overlap reveals a noteworthy agreement between each of the
trends. The similarity between the trends indicates the enhancements of the photocurrent in
the MoS: devices are due to the NRET from the QDs. We find the largest enhancements for
the hybrid 630 nm QD device, which is beneficial also in terms of a solar harvesting system
as the optical absorption of the 630 nm QDs has greater spectral coverage as compared to
the 450 nm and 530 nm QDs, revealing that the optimal sensitizing species studied here is

that of the 630 nm QDs.
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Chapter 9

Conclusions and Outlook

9.1 Summary

This thesis has investigated a variety of coupled nano-systems. These systems include
coupled QD-Ag nanohelices operating as optical antennas, hybrid Ag NP decorated GO
composites for use as SERS substrates, QD-QW hybrid structures as a route towards light
harvesting applications, and in particular the enhancement of these devices due to plasmon
mediated NRET, a fundamental study of the dependence of the film quality of the active
material for photocurrent enhancements in a coupled system of QDs and MoS;, and a
spectral dependence study of the NRET and photocurrent enhancements in QD-monolayer
MoS:; devices with a view towards photodetection and light harvesting applications. This
summary indicates that the focus of this work involves the underlying physical concepts in
these coupled nano-systems with a view towards the inclusion of these systems in a variety

of device applications.

A common mechanism found throughout the thesis was that of NRET. The basics and
fundamentals of NRET, and how this can be applied to systems containing QDs, particularly
plane layers of QDs, were presented in Chapter 2. This chapter also includes all the relevant
background for each of the physical concepts and material systems studied in this thesis and
a summary of the most relevant and state-of-the-art advances in the literature. Chapter 3
introduced all the relevant information regarding the synthesis, fabrication and measurement
techniques and gave detailed information about the custom built set-ups used to measure the

samples throughout this thesis.
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Chapter 4 focussed on the use of chiral Ag nanohelices as optical antennas. Circular
dichroism spectroscopy revealed the chiral nature of the Ag nanohelices showing a strong
negative circular dichroism in the visible spectrum. Time-resolved photoluminescence
measurements revealed a strong interaction in the coupled system of QDs and the Ag
nanohelices with an interaction efficiency of (82 + 2)%. Analysis of the QD lifetimes on the
blue (high energy) and red (low energy) side of the photoluminescence spectrum indicates
the presence of plasmon enhanced intra-energy transfer between the densely packed QDs on
the Ag nanohelices, with a lifetime increase of (90 £ 1)% on the red side of the spectrum.
Angle-resolved photoluminescence measurements revealed the enhanced directionality of
the QD far field emission pattern when the QDs were coupled to the Ag nanohelices as
compared to the QDs on a planar reference substrate. Similarly, polarisation-resolved
photoluminescence measurements found that the QD emission when coupled to the Ag
nanohelices displayed ~17% circular polarisation in accordance with the handedness of the
Ag nanohelices, further confirming the antenna behaviour in the coupled system as these
properties are consistent with traditional helical antennas.’?® The near-field coupling,
permitting the strong interaction between the QDs and the Ag nanohelices allows for the

coupled system to behave as optical antennas.

The influence of Ag NP decorated graphene oxide (GO) composites on the fluorescence
and SERS of three organic dyes; R6G, RhB, and SR101, was the investigated in Chapter 5.
The impact on the dye emission due to the addition of Ag NPs on the GO monolayer flakes,
forming the AgGO composite, was studied using photoluminescence and time-resolved
photoluminescence measurements. Significant reductions in the dye lifetimes on the GO
flakes were observed, however, further reduction of the dye lifetimes on the AgGO
composite revealed the stronger interaction between the dyes and the composite. The
interplay between fluorescence and SERS was further investigated with a view towards the

