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Summary

In this thesis silver plasmonic arrays, fabricated using both helium-ion lithogra-
phy (HIL) and electron beam lithography (EBL), on an InGaN/GaN quantum well
(QW) are used to enable localised surface plasmon (LSP) enhanced Forster reso-
nance energy transfer (FRET) to a ~ 80 nm layer of CdSe/ZnS quantum dots (QDs)
embedded in a poly(methyl methacrylate) (PMMA) matrix. The thickness of the
QD acceptor layer and the dimensions of the silver plasmonic nanoparticles (NPs)
are large compared with previous reports of plasmon-coupled nonradiative energy
transfer (ET). Whilst FRET has been observed between a QW and QDs before,
the work presented in this thesis provides the first ever experimental demonstration
of LSP enhanced FRET from a QW donor to a thick layer of QD acceptors. In
particular, the carrier density dependence of the plasmon-coupled nonradiative en-
ergy transfer mechanism is investigated, which is a first step towards FRET based
implementation in electrically pumped LEDs. By conducting the carrier density de-
pendence the LSP enhanced mechanism within the system is found to be determined
by the same physics as conventional FRET. The plasmon-coupled FRET efficiency
is determined by the interplay between the QW donor spontaneous emission rate,
the rate of nonradiative ET to the plasmonic array and the rate of plasmon-coupled
nonradiative ET to the acceptors. TRPL and spectral measurements are used to
demonstrate and quantify the LSP-FRET from the QWs to the QDs. Both the QW
emission quenching rate and the plasmon-coupled nonradiative ET rate are found
to increase with increasing QW carrier density. The quenching and energy transfer
efficiencies are carrier density independent. Despite strong direct quenching by the
metal nanoparticles, the LSP-FRET results in a plasmon-enhanced energy transfer
efficiency of 25 % and a 16 % increase of the QD emission.

As the absorption and scattering spectra of plasmonic structures are tuneable by
varying their shape and size, incorporating different plasmonic arrays into the hybrid
system can impact the level of LSP enhanced absorption and emission processes for
both the QW and the QDs. It can also modify the LSP-FRET within the system.
Therefore, the impact of changing the plasmonic array geometry on the different
mechanism is investigated. LSP-FRET is found to occur from the QW to the QDs
for each of the plasmonic array geometries considered. The QD-NP array interaction
is found to be understood by a combination of enhanced absorption and scattering
processes due to the presence of the NP arrays. LSP-FRET efficiencies from 25 %
to 51 % are observed from the QW to the QDs via the different NP array geometries
and QD emission enhancements of up to 71 % are also seen.

Furthermore, the work presented in the earlier sections of this thesis explores LSP-
FRET from a QW donor with a thin (~ 3 nm) GaN barrier layer. Thin QW barriers
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can increase nonradiative losses within the QW donor and can be detrimental for
carrier spreading. Attempting the remedy these issues, three different QW donors,
with barrier thicknesses ranging from 3 nm to 7 nm, are used to enable LSP-FRET to
a ~ 80 nm layer of acceptor QDs using silver nanobox arrays fabricated by EBL. The
plasmonic arrays enable LSP-FRET from each of the three QW donors to the QD
acceptors. Once again, the QD-NP array interaction is found to be understood by
a combination of enhanced absorption and scattering processes due to the presence
of the NP arrays. For a given array, the FRET rate is observed to decrease as
the QW barrier thickness is increased. This observation indicates that at smaller
QW-array distances, the LSP-FRET process is faster and that the rate of FRET
decreases as the QW-array distance increases, as expected. This result is consistent
with observations of LSP-FRET in other material geometries. The change in the
QD emission due solely to LSP-FRET is understood by a combination of the energy
transfer efficiency and the donor field enhancement factor due to the plasmonic
arrays. LSP-FRET efficiencies of up to 28 % are found from the QWs to the QDs,
along with QD emission enhancements of up to 120 %.

The work presented in this thesis signifies a substantial improvement to the body
of work already published in this field and the novelty of the 3-component (QW-
Array-QD) layered geometry system allows for considerable enhancement of the
FRET efficiency. The work presented in this thesis demonstrates a substantial
increase of the range over which QWs can nonradiatively pump QDs. This provides
promising results regarding the implementation of FRET for color conversion in
white light LEDs.
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1 Motivation

Global warming is undisputedly one of the most pressing problems facing humankind
today. Much of this is caused by human activity, in particular the burning of fossil
fuels and deforestation [1,2]|. This has resulted in an increase of the average global
surface temperature by about 0.75 degrees Celsius over the past century [3]. The
underlying root cause of this problem is humankinds increased demand for cheap
energy. This evergrowing global thirst forces us to create novel, renewable and
efficient ways in which we both generate and consume the energy we require. In
order to keep pace with this growing demand, immediate action is required before
the increase in global temperatures threaten Earth’s wildlife further. Solar energy or
photovoltaics generates electricity by converting sunlight, the earth’s most abundant
source. Much progress has been made in solar cell technology with the worldwide
energy production from solar cells in 2009 being >10 GW, a tenfold increase from
2000 [4]. However, better device performance with lower cost is still required. Along
with the improvements made within the area of light harvesting devices, there has
been considerable effort made towards the improvement of light emitting devices.
The development and optimization of highly-efficient semiconductor light emitting
diodes (LEDs) for applications in solid-state lighting (SSL) and displays is an area
that has received a great deal of attention in recent years. In such devices, white light
generation is typically achieved by using phosphor coatings on top of a blue or UV
emitting quantum well (QW) LED [5]. Some of the drawbacks of phosphors include
emission in the far-red and near IR parts of the spectrum, poor colour rendering
and scattering |6]. For this reason inorganic nanocrystal quantum dots (QDs) can
provide an alternative to phosphors. This is due to the fact that QDs have narrow,
tunable emission spectra and so can be selected to reduce losses due to emission
in unwanted spectral regions. Within such LED devices radiative pumping is the
most commonly used energy transfer mechanism. Radiative pumping is not very
efficient, this is due to the fact that it involves many steps. These include emission
of the photon, extraction of the photon from the LED and reabsorption of the
photon. Due to limited photon extraction and light scattering issues, losses occur
throughout this process. Many different strategies to efficiently extract photons
from LEDs have been a topic of considerable research. These include modification

of the surface roughness of the LED to increase the extraction efficiency [7,8]. More



1. Motivation

recent researchers have considered nonradiative energy transfer mechanisms, such
as Forster resonance energy transfer (FRET) which may have the potential to be
more efficient [9,10]. Nonradiative energy transfer does not require the emission and
extraction of the photons but rather the energy is transferred directly to the QDs,
this provides for the possibility of FRET being used as an alternative to radiative
pumping in such devices. FRET was successfully demonstrated from an InGaN/GaN
QW to a monolayer of QDs over a decade ago [9]. At that time it was shown that
the FRET process was fast enough to compete with both radiative and non radiative
relaxation processes within the QW itself. However, as FRET is a near-field dipole-
dipole interaction the efficiency is extremely sensitive to QW-QD separation, and
consequently only a monolayer of QDs could benefit from nonradiative pumping
by the QW in this way. Since then many studies have focussed on exploration
of alternative geometries; such as dry etched nanopillars [11-13], with a view to
bringing a higher number of acceptor QDs close enough to benefit from nonradiative
energy transfer from the QW. Other researchers have explored graded QDs [14] or
optimized donor-acceptor ratios [15]. Whilst these studies improved on the what
had come before, each also brought its own fabrication complexities, such as the
need for complex etching processes. The successful pumping of larger volumes of
QDs from a QW wvia nonradiative energy transfer still proved to be elusive, and is a
principal objective.

A significant drawback for FRET-based devices is its strong dependence on the
separation between the donor and acceptor, showing an r~% dependence for a single
donor-acceptor pair with a characteristic distance of typically less than ten nanome-
ters. Therefore, in order to implement FRET for color conversion in LEDs would
require small separations between the donor QWs and a large number of QD ac-
ceptors, or a method to increase the energy transfer distance. In recent times
there have been numerous reports on the use of plasmonic structures, based on
both metal nanoparticles and films, to enhance the emission of QWs [16-21] and
QDs [22-27]. The enhanced emission can arise due to increased absorption under
optical pumping, increased radiative recombination rates and/or scattering by the
plasmonic nanostructures themselves [27]. Along with coupling to a single emitter,
plasmonic NPs can also be used to couple light between two emitters. In the 1980s
it was theoretically proposed that localised surface plasmons (LSPs) could modify
FRET between two molecules [28,29]. Work completed in the Bradley group by
Komarala et al. was the first experimental observation of plasmon enhanced FRET
between mixed monolayers of QDs [30]. LSP-FRET has been demonstrated in a
variety of material systems and geometries over the last decade, with reported en-
hancements of the nonradiative energy transfer distance, rate and efficiency [30-37].

Incorporating plasmonic structures into an LED device consisting of a QW donor
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and QD acceptors could allow for the possibility to achieve higher energy transfer
efficiencies over larger distances, in which one could nonradiatively pump a larger
volume of QDs. This could potentially be exploited to improve the efficiency of
nonradiatively pumped down-conversion for white LEDs. The strength of the QW-
plasmon coupling is reflected in the modified spontaneous emission rate of the donor.
Plasmon-coupled nonradiative energy transfer is sensitive not only to the spectral
overlap of the donor and acceptor with each other, but also with the spectrum of the
plasmon mode [25,34]|. The plasmon-coupled nonradiative energy transfer efficiency
is determined by the interplay between the QW spontaneous emission rate, the rate
of nonradiative energy transfer to the plasmonic structure and the rate of plasmon-
coupled nonradiative energy transfer to the acceptors. The plasmon-coupled energy
transfer must compete with the nonradiative energy transfer from the QW to the
plasmonic structure.

It has been almost two decades since Govorov et al. proposed that the geometry
for the LSP mediated FRET which has the strongest enhancement of the FRET
rate, is to position the metal NP with the donor and acceptor at opposite poles [38].
Extensive studies on LSP mediated FRET within layered QD systems was completed
in recent times in this group [35,39,40]. These studies demonstrated the capability of
LSP-FRET within layered systems. Whilst FRET between a single donor-acceptor
pair shows a r°® distance dependence, within different material geometries this
can be modified. Essentially the distance dependence is dictated by the acceptor’s
dimensionality [41], and this is driven by the level of quantum confinement within the
acceptor. So as the level of confinement within the acceptor goes from 3D (QD) to 2D
(quantum wire) to 1D (QW) to 0D (bulk), the FRET distance dependence goes from
d=5to d=® to d~* to d—3, respectively. In this way, the distance dependence of a layer
of acceptors (i.e. a 2-D like monolayer of QDs) is the same as a 1D confined structure,
like a QW, resulting in a distance dependence of d~4. With this in mind, planar
geometries such as a QW donor with a layer of QD acceptors possess an advantage
to enable FRET over distance. Moreover, the optical properties of plasmonic NPs
can be tuned by varying their material, size and shape [42]. This allows them to
interact more strongly with emitters by tuning the level of spectral overlap between
the two species. Within an arrayed design these optical properties can be controlled
even further by tuning the level of interaction between individual NPs within the
array, by varying the gap between consecutive units. Therefore, combining a QW
donor with an array of plasmonic elements and a layer acceptor QDs generates a
3-component hybrid system that contains all the neccessary elements required to
observe efficient LSP-FRET between a QW and a thick layer of QD acceptors. This
is the 3-component system that will be discussed in this thesis.

In brief, in this thesis Ag plasmonic arrays, fabricated using both helium-ion
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lithography (HIL) and electron beam lithography (EBL), on an InGaN/GaN QW are
used to enable LSP enhanced FRET to a ~80 nm layer of CdSe/ZnS QDs embedded
in a poly(methyl methacrylate) (PMMA) matrix. The thickness of the QD acceptor
layer and the dimensions of the Ag plasmonic NPs are large compared with previous
reports of plasmon-coupled nonradiative energy transfer [34,43|. Whilst FRET has
been observed between a QW and QDs before [9], the work presented in this thesis
provides the first ever experimental demonstration of LSP enhanced FRET from a
QW to a thick layer of QDs. The work presented in this thesis signifies a substantial
improvement to the body of work already published in this field and the novelty of
the 3-component layered geometry system allows for considerable enhancement of
the FRET efficiency. This work also clearly demonstrates a substantial increase of
the range over which QWs can nonradiatively pump QDs. The work presented in
this thesis shows promising results regarding the implementation of FRET for color
conversion in white light LEDs.

Chapter 2 will introduce FRET theory and discuss how it is characterised within
the material system under study. The basics of FRET within different material
systems and geometries will also be outlined. LSPs and their effect on the emission
properties of the emitters will be concisely introduced. The main theoretical and
experimental reports of FRET and LSP-FRET with different NPs will be discussed.
Finally, the theoretical and experimental reports of FRET between QWs and QDs
will be presented.

An introduction to the different materials used throughout this thesis and sample
preparation methods can be found in chapter 3. Details on the properties of the
materials and methods of characterisation will be outlined. The methods for fab-
rication of the plasmonic NPs will also be given and their characterisation will be
discussed.

In chapter 4 the first ever experimental demonstration of LSP mediated FRET
from a QW donor to QD acceptors will be presented. An array of Ag nanoboxes
have been chosen to investigate this plasmon-coupled process. These nanoboxes are
fabricated directly onto both the QW and bulk GaN substrates. More specifically,
the carrier density dependence of the plasmon-coupled nonradiative energy transfer
mechanism is examined. By conducting such as study we determine if the same
physics as for conventional FRET underpins the LSP enhanced interaction.

In chapter 5 the effect that the plasmonic array has on both the LSP-FRET and
the enhanced emission processes within the QW-QD system is presented. To do
this, a range of different Ag plasmonic arrays, consisting of NPs with varying shape
and size are fabricated onto both a QW and bulk GaN substrate. The interaction
between both the donor QW and the acceptor QDs with the plasmonic arrays alone
are characterised separately. To quantify the strength of the enhanced absorption
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and emission processes arising from coupling to the enhanced local field around the
NPs, measurements for the QDs are taken on the bulk GaN substrate. Subsequently,
the impact that the arrays have on the LSP-FRET from the QW to the QDs is
determined. These measurements are taken on the QW substrate. Signatures of
LSP-FRET are seen in the QW and QD photoluminescence (PL) spectra and in the
PL decays. The total change in the acceptor QDs emission is shown to be explained
solely by the LSP-FRET from the QW to the QDs via the NP arrays.

In chapter 6 the impact of changing the QW barrier thickness on the LSP-FRET
process from the QW donor to the QD acceptors will be presented. Thin QW bar-
riers can increase nonradiative losses within the QW donor and can be detrimental
for carrier spreading across the device area [10,44]. This is a product of the fabri-
cation process and is driven by the quality and purity of the barrier itself. Having
a thicker QW barrier can help to alleviate both of these problems. As a result,
demonstrating FRET from a QW with a thicker barrier (~ 7 nm) to QDs could be
considerably advantageous. To do this, Ag nanobox arrays were fabricated directly
onto QW samples with barrier thickness varying from 3 nm to 7 nm in steps of 2
nm. The impact that the barrier thickness has on the LSP-FRET rate and efficiency
is discussed. Once again, the total change in the acceptor QDs emission is shown to
be explained solely by the LSP-FRET from the QW to the QDs wia the NP arrays.

The major conclusions of this work will then be presented in chapter 7 and some
discussion of the future work to be completed in this exciting area of research will

be presented.
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2 Background

2.1 Forster Resonance Energy Transfer Theory

Forster Resonance Energy Transfer (FRET), is a nonradiative energy transfer pro-
cess that is mediated by a near field dipole-dipole interaction. It is named after the
German physical chemist Theodor Forster [45,46]. An schematic of FRET between
a single donor and acceptor pair is shown in Fig. 2.1. When the donor is excited by
a light source which is at a higher energy than the bandgap energy of the donor, it
is excited to a higher energy state [47]. It vibrationally relaxes to the lowest excited
state over a picosecond timescale [48-50|. In the absence of an acceptor, the donor
will relax to its ground state by emitting a photon via radiative recombination, with
a rate k, via nonradiative recombination with a rate k,,, where k, + k,,— 77'. 7
is the intrinsic decay lifetime of the donor by itself without any acceptor present.
If there are available acceptor states with resonant energy levels with the excited
donor state and that are at proximal distance to the donor, typically less than 10
nm, then nonradiative energy transfer can occur from the donor to the acceptor.
The acceptor vibrationally relaxes very fast which prevents back transfer to the
donor and then eventually the acceptor returns to the ground state wvia radiative or
nonradiative recombination. The rate of the dipole-dipole resonance energy transfer,
krreT, between a donor and acceptor that are separated by a fixed distance, d, was

shown to be [51]

1 o BeX®
k =—.(=22 )
FRET ™ (d) (21)

where Ry is a characteristic distance known as the Forster distance. The FRET

efficiency is then

kFRET

EFRET - (2.2)

krrer + Tp"

1

6
1+<Rio)

and it can be seen that the Forster distance, Ry, is the donor-acceptor distance at

~
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kFRET
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Figure 2.1: Schematic of FRET process between a donor-acceptor pair

Excitation

which the intrinsic rate equals the energy transfer rate or where the energy transfer
efficiency is 50 %. Clearly, the Eprgr is very sensitive to the donor-acceptor distance,
d. and therefore, FRET has been used as a spectroscopic ruler, particularly in the
area of biology [52,53].

Eq:2.1 and eq:2.2 are only applicable for a single donor-acceptor pair. If the donor

is interacting with several acceptors, the energy transfer rate kpgpr is the sum of

(%9)6 (2.3)

krreT (2.4)

each of the energy transfer rates, k;, giving
krreT =Z ki = e Z
1 ™D i

and the energy transfer efficiency

Esppr=————=
-1
krrer + Tp

1+ [ (2)]

)

Ry can therefore be used to compare FRET ranges for various donor-acceptor
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pairs. It is determined by the spectral properties of the donor-acceptor pair and
described by [54]

k2opd (A) :
—} (2.5)

Ro = 0.0211 [ -
n

which yields Rg in units of nm where n is the refractive index, &2 is the diploe
orientation factor between the donor and the acceptor, ¢p is the emission quantum
yield of the donor in the absence of the acceptor and J(A) is the spectral overlap
of the area-normalized donor emission spectrum, fp, and the acceptor extinction

spectrum, €4..(A). The spectral overlap

e / " Ip(N) - £ace(A) - AN (2.6)
with
_ Fp(}\)
fo(A) = W (2.7)

where fp(A) is the donor emission per unit wavelength integrated over the donor
emission spectrum, in units of nm™. The extinction spectrum of acceptors € 4. is in
units of M'em™, whilst J is in units of nm*M'em™!.

The orientation factor x is given by

K:(j.a—s(d.f)-(ff) (2.8)

where (i, a are the vectors along donor and acceptor dipoles, respectively. 7 is
the vector along the donor-acceptor direction. The detailed discussion of x?can be
found in ref [46]. All systems studied in this thesis are isotropic, resulting in an

orientation factor x? = 2/3.

2.2 FRET Characterization

For the structures studied in this thesis the donor is a quantum well. For a donor-
only system the QW has a PL decay lifetime, 7 , determined by its radiative

recombination rate, k,, and its nonradiative rate, ky, [46]

P (2.9)
P eyt Koy :
The quantum yield of the donor, ¢p , is determined by
= o= i (2.10)
oD D e For '
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If there are available acceptors in proximity to the donor, the donor PL decay

lifetime becomes

1
a kr + knr I kFRET

The quantum yield of the donor in the presence of the acceptor, yp, , is then

TDA (2.11)

given by
k ke (2.12)
Opa=ThA* kp = )
U Il kr + knr + krrET
Therefore, the FRET efficiency, Erggr, can be characterized as [54]
Errer = e (2.13)
kr + knr + krreT
- YDA
YD
Zoqln oA
D
J
L s
Ip

where I and Ipa are the integrated emission intensities of the donor in the absence
and presence of the acceptor, respectively. 7p and 7p4 are experimentally measured
decay lifetimes of the donor in the absence and presence of the acceptor, respectively.
Whilst the reduction of both the donor emission intensity and donor PL decay
lifetime are the primary signatures of the FRET process, an emitting acceptor will
also have an emission enhancement as well as an increase in the rise-time of the
time-dependent acceptor emission, signifying an increase in the effective pumping of

the acceptor.

2.3 Distinguishing FRET From Other Energy

Transfer Mechanisms

The FRET efficiency can be characterized as discussed above, however, it is not
always straight-forward to establish whether the donor emission quenching or the
energy transfer mechanism is explicitly FRET or is due to another mechanism, such
as Dexter transfer [55] or charge transfer.

When we have an excited donor close to an acceptor, energy transfer can occur via

radiative and /or nonradiative channels. Nonradiative energy transfer is a single-step

10
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process, whereby

D4 A=y D@ (2.14)

where D*, A*denotes the excited state of the donor and acceptor respectively,
while D , A denotes the ground state of the donor and acceptor respectively.

By contrast, radiative energy transfer is a two-step process [56], whereby an emit-
ted photon from the donor is reabsorbed by the acceptor. In this case a real photon
mediates the energy transfer. This process has a relatively long range, exhibiting

an r~2 dependence [36] as

D* > D+ hy, (2.15)

A+hv— A

Dexter transfer is a nonradiative process which occurs as a result of an electron
exchange mechanism, which requires overlapping wavefunctions of the energy donor
and energy acceptor [53]. The Dexter transfer rate, kppr, decays exponentially with

distance, d, with a range of ~ 1 nm [57] as

kDET =K JDT 2 6[_2d/L] (216)

where K is a constant related to specific orbital interactions. Jpr is the spectral
overlap integral, which is similar to spectral overlap J in FRET but does not depend
on the acceptor extinction coefficient, and L is the sum of the donor and acceptor
Van der Waals radii. Similar to Dexter transfer, the charge transfer rate kcpr also

decays exponentially with distance d as

kepr = Ko - el (2.17)

(3 characterizes the energy transfer and Ky is a pre-exponential factor. In this
case the energy transfer range can be ~ 2 nm, with full details found in ref [58].

The Dexter mechanism is an electron exchange mechanism that requires both
spectral overlap and wavefunction overlap, whereas charge transfer requires and
electron (hole) donor and acceptor. This requires wavefunction overlap but not
spectral overlap [58].

In the hybrid QW-QD system studied in this thesis, the minimum centre-to-centre
distance between the donor and acceptor is much larger than 2 nm and therefore Dex-
ter transfer and charge transfer can be excluded. As mentioned earlier, the FRET
process is mediated by a nonradiative dipole-dipole interaction with length scales

of ~ 10 nm [39], with a d~° distance dependence for a single donor-single acceptor

11
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pair. Due to the ideal dipole approximation, which assumes that the dipole-dipole
separation is much larger than the dipole itself, FRET breaks down for d < 1 nm.
However, as both emission and lifetime quenching are characteristic processes in
both FRET and charge transfer, in some systems it can be difficult to establish if
the energy transfer mechanism is FRET or charge transfer purely from quenching
experimentally. However, by tracking the energy transfer efficiency by monitoring
the spectral or distance dependence, one can provide further evidence to determine
the mechanism. This is because FRET depends on the spectral overlap while charge
transfer does not, and they both have different distance dependences. Once again,
as mentioned earlier, in this work we are dealing with distances > 2 nm and no evi-
dence of charge has been observed, therefore we can isolate the mechanism involved
uniquely as FRET.

2.4 FRET Distance Dependence

As mentioned earlier, FRET is a highly distance sensitive process. The distance
dependendence between a single donor and a single acceptor, as discussed earlier,
follows a conventional d~% dependence. However, it can be altered for different
donor-acceptor geometries. Essentially the distance dependence is dictated by the
acceptor’s dimensionality, as detailed in ref [41], and this is driven by the level of
quantum confinement within the acceptor. So, for example, for 2D and 1D confined
quantum wire (Q-wire) and quantum well (QW) acceptors, the distance dependences
vary with d=° and d~*, respectively [41]. So as the level of confinement within the
acceptor goes from 3D (QD) to 2D (Q-wire) to 1D (QW) to 0D (bulk), the FRET
distance dependence goes from d=% to d=° to d=* to d=3, respectively. Furthermore,
different assemblies of the acceptors can also alter the distance dependence, as in
the case where a 2D-like assembly of the semiconductor QDs (i.e. a monolayer of
QDs) act as a 1D confined structure, like a QW, which consequently results in a
distance dependence of d~*. So in all of these cases, the dimensionality of the donor
does not play a role in deciding what the distance dependence will be. Instead,
only the acceptor indicates what the distance dependence of FRET will be within
the system. A schematic showing the distance dependence within different donor-

acceptor geometries is shown in Fig. 2.2.
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Figure 2.2: Schematic of distance dependence regimes in different donor-acceptor geometries

2.5 FRET in Quantum Dots Systems

QDs can be assembled in 2D or 3D geometries through bottom-up methods, such
as Layer-by-Layer assembly [60,61] and Langmuir-Blodgett [62], or through top-
down methods, such as lithography [63] or molecular beam epitaxy [64]. All of these
methods allow for the investigation of QD-QD interactions in close proximity. As
FRET is a short range process, it cannot occur in dilute solutions because the QDs
are too far apart from one another. However, in densely packed layers, the QDs are
sufficiently close to satisfy the requirement for donor-acceptor proximity.

The first report of FRET observed between QDs was by Kagan et al. [60,65]. They
reported energy transfer in CdSe core-only QDs of different sizes, showing evidence
of energy transfer from smaller to larger QDs. However, it was Crooker et al. [66] who
firstly revealed that FRET could be optmized by arranging QDs of different sizes
to create an energy gradient. Crooker et al. studied the energy transfer mechanism
by time-resolved photoluminescence and spectrally-resolved photoluminescence. It

should also be noted that energy transfer has been reported in monodispersed QDs
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due to the size distribution within an ensemble |67], therefore a large size disparity is
not a requirement to observe FRET. Furthermore, producing an energy gradient by
the sequential stacking of green, yellow, orange and red emitting QDs was as shown
to facilitate efficient directional FRET. These structures [68] yielded approximately
a 28-fold emission enhancement, which was much higher than expected from con-
ventional FRET, and was attributed to the presence of exciton recycling within the
system. Exciton recycling allows for excitons captured by defect states in smaller
QDs to be transferred to bright states in the larger QDs. Theoretical studies have
probed the validity of FRET in QD systems [69, 70] and have demonstrated that
the interaction between QDs can be well described by FRET. The QD behaves as a
potential formed by a positive charge and a negative charge separated by ~0.7nm
that are localised at the centre of the QD [70], confirming the approximation of a QD
as a point dipole. FRET has also been observed in several other material systems,
including in QD-QD [66,71,72], QD-dye [73,74], QD-graphene [75], QD-QW [9] and
QD-protein |76] systems.

2.6 Localised Surface Plasmon Resonance

Surface plasmons (SPs) are collective oscillations of electrons at the interface be-
tween a metal and a dielectric [42]. SPs can display a resonance behaviour and pro-
duce enhanced near-field amplitudes at the resonance wavelength. This enhanced
field can be highly localised, and the large electric field enhancements produced are
the reason why mettalic NPs in particular are so extensively used in research today.
Localised surface plasmon resonances (LSPR) are non-propagating excitations of
the conduction electrons of a mettalic NP coupled to an electromagnetic field, as
seen in Fig 2.3. Considering the simplest case of a gold nanosphere, for example,
incident light induces a coherent oscillation of electrons between opposite surfaces
of the nanosphere. Under a plane wave excitation the light can be absorbed or scat-
tered by the nanosphere. Scattering by the nanosphere will usually occur at higher
wavelengths than the LSPR peak wavelength due to absorption dominating at the
LSPR peak wavelength and also at lower wavelengths (or higher energies). The
combination of absorption and scattering, is the extinction of the NP. More specifi-
cally, the extinction cross-section, Cept = Caps + Ciscart, Where Cyps is the absorption
cross-section and Cl.. is the scattering cross-section. Oscillation of the free elec-
trons of the nanosphere due to the incident electromagnetic wave also causes a large
electromagnetic field enhancement to be generated around the nanosphere. Due to
this field enhancement, MNPs such as this have effective extinction cross-sections
that can be up to ten times larger than their physical size. They therefore interact

strongly with light, leading such plasmonic elements to be viewed as nano-antennae.
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Electric field

Figure 2.3: Schematic of LSPs reprinted from Willets et al. [77].

Plasmonic NPs like these can also be coupled with emitters. The coupling be-
tween an emitter, viewed as a dipole, and a MNP, such as the gold nanosphere
considered earlier, can modify the emitter properties. The enhanced field around
the nanosphere can modify the radiative and nonradiative decay rates of the emit-
ter. The change in the radiative rate is due to an increase in the pumping of the
emitter in the presence of an enhanced electric field. This change can also be viewed
as modifying the quantum yield of the emitter dipole. Changes in the nonradiative
decay rate are due to nonradiative energy transfer to the nanosphere, which can also
result in a decrease in the emitter PL (quenching) or an increase in the emitter PL
(enhancement or increased scattering) [27]. Various plasmonic NPs have been used
throughout the literature as non-fluorescent acceptors due to their LSPR in the vis-
ible range. They can allow for increases or decreases in the donors emission [78-81].
Several examples, such as Au NPs discussed above, have been used due their high
molar extinction coefficients, making them very effective quenchers [82]. As the ab-
sorption and scattering properties of MNPs can be tuned by simply changing the size
and shape of the NP, nanostructures can be designed to be resonantly incorporated

with different emitters for the purposes of increasing or decreasing emission.

2.7 Localised Surface Plasmon Mediated Energy

Transfer

As mentioned earlier, the distance dependence of Forster resonance energy transfer
(FRET) is well-defined by a dipole-dipole interaction [83,84]. However, due to
this, it can only conventionally occur over short length scales, typically ~10 nm.
Along with coupling to a single emitter, plasmonic NPs can also be used to couple
light between two emitters. It was theoretically proposed in the 1980s that LSPs
could modify FRET between two molecules [28,29]. that were regarded as two point
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dipoles. Let us consider the simplest case of a donor-acceptor pair of emitters
and a gold nanosphere, once again. In this case the nanosphere can modify the
radiative and nonradiative decay rates, and the PL of both the donor dipole and
the acceptor dipole, independently. The donor can also transfer energy radiatively
or nonradiatively to the acceptor in the absence of the nanosphere. However, the
enhanced electric field around the nanosphere can also facilitate an enhancement of
nonradiative energy transfer between the donor and the acceptor. In this way the
donor-nanosphere can be viewed as an enhanced donor dipole which couples to the
acceptor dipole. The enhancement of the FRET process strongly depends on the
distance from the metal NP, the shape of the metal NP, and orientation of the dipoles
with respect to the metal NP. Although LSP enhanced FRET still decreases with
distance, LSPs could extend the FRET range substantially compared to traditional
FRET in the absence of the metal NPs, increasing it from the sub 10 nm range up
to ~ 70 nm. A wide range of experimental investigations with various geometries
and emitters have demonstrated enhancement of nonradiative energy transfer wvia
MNPs. These include experiments which demonstrate that enhancement of the
energy transfer rate, efficiency, and range can be achieved in different geometries
with a variety of fluorophores and metal NPs [25, 26, 30, 34, 43, 85-89).

Govorov et al. proposed that the optimum geometry for the LSP mediated FRET,
which has the strongest enhancement of the FRET rate, is to position the metal NP
with the donor and acceptor at opposite poles [38]. More recent work by Marocico
et al. has shown the dependence of LSP FRET on a number of factors, such as the
size of the NP, the emission wavelength and the quantum yield [40]. Lakowicz et al.
showed that the presence of silver island films near donor-acceptor pairs increased
the Forster radius from 3.5 nm to 16.6 nm [90]. Zhang et al. reported a 60% increase
in the Forster radius between oligonucleotide donor-acceptor pairs bound to a single
MNP [91]. Also, work completed in this group by Komarala et al. was the first
experimental observation of plasmon enhanced FRET between mixed monolayers of
QDs [30].

Studying FRET from a conjugated polymer to fluorescent multilayer core-shell
NPs, Lessard-Viger et al. observed a 50 % increase in the Forster distance coupled
with an 173 times increase in the FRET rate [92]. Plasmonic resonators have also
been used in single MNP LSP enhancement reports [33]. The other LSP enhanced
FRET reports include donor ZnO NPs and acceptor CdSe/ZnS core-shell QDs with
silver prisms in a spin coated layer [37]; other layered geometries such as mixed
CdSe QDs layer with silver NPs layer [86]; mixed CdSe/ZnS and CdSe/ZnTe QDs
with a Au NP layer [93] and also metallic NPs in planar structures |30, 34, 43, 85].
Wang et al. showed that FRET could be switched on and off by varying the spectral

position of the LSP resonance relative to the donor emission and acceptor absorp-
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tion [94] through studying a core-shell geometry, whereby the donor and acceptor
fluorophores were embedded in a shell coating a Au-Ag core-shell nanocrystal.
Further reports in planar stacked structures consisting of dyes and/or QDs, which
act as donors and acceptors, placed on a metal NP layer demonstrate that selective
coupling to the donor or acceptor is possible by changing the order of QD and NP
layers [43]. Depending on how the LSP coupled FRET rate competes with the LSP
modified decay rates of the donors and acceptors it has been shown that the result
can be PL quenching or enhancement [95-100]. Extensive studies on LSP mediated
FRET was completed in recent times in this group [35,39]. Investigating separated
planes of donor and acceptor QDs with a layer of Au NPs sandwiched between,
it became clear that the signatures of LSP coupled FRET depend strongly on the
position of the intermediate Au NP layer and on the concentration of the Au NDPs.
The largest rates and efficiencies were observed for higher Au NP concentrations,
smallest donor-Au NP and acceptor-Au NP separations. However, the donor-Au NP
separation was found to be more sensitive for impacting the LSP FRET within this
system. As discussed in detail earlier, the distance dependence of the LSP coupled
FRET efficiency has the same d~* form as conventional FRET within an acceptor
layer geometry. The independence of the Forster radius on the acceptor-Au NP
separation indicates that the donor-plasmon coupling is dominant, and since it can
fit with FRET theory, this suggests that the strongly coupled donor-plasmon system

can be considered as an enhanced donor dipole.

2.8 Energy Transfer Between Quantum Wells and

Quantum Dots

Quantum wells display many unique properties compared to their 3D bulk crystals.
For example, the exciton binding energy is 4 times larger than that for the 3D-
case [42]. QWs also demonstrate heigthened sensitivity of their absorption spectra
to an applied electric field, which can allow for their integration with existing CMOS
technology [101,102]. More specifically, InGaN/GaN QWs have been promising
to explore in terms of opto-electronic devices, such as LEDs [103-105] and light
harvesting devices [106,107].

Combining QWs and QDs has, to date, played a significant role in many devices
for both white light generation [108-110] and colour conversion [6, 10,111, 112].
Radiative pumping of QDs by QWs, wherby the emission of a photon from the QW
is re-absorbed by the QDs which subsequently re-emit a photon, is a multi-step
process that is inherently lossy. The reasons for this include issue in extraction of

the photon from the LED and reabsorption of the photon by the QD acceptors.
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Many different strategies to efficiently extract photons from LEDs have been a topic
of considerable research. These include modification of the surface roughness of the
LED to increase the extraction efficiency [7,8]. However, as nonradiative energy
transfer does not require the emission and extraction of the photons but rather the
energy is transferred directly to the QDs, this provides for the possibility of FRET
being used as an alternative to radiative pumping in such devices. There have
been many approaches to attempt to circumvent radiative pumping by utilising
nonradiative energy transfer from a QW to a layer of QDs. It was theoretically
predicted by Basko et al. [113] that pumping from a QW to organic molecules via
non radiative energy transfer or FRET was possible. However, it was Achermann et
al. who experimentally confirmed that the efficient pumping through non radiative
energy transfer from an InGaN/GaN QW to a monolayer of QDs could be achieved,
and showed that this process is fast enough to compete with both radiative and non
radiative relaxation processes within the QW itself [9,10]. However, as FRET is a
near-field dipole-dipole interaction and the efficiency is extremely sensitive to QW-
QD separation, only a monolayer of QDs could benefit from nonradiative pumping
by the QW in this way. Also, as this QW-QD distance is crucially important,
the capping layer of the QW should remain as thin as possible. This provides
its own complications because thin QW barriers can increase nonradiative losses
within the QW donor and can be detrimental for carrier spreading across the device
area [10,44). Having a thicker QW barrier can help to alleviate both of these
problems [10]. However, FRET has not been observed from a QW with a thicker
barrier to date. Instead, many other studies have focussed on optimisation of the
geometries, such as dry etched nanopillars [11,12] to bring a higher number of
acceptor QDs close enough to benefit from nonradiative energy transfer from the
QW, graded QDs [14] or optimized donor-acceptor ratios [15]. Whilst there were
some performance improvements made due to the etching process in such devices,
they also provide their own drawbacks, such as fabrication complexity or the need
to carefully position emitters.