suitability of the composite as a SERS substrate. Photoluminescence measurements
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confirmed the quenching of dye fluorescence on the GO flakes, however, a slight increase
in the dye fluorescence intensity was observed following the addition of the Ag NPs to the
GO flakes (AgGO composite). SERS measurements of each of the dyes on the AgGO
substrate demonstrated a reduced fluorescence background due to the fluorescence
quenching by the GO flakes in the composite. The impact of the AgGO composite on the
Raman spectra for each of the dyes was quantified by the signal-to-noise ratio (SNR).
Substantial increases in the SNR were found for each of the dyes on the AgGO composite as
compared to the Ag NPs. The high detection sensitivity of the AgGO substrate is revealed
through ‘hot-spot’ measurements with detection limits of 10° M, 108 M and 10® M for
R6G, RhB and SR101, respectively. Analysis of the SNR data reveals that R6G benefits most
from the composite substrate with similar improvements observed for RhB and SR101,
despite the lower adsorption of SR101 dye on the AgGO composite. This agrees with the
time-resolved photoluminescence data where the largest reductions in the fluorescence
lifetimes on the AgGO composite are observed for both R6G and SR101. It was ultimately
found that the fluorescence quenching by the GO is a more significant contribution in the
SERS for R6G and RhB on the AgGO composite while the Ag NPs in the composite benefit

SR101 more due to the direct enhancement of the Raman scattering signals.

In Chapter 6, the first demonstration of plasmon mediated NRET from QDs to a QW is
demonstrated. Similarly, this Chapter demonstrates that the direct NRET from the QD to the
QWs is well described by the d~* distance dependence of conventional Forster-type NRET
theory. This, in itself, is an important insight as it extends the conventional NRET formalism
from its origins in molecular systems towards systems in the optoelectronics industry. It also
verifies the generalised theory of Forster-type NRET, in that it is the dimensionality of the
acceptor that governs the distance dependence of the NRET.8 The plasmon mediated NRET
also follows a d~* distance dependence, with an enhanced characteristic distance (R,). This

indicates that the strongly coupled QD-plasmon acts as an enhanced donor dipole, as
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compared with the QD donor alone. Lithographically defined arrays of Ag NPs in the form
of nanoboxes and nanodiscs were also introduced to investigate the plasmon mediated
NRET between the QDs and the QW. A 21% increase in the NRET efficiency from the QD
to the QW is found using the nanobox array, as compared to the direct QD-QW NRET
efficiency. The nanobox array also gave rise to an enhancement of the QW emission above
that of the QW alone. Varying the structural geometry of the plasmonic NPs allows for the
interaction strength to be tuned. Quenching efficiencies of ~64% were measured on the
nanodiscs array which can be reduced to ~25% on the nanobox array. The vast differences
across both arrays indicate the possibility to tune the QW emission intensity through the

careful consideration of the NP and array geometry.

The dependence of MoS: film quality for QD-sensitized MoS> devices was studied in
Chapter 7. Raman mapping techniques were implemented to identify the MoS; layer
thickness and the interaction between the QDs and the MoS; devices was investigated using
photoluminescence mapping. Five MoS; devices were chosen for the study and consisted of
varying layer thickness and quality. Time-resolved photoluminescence measurements were
used to quantify the strength of the interaction between the QDs and the MoS; devices. The
time-resolved photoluminescence measurements revealed NRET efficiencies of over 90%
between the QDs and each of the MoS> devices. The largest NRET efficiency was found for
the pristine MoS, monolayer device, with lower efficiencies for devices consisting of mixed
monolayer/bilayer thickness, polycrystalline bilayers, and bulk-like thicknesses. Despite the
high NRET efficiency, spectral photoluminescence measurements show no enhancement of
the MoS: photoluminescence intensity due to the inclusion of the QD-sensitizing layer. The
lack of photoluminescence enhancement in the MoS; is attributed to nonradiative
recombination of excitons at defect sites. Photocurrent measurements revealed
enhancements as large as ~14 fold for the pristine monolayer device due to the NRET from