As mentioned earlier, plasmonic coupling can enhance the efficiency of non radia-
tive energy transfer, and also metal structures displaying plasmonic properties have
been used to enhance the emission of QWs and/or LED devices [16-21]. Plasmon-
ics have also been utilised to enhance photovoltaic devices [114]. Therefore, if one
could achieve pumping of a thick layer of QDs via nonradiative ET from a QW by
using plasmonic structures, this could be highly promising for device applications.
This highlights why incorporating plasmonic elements into a hybrid QW-QD system
could be so beneficial. This provides the motivation for the work completed in this

thesis, which will be presented in detail in chapters 4, 5 and 6.
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The quantum well (QW) structures used in this thesis were fabricated using metal
organic vapour phase epitaxy (MOVPE) by collaborators in Tyndall National In-
stitute. There are several different QWs used throughout this thesis, the details
for each case are specified for the studies presented in chapters 4, 5 and 6. In all
cases considered in this thesis, CdSe/ZnS core-shell quantum dots (QDs) with a
diameter of 6.3nm and a peak emission wavelength of 649 nm are dispersed within
a poly(methyl methacrylate) (PMMA) matrix and deposited on to the bulk GaN
and QW substrates via a spin coating technique. Plasmonic arrays are fabricated
directly on to the bulk GaN and QW substrates using both helium-ion and electron
beam lithography. Once again, the details for each study are specified in chapters
4, 5 and 6. A general introduction to the materials used throughout this thesis is
presented in this chapter, along with the methods used to characterise them. Also,
the signatures of Forster resonance energy transfer within the structures considered

in this thesis will be discussed.

3.1 Quantum Dots

Semiconductor quantum dots (QDs) are semiconductor material with spatial con-
finement in three dimensions. This confinement is made possible because an elec-
tron’s de Broglie wavelength, A., is more than one order of magnitude larger than
the lattice constant of many crystals, allowing for spatial confinement of electrons
while keeping the crystal lattice structure relatively unperturbed. To illustrate this
we consider the de Broglie wavelength; assuming the effective mass seen in real
crystals and using room temperature as a measure of the electrons kinetic energy
(kT = 26.7meV ) [42], described by

=y AN (3.1)

© /2mkgT
Due to the quantum confinement, the electronic structure of the QDs is described
by discrete energy levels [42], and can be understood by applying the quantum
mechanical “particle in a box” problem to bound electron and hole states, i.e. ex-

citons. Exctions are formed when an absorbed photon excites an electron from the
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valence band (VB) of a semiconductor into the conduction band (CB), leaving be-
hind a positive hole in the VB. There is then a Coulomb attraction between the
electron and hole, leading to the formation of an exciton which has slightly less
energy than the unbound electron and hole. This exciton can then be described as
an exotic hydrogenic atom using quantum mechanics. Similar to the electron and
proton in a hydrogen atom, excitons have an average physical separation between
the electron and hole, referred to as the exciton Bohr radius, denoted aj, which is
material dependent. The expression for the exciton Bohr radius is aj; = ™*ay where

.
Gl = i?%e'%z In bulk semiconductor crystals the dimensions are much l;rger than
ay and the energy levels can be considered as continuous. However, if the size of
the semiconductor becomes comparable to aj then the energy levels of the exciton
must be treated as discrete. This situation of discrete energy levels is known as
quantum confinement. The energy gap of the quantum dots can be estimated using

the following [42]

h2 2 1 1 2
E9P = EBuk 4 i < s —) _1.786< — 0.248F%, (3.2)

2r2 ;n—P my, €
where 7 is the radius of the QD, m., m; are the electron and hole effective masses,
€ is is the dielectric constant of the semiconductor, and E}, is the Rydberg energy
for the electron hole pair. The first term, EgB"'”c , is the bandgap energy of the bulk
solid. The second term is the “particle in a box" term and the third term arises from
the electron-hole coulomb attraction. Therefore from this expression we see that as
the radius of the QD decreases the band gap increases which enables the emission

spectrum to be tuned with size. The band structure for a single QD is shown in

Hig 3L
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" Relaxation Emission
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Figure 3.1: Band structure of single QD (2-level system)
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The possibilty to tune the emission by simply changing the size of the QD makes
them very useful, but in addition to this, the QDs have a broad absorption range
which enables free selection of excitation wavelength as multiple QDs can be excited
with the same excitation source. This gives QDs a distinct advantage over molec-
ular dyes which would require multiple excitation sources for different dyes due to
their narrow absorption bands. Furthermore the photostability, resistance to pho-
tobleaching, and quantum yields of colloidal QDs have improved in recent years due
to refinement of the chemical synthesis [115-119], giving them a futher advantage
in many areas over traditional molecular dyes. These properties make QDs of great
interest in research as well as in applications such as bio-sensing [120,121],photode-
tectors [122] and, as has already been mentioned above, in LEDs and photovoltaic
devices [16-21,114].

3.1.1 Optical Properties of Quantum Dots

Absorption of a photon by a QD occurs if the photon energy is higher than the band
gap energy. Due to quantum confinement, decreasing the size of a QD results in
a blue shift of the absorption onset (F o 2177 from the particle in a box problem)
[123]. The excess energy can then be re-emitted as light through photoluminescence
(PL). Rapid excitation and de-excitation resulting in photoluminescence is known as
fluorescence. The emission rates (denoted k) are of the order of 10* Hz which means
that fluorescence lifetimes are typically around 10 ns (1/k) for QDs [42]. The lifetime
( 7 ) of a species is defined as the average time between excitation and return to the
ground state. It is interesting to note that the lifetimes of other low dimensional
systems such as quantum wells can be much shorther, of the order of pico-seconds,
however in real samples the purity of the material and presence of defects have an
impact on the measurable lifetime. For example time dependent photoluminescence
(PL) decays of QDs should be monoexponential, reflecting only the intrinsic exciton
recombination rate. However, due to the fact that QDs which are in solution are
an ensemble of various sizes, and also due to defects, multi-exponential decays are
observed. Normalised absorption and emission (luminescence) spectra of different
sizes of quantum dots are shown in Fig. 3.2 (a) and 3.2 (b), respectively. One can
see the relatively sharp first absorption peak and the red shift of both this peak and
the emission wavelength peak with increasing size. One can also see that the spectra
are quite broad, all with FWHM (full-width-at-half-maximum) around 40-70 nm.
As mentioned above, very narrow emission lines would be expected for single QDs,
however, scattering at surfaces and at defects cause homogeneous broadening of the
peaks [42]. In addition, since these spectra are measured for a QD ensemble in

solution there will be inhomogeneous broadening due to the finite size distribution,
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Figure 3.2: (a) Absorption spectra of CdTe QDs in water with diameter increasing from left
to right. (b) Photoluminescence spectra of the same samples shown in (a) for an
excitation wavelength of 400nm. Figure taken from [124].

and variations in stoichiometry and charge, as well as other factors [42]. In the
spectra shown it is the inhomogeneous broadening that dominates.

When the absorption and emission peak wavelengths are examined more closely, it
can be seen that emission peaks always occurs at higher wavelengths to the absorp-
tion peak, i.e. they are always red shifted from the absorption peak. It is a general
property of fluorescence that the energy of emission is less than that of absorption
and the resulting red shift of the emission spectra is called the Stokes shift. The
Stokes shift is caused by exciton-phonon interactions as the exciton rapidly relaxes
to the lowest vibrational level of the electronic excited state. This relaxation pro-
cess is called internal conversion. The decay which results in emission is generally
to an excited vibrational level of the ground electronic state. This then relaxes,
also via exciton-phonon interactions, to the lowest level, further increasing the en-
ergy difference between the absorbed photon and emitted photon [54]. It is worth
noting that all of the QDs used throughout this thesis are chemically synthesized
colloidal nanocrystal QDs. The QDs used throughout this thesis were commercial
Sigma Lumidot 640 QDs. For the QDs used in all work throughout this thesis

the concentration was low enough such that there was no evidence of intra-energy

transfer.

3.2 Quantum Wells

Quantum Wells (QWs) are the two-dimensional analogue of QDs. Instead of charge
carriers being confined in all three spatial directions they are confined in only one,
and are therefore free to move in a two-dimensional sheet. QWs are made by
sandwiching a thin layer of narrow bandgap material between two layers of higher
bandgap material, this creates the band structure observed in Fig. 3.3. As the mid-

dle layer is decreased in thickness carriers will become more and more confined in
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one direction and eventually this will lead to quantised energy levels [42,125]. The
single InGaN/GaN QW structure used in this thesis was grown by metal-organic
vapour-phase epitaxy (MOVPE) [126] on a thick GaN layer on a c-plane sapphire
substrate. The active InGaN layer is 2 nm thick capped with a 3 nm GaN barrier.
The thin top barrier GaN layer was selected to allow for strong near-field coupling
between the QW and the subsequently-added plasmonic nanostructures. No evi-

dence of guided modes were observed in the QWs used throughout this thesis.
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Figure 3.3: Band Diagram for an InGaN/GaN QW showing the Conduction Band (CB) and
Valence Band (VB)

Quantum wells display many unique properties compared to their 3D bulk crys-
tals. For example, the exciton binding energy is 4 times larger than that observed
for the 3d-case [42]. QWs also demonstrate heigthened sensitivity of their absorption
spectra to an applied electric field, which can allow for their integration with ex-
isting CMOS technology [101,102]. More specifically, InGaN/GaN QWs have been
promising to explore in terms of opto-electronic devices, such as LEDs [103-105]
light harvesting devices [106,107] and lasers [42,127,128].

As mentioned earlier, the greatest signature of Forster resonance energy transfer
(FRET) is a reduction in the energy donor fluorescence decay lifetime. As the QW
is the energy donor in the work presented in this thesis, its decay lifetime must be

monitored to determine if FRET occurs.
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3.3 Characterisation of the Emitters

3.3.1 Absorption

For the QW-QD energy transfer study in this thesis, CdSe/ZnS core-shell QD sam-
ples were prepared using a spin coating technique. QDs, dissolved in toluene, were
dispersed within a (PMMA) matrix before being spun down onto the various sub-
strates. Quartz substrates were used for initial characterisation before utilising bulk
GaN for reference and the single QW samples for the energy transfer (ET) study.
Absorption spectra of the QD samples provides information about the concentration
of the QDs in solution and subsequently in a layer. The measurements were carried
out on a Cary 50 UV-Vis Spectrophotometer. The spectra of the QDs in PMMA
matrix in a solution of toluene were recorded between 300nm and 800nm with a
resolution of 1 nm. Absorption of a material is characterised by the Lambert-Beer

Law:

AN = ¢(N) - ¢+ (3.3)

where ¢()) is the extinction coefficient of the sample, [ is the length of the path of
light through the sample and c is the concentration of the material in the sample. As
mentioned in the previous chapter, extinction is the sum of absorption and scatter-
ing, however as the QDs have a diameter of 6.3 nm scattering is negligible therefore
their extinction is equivalent to their absorption. One can now see how information
on concentration can be determined from absorption measurements. Once [ and
€(A) are known for the material being investigated, then the concentration can be
determined by measuring the absorption. The extinction and emission spectra of

the CdSe/ZnS core-shell quantum dots used in this thesis are shown in Fig 3.4.
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Figure 3.4: The extinction (right axis) and emission (left axis) of CdSe/ZnS QDs in PMMA
solution
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The concentration of the QDs when in a layer can then be calculated by using
equation 3.3, where we take the measured absorption value at the A value of the
1-S peak. Therefore with A = 0.92, ¢ = 5.88 x 10° M~! cm~! and [ = 0.5 cm,
this gives ¢ = 3.1 x 107°M. As the QDs are embedded in the PMMA matrix, the
concentration of the QDs in solution is the same as the concentration in a layer. So
we can convert this concentration from a molar concentration into a total number
of QDs in a given 3D space within the PMMA matrix. To do this we need to use a
conversion factor which includes a conversion from mol/L to mol/m 2 (1 mol/L =
103mol/m~3) and also includes Avogadro’s number, N4, whereby the QD particle
concentration N = ¢- Ny -10% gives N = (1.9 £ 0.1 ) x 10 m3or (1.9 £ 0.1 ) x
10® um~3. This is the concentration of QDs in a layer used throughout this thesis.
This QD concentration is used throughout this thesis as it is low enough such that
there is no evidence on intra-energy transfer between the QD ensemble but yet high
enough such that through the range of excitation powers used the QD emission does

not saturate at the high power ranges used.

3.3.2 Photoluminescence and Quantum Yield

The photoluminescence (PL) spectra of the QD solutions were recorded with a
Perkin-Elmer LS 55 fluorescence spectrometer for quantum yield (QY) calculations.
A pulsed Xenon lamp was used as a light source and it provided variable excitation
wavelengths for the measurements. The spectra of the QDs were recorded using an
excitation wavelength of 400 nm, a wavelength where QDs absorb well. The spectra
were recorded over a range of 420-700 nm with a resolution of 0.5 nm. In order
to prevent saturation of the detector neutral density filters (with 1% transmission)
were used when acquiring the spectra of QDs in solution. To determine the QY of
the samples, a comparison is done with a standard Rhodamine 6G fluorescent dye,
seen in Fig. 3. 5 (b), which has a well known QY of 95%. The differences in num-
ber of photons absorbed between the two samples (due to differences in extinction
coefficient and concentration) is taken into account by the ratio of the sample ab-
sorption and the Rhodamine absorption at the excitation wavelength, Aupie(Aez)
and Apgpo(Aez), respectively. To determine the number of emitted photons the PL
spectra of the sample, Is4mpe(A), and the Rhodamine, Igpo(A), are integrated in the
range 400 nm to 700 nm. The emission spectra of the sample and the standard are
recorded at the same excitation wavelength to ensure that the excitation intensity
is the same in both cases. In addition, the QD samples and the rhodamine are dis-
solved in different solvents so the difference in refractive index must be accounted
for in the calculation. Overall the formula for the QY of the QDs in solution, Qgp,

is given by
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Figure 3.5: Absorption (right axis) and Photoluminescence (left axis) spectra of (a) QDs and (b)
Rhodamine 6G excited at 400nm
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The value of rhodamine absorption at 400 nm was 0.0233 and the integrated PL
of the rhodamine with an excitation wavelength of 400 nm was 1799 (with 1% filter).
The rhodamine was dissolved in methanol so ngy, = 1.329 and since the QDs were
dissolved in toluene 7ny,mpe — 1.5. Substituting all these values into equation (3.4)

and using the values from the QD solution spectrum one obtains

e 0.0233 28453 ( 15
@D~ 00178 179900 \ 1.329

Additional PL measurements are obtained from an Andor Shamrock sr-303i spec-

trometer with an Andor Newton 970EMCCD. This spectrometer is fiber coupled

2
) -0.95 = 0.2510r =~ 25.1%

to an output port of the fluorescence lifetime imaging microscope (FLIM) used to
measure time-resolved PL (TRPL) decays. Having the PL spectrometer coupled to
the FLIM system allows for the acquisition of TRPL and PL spectra from the same
area of the sample with the same excitation source. The samples are excited through
a x40 objective using a 90 picosecond laser pulses at 405 nm with a repetition rate

of 10 MHz, emission was collected back through the same objective.

3.3.3 Time Resolved Photoluminescence

Time resolved PL decays were measured on a PicoQuant Microtime 200 FLIM sys-
tem with 90 ps time-resolution. Samples were excited using picosecond laser pulses
at 405 nm, repetition rates were set to 10 MHz. Signals were recorded using a
single-photon avalanche diode using a x40 objective. Decays were measured over 20
x 20 um? areas with a usual integration time of 4 ms. The spot size is 0.43 pum and
the laser powers used throughout this thesis varied from approximately 250 nW to
9 uW. Broadband filters with a FWHM of approximately 70 + 5 nm were used to
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spectrally resolve the QW and QD emission when required.
The intensity decays were found to be well-fitted with a two-exponential decay

function:

I(t)=A;-e/M + Ay -7/ 4 Ay (3.5)

where A, and A, are the intensity amplitudes of the decays with the two different
lifetimes 7, and 75, and Ay is the background intensity. Average lifetimes were

calculated from an intensity weighted mean:

‘41'T12+A2'7'§

TAvg —
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Fig. 3.6 shows an example of the decay curve and the two-exponential fitting, the

(3.6)

average decay rate is then easily determined from this lifetime, k., = 1/744,.
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Figure 3.6: Time resolved photoluminescence decay of QDs in PMMA layer. The red line is a
two-exponential fit with 74,4 — 9.24 ns

3.3.4 Thickness of the Quantum Dot Layers

Once the QDs are embedded in the PMMA matrix, they are spun down on to our
GaN substrates. It is important to know how thick the acceptor QD layer is, so that
the total number of available acceptors that are within a given scanning area can be
calculated. To do this a Dektac profilometer is used. This is effectively an AFM tip
that rasters across the layer until it drops down into a channel that has been etched
out by a blade. The edge of the blade is hard enough to remove the soft PMMA
but not scratch into the GaN surface. This measurement generates a height profile
between the top of the QD layer and the substrate. This method has a resolution
of 5 nm in the thickness of the layer. For all of the investigations in chapters 4, 5
and 6 we have a QD layer thickness of ~ 80 nm on all of the plasmonic arrays. This

QD layer thickness was selected because it is approximately 40 nm higher than the
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height of the plasmonic arrays. As the field enhancement around the arrays drops
off over approximately 20 nm above the arrays, the QDs that are much further
away from this will not likely benefit from either enhanced absorption or enhanced
FRET. Therefore a QD layer thickness of somewhere above 60 nm was thought to
be necessary for observing both processes in this hybrid system. Therefore a layer

thickness of ~ 80 nm was selected.

3.4 Fabrication of Plasmonic Arrays

In recent times, there have been numerous reports on the use of plasmonic struc-
tures, based on both metal nanoparticles and films, to enhance the emission of
QWs [16-20] and QDs [22-24]. The enhanced emission can arise due to increased
absorption under optical pumping, increased radiative recombination rates and/or
scattering by the plasmonic nanostructures. Also, the enhanced local field gener-
ated by the plasmonic structures has been shown to facilitate plasmon-enhanced
nonradiative energy transfer. This has been demonstrated in a variety of material
systems and geometries, with reported enhancements of the nonradiative energy
transfer distance, rate and efficiency [30-37]. The possibility to achieve higher ET
efficiencies over larger distances, allows for nonradiative pumping of a larger volume
of QDs, and can potentially be exploited to improve the efficiency of nonradiatively
pumped down-conversion for white LEDs.

The degree to which plasmonic structures can enhance nonradiative ET between
or modify the emission of various emitters depends strongly on the optical prop-
erties of the plasmonic structures themselves. Ag was chosen as the plasmonic
material throughout this thesis rather than Au because the bulk absorption of Ag
is blue-shifted compared to Au, therefore using Ag allows for better spectral over-
lap between the QW donor emission and the plasmonic structure absorption. The
optical properties are sensitive to not only the material, size and shape of the struc-
tures, but within an array geometry also depend on the separation between the
individual particles themselves. It is for this precise reason that careful control of
the size, shape, aspect ratio and separation of metal plasmonic structures within an
array geometry is vitally important. Therefore, a fabrication method that is highly
diverse in the range of nanoparticles it can make with consistent reproducability
is required. For this reason two methods in particular, electron beam lithography
(EBL) and helium-ion lithography (HIL) will be discussed.
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3.4.1 Electron Beam Lithography

EBL is a fabrication process whereby a controlled, focused beam of electrons is
used to draw specific patterns in an electron-sensitive layer called a resist, for the
purpose of fabricating nanoscale features. A schematic of the process can be seen in

Fig. 3.7. The first step in the fabrication process is to deposit the resist layer onto

Electron beam
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Step 1: Clean Wafer Step 2: Resist Deposition Step 3: Beam Exposure
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Figure 3.7: Schematic of EBL process

the substrate via a spin coating technique. The resist layer used to fabricate all of the
nanostructures in this thesis is PMMA. A conducting polymer layer called e-spacer
is also spun down onto the sample to reduce any charging effects during exposure.
Through the process of field electron emission, a beam of electrons is generated from
a heated W/ZrO source. This beam is then controlled via magnetic lenses, so that it
can be focused onto the resist layer. The electron beam modifies the resist (PMMA)
by causing the long-chained PMMA to break up into smaller-chained regions. These
smaller-chained areas, exposed by the electron beam, are then soluable in methyl-
isobutylketone (MIBK) which allows for selective removal of these regions within the
resist. This is the development process, seen as step 4 in Fig. 3.7. Following this
development process, metal can be added through the use of an evaporation process,
whereby the desired metal is deposited everywhere on the sample. Finally, a lift-off
process can take place in which metal in the regions that were not exposed by the
electron beam can be removed by immersing the sample in acetone. This dissolves
the remainder of the resist layer, leaving only metal in the areas that were exposed

by the electron beam. The resolution of individual plasmonic units in EBL for
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positive-tone resists like PMMA is ~ 10 nm [129]. However, due to both proximity
and charging effects [130,131], especially on non-conducting substrates such as those
used in this work, EBL can have drawbacks when attempting to fabricate features
on the order of 10’s of nm. This is especially true when such features are of complex
shape and are tightly packed within an array. The proximity effect is predominantly
a result of back-scattered electrons, which are reflected from the substrate back into
the resist layer above, causing exposure of the resist in areas that are away from
the original region of the incidence beam [130,131]. The backscattered electrons
originate from collisions with atoms in the substrate and traverse through the resist
at wide angles compared to electrons in the primary beam. For this reason helium-
ion lithography can present clear advantages over EBL. This is due to the fact that
helium ions have a higher resolution in direct-write lithography (~ 1 — 2 nm) and
do not suffer from proximity effects like electrons do. Helium-ion lithography is

discussed in the next section. It is the preferred and primary fabrication tool used.

3.4.2 Helium-ion Lithography

As mention earlier, helium ion lithography is a nanofabrication process, similar to
EBL, except that a focused beam of helium ions are used instead of electrons to

exposed the resist layer.

Figure 3.8: Image of Zeiss Orion Plus Helium ion Microscope

The fabrication steps are the same as for EBL, except in this case the source
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consists of a sharpened needle that is at high positive voltage and low temperature
in the presence of helium gas [132,133]. A trimer of atoms is generated at the tip
of the source and through a process called field ionization allows for the creation
of a very bright ion beam at the tip of the needle. Fig. 3.8 shows an image of
the Zeiss Orion Plus helium ion microscope used to fabricate the plasmonic arrays
considered in this thesis. At the tip of the source the electric field can become intense
enough, over just a few atoms, that gas atoms impinging on the surface of the tip
are stripped of an electron and are emitted as ions. As helium ions have a higher
resolution in direct-write lithography, and produce less back-scattered electrons, the
proximity effect does not impact on the ability to fabricate tightly packed arrays of
well-defined nanoscale features. This explains why HIL presents clear advantages
over EBL for fabricating the type of arrayed plasmonic structures considered in this
thesis, and was the primary fabrication tool used. An example of a typical helium
ion lithography receipe, used to fabricate a plasmonic array is shown in Appendix
A.

3.5 Characterisation of Plasmonic Arrays

Once we have fabricated the plasmonic arrays we must characterise them, in order to
confirm that they have all of the necessary properties we require. These properties
include the size and shape of the nanoparticles within an array, as well as the optical
propties of the array itself. One of the most straightforward ways to characterise
the structures is simply to image them. To do this Scanning Electron Microscopy
(SEM) was used. This is a nanoscale imaging technique in which the same electron
source that is used for EBL, rasters across a magnified area of the sample and the
backscattered electrons are used to generate an image of the surface. SEM images
of two different plasmonic arrays fabricated on a quartz substrate are shown in Fig.
3.9 (a) and (b). Fig. 3.9 (a) shows a gold nanoprism array, where the length of
the base of each triangle is 150 nm and they are each separated by a 200 nm gap.
Fig. 3.9 (b) shows a silver nanobox array, where each box is 125 nm x 95 nm in size
and they are each separated by a 95 nm gap. In both cases a 5 nm adhesion layer
of Ti was deposited first, then the Au and Ag were deposited on top. The SEM
images show that there is a large degree of uniformity across the array and the yield
(or number of correctly-shaped units within the array compared to total number of

units) is very high.
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Figure 3.9: SEM image of (a) a gold nanoprism array and (b) a silver nanobox array. Exper-
imental and theoretical extinction spectra of (¢) a gold nanoprism array and (d) a
silver nanobox array on a quartz substrate. Simulation data of the extinction spectra
was provided by Dr. Vasilios Karanikolas.

As mention earlier, the optical properties of plasmonic structures are sensitive to
the material, size, aspect ratio and shape of the individual units. The motivation
behind fabricating plasmonic arrays on quartz substrates is to confirm that that
fabricated arrays have the optical properties required and that those properties
are the ones that were designed. The optical properties are also modified when
the effective refractive index of the environment changes. We require plasmonic
arrays which have an absorption peak overlapping with the donor QW emission
[35,134]. However, as the bulk GaN reference samples and single QW samples are
opaque and have a roughened sapphire substrate, it is not possible to measure the
extinction spectra of the arrays when fabricated directly onto the QW samples.
Therefore we must fabricate plasmonic arrays on an optically transparent substrate,
such as quartz, and measure the extinction of the arrays on it, by using a magnified
transmission set-up to validate the fabrication. A schematic of the set-up used to
measure the extinction of the arrays on quartz substrates is shown in Fig. 3.10. The
transmission set-up allows us to measure the total light that is lost when passing

through the arrays on quartz and therefore the extinction can be determined.
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Figure 3.10: Schematic of magnified transmission set-up

Once this optical system was built, extinction spectra were measured for a number
of different plasmonic arrays and these spectra were compared to a Finite Difference
Time Domain (FDTD) model. FDTD is a numerical analysis technique used for
modelling computational electrodynamics by finding approximate solutions to the
associated differential equations. Since it is in the time domain, it can cover a
wide frequency range with a single simulation run. The extinction spectra were
simulated using the FDTD Solutions from Lumerical. The dielectric permittivity
of the substrate and experimental data for the dielectric permittivity of the metal
used, were chosen from [135]. A plane wave excitation was used, to simulate the
laser excitation used in the experiment, and periodic boundary conditions were
used to simulate the fabricated array. The absorption is calculated by integrating
the absolute value of the field over the volume of the lossy nanostructure. For the
scattering measurements planar monitors record the field transmitted above and
below by once again integrating over the area of the nanostructure as a measure of
the total emission into the far-field.

Careful validation between the measured and modelled extinction spectra is of
vital importance, as it allows us to test how accurately the arrays were fabricated.
This then enables us to have confidence when simulating the extinction spectra of
the arrays when on a GaN substrate instead of a quartz substrate. Once we confirm
that the measured and modelled extinction spectra on quartz match well with one
another, we can proceed to tune the physical parameters of the plasmonic arrays in
an effort to tailor them to a specific QW donor. An example of the measured and
modelled extinction spectra of two different plasmonic arrays are shown in Fig. 3.9
(c) and (d). We can see that there is good agreement between the overall shape and
peak position for both specrtra. Both the experimental and simulated extinction

spectra are quite broad in Fig. 3.9 (c) as they are from a gold nanoprism array
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which can have broad SPR signals. In Fig. 3.9 (d) however the spectral feature is
somewhat narrower. There is also a slightly better fit between the modelled and
measured results. It is worth noting that the slight differences in the peak positions
between the experimental and theoretical SPR signals can be attributed to slight
variation in the aspect ratio of the nanoparticles themselves.

Once the absorption and scattering spectra have been simulated, this allows us
to more carefully select an array that has an absorption peak which is tuned to
our QW donor. It also allows us to examine how the scattering profile of the array
chosen may effect the acceptor QDs in the layer independently. An example of the
calculated absorption and scattering spectra of a silver plasmonic nanobox array
is shown in Fig. 3.11. The particular silver nanobox array was chosen to allow
for strong overlap between the peak in the array absorption with the donor QW

emission.
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Figure 3.11: Modelled absorption (dashed black line) and scattering (dotted black line) spectra
for silver nanobox array, along with the absorption spectrum of the acceptor QDs
(blue line) and the emission spectra of both the QW (green line) and the QDs (red
line), respectively. Absorption and scattering spectra simulations were carried out
by Dr. Vasilios Karanikolas.

For this silver nanobox array each box has a side length of 100 nm and a separa-
tion between consecutive units of 100 nm. It can be seen clearly in Fig. 3. 11 that
the nanobox array has a peak in its absorption spectrum that is overlapping with the
donor QW emission spectrum. You can also see from Fig. 3.11 that there is signifi-
cant spectral overlap between the absorption and scattering spectra of the nanobox
array with the acceptor QD emission spectrum. Therefore, we can expect there to be
significant interaction between the QD layer and the plasmonic array by themselves,
independent of the presence of the QW. Along with simulating the absorption and
scattering spectra of the plasmonic arrays, we can also use FDTD simulations to

generate a map of the local electric field around the plasmonic particles. This can
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be done by using either a plane wave or a dipole excitation. An example of the
electric field around a silver nanobox, the same one that was discussed in Fig. 3.11,

when excited by a plane wave is shown in Fig. 3.12.

(a) © (b))

80

i & 50 e
52 ‘5; = 12 2=
= ] C 3. = c3
= TR £ TS
£ SEW £ HEW
" % & T &
1 a3 1 =
[Ty [T
frag=t 50 regi
0.5 0.5
0 100 0
100 -50 0 50 100 100 -50 0 50 100
x(nm) x(nm)

Figure 3.12: Electric field intensity map in (a) x-z plane and (b) x-y plane for a plane wave
excitation at 516nm, for a silver nanobox with a base length of 100nm. Simulations
were carried out by Dr. Vasilios Karanikolas.

It can be seen clearly from Fig. 3.12 what the electric field strength is, and how
localised the field is to the edges of the nanobox. The electric field maps can be very
useful in comparing one structure to another, by examining both the relative field
strength and also the degree of field penetration into the surrounding media.

It is worth noting that in all of the work completed in chapters 4, 5 and 6, two
types of reference samples (QW-Array and QD-Array) are used. These allow us to
investigate how the plasmonic array interacts with both our energy donor (QW) and

our energy acceptors (QD), independently. A schematic of the QW-Array reference

sample is shown in Fig. 3.13.

Figure 3.13: Schematic of QW-Array reference sample. Schematic kindly generated by Dr. Cris-
tian Marocico.

The interaction between the plasmonic array and the QW only is investigated
using this sample. In this schematic, a nanobox array geometry is depicted. Next,

a schematic of the QD-Array reference sample is shown in Fig. 3.14.



3. Materials and Characterisation

Figure 3.14: Schematic of QD-Array reference sample. Schematic kindly generated by Dr. Cris-
tian Marocico.

Once again, the interaction between the plasmonic array and the layer of QDs
only is investigated using this sample. The contribution of the plasmonic element
on the QD emission and lifetime can be probed by using this sample. Finally, the full
3-component system can be used to investigate the LSP-FRET process. A schematic

of the full 3-component structure (QW-Array-QD) can be seen in Fig. 3.15.

Figure 3.15: Schematic of 3-component system. Schematic kindly generated by Dr. Cristian
Marocico.

3.6 Conclusion

In conclusion the materials used throughout this thesis and the methods by which
we characterise them have been introduced. The different samples that are nec-
essary for the work in this thesis have been identified and the structures for the
observation of FRET in the QW donor-Array-QD acceptor system were described.
The motivation for the choice of fabrication technique has been provided and the
specific characterisation methods for the plasmonic arrays that were fabricated have
been introduced. Interestingly, the QW-Array-QD system seems remarkably stable
as the same level of acceptor emission enhancements can be seen approximately two

years after initial measurements.
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3. Materials and Characterisation

In chapter 4 the first experimental demonstration of LSP mediated FRET from
a QW to a layer of QDs will be presented. Furthermore, a deeper understanding
of the carrier density dependence of LSP-FRET within our QW-QD system will be
provided, to both identify the nature of our donor carriers and to understand how

the plasmonic arrays influence the process.
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4 Carrier Density Dependent
Study of LSP mediated FRET

4.1 Introduction

As mention in chapter 1, the development of high-efficiency semiconductor light
emitting diodes (LEDs) for applications in solid-state lighting (SSL) has received
a great deal of attention in recent years. The white light generation is typically
achieved using phosphor coatings on top of a blue or UV emitting LED [5]. Phos-
phors have some considerable drawbacks including emission in the far-red part of the
spectrum, poor color rendering and scattering [6], this is why inorganic nanocrystal
quantum dots (QDs) can be used as an alternative to phosphors in such devices.
Radiative pumping is the most commonly used energy transfer mechanism within
these LED devices even though FRET has the potential to be more efficient [9,10].
This is due to losses that can occur in the multi-stepped radiative pumping process
such as limited photon extraction and light scattering. Strategies to efficiently ex-
tract photons from LEDs have been a topic of considerable research [7,8]. However,
as nonradiative energy transfer does not require the emission and extraction of the
photons but rather the energy is transferred directly to the QDs, this provides for
the possibility of FRET being used as an alternative to radiative pumping in such
devices. A significant drawback for FRET-based devices is its strong dependence on
the separation between the donor and acceptor, showing an r~® dependence with a
characteristic distance of typically less than ten nanometers. In recent times, there
have been numerous reports on the use of plasmonic structures, based on both metal
nanoparticles and films, to enhance the emission of QWs [16-20] and QDs [22-24].
Also, the enhanced local field generated by the plasmonic structures has also been
shown to facilitate plasmon-enhanced nonradiative energy transfer between emitters.
The possibility to achieve higher energy transfer efficiencies over larger distances al-
lows for nonradiative pumping of a larger volume of QDs, and can potentially be
exploited to improve the efficiency of nonradiatively pumped down-conversion for
white LEDs. In this chapter we report on the use of an array of Ag nanoboxes,
fabricated using helium-ion lithography (HIL), on an InGaN/GaN QW to enable

localised surface plasmon (LSP)-enhanced nonradiative energy transfer to a ~ 80

39



4. Carrier Density Dependent Study of LSP mediated FRET

nm layer of CdSe/ZnS QDs. The thickness of the QD acceptor layer and the di-
mensions of the Ag nanoboxes (100 nm x100 nm x 40 nm) are large compared with
previous reports of plasmon-coupled nonradiative energy transfer [34,43]. Secondly,
there has been no report on the carrier density dependence of the plasmon-coupled
nonradiative energy transfer, which is a first step towards implementation in electri-
cally pumped LEDs. In this chapter we specifically investigate if the carrier density
dependence of the plasmon-coupled nonradiative energy transfer is determined by
the same physics as conventional nonradiative energy transfer. FRET from QWs
to QDs is known to strongly depend on the QW excitations, excitons or unbound
electron-hole pairs [136]. There are some factors which may influence the plasmon-
coupled nonradiative energy transfer efficiency, such as, when a plasmonic element
is introduced, it can influence the carrier density dependence of the QW emission
rate and spectral profile. For example, it has been demonstrated that coupling to
plasmonic structures can suppress the efficiency droop in QW LEDs. The emission
spectrum from the coupled QW-plasmon system may also be modified relative to the
bare QW [137]. The strength of the QW-plasmon coupling is reflected in the mod-
ified spontaneous emission rate. Plasmon-coupled nonradiative energy transfer is
sensitive not only to the spectral overlap of the donor and acceptor with each other,
but also with the spectrum of the plasmon mode [25,34]. The plasmon-coupled
nonradiative energy transfer efficiency is determined by the interplay between the
QW spontaneous emission rate, the rate of nonradiative energy transfer to the plas-
monic structure and the rate of plasmon-coupled nonradiative energy transfer to the
acceptors. In this chapter the carrier density dependence of plasmon-coupled FRET
efficiency is investigated by probing the carrier density dependences of the individual
rates and it is found that in the system under study, the plasmon-enhanced nonra-
diative energy transfer efficiency is constant over the full carrier density range. We
also show enhancement of the emission of the CdSe/ZnS QDs acceptors embedded
in a ~ 80 nm thick poly(methyl methacrylate) (PMMA) layer on top of the QW
structure. The work presented in this chapter is published in Optics Express (see

list of publications).