the QDs, with modest enhancements of ~2.5 fold for the devices consisting of mixed
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monolayer/bilayer thickness. There was no enhancement of the photocurrent in the
polycrystalline bilayer and bulk-like thickness devices. The lack of photocurrent
enhancement in these polycrystalline devices is due to the increased number of defect sites
and grain boundaries at nucleation sites which increases the scattering of charge carriers and
reduces the carrier mobility. Most notably, this chapter shows that the QD sensitizing layer
leads to increased absorption of incident light in a 2D photodetection system and can
enhance the current output from the MoS: devices using NRET, with the most significant
advantages obtained from the pristine monolayer devices. In terms of applications, the
coupled QD-MoS; system combines large-area synthesis of the MoS: films and a straight
forward spin coating process, both of which are cost effective and industrially scalable
methods, suggesting a potential route for hybrid 2D optoelectronic devices in light
harvesting and photodetection technologies.

In Chapter 8, the first spectral dependence study of NRET and photocurrent enhancements
in coupled QD-monolayer MoS: devices is presented. Three spectrally separated QDs with
peak emission wavelengths of 450 nm, 530 nm, and 630 nm, were chosen as donors for this
spectral dependence study. The 450 nm and 630 nm QDs behave as ‘on-resonance’ donors,
as they overlap with the C and B excitons in the MoS; absorption spectrum, while the 530
nm QDs provided an ‘off-resonance’ reference. Time-resolved photoluminescence
measurements reveal NRET efficiencies exceeding 90% at each QD emission wavelength,
with values of (94 £ 5)%, (92 £ 5)% and (96 % 5)% for the 450 nm, 530 nm and 630 nm
QDs, respectively. The photocurrent measurements reveal large enhancements of the
photocurrent on each of the devices, with average photocurrent enhancements of 4.4 + 0.8,
4.0+ 1.5, and 6.8 £ 1.5 for the devices sensitized with 450 nm (D450), 530 nm (D530), and
630 nm (D630) QDs, respectively. The greatest acceptor enhancements of the MoS>
photocurrent were observed at the highest excitation power (~140 pW), with values of 4.4

+0.4,5.0£0.5and 7.0 £ 0.7 for devices D450, D530 and D630, respectively. The emergence
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of a super-linear dependence of photocurrent on the excitation power at high powers in each
of the MoS; devices is observed, with and without the QD-sensitizing layers. This super-
linear behavior is attributed to multi-centre recombination due to the presence of surface
defects. Similarly, the super-linear behavior which emerges at higher powers causes the
photoresponsivity to recover and approach values close to those measured at lower
excitation powers. The significance of the spectral position of the QDs is revealed following
the analysis and comparison of the NRET efficiencies, spectral overlap, and the average
photocurrent enhancements, which demonstrates a noteworthy agreement between each of
the trends. Even better agreement between the trends is observed when considering the low
excitation power photocurrent enhancements. This is due to the fact that the time-resolved
photoluminescence measurements used to calculate the NRET efficiency are performed at
low excitation powers and the photoluminescence spectra of the QDs used to calculate the
spectral overlap were measured at low excitation powers. The similarity between the trends
indicates that the enhancements of the photocurrent in the MoS; devices are due to the NRET
from the QDs. The largest NRET efficiency and photocurrent enhancement is found for the
MoS: device sensitized with the 630 nm QDs which is beneficial in terms of a solar
harvesting application given that the optical absorption of the 630 nm QDs has greater
spectral coverage as compared to the 450 nm and 530 nm QDs, revealing that the optimal
sensitizing species studied here is that of the 630 nm QDs.

In conclusion, this thesis has demonstrated the importance and the relevance of
understanding coupling between hybrid nanostructured systems for future compact devices
with higher performance and lower power consumption in the areas of light harvesting, light
emission, and sensing. Further comments on the possible future developments are provided

in the following section.
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9.2 Outlook

The work presented in this thesis gives insight towards the vast range of possibilities and
applications that emerge from the coupling of nano-systems. The coupled QD-Ag
nanohelices system only scratched the surface in terms of the manipulation of the coupled
antenna system. Precise tailoring of the Ag nanohelix antenna parameters could allow for
greater directionality in the emission profile and complete circular polarisation of the QD
emission. Similarly, the ability to grow semiconductor nanohelices with a direct optical
bandgap would eradicate the need to couple emitters to the structure and could give rise to
a range of exotic, intrinsic properties in the antennas themselves, as the structural asymmetry
would have a direct influence over the optical properties of the antenna.