4.2 Experimental Methods

A schematic of the complete structure is shown in Fig. 4.1 (a). A Ag nanobox array
has been fabricated on a single InGaN QW structure and, subsequently, covered in
a layer of CdSe/ZnS core-shell QDs embedded in a ~ 80 nm thick layer of PMMA.
The single QW structure used in this chapter was grown by metal-organic vapour
phase epitaxy (MOVPE) on a thick GaN layer on a c-plane sapphire substrate. The
QW is 2 nm thick InGaN capped with a 3 nm GaN barrier. It has a peak emission
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4. Carrier Density Dependent Study of LSP mediated FRET

wavelength of 516 nm, shown in Fig. 4.1. The thin top barrier GaN layer was
selected to allow for strong near-field coupling between the QW and the plasmonic
nanoparticles. A Ag nanobox array was fabricated on top of the GaN barrier using
Helium-Ion Lithography (HIL) and a standard lift-off procedure. A 100 nm thick
layer of PMMA was first spun onto our GaN top surface and patterned using a Zeiss
Orion Plus helium-ion microscope (HIM). After the development of the PMMA, a 5
nm thick layer of Ti followed by a 35 nm thick layer of Ag was deposited using a metal
evaporation process. The Ag nanobox array was finally created by a lift-off process.
The array consists of nanoboxes arranged in a two-dimensional square lattice with
overall dimensions of 52 pm x 52 pm. A HIM micrograph of the array of 100 nm
square boxes with 160 nm gap is shown in Fig. 4.2. The image shows that there is
a large degree of uniformity across the entire array and that the aspect ratio of each
individual unit is well maintained. The QDs are CdSe/ZnS core-shell nanocrystals
with a diameter of 6.3 nm and a peak emission wavelength of 649 nm, shown in
Fig. 4.1. The QDs are embedded in PMMA by first adding the QDs in toluene
to a 2.5 % wt. PMMA (also dissolved in toluene) solution. This mixture is then
sonicated to ensure the QDs are thoroughly dispersed. The solution is then spun
down onto the QW decorated by the NP array to create a layer of QDs in PMMA.
The layer has a QD concentration of (1.9 + 0.1) x 10*! m™. The QD layer thickness
has been measured with a Dektac6 profilometer. It is found that the thickness of
the PMMA layer is increased by (19 £ 5) nm on the array compared with a (60 +
5) nm thickness off the array. The QD concentration used represents approximately
5-6 QDs per unit cell for the nanobox arrays, for example. The deposition of the
QD layer completes the hybrid structure.

The emission and energy transfer processes were characterised using photolumi-
nescence (PL) spectroscopy and time-resolved photoluminescence (TRPL). For PL
measurements the samples were excited at normal incidence using a pulsed 405 nm
laser diode focused using a x40 objective lens. The PL spectra were measured using
a fiber-coupled Andor grating spectrometer. The PL decays were measured using a
PicoQuant Microtime 200 time-resolved confocal microscope with 90 ps time reso-
lution. The QW or QD emission bands were selected using broad-band filters with
a full-width-at-half-maximum of (70 + 5) nm centred at 500 nm and 650 nm, re-
spectively. The decay signals and spectra were recorded over an area of 20 pm x
20 pm. All measurements were made at room temperature. The dimensions and
periodicity of the Ag nanoboxes were selected to have overlap of the surface plasmon
resonance with the QW donor emission. The nanobox arrays were designed using
finite difference time domain commercial software FDTD Solutions from Lumerical
Inc. The simulations took account of the PMMA layer on top of the Ag nanoboxes
and the 5 nm Ti layer. The dielectric permittivity of the Ag and Ti materials are
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Figure 4.1: (a) A schematic of the complete structure. (b) The normalized emission spectra of
the QW and QDs (left-hand axis) along with the extinction spectrum of the QDs and
the extinction spectrum of the Ag nanobox array (right-hand axis).Schematic kindly
generated by Dr. Cristian Marocico. Extinction spectrum simulations carried out by
Dr. Vasilios Karanikolas.

included using experimentally measured data [135]. The GaN and PMMA layers
are modelled with a constant dielectric permittivity of eg,ny= 5.35 and epprpra =
2.2, respectively. The extinction spectrum of the Ag nanobox array is simulated
using plane-wave excitation. A map of the electric field intensity enhancement due
to a dipole source, emitting at 516 nm and placed in the QW below the centre of a
nanobox, is shown in Fig. 4.2. The field enhancement is calculated relative to the
same layered structure without the Ag nanoboxes. Fig. 4.2 (b) and (c) show the
x-y and x-z maps respectively. It can be seen that for this dipole position the field
intensity is enhanced over an extended volume in the vicinity of the Ag nanobox
array. It should be noted that the field intensity enhancement is highly dependent

on the position of the dipole source.
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Figure 4.2: (a) HIM image of a square array of Ag nanoboxes with 100 nm lateral dimension
and 160 nm gap fabricated by HIL on top of the GaN barrier. The field intensity
enhancement map in (b) the x-y plane and (c¢) the x-z plane for a dipole excitation
at 516 nm, positioned in the QW layer directly below the Ag nanobox at x=y=0.
The olive line indicates where the field intensity is enhanced by a factor of 10.Field
intensity simulations carried out by Dr. Vasilios Karanikolas.

4.3 Results and Discussion

The dependence of the QW emission properties are considered first. The calculation
of the injected carrier density, n, is given by Eqn. 4.1,
- 1 - exp( doane)] -(1=B)  (41)
n = - — €TP | —&[nGaN ° Aactiv : - T
(hy)’e'dachu"f ! SE e

where P is the laser pumping power, hv is the energy of the injected photons, 6

is the spot size of pumping laser, dycive 1S the thicknesses of the active region, f
is the repetition rate of pumping laser, aj,q.n is the absorption coefficient of the
InGaN QW, and R is the reflectance at the wavelength of the pump laser at 405 nm,
respectively [138]. Here the spot diameter is 0.43 pm, dyerive is 2 nm, f is 10 MHz,

arnaen 15 10" em™ and R is 0.15. The laser powers used throughout this chapter
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varied from approximately 250 nW to 9 uW. The PL intensity of the single QW as
a function of injected carrier density, n, is shown in Fig. 4.3 (a). The intensity is
measured from the PL decay at t = 0. At lower carrier densities the PL increases
linearly while at higher excitation powers a quadratic dependence is present, which
is characteristic of free-carrier recombination. There is some evidence of saturation
at the highest carrier densities which may be due to carrier leakage, however there
is no evidence of any Auger effects present even at the highest carrier density ranges
investigated. In the inset of Fig. 4.3 (b) we show the average PL lifetime of the
single QW, over the same range of injected carrier densities. The PL decay curves
for both the QW and the QDs are fit with a bi-exponential and the average PL
lifetime is given by Eqn. 4.2,

2 2

O (4.2
where I; and I, are the intensity amplitudes of the exponential decays with two
different lifetimes 71 and 7y, respectively. It can be seen that in the lower carrier
density range, up to approximately 1 x 10'® ¢m™, the lifetime increases. This is
attributed to the presence of defect related nonradiative recombination centres [139].
At higher carrier densities these defect states become saturated and the average
lifetime begins to decrease as the excitation intensity is further increased. In this
range the radiative recombination processes dominate. We concentrate on the higher
carrier density range from 1 x 10'® cm™ to 2 x 10" ¢cm™ from this point forward.
Figure 4.3 (b) shows the spontaneous emission rate of the QW as a function of
injected carrier density with and without the addition of the QDs in the absence
of the Ag nanobox array, and , respectively. The introduction of the QDs has no
measurable effect on the QW PL decay rate indicating that there is insignificant
direct nonradiative energy transfer from the QW to the QD layer in the absence of
the plasmonic nanostructures. It should be noted that for all measurements, of the
bare QW and the nanobox decorated QW, there is a layer of PMMA deposited on
top to facilitate direct comparison of the QW PL lifetime with the structures having

QDs embedded in the PMMA host layer.
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Figure 4.3: (a) The QW emission at t—0 as a function of injected carrier density. (b). The
spontaneous emission rate of the QW with (red circles) and without (black squares)
QDs as a function of injected carrier density. Inset: The average QW PL lifetime as
a function of injected carrier density.

Next the interaction of the QW and QDs with the Ag nanobox array is examined.
Fig. 4.4 (a) shows the PL decays of the bare QW, the QW with the Ag nanobox array
deposited on top, and the completed structure with the QD layer. The decays were
recorded at an injected carrier density of 5.4 x 10'® em™. It is noted that the QW PL
lifetime and emission are dramatically reduced due to the presence of the Ag nanobox
array. They are further reduced by the addition of the QDs. Considering, firstly,
the effect of the Ag nanobox array on the QW emission, the reduction in PL lifetime
and emission signifies a quenching process due to nonradiative energy transfer from
the QW to the metal nanoparticles. Emission quenching by energy transfer to metal
nanoparticles has been extensively reported by the literature [134, 140, 141|. This
can be quantified as a quenching efficiency, 7, which is given by Eqn. 4.3,

TQVV——Array
TQVV

g =1 (4.3)

where 7o = (27 £ 2) ns is the average PL lifetime measured for the bare QW
and 7Qw - array = (3.5 £0.2) ns is the average PL lifetime for the QW decorated
with the Ag nanobox array. The quenching is (90 + 10)% indicating a very strong
interaction between the QW and Ag nanoboxes. The further reduction of the QW
lifetime and emission after the addition of the QDs indicates the presence of Forster-
like nonradiative energy transfer from the QW to the QDs. This is evidence for
LSP enhancement of the nonradiative energy transfer process mediated by the Ag
nanoboxes since, as noted earlier, in the absence of the Ag nanobox array no mea-
surable signatures of nonradiative energy transfer from the QW to the QDs could
be observed. The plasmon-coupled nonradiative energy transfer efficiency, nrrer,
is defined by Eqn. 4.4,
TQW —Array—QD

nrrer =1 — (4.4)

TQW — Array
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where Tow_Array—op = (2.6 £0.2) ns is the QW PL lifetime after the addition
of the QD layer. For the example shown in Fig. 4.4(a) a plasmon-enhanced nonra-
diative energy transfer efficiency of (25 + 3) % is observed. Fig. 4.4 (b) shows the
average PL lifetime of the bare QW, the QW decorated with the Ag nanobox array
and the QW with both the Ag nanoboxes and QDs, as a function of the injected
carrier density. The average lifetime of the QW-Ag nanobox-QD structure is shorter

relative to the QW-Ag nanobox structure at all carrier densities.

(a) ! .« QW 5
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Figure 4.4: (a) The normalized PL decays of the bare QW (green line), the QW with nanobox
array (black line) and the QW with nanobox array and QD layer (red line) at a
carrier density of 5.4x10'® em™. (b) The average PL lifetime of the bare QW (green
squares), the QW with nanobox array (black triangles) and the QW with nanobox
array and QD layer (red circles) as a function of injected carrier density.

Fig. 4.5 (a) shows the carrier density dependence of the quenching and QW to
QD nonradiative energy transfer rates. Both increase with increasing carrier density.
As previously reported the carrier density dependence of the Forster nonradiative
energy transfer rate from a QW is determined by whether the electronic excitations
in the QW are free electrons and holes or bound electron hole pairs (excitons) [9,136].
For donor QW free carriers the energy transfer rate is proportional to the carrier
density, whereas it is independent of carrier density for donor QW excitons. A linear
dependence of the direct nonradiative energy transfer rate from an InGaN QW to a
monolayer of CdSe QDs has been experimentally reported and found to be in good
agreement with a theoretical model for free carrier QW excitations [136]. The QW
PL quenching by the Ag nanobox array is also considered to arise due to nonradiative
energy transfer to the metal nanoparticle acceptors. The observed linear dependence
of the quenching rate on the carrier density therefore suggests nonradiative energy
transfer from free carrier excitations in the donor QW. This is consistent with the
earlier analysis of the QW emission properties, presented in Fig. 4.3, which showed
evidence of free carrier recombination in this carrier density range. The plasmon-
coupled nonradiative energy transfer from the QW to the QDs indicates a similar
behaviour, though it is noted that the errors on the measured rates in this case are

larger due to smaller lifetimes (see Fig. 4.4 (b)). The QW excitations are the donors
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for both nonradiative energy transfer to the metal nanoparticles and to the QDs,
therefore, a similar carrier density dependence might be expected for both cases.
However, further evidence for the trend of the plasmon-coupled energy transfer rate

can be obtained by looking at the energy transfer efficiency and this will be discussed

below.
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Figure 4.5: (a). The QW emission quenching rate (black squares) and the plasmon-coupled non-
radiative energy transfer rate (red circles) as a function of the injected carrier density.
(b) Quenching efficiency (black squares) and plasmon-coupled nonradiative energy
transfer efficiency (red circles) as a function of injected carrier density.

The quenching efficiency, and plasmon-coupled QW to QD nonradiative energy
transfer efficiency, were calculated from the QW lifetimes using Eqns. 4.3 and 4.4.
Both efficiencies are found to be independent of the injected carrier density, as seen
in Fig. 4.5 (b). The quenching efficiency is approximately 90% across the full carrier
density range, while the plasmon-coupled QW to QD nonradiative energy transfer
has an efficiency of approximately 25 %. The nonradiative energy transfer efficiency

can also be expressed as

krreT (4.5)

NFRET =
kow + kqw—arrey + KFRET

where kgw is the spontaneous emission decay rate for the bare QW, kow_array
is the QW quenching rate for the QW decorated with the Ag nanobox array and
krrer is the plasmon-coupled QW to QD nonradiative energy transfer rate. The
observation of a carrier density independent energy transfer efficiency confirms that
must be increasing to compete with the increasing QW spontaneous emission and
quenching rates, and shown in Figs. 4.3 (b) and 4.5 (a), respectively. There are a
number of aspects of this process that are noteworthy. Firstly, the Ag nanobox array
provides a sufficiently large local electromagnetic field to allow for a nonradiative
energy transfer path between the QW and QDs that is otherwise too weak to measure
in the absence of the plasmonic nanostructures. Secondly, the plasmon-enhanced
nonradiative energy transfer rate is sufficiently fast to compete with the efficient

QW quenching across the full carrier density range. Thirdly, the increase in the
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nonradiative energy transfer efficiency indicates an increase in the distance over
which the energy transfer occurs. The conventional nonradiative energy transfer

efficiency can be written as (1 + IT?_Z‘) ! where r is the separation between the donor
and acceptor dipoles, Ry is the characteristic distance at which the energy transfer
efficiency is 50% and the exponent n depends on the geometry. For example, for
nonradiative energy transfer between two point dipoles n=6 and from a point dipole
to a plane of acceptors n—=4. Therefore, the increase in the nonradiative energy
transfer efficiency can be expressed as a plasmon-enhanced Rj. Finally, the plasmon-
enhanced nonradiative energy transfer is found to have the same dependence on
carrier density as conventional Forster-like energy transfer from QW free carriers
excitations to colloidal QDs in the absence of the plasmonic structures. Up to this
point we have focussed on the properties of the plasmon-coupled energy transfer in
this hybrid system extracted from the changes in the QW lifetime, however, there is
also evidence of the plasmon-coupled energy transfer in the QD emission. Fig. 4.6
(a) shows the QD PL decays on and off a Ag nanobox array fabricated on a bulk
GaN layer. This allows us to investigate the interaction between the QDs and the
Ag nanoboxes with the same excitation source but in the absence of the QW. A (27
+ 3) % reduction in the QD average PL lifetime is observed on the array relative to
off the array. Furthermore, Fig. 4.6 (b) shows the QD PL decays both on and off
the Ag nanobox array on the QW sample. In this case the (QDs on the array show
an (12 £ 2) % increase of the PL lifetime relative to QDs off the array. Therefore,
the influence of the plasmon-enhanced energy transfer is sufficiently strong that the
QD PL lifetime not only recovers from the reduction on the array but is even further
increased. The decay over 40 ns is presented in the inset, while the decay over the

first 8 ns is given in the main Fig. to more clearly show the change in the PL decay.
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Figure 4.6: (a) The QD PL decay on and off the Ag nanobox array on a GaN bulk layer. (b) QD
PL decay on and off of Ag nanobox array on the QW sample. The insets shows the
PL decays over 40 ns.

The PL spectra for the QW and QDs, with and without the Ag nanobox array,
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are shown in Fig. 4.7. Firstly, from the PL spectra for the bare QW and the QW
with the QDs in the absence of the Ag nanobox array it is clear that the presence
of the QDs alone have little influence on the QW emission. The influence of the
nanobox array on the QD emission is observed in the PL spectrum for the QDs on
the Ag nanobox array on the bulk GaN layer. The direct interaction between the
Ag nanoboxes and the QDs results in quenching of the QD emission by (11 + 4)%.
This reduction in QD emission is also confirmed by integrating the TRPL decays
for the QDs on and off the array on the bulk GaN layer. As discussed earlier the

QW emission is highly quenched by the Ag nanobox array.
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Figure 4.7: PL spectra of the bare QW (dashed black line), QDs on the QW (red dotted line),
QDs on the Ag nanobox array on the bulk GaN layer (grey line), and complete

QW-Ag nanobox-QD system (blue solid line).

Finally, when we look at the PL spectrum of the complete QW-Ag nanobox-QD
structure, it can be seen that the QW emission is effectively completely quenched
and that the QD emission not only recovers from the direct quenching by the Ag
nanobox array but exhibits an emission enhancement of (41 + 10) % relative to
the QW-QD structure. Again, this enhancement of the QD emission is confirmed
by integrating the TRPL curves for the QQDs on and off the Ag nanobox array on
the QW. These QD PL quenching and enhancement factors are measured by direct
comparison of the PL on and off the Ag nanobox array. However, taking account
of the difference in the PMMA layer thickness on the Ag nanobox array compared
with off the array, and the volume filled by the Ag nanoboxes, the corrected QD
PL quenching and enhancement are 27 % and 16 %, respectively. It is noted that
the plasmon-coupled nonradiative energy transfer has compensated for the direct
quenching of the QD PL by the Ag nanobox array to yield an overall enhancement

of the QD layer emission. Comparing the emission from the QDs on the nanobox
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array with the QD emission in the full structure (spectra shown in Fig. 4.7) shows
that the enhancement due to the plasmon-coupled energy transfer mechanism alone
is 58%.

4.4 Conclusions

In conclusion, we have investigated plasmon-enhanced nonradiative energy transfer
from an InGaN/GaN SQW to core-shell CdSe/ZnS QDs embedded in a ~ 80 nm
host PMMA layer. The plasmonic structure is a Ag nanobox array fabricated by
HIL and designed such that the QW emission peak spectrally overlaps with the
LSP resonance. Both the QW emission quenching rate and the plasmon-coupled
nonradiative energy transfer rate were found to increase with increasing QW carrier
density. The quenching and energy transfer efficiencies were carrier density indepen-
dent. A quenching efficiency of 90 % of the QW emission by the Ag nanobox array
and a QW to the QD plasmon-enhanced energy transfer efficiency of 25 % were
observed. Despite strong direct quenching by the metal nanoparticles, the plasmon-
coupled energy transfer results in a 16 % increase of the QD emission. Further
optimization of the properties of the nanobox array and the QD layer thickness may
yield higher enhancement of the QD emission. The carrier density dependence of the
nonradiative energy transfer from the QW to the Ag nanobox array and that of the
plasmon-enhanced nonradiative energy transfer from the QW to the QD layer are
found to be the same as for conventional Forster-like energy transfer. This indicates
that secondary effects of the plasmon coupling, such as spectral shifts, do not have
a significant effect in the system studied. It should also be noted that whilst very
strong direct quenching of the QW emission was observed with the silver nanobox
array, this is not necessarily our goal, however it may not represent a disadvan-
tage for potential device application as strong quenching of a UV emitting QW for
example would reduce the need for UV filtering in the LED device.

Whilst this chapter focussed mainly on the use of a particular Ag nanobox array
geometry to facilitate plasmon-enhanced nonradiative energy transfer from a QW
to a thick layer of QDs, other plasmonic structures were used to demonstrate this
process. The details of the different nano-arrays used and how they influence both
the LSP-NRET and the overall QD emission will be discussed in detail in chapter 5.
It should be noted that in all other cases involving LSP-NRET within this system,
whereby other nano-arrays were used, the carrier density dependence displayed sim-
ilar effects. This is unsurprising as the same QW and QDs were used, and therefore
as the donor carriers are once again free-carriers, the trends in the carrier density

dependence studies were similar.
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5.1 Introduction

In the previous chapter the first ever experimental demonstration of LSP-FRET
from a QW donor to a layer of QD acceptors was presented. Whilst this is a
significant result, as it shows that QWs can nonradiatively pump thicker layers of
QDs by utilizing plasmonic elements, it was only demonstrated for one particular Ag
nanobox array. As the optical properties of plasmonic NPs can be tuned by varying
their material, size and shape [42], this allows them to interact more strongly with
different emitters by tuning the level of spectral overlap between the two species
and also by changing the local field enhancement factor and distribution. Within an
arrayed design these optical properties can be controlled even further by tuning the
level of interaction between individual NPs within the array, which can be achieved
by varying the gap between consecutive plasmonic elements. Other work done on
LSP-FRET within different geometries showed that by changing the size of colloidal
NPs, for example, the spectral overlap with the donor is automatically lost [30,34,43,
85,86,142|. However, within the array geometry a systemic shape dependence study
can be investigated where spectral overlap is maintained. Variation in the plasmonic
array design can modify the level of LSP enhanced absorption and emission processes
within the QW-QD system by changing the absorption and scattering profile. The
change in the array geometry may also impact the LSP-FRET within the system.
A range of silver plasmonic arrays, with varying shape and size were fabricated
onto both QW and bulk GaN substrates. For each of the plasmonic arrays there
was spectral overlap between the absorption of the array and the emission of the
QW, a requirement for observing LSP-FRET [25,34]. The level of scattering of the
plasmonic arrays at the acceptor wavelength varies from one array to another, which
will impact the degree of interaction between the QDs and the arrays by themselves
on the bulk GaN substrate. Therefore, within the range of plasmonic arrays selected,
different levels of both LSP enhanced FRET and enhanced absorption and scattering
processes can be expected. The ability to tune these processes could be exploited in

applications as either a colour tuning or a colour switching plasmonic device. Colour



5. Nanostructure Dependent Study of LSP Mediated FRET

switching could be achieved by selecting a plasmonic array that quenches the donor
emission strongly along with maintaining LSP-FRET to the acceptor. The colour
tuning could be achieved by a combination of both LSP enhanced absorption and
emission of either the donor or acceptor and enhanced FRET between them.

In this chapter an investigation into the effect that the different plasmonic arrays
have on the LSP-FRET mechanism from a InGaN/GaN QW donor to QD acceptors
embedded in an ~ 80 nm layer of PMMA is presented. Once again, TRPL and
spectral measurements are used to demonstrate and quantify the LSP-FRET from
the QW to the QDs. Modification of the QD emission on the GaN substrate can
be explained through a combination of both LSP enhanced absorption and emission
processes. Furthermore, the change in the QD emission from the GaN substrate to
the QW substrate is shown to be due to the LSP-FRET process alone. The work

presented in this chapter is published in Nanoscale (see list of publications).

5.2 Experimental Methods

A schematic of the complete structure is shown in Fig. 5.1 (a). As in the previous
chapter, Ag nanoparticle (NP) arrays were fabricated on a single InGaN QW struc-
ture and, subsequently, covered in a layer of CdSe/ZnS core-shell QDs embedded in
a ~ 80 nm thick layer of PMMA. The single QW was grown by metal-organic vapour
phase epitaxy (MOVPE) on a thick GaN layer on a c-plane sapphire substrate. The
QW is 2 nm thick InGaN capped with a 3 nm GaN barrier. The photoluminescence
(PL) spectrum, given in Fig. 5.1 (b), shows a peak emission wavelength of 516 nm
and a FWHM of 40 nm. The barrier thickness of 3 nm was selected to allow for
strong near-field coupling between the excitons in the QW and the plasmonic NPs.
The NP arrays were fabricated using Helium-Ion Lithography (HIL). PMMA is first
spun onto the GaN capping layer surface and patterned using a Zeiss Orion Plus
helium-ion microscope. Following the development, 5nm of Ti and 35nm of Ag are
deposited using a metal evaporation process, and then the arrays are finally created
by a lift-off process. The arrays consisted of various different shapes and sizes. The
different structures and dimensions are described in Table 5.1 and the helium-ion
microscopy (HIM) images are shown in Fig. 5.2. Each array contained units that
were arranged in a symmetric two-dimensional square lattice with 200 x 200 units
in each array giving overall dimensions of between 34 ym x 34 pm to 70 pm x 70

pm.
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Figure 5.1: (a) Schematic of complete hybrid structure. (b) QW PL (green line), QD absorption
(blue line) and QD emission (red line) spectra. Schematic kindly generated by Dr.
Cristian Marocico.

The QDs are CdSe/ZnS core-shell nanocrystals with a diameter of 6.3 nm and a
peak emission wavelength of 649 nm. The spectrum is shown in Fig. 5.1 (b). The
QDs are embedded in PMMA by first adding the QDs in toluene to a 2.5 % wt.
PMMA (also dissolved in toluene) solution. This mixture is then sonicated to ensure
the QDs are thoroughly dispersed. The solution is then spun down onto the QW
decorated by the NP array to create a layer of QDs in PMMA. The layer has a QD
concentration of (1.9 4 0.1) x 102! m~3. The QD layer thickness has been measured
with a Dektac6 profilometer. It is found that the thickness of the PMMA layer is
increased by (19 + 5) nm on the array compared with a (60 + 5) nm thickness off
the array. The deposition of the QD layer completes the hybrid structure, shown
in Fig. 5.1 (a). The same solution of QDs is spun down on the Ag array decorated

GaN substrate for reference measurements.
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| Label | Shape | Unit Dimension (nm) | Gap (nm) |

B1 Box 100 100
B2 Box 100 130
B3 Box 100 160
R Ring | 250 Outer Diameter

150 Inner Diameter 100
D1 Disc 70 Diameter 100
D2 Disc 70 Diameter 130
D3 Disc 70 Diameter 160

Table 5.1: Shapes and sizes of nanostructures fabricated directly onto QW and bulk GaN sub-
strates.

The emission and energy transfer (ET) processes were characterised using PL
spectroscopy and time-resolved photoluminescence (TRPL). For PL measurements
the samples were excited at normal incidence using a pulsed 405 nm laser diode fo-
cused using a x40 objective lens. The PL spectra were recorded using a fiber-coupled
Andor grating spectrometer. The PL decays were measured using a PicoQuant Mi-
crotime 200 time-resolved confocal microscope with 90 ps temporal resolution. The
QW or QD emission bands were selected using broad-band filters with a full-width-
at-half-maximum of (70 £ 5) nm centred at 500 nm and 650 nm, respectively. The
PL decays and spectra were recorded over an area of 20 pm x 20 pm. All measure-
ments were made at room temperature. The PL decay curves for both the QW and
the QDs are fit with a bi-exponential and the average PL lifetime is given by Eqn.
5.1,

11'T12+]2'7'22
7'avg:[

0.
111+ hLhm (5.1)

where I; and I5 are the intensity amplitudes of the exponential decays with two
different lifetimes 7, and 7,, respectively.

The dimensions and periodicity of the Ag nanostructures were selected such that
each array had overlap of the surface plasmon resonance with the QW donor emission
[34,35]. HIM micrographs of all of the seven nanostructure arrays are shown in Fig.
5.2. The images clearly show that there is a large degree of uniformity across the

arrays and that the aspect ratio of each individual unit is also well maintained.
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Figure 5.2: HIM images of B1, B2, B3 arrays (scale bar 500nm); D1, D2, D3 arrays (scale bar
200nm) and Ring array (scale bar 500nm).

The NP arrays were designed using Lumerical, a finite difference time domain
(FDTD) commercial software. The absorption and scattering spectra of the Ag
nanobox array are simulated using plane-wave excitation. The simulations took
account of the PMMA layer on top of the Ag nanoboxes and the 5 nm Ti layer. The
dielectric permittivity of the Ag and Ti materials are included using experimentally
measured data [135]. The GaN and PMMA layers are modelled with a constant
dielectric permittivity of egony = 5.35 and epprpra = 2.2, respectively.

As mentioned earlier, the optical properties of plasmonic nanoparticles can be
tuned by changing their shape and size. This can modify both their absorption and
scattering. As discussed in chapter 2, the extinction cross-section, Cppy = Cups +
Cleatt, Where Cgyps is the absorption cross-section and Cl.q is the scattering cross-
section. By modifying the NPs absorption and scattering, one can control the level
of interaction between NPs and different emitters. Therefore, a range of silver
plasmonic arrays with varying absorption and scattering spectra were fabricated
onto both QW and bulk GaN substrates. The change in the absorption of the
different arrays at the QW donor emission wavelength can impact the level of LSP-
FRET within the system. The calculated absorption and scattering spectra for
each of the seven arrays are given in Fig. 5.3. It can be seen from Fig. 5.3 that
for the box and nanoring arrays, a peak in the absorption spectra overlaps the
donor emission spectrum in each case. For the nanodisc arrays there is overlap
between the absorption spectra and the QW emission spectrum eventhough no clear
peak in the array absorption spectra is present. Also, the level of scattering at the
acceptor wavelength clearly varies from one array to another and this will impact

the degree of interaction between the QDs and the arrays by themselves on the
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bulk GaN substrate. However, the absorption and scattering spectra of the different
plasmonic arrays are not the only parameters to consider when trying to select
a plasmonic geometry that could enable FRET. By examining the electric field
enhancement generated around the NPs and the level of field penetration into the
surrounding media, selecting a plasmonic array for a specific donor-acceptor FRET
pair becomes more achievable. The local electric field intensity maps at the donor
emission wavelength for the seven arrays studied, generated using a plane wave
excitation are shown in Fig. 5.4. There is a clear variation of the extent of the
electric field and the level of enhancement across the structures. For example, the
field is more strongly localised to the nanoboxes and it extends for a much greater
distance for the nanoring. This is emphasised by the green line which shows the
position at which logy |E|> = 0.5, or where the electric field intensity is enhanced
by a factor of v/10 compared to in the absence of the plasmonic array. It should be
noted that the images presented in Fig. 5.4 are cropped so that they are easier to
compare to one another but they do in fact represent different boundaries as the gap
increases. The extent of the field is expected to influence the volume of QDs that
can interact with the nanostructure. The field enhancement factor is expected to
influence the absorption of the excitation laser source as well as the emission of the
QW and QDs and the energy transfer between them. The local electric field intensity
maps at the acceptor emission wavelength for the seven arrays studied, generated
using a plane wave excitation are shown in Fig. 5.5. Once again, there is a clear
variation of the extent of the electric field and the level of enhancement across the
structures. For example, the field is more strongly localised to the nanobox arrays
and it extends slightly for the nanodisc arrays. Also, the electric field extends for a

much greater distance for the nanoring array.
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Figure 5.3: QW PL (green line), QD absorption (blue line) and PL (red line) spectra, along
with absorption (dashed black line) and scattering (dotted black line) spectra for
Box arrays B1, B2, B3 (a,c,e), Disc arrays D1, D2, D3 (b,d,f) and Ring array (g),
respectively. The simulated absorption and scattering spectra were provided by Dr.
Vasilios Karanikolas.
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Box arrays Bl, B2, B3 (a,c,e), Disc arrays D1, D2, D3 (b,d,f) and Ring array (g),
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direct comparison. The simulation data was provided by Dr. Vasilios Karanikolas.
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Figure 5.5: Maps of the field intensity in the x-z plane at the acceptor emission wavelength for
Box arrays B1, B2, B3 (a,c,e), Disc arrays D1, D2, D3 (b,d,f) and Ring array (g),
respectively under plane wave excitation. The green line gives logm<|E\2) 0.5 for

direct comparison. The simulation data was provided by Dr. Vasilios Karanikolas.
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5.3 Results and Discussion

As in the previous chapter, all measurements are taken in the radiative recombi-
nation regime of the donor QW where the defects states have been saturated by
excitation. The QW sample used in this chapter is the same as the one used in
chapter 4, so the details of the decay dynamics are repeated here for completeness.
The decay dynamics of the QW as a function of the injected carrier density are
examined first. The PL intensity of the single QW as a function of injected carrier
density, n, is shown in Fig. 5.6 (a). The inset of Fig. 5.6 (a) shows the average
lifetime of the QW as a function of carrier density. It can be seen that in the lower
carrier density range, up to approximately 1 x 10'® ¢m™3, the lifetime increases.
This is attributed to the presence of defect related nonradiative recombination cen-
tres [139]. At higher carrier densities these defect states become saturated and the
average lifetime begins to decrease as the excitation intensity is further increased.
It can be seen from Fig. 5.6 (b) that the spontaneous emission rate of the donor
QW increases with the carrier density in the range above 1 x 10'® cm~3and this
increasing spontaneous emission rate combined with an n? dependence on the QW
emission, seen in Fig. 5.6 (a), indicates that within this carrier density range radia-

tive recombination dominates. Therefore the FRET measurements will be carried

out at a carrier density of 5.4 x 10'® em=3.
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Figure 5.6: (a) The QW emission at t—0 as a function of injected carrier density. Inset: The
average QW PL lifetime as a function of injected carrier density. (b). The sponta-
neous emission rate of the QW with (red circles) and without (black squares) QDs
as a function of injected carrier density.

After the deposition of the QD layer on the QW, in the absence of the arrays,
there is no measurable effect on the QW lifetime, as seen in Fig. 5.6 (b). This
demonstrates that there is no significant direct FRET from the QW to the QDs

away from the arrays. To facilitate direct comparison of measurements on structures
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with and without the QDs, a layer of PMMA is deposited on top of the bare QW
and NP decorated QW structures.

For each NP array, the influence that the NP array has on the emission properties
of the QW and QDs, as well as the direct energy transfer from the QW to the
QDs is characterised separately. Taking the nanoring array as an example, Fig. 5.7
shows the TRPL data for the QW by itself (green line), the QW with the nanoring
array (black line), and the QW with the nanoring array after the addition of the QD
layer (red line). It can clearly be seen that the QW lifetime is significantly reduced
when on the nanoring array. This quenching process is quantified by the quenching
efficiency term [25] as in chapter 4, with the details repeated here for completeness.

In this case the quenching efficiency, Fg, is given by Eqn. 5.2.