The SERS study using the Ag NP decorated GO composite offers insight for future SERS
studies and provides a guide for the choice of substrate for specific fluorescent dyes. The
composite substrate studied in this thesis allows for Raman detection of high concentrations
of fluorescent dyes (~102 -10°> M) whereby under standard Raman or SERS protocol these
dyes would fluoresce too strongly and the background fluorescence would mask the
characteristic Raman peaks. This opens up a variety of potential applications for the
detection of high concentrations of fluorescent dyes as DNA labels?®! in biological studies
and as target analyte molecules in non-biological studies. However, some of the current
challenges with these substrates and SERS in general is the surface variation of the substrate,
meaning that not all dye molecules will experience the same enhancement due to the
variation in ‘hot-spot’ locations, and also, not all ‘hot-spots’ will give the same
enhancement. Similarly, another challenge with SERS is the quantification of the
enhancement factor. At present, there is no standardised method for calculating the
enhancement factor, and as a result, these enhancement factors vary quite significantly
throughout the literature which makes it difficult to compare experimental results.

Nonetheless, there are ongoing efforts to formulate a standardised method to calculate the
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enhancement factor?®? and given the ceaseless activity in this perpetually growing field it is
simply a matter of time before a standardised method is introduced.

Revealing that the plasmon mediated NRET in the coupled QD-QW system follows a
d—* distance dependence is fundamentally interesting, although the enhancement of the
characteristic interaction distance, R, is quite small, ~1.1 times that of the situation without
the Ag NPs. Therefore, it would be shrewd to further pursue this work by optimizing the
strength of the interaction. Other coating techniques could be employed to improve the
uniformity of colloidal QD and Ag NP deposition on the QW surface including Langmuir—
Blodgett techniques.8%2% These, and other wet-coating processes, can be combined with
chemical functionalization of the surface to produce ordered arrays.?®’ Another method
would be to fabricate the structure in a more ideal geometry, such as separating the QDs and
Ag NPs into separate layers and placing the Ag NPs layer between the QD layer and the
QW. This proves difficult however, given that both the QDs and Ag NPs are soluble in
similar solvents and as such both layers would blend during separate spin coating processes.
Moving to water soluble plasmonic NPs it is possible to utilise a water based polymer such
as PVA as a host for the plasmonic NPs and to separate the QD/PMMA layer from QW,
however, the successive deposition of water based polymers and solvent based polymers
give rise to porous defects at the polymer interfaces?®® and could lead to considerable
uncertainties regarding the separation distances. Regarding the lithographically defined
arrays of Ag NPs, there is plenty of room from tuning. The two arrays presented in this thesis
have already shown that vast differences in the interaction can be observed. This trade-off
between the quenching of emission to the plasmonic NPs and NRET in the system
demonstrates the tuning of the acceptor enhancement. The implementation of other
geometries including triangles, rings, or split-rings?® could lead to stronger interactions and
larger enhancements in the coupled system. Alternatively, it would be interesting to reverse

the system and investigate the NRET in a coupled system consisting of QW and 2D materials
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such as MoS,. Utilising the QWs with different barrier thicknesses would allow for a
distance dependence study between both 2D materials and it would be of significant interest
to validate the generalized Forster-type NRET theory® in this particular materials system.
The work with the coupled QD-sensitized MoS> devices revealed the importance of the
MoS: film quality and also that the photocurrent enhancements in monolayer MoS; devices
are driven by the NRET in agreement with the spectral overlap. In terms of a light harvesting
application it would be interesting to incorporate sensitizing layers of mixed QDs to further
increase the absorption of incident light and allow for a cascaded NRET process®®* into the
MoSo,. Similarly, this same cascaded system could be used to increase the absorption of solar
energy by swapping out the MoS; for MoSe, which extends the absorption spectrum into

the IR.2%®
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