TQW — rra o
Eq=1--2-4raw (5.2)
TQW

Here the quenching is (84 + 10) % which indicates a very strong interaction
between the QW and the nanoring array. This quenching efficiency for all seven
arrays is shown in Fig. 5.8. It is fairly constant with an average value of (85 + 12)
%. To simulate this quenching process, the theoretical quenching efficiency of the
QW is introduced as:

ke,
Hgees S (5.3)

kow-np
where kgvTv_NP represents the energy transfer rate from the donor QW to the accep-
tor NP array and kqw_np represents the total decay rate of the Ag array decorated
donor QW. Here /‘ngTv_NP = kow-np—kow. To simulate the quenching efficiency of
the donor QW, a large number (500) of electric point dipoles with random positions
and orientations were placed in the InGaN layer representing the donor QW and
these dipoles were restricted to the central unit cell of a 5 x 5 array of acceptor NPs.
The nonradiative and total decay rates of these dipoles are calculated. From this,
the quenching efficiency can be calculated via the above expression. The mean of
this distribution is taken as the value of the quenching efficiency, and its standard
error generates the error bar. These simulations were completed by Dr. Cristian
Marocico. The simulated data for all seven arrays is also shown in Fig. 5.8 and
excellent agreement with the experimental data is achieved.

The QW lifetime is even further reduced when the QD layer is added, as seen
in Fig. 5.7. This further reduction in the QW lifetime is evidence of a plasmon-
enhanced nonradiative energy transfer from the QW to the QDs. Using Eqn. 5.4
the plasmon enhanced energy transfer efficiency is found to be (51 + 7) % [25],
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This represents a significant enhancement of the energy transfer efficiency. As
commented earlier, there is no directly measureable FRET from the QW to the
QDs when the NP array is not present, seen in Fig. 5.6 (b). The enhancement
of the energy transfer process is large enough for the LSP-FRET to the QD layer
to compete with the very efficient quenching of the QW by the NP array and the

intrinsic spontaneous emission rate of QW.
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Figure 5.7: Normalized decay curves of QW only (green line), QW with nanoring array (black
line) and QW with nanoring array and QD layer (red line), at a carrier density of
5.4x10'® cm~3.

The energy transfer efficiency for all seven arrays is also shown in Fig. 5.8, to allow
for both comparison of the structures and comparison with the quenching efficiency.
Whilst the quenching efficiency is observed to be relatively static, the energy transfer
efficiency shows a much greater variation from structure to structure. Looking firstly
the three nanobox geometries, the energy transfer efficiency is approximately 30 %
in all cases, and appears to be relatively insensitive to the change in gap from 100
nm (B1) to 160 nm (B3), respectively. Whilst spectral overlap exists between a peak
in the absorption spectra of the nanobox arrays and the QW emission spectrum, the
level of absorption decreases from Bl to B3, as seen in Fig. 5.3 (a,c,e). However,
despite this clear reduction in the absorption at the donor emission wavelength, a
static trend in the LSP-FRET efficiency amongst the box arrays can be seen in Fig.
5.8. Therefore, the simulated absorption and scattering spectra alone cannot predict
what the level of LSP-FRET will be within the system as the plasmonic array is
varied. The energy transfer efficiency across the disc structure is far more sensitive,
decreasing from (30 + 6) % to (17 £ 6) % as the gap is increased from 100 nm
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(D1) to 160 nm (D3), respectively. Again, this decrease in the LSP-FRET efficiency
could be influenced by the red-shift in the absorption spectra with increasing disc
spacing from D1 to D3, as shown in Fig. 5.3 (b,d,f), which would reduce the spectral
overlap between the donor QW emission spectrum and the disc arrays absorption
spectra going from D1 to D3. However, as commented earlier the absorption and
scattering spectra do not directly predict the influence of the array on the energy
transfer. As for the nanoring array there is a peak in the absorption spectrum which
overlaps with the QW emission. The peak value is similar to Box 2 as seen from Fig.
5.3 (c) and (g). The larger ET efficiency of (51 + 7) % could be attributed to the
much greater extent of the electric field intensity observed for the nanoring array in
Fig. 5.4. As a result, the total number of acceptor QDs that are within a region of
enhanced field is far higher for the ring array. Therefore, the increased degree of field
penetration into the QD layer combined with comparably similar levels of absorption
at the donor emission wavelength could contribute to the significant increase in the
LSP-FRET efficiency observed for the ring array.
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Figure 5.8: Measured (black squares) and simulated (blue diamonds) quenching efficiencies of
the donor quantum well and the measured energy transfer efficiency (red circles) as
a function of nanostructure. Simulated data was provided by Dr. Cristian Marocico.

Therefore, the trends seen in the LSP-FRET efficiency with varying plasmonic
array cannot be simply predicted by examining the simulated far-field absorption and
scattering spectra alone. It is worthwhile to note that the field intensity enhancement
at the excitation wavelength due to the plasmonic arrays can also be simulated using
a plane wave source and this enhanced field at the excitation wavelength can play an
important role in the ET processes, as it can enhance the effective excitation within
the QW. Whilst the simulated absorption and scattering spectra can act as a guide

in selecting a plasmonic geometry, a more complex model is required to explain the
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LSP-FRET within the system investigated. This is due largely to the fact that the
absorption and scattering spectra are generated for a plane wave exciation, whilst
the donors in this system are in fact dipoles within the QW. The field generated
in the NP arrays by plane wave excitation is distinct from the one generated by
dipolar excitation. The difficulty with performing the simulations using a dipole
excitation, as mention in chapter 4, is that the field intensity enhancement is highly
dependent on the position of the dipole source. Therefore, these simulations are
computationally expensive as they would require averaging over very high numbers
of QW donor dipoles at many positions to very high numbers of QD acceptor dipoles
at many positions.

Next, the change in the QD emission within the system is examined by integrating
the TRPL data. As the plasmonic arrays can impact both the absorption and
emission properties of the QDs by themselves, this interaction is examined first by
measuring on a bulk GaN substrate. Fig. 5.9 shows the QD emission ratio (total
emission on the NP array divided by the total emission off the NP array) as a
function of the different nanostructures on bulk GaN. It can be seen from Fig. 5.9
that the QD emission is much more sensitive to NP geometry than the QW, the
QD emission ratio varying from ~ 66 % to ~ 141 % over the structures, compared
with the relatively flat quenching efficiency observed in the case of the QW. The
sensitivity of the QD emission to changes in the gap between consecutive plasmonic
NPs within an array is highest for nanobox arrays. The QD emission is enhanced
on structures Bl and B2 by ~ 41 % and ~ 20 %, respectively, but for all other
structures the QD emission is quenched by the NP arrays. The level of scattering at
the acceptor emission wavelength (649 nm) amongst the nanobox arrays decreases
as the gap increase from Bl to B3, as seen in Fig. 5.3 (a,c,e). This decrease could
account for the decreasing trend of the QD emission seen for the nanobox arrays.
The ring array produces the highest direct quenching of the QD emission. As the
gap is increased amongst the nanodisc arrays from D1 to D3, the level of absorption
decreases, as seen in Fig. 5.3 (b,d,f). This decrease could account for the increasing
trend of the QD emission seen for the nanodisc arrays, as the QD emission starts
to recover due to lower absorption. This data is then fit with an expression for the

QD emission enhancement, given by Eqn. 5.5:

D—NP QD—NP ; QD—NP
IeQm . Iabs krad TQD-NP (5 5)
QD I QD QD '
[em [abs krad QD

QD-NP | Sphgs .
where ILTLQ—D— is the QD emission ratio on the GaN substrate;

JQD-NP

° —G%i@—— is the absorbed intensity ratio, given by the field intensity factor at
abs
the position of the QD acceptor with and without the array at the excitation
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frequency, Weze;
RAD-NF o .

° _Li%{ﬁ— is the radiative decay ratio for the acceptor QDs;

. TQ%% is the lifetime ratio of the acceptor QDs, taken from experiment. To
simulate the QD emission ratio on the arrays, a large number (500) random
acceptor QD dipoles are dispersed within the PMMA layer and the volume
average of the field intensity within a unit cell of height 80 nm is calculated.
The number of acceptors used for the simulation were chosen to be the same as
the measured concentration of the QDs in the PMMA layer from experiment.

These simulations were carried out by Dr. Cristian Marocico.

It can be seen from Fig. 5.9 that there is agreement between the theoretical and the
experimental results for all of the box arrays and all of the discs arrays, as well as for
the ring array. Therefore, the intrinsic QD-NP array interaction can be explained
through both enhanced absorption and scattering processes only, for all of the NP

arrays studied.
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Figure 5.9: Experimental QD emission ratios (black squares) and theoretical QD emission ratios
(red discs) on bulk GaN as a function of nanostructure. Simulation data provided by
Dr. Cristian Marocico.

Next the QD emission on the array decorated QW substrate is examined. Fig.
5.10 shows the QD emission ratio (total emission on the NP array divided by the
total emission off the NP array) as a function of the different nanostructures on both
the bulk GaN substrate and the SQW substrate. In the case of the QW substrate,
the plasmon-mediated FRET from the QW to the QDs has facilitated an overall
enhancement of the QD emission on all of the plasmonic arrays. Smallest increase
in QD emission (~ 14 %) is observed for the nanoring geometry, even though this

geometry shows highest energy transfer efficiency. This is due to the high quenching
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efficiency of the QD emission by the nanoring array on the bulk GaN substrate.
For arrays B1 and B2, the plasmon-mediated FRET results in further enhancement
of the QD emission. In all other cases LSP-FRET allows the QDs to recover from
the quenching by the metal arrays and yield an overall enhancement of the QD
emission. Therefore, by tuning the NP geometry it is possible to optimise the
system for colour conversion, whereby one can benefit from both energy transfer

and enhanced scattering mechanisms.

16F
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Figure 5.10: QD emission ratios on SQW (black squares) and on bulk GaN (red circles) as a
function of nanostructure

Leading on from this, a comparison between the ET efficiency obtained from
the reduction in the donor QW lifetime to the ET efficiency obtained from the
increase in the acceptor QD emission can be made. If, in fact, LSP-FRET is the
only mechanism which contributes to the increase in the QD emission on the QW
sample, then the trends in the energy transfer efficiency determined by the change
in donor lifetime should mirror the trends in the change of the QD emission as a
function of nanostructure. Fig. 5.11 shows the increase in the QD emission (QD
emission ratio on SQW divided by QD emission ratio on GaN) as a function of
nanostructure. This data is then fit with an expression for the total change in QD

emission, which includes energy transfer efficiency contribution, given by Eqn. 5.6:

D_NB QD-NB ;QD-NB QW
Sl rod__ TQD-NEB | . Aqw (Weac) Lihs QW-NB-QD| (5 )
]eQn? 12%? kglg TQD AQD (wexc) ]37?

QD-NB sl :
where QJ?Q—F is the QD emission ratio on the QW substrate;
em
JQD-NB

o —tbpp— is the absorbed intensity ratio, given by the field intensity factor at

abs

66



5. Nanostructure Dependent Study of LSP Mediated FRET

the position of the QD acceptor with and without the array at the excitation
frequency, weze;

QD—NB
%—D— is the radiative decay ratio for the acceptor QDs;

rad

TQD-_NE g the lifetime ratio of the acceptor QDs, taken from experiment;

AQw (weac)
AQD (werc)

QD;

is the field intensity ratio in the donor QW relative to the acceptor

QW
%&3 is the ratio of the intrinsic absorption in the donor QW to the intrinsic
abs

absorption in the acceptor QDs, in the absence of the nanobox array, taken

from experiment;

ny ~NB=@P s the LSP-FRET efficiency from the donor QW to the accep-
tor QDs, taken from experiment. These simulations were carried out by Dr.

Cristian Marocico.
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Figure 5.11: Experimental QD emission ratios on SQW/GaN (black squares) and theoretical

values (red circles) as a function of nanostructure. Simulation data provided by Dr.
Cristian Marocico.

We can see from Fig. 5.11 that there is good agreement between the experimental

and theoretical results for all of the nanostructures, indicating that the total change
in the QD emission from the GaN substrate to the QW substrate is solely due to the
LSP-FRET from the QW to the QDs. This study shows that the sensitivity of the
QD to the plasmonic arrays once again indicates a trade-off between the LSP-FRET

from the QW and the intrinsic QD-NP array interaction; whether that be enhance-

ment or quenching. Therefore, it allows for a discussion regarding optimization of

these nanostructure arrays for either an energy transfer or colour tuning system.
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By combining what we have seen from Fig. 5.9, Fig. 5.10 and Fig. 5.11, it can be
concluded that the ring geometry (R) is best for an energy transfer system; however
the box geometry (B1) provides the largest total emission of the QDs for any metal
structures studied. Therefore, depending on the specific requirements of a given
system, a different nanostructure should be chosen.

Having characterised the energy transfer system based on the modified QW emis-
sion and the modified QD emission, it is also highly relevant to characterise the
influence of the NP arrays on the QD lifetime. This can provide evidence for pump-
ing of the QDs by the LSP-FRET as well as a study of the QD emitted intensity.
As described earlier, to determine whether the NP arrays cause direct quenching or
enhancement of the QD emission, the different nanostructures were built directly
onto bulk GaN. Fig. 5. 12 (a) shows the QD PL decays on and off the nanoring
array on a GaN substrate. On the array the QD PL lifetime is reduced by (21 +
2) %. from 8.1 ns to 6.4 ns. Fig. 5.12 (b) shows the QD lifetime on and off the
nanoring array on the QW substrate. Here the QD lifetime on the array is increased
by (10 £+ 1) % due to pumping via LSP-FRET from the QW.
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Figure 5.12: The QD PL decay on and off the Ag nanobox array on a GaN bulk layer. (b) QD
PL decay on and off of Ag nanobox array on the QW sample. The insets shows the
PL decays over a 40 ns range.

Similar analysis of the QD TRPL was completed for all the NP arrays. The
overall QD lifetime increase is calculated as the ratio of the change in lifetime on
GaN divided by the change in lifetime on the QW. Using the nanoring array as an
example; we had a reduction on the NP array of (21 + 2) % on GaN and an increase
of (10 £ 1) % on the MNPs on the QW. Therefore overall QD lifetime increase on
the nanoring array is given by 1.1/0.79 = 1.39, representing an overall QD lifetime
increase of (39 + 8) %. Fig. 5.13 shows the overall QD lifetime as a function of
nanostructure. An overall increase in the QD lifetime is seen for all structures,

providing further evidence from the acceptors that plasmon mediated FRET occurs
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for all NP arrays.
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Figure 5.13: Energy transfer efliciencies (green triangles) and QD lifetime enhancements (red
circles) as a function of nanostructure.

For completeness the PL spectra were also measured. Considering again the
nanoring structure for example, Fig. 5.14 shows the PL spectra of the QW by itself,
the QW with the QDs without the nanoring array, the QDs on the nanoring on
bulk GaN and the QW with the QDs on the nanoring array. From the black and
red lines in Fig. 5.14 it can be seen that there is no direct NR energy transfer
from the QW to the QDs, as the emission from the QW is the same in both cases.
As seen earlier, the QW is quenched dramatically on the NP array, and the QDs
are also quite strongly quenched by approximately (66 + 5) % for this nanoring
structure. However on the QW in the presence of the nanoring array, the QD
emission recovers and subsequently shows a total emission enhancement of the QDs
on the nanoring array by approximately (14 + 1) %, which is again attributed to

the plasmon-enhanced nonradiative energy transfer.
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Figure 5.14: Direct PL spectra of complete 3-component system.

5.4 Conclusion

In conclusion, plasmon-enhanced FRET from an InGaN/GaN QW to a ~ 80 nm
layer of QDs embedded in PMMA has been demonstrated using silver NP arrays
fabricated by HIL. The GaN barrier was fixed at 3 nm to enable strong near-field
coupling between the donor QW and the plasmonic arrays. The arrays were fabri-
cated directly on the SQW and on bulk GaN substrates to allow for independent
investigation of the QD-NP array interaction. The QD-NP array interaction can
be completely understood by a combination of enhanced absorption and scattering
processes due to the presence of the NP arrays. A range of NP array geometries were
fabricated to investigate the impact of the various shapes and sizes of the NPs on
the strength of NR energy transfer within the system. TRPL and PL spectra mea-
surements demonstrate and quantify the presence of the LSP enhanced FRET from
the QW to the QDs via the increased local field around the NP arrays. Quenching
efficiencies from 84% to 90% are observed from the QW to the different NP array
geometries and plasmon-enhanced nonradiative energy transfer efficiencies from 25
% to 51 % were also observed from the QW to the QDs wvia the different NP array
geometries. As there is no measureable direct FRET from the QW to the QDs, the
NP arrays provide substantial enhancement to facilitate large ET efficiencies from
the QW to the QDs, despite the strong presence of quenching of the QW emission
to the NP arrays directly. QD lifetime enhancements of almost 60 % were observed
and QD emission enhancements of up to 71 % were also seen.

From this study it has been shown that any potential energy transfer or colour
tuning application comprising of a plasmon-coupled hybrid QW-QD system can be
very sensitive to the shape, size and periodicity of the metallic NP arrays used.
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Structures can be designed to optimise FRET, or to benefit from combined FRET
and scattering mechanisms for light emitter applications. By using array geometries
the NPs absorption and scattering profiles can be tailored to control the relative
strengths of any enhanced energy transfer or enhanced emission processes within
the system. The trends seen in the LSP-FRET efficiency with varying plasmonic ar-
ray cannot be simply predicted by examining the simulated far-field absorption and
scattering spectra alone, therefore a more complex model is required. It should also
be noted that for future device applications the QW can be electrically pumped,
not optically pumped as we have demonstrated here. The increase in the FRET
efficiency could allow for a thicker GaN capping layer, which will help to overcome
potential problems with using thin GaN capping layers, such as used in this ex-
ploratory study. These types of structures can be used for colour conversion and
light emitting devices which can exploit plasmon enhanced FRET from the QW and
enhanced scattering from the metallic NP arrays.

As discussed in chapter 1, thin GaN barriers can dramatically increase the non-
radiative losses within QWs and will pose problems for carrier spreading in LEDs
[10,44]. In an attempt to address this issue, in the next chapter QWs with varying

GaN barrier thickness will be studies for LSP-FRET wvia plasmonic nanobox arrays.
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6 Barrier Thickness Dependent
Study of LSP Mediated FRET

6.1 Introduction

In the previous chapter, LSP-FRET was demonstrated from an InGaN/GaN QW
with a GaN barrier thickness of 3 nm to an approximately 80 nm thick layer of
acceptor QDs. InGaN/GaN QWs have been promising to explore in terms of opto-
electronic devices, such as LEDs [103-105] and light harvesting devices [106, 107].
Whilst the work presented in the previous chapter is significant, as it shows that
QWs can nonradiatively pump thicker layers of QDs by utilizing plasmonic elements,
having a thin GaN barrier presents several drawbacks. Firstly, thin QW barriers ( ~
few nm thick) dramatically increase the nonradiative losses within QWs [10]. This
is effectively a product of the fabrication process and is driven by the quality and
purity of the barrier itself. As this barrier thickness increases, the overall quality
is improved and therefore the nonradiative losses are decreased. Secondly, if QWs
such as these were to be used in devices, thin GaN barriers would reduce the degree
of carrier spreading which would obviously not be desireable for LEDs. Growth and
device processes could expect the carrier spreading to be sufficient in QWs with a
barrier thickness of between 7 nm to 10 nm [44]. In an attempt to solve some of these
issues, many studies have focussed on the optimisation of the geometries, such as dry
etched nanopillars [11,12] which would allow a higher number of acceptor QDs to be
close enough to benefit from nonradiative energy transfer from the QW, or graded
QD systems [14]. However, whilst there were some performance improvements made
due to the etching process in such devices, they also provide their own drawbacks,
such as fabrication complexity or the need to carefully position emitters. With this
in mind, the abilty of QWs with thicker barriers to nonradiatively pump thick layers
of QDs would be considerably beneficial.

In this chapter three different QW donors, with barrier thicknesses ranging from
3 nm to 7 nm, are used to enable LSP-FRET to a ~ 80 nm layer of acceptor QDs
using silver nanobox arrays fabricated by EBL. The impact that the changing barrier
thickness has on both the LSP-FRET rate and efficiency will be discussed. Also,

the impact that modifying the barrier has on the QD emission will be presented.
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TRPL and PL spectral measurements will be used to demonstrate and quantify the
LSP-FRET from the QWs to the QDs.

6.2 Experimental Methods

A schematic of the complete structure for QW1 is shown in Fig. 6.1. As before, Ag
nanobox arrays were fabricated via EBL on three different single InGaN QW struc-
tures and subsequently covered in a layer of CdSe/ZnS core-shell QDs embedded in
a ~ 80 nm thick layer of PMMA. The single QWs used in this chapter were also
grown by metal-organic vapour phase epitaxy (MOVPE) on a thick GaN layer on a

c-plane sapphire substrate.

Figure 6.1: Schematic of 3-component system. Schematic kindly generated by Dr. Cristian Maro-
cico.

In this chapter, the impact of changing the QW barrier thickness on the LSP-
FRET process from the QW donor to the QD acceptors will be discussed. In the
previous two chapters a QW donor that had a barrier thickness of 3 nm was used,
which was specifically selected to allow for strong near-field coupling between the
excitons in the QW donor and the plasmonic NPs. However, as mentioned earlier,
thin QW barriers can increase nonradiative losses within the QW donor and can
be detrimental for carrier spreading across the device area. Having a thicker QW
barrier can help to alleviate both of these problems. For this reason, an investigation
into how an increase in the QW barrier thickness will modify the LSP-FRET within
the QW-QD system is undertaken. The details of the QW structures used in this
chapter are shown in Table 6.1. In all of the QW structures in this chapter, the
InGaN layer was fixed at a thickness of 2 nm and the QW barrier thickness was
increased from 3 nm to 7 nm in steps of 2 nm. It is worthwhile to note at this point,
by moving from one QW donor to another, the barrier thickness is not the only
thing that changes. Due to small differences in the electro-potential within the QW
and the purity of each sample, the peak emission wavelength and full-width-at-half-

maximum (FWHM) can change [143]. This is seen clearly in Fig. 6.2. Also, variation
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in the the composition of the QW thickness can modify these emission properties.

The photoluminescence (PL) spectrum of the three QW donors discussed in this

FLabel | InGaN thickness (nm) | Barrier (nm) | Emission wavelength (nm) }

QW1 2 3 535
QW2 2 5 508
QW3 2 T 517

Table 6.1: QW specifications

chapter, along with the absorption and emission spectra of the acceptor QDs are
shown in Fig. 6.2. Both the broadening and the shift in the QW PL spectra can
modify the spectral overlap between the donor QW and the acceptor QDs. It is
worthwhile to note that these are both factors can effect the LSP-FRET within the
system under study. The QW PL intenity varies slightly for each of the three QW
donors, however the normalized QW PL is presented in Fig. 6.2. The nanobox
arrays were fabricated using Electron-Beam Lithography (EBL). PMMA is first
spun onto the GaN capping layer surface and patterned using a Carl Zeiss Supra
electron-beam microscope. Following the development, 5nm of Ti and 35nm of Ag
are deposited using a metal evaporation process, and then the arrays are finally
created by a lift-off process. The arrays were comprised of nanoboxes of different
sizes. The dimensions of the nanobox arrays are presented in Table 6.2. Each array
contained units that were arranged in a symmetric two-dimensional square lattice

with overall dimensions of between 40 ym x 40 pm to 52 pm x 52 pm.
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Figure 6.2: PL spectra for all three QW donors and QD acceptor (left hand axis) and acceptor
QD absorption (right hand axis).

As in the previous chapter, the QDs are CdSe/ZnS core-shell nanocrystals with a
diameter of 6.3 nm and a peak emission wavelength of 649 nm, shown in Fig. 6.2.
The QDs are embedded in PMMA by first adding the QDs in toluene to a 2.5 %

~J
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wt. PMMA (also dissolved in toluene) solution. This mixture is then sonicated to
ensure the QDs are thoroughly dispersed. The solution is then spun down onto the
QW decorated by the NP array to create a layer of QDs in PMMA. The layer has
a QD concentration of (1.9 & 0.1) x 10?! m~3, measured as described in chapter 3,
section 3. The QD layer thickness has been measured with a Dektac6 profilometer.
It is found that the thickness of the PMMA layer is increased by (19 4 5) nm on the
array compared with a (60 £+ 5) nm thickness off the array. The QD concentration
used represents approximately 5-6 (QDs per unit cell for the nanobox arrays. The

deposition of the QD layer completes the hybrid structure, shown in Fig. 6.1.

1 Label I Shape | Unit Dimension (nm) | Gap (nm) ‘

B1 Box 100 100
B2 Box 100 130
B3 Box 100 160

Table 6.2: Details of nanobox arrays fabricated on QW substrates

The emission and energy transfer (ET) processes were characterised using PL
spectroscopy and time-resolved photoluminescence (TRPL). The TRPL and PL were
performed as previously described in chapter 4, with a brief description supplied
here for completeness. For PL measurements the samples were excited at normal
incidence using a pulsed 405 nm laser diode focused using a x40 objective lens. The
PL spectra were recorded using a fiber-coupled Andor grating spectrometer. The
PL decays were measured using a PicoQuant Microtime 200 time-resolved confocal
microscope with 90 ps temporal resolution. The dimensions and periodicity of the
Ag nanostructures were selected such that each array had overlap of the surface
plasmon resonance with the QW donor emission [30, 31]. SEM micrographs of the
three nanobox arrays are shown in Fig. 6.3. The images clearly show that there
is a large degree of uniformity across the arrays and that the aspect ratio of each

individual unit is also well maintained.

Figure 6.3: SEM images of B1, B2, B3 arrays (scale bar 500nm)

The nanobox arrays were designed using Lumerical, a finite difference time domain
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(FDTD) commercial software. The absorption and scattering spectra of the Ag
nanobox array are simulated using plane-wave excitation. The simulations took
account of the PMMA layer on top of the Ag nanoboxes and the 5 nm Ti layer. The
dielectric permittivity of the Ag and Ti materials are included using experimentally
measured data [38]. The GaN and PMMA layers are modelled with a constant

dielectric permittivity of e,y = 5.35 and epprara = 2.2, respectively.

6.3 Results and Discussion

As in the previous two chapters, all measurements are taken in the radiative recom-
bination regime of the donor QWs. The average lifetime of the three QW donors
as a function injected carrier density is shown in Appendix B. The decay dynamics
of the QW donors as a function of the injected carrier density were examined to
confirm the appropriate carrier density required. In all three cases the spontaneous
emission rates above a certain value increased linearly with carrier density. For all
three donor QWs discussed in this chapter data is presented at a carrier density of
2.7 x 10'7cm™3. The carrier density value used in this chapter is lower than in the
previous two chapters. This is due to the fact that the spontaneous emission rates
of the three QWs used in this chapter are faster than that of the QW sample used
for chapter 4 and chapter 5. In other words the average lifetime of the three QWs
used in this chapter is shorter compared to the previous two chapters. As a result
a lower carrier density value is selected so that the measurements can be taken at a
lifetime value that is higher in order that the fractional error (due to experimental
measurement and instrument response) is smaller. This is clearly seen in the average
QW lifetimes presented in Appendix. B.

Once again, there was no measureable direct FRET between the QW and the QDs
in the absence of the plasmonic nanobox arrays, for all three QW donors. This was
confirmed by examining the lifetime of the QW donors before and after the addition
of the QD layer, in the absence of the nanobox arrays. The QW PL decay curves
with and without the addition of the QD layer in the absence of nanobox 1 array for
each of the QW donors is shown in Fig. 6.4. Away from the plasmonic nanoboxes,
the lifetime of the QWs were found to be unchanged after the addition of the QDs.
This is seen clearly in Fig. 6.4. This is also consistent with the observations seen in

chapters 4 and 5.
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Figure 6.4: QW PL decay curves in the absence of Box 1 array with (red curve) and without
(black curve) the addition of the QD layer for (a) 3 nm barrier, (b) 5 nm barrier and
(c) 7 nm barrier QWs, respectively.

Next, the direct quenching of the donor QW lifetime and emission on the nanobox
arrays was examined for each QW donor. Fig. 6.5 shows the QW PL spectra on and
off of Box 1 array for each of the three QW samples. It can be seen from Fig. 6.5
that the QW emission is quenched substantially, between 80-90 % on Box 1 array
for each of the QW samples. This is consistent with the results seen in chapters 4
and 5 and is relatively unsurprising as there is a peak in the absorption of all three
nanobox arrays overlapping with the emission spectra of all three QW donors, as
can be been in Fig. 6.6. It can be seen from Fig. 6.5 that the emission quenching
is slightly lower for the 3 nm barrier QW which can be explained by examining the
spectral properties of the nanobox arrays, seen in Fig. 6.6. It is worthwhile to note
that along with the observed red-shift in the absorption peak as we move from Box1
to Box3 seen in Fig. 6.6, the total magnitude of the absorption for Box1 is in fact
higher due to the larger metal filling factor within a unit cell. This explains why the
value of the absorption decreases from Box1 to Box3 respectively as the filling factor
decreases. The emission spectrum of the 3 nm barrier QW is red-shifted compared
to the other two QW samples. This results in less overlap between the emission of

the QW and the array absorption which explains the slight decrease in the quenching
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Figure 6.5: QW PL spectra off (black line) and on (magenta line) Box 1 array for the (a) 3 nm
barrier, (b) 5 nm barrier and (c¢) 7 nm barrier QW samples, respectively.

for the 3 nm barrier QW. Fig. 6.7 shows the QW PL decays on and off of Box 1
array for each of the three QW samples. It can be seen from Fig. 6.7 that over
short timescales the QW lifetime is reduced on nanobox 1 array for each of the QW
samples. This is indicative of nonradiative energy transfer (or direct quenching)
from the QW donors to the nanobox 1 array. It should be noted that although the
lifetime on the array is reduced over short timescales (seen from the insets in Fig.
6.5 (a) and (c)), it is in fact increased over longer timescales. Whilst this crossover
of the lifetime is not observed for the 5 nm barrier QW decays presented in Fig. 6.7
(b), is was seen for this QW on other arrays and at other carrier densities. Therefore,
this complex QW lifetime behaviour after fabrication of the arrays was observed for
each QW sample. This crossover of the lifetime may be driven by an increase in the
nonradiative recombination processes within each QW due to fabrication by EBL,
as this behaviour was not observed for similar plasmonic array fabricated by HIL, as
presented in chapters 4 and 5. The modification of the QW lifetimes in this complex

way requires further investigation.
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Figure 6.6: PL spectra for all three QW donors and QD acceptor (left hand axis) along with the
simulated extinction spectra for all three nanobox arrays and acceptor QD absorption
(right hand axis). Simulated data provided by Dr. Vasilios Karanikolas.
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Figure 6.7: QW PL decay curves off (black curve) and on (red curve) Box 1 array, for (a) 3 nm
barrier (b) 5 nm barrier and (c) 7 nm barrier QWs, respectively. The insets in (a)
and (c) show the decays over the first 5 ns for the 3 nm and 7 nm barrier QWs,
respectively.
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However, the main focus of this chapter is not on the direct quenching process
but on the subsequent LSP-FRET process. As the quenching between a QW donor
and a nanobox array has been discussed in detail in both chapter 4 and chapter 5,
from this point forward the impact of changing the QW barrier on the LSP-FRET
process only will be discussed.

The donor QW PL lifetimes are presented. Fig. 6.8 shows the QW PL lifetimes
on the nanobox arrays with and without the addition of the QD layer, for all three
QW donors. It can be clearly seen from Fig. 6.8 that the donor lifetime is further
reduced after the addition of the acceptor QD layer for all arrays and for all QW
donors. This is a significant result as it shows that the LSP-FRET process can
compete with both the donor spontaneous emission rate and the direct quenching

rate to the nanoboxes for each nanobox array and for each barrier thickness.
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Figure 6.8: Time-resolved photoluminescence decays for Box1, Box2 and Box3, respectively for
QW 1 (a-c), QW 2 (d-f) and QW 3 (g-i).

In order to understand the process further, the LSP-FRET rates need to be exam-

ined. The LSP-FRET rate is calculated by comparing the donor QW PL lifetimes
before and after the addition of the QD layer. In this case
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krrer = k*QW—Am-ay—QD - ATQw-Army (6-1)

TQW —Array—QD TQW —Array

where kow —array—@p 18 the total donor rate on the array after the addition of the

QD layer and kgw_array is the total donor rate on the array before the addition of
the QD layer. The average QW lifetimes on each of the nanobox arrays before and
after the addition of the QD layer for each of the three QW samples are shown in
Table 6.3.

| | On Box1 (ns) | On Box2 (ns) | On Box3 (ns)—l

TGW=hrray (3 nm Barrier) 3.11 2.52 1.81
TQW —Array—@p (3 nm Barrier) 2.40 2.11 1.66
TQW — Array (5 nm Barrier) 4.91 3.95 4.41
TQW —Array—QD (5 nim Barrier) Shall 3.28 3.71
TOW —Array (7 nm Barrier) 522 4.70 4.21
TOW - Array—@D (7 N Barrier) 3185 3.91 3.76

Table 6.3: Average QW lifetime on each of the nanobox arrays before and after the addition of
the QD layer for each of the three QW samples.

Using Eqn. 6.1 the LSP-FRET rates were calculated by using the lifetime values
presented in Table 6.3 . These LSP-FRET rates are presented in Fig. 6.9.
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Figure 6.9: LSP-FRET rates for all three nanobox arrays on all three QW donors

It can be seen from Fig. 6.9 that the LSP-FRET rates decrease moving from Box
1 to Box 2 to Box 3, respectively. This can be due to the reduction in the spectral
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overlap between our QW donor emission spectra and the absorption spectra of the
nanoboxes, as seen in Fig. 6.6. This reduction is observed for all three donor QWs.
This trend amongst the nanoboxes is also consistent with the observed trend seen
for these structures in chapter 5. Furthermore, it can be seen in Fig. 6.9 that the
LSP-FRET rates are highest for QW 1 which has the thinnest barrier (3 nm). The
rates then steadily reduce for QW 2 (5 nm) and QW 3 (7 nm), respectively. This is
a significant result as it demonstrates that the donor-array distance has a direct and
measureable impact on the rate of LSP-FRET from the QW to the QDs. The trend
in the LSP-FRET rate for the three QW barriers is expected as the donor-plasmon
coupling decreases with distance. Therefore, this system once again suggests that
the donor-plasmon acts like an enhanced donor dipole which couples to the acceptor
dipole.

It has been successfully experimentally demonstrated that LSP-FRET can occur
from a donor QW with a thicker barrier (up to 7 nm) to a thick layer of acceptor
QDs via plasmonic nanobox arrays. This system clearly indicates the possibility to
enable FRET between donors and acceptors that would otherwise be too far apart
from one another to transfer energy nonradiatively, by using plasmonic arrays in
layered geometries.

As mentioned earlier, by moving from one QW donor to another, the barrier
thickness is not the only thing that changes. Due to small differences in the electro-
potential within the QW and the purity of each sample, the spontaneous emission
(S.E.) rate of each of the QW samples also varies [143,144]. As the LSP-FRET
efficiency is effectively a measure of how the LSP-FRET rate competes with both
the spontaneous emission rate and the quenching rate to the arrays, it is important
to examine these rates before presenting the efficiency. The sum of the spontaneous
emission rate and the quenching rate for each nanobox array on each QW sample is

shown in Fig. 6.10.
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Figure 6.10: Sum of spontaneous emission rate and quenching rate for each nanobox array on all
three QW samples.

The rates presented in Fig. 6.10 represent the total donor rate on each array before
addition of the QD acceptor layer. It can be seen in Fig. 6.10 that the total QW
rate (spontaneous emission rate plus quenching rate) is fastest for QW 1 which has a
3 nm barrier. This rate is decreased for both QW 2 (5 nm barrier) and QW 3 (7 nm
barrier), respectively. We can see from both Fig. 6.9 and Fig. 6.10 that although
the LSP-FRET rate is largest for QW 1 (3 nm barrier), it has to compete with the
fastest spontaneous emission and quenching rates. The LSP-FRET efficiency will
represent how competitive the FRET process is compared to the underlying decay

mechanisms. The LSP-FRET efficiency can be expressed as

NFRET = s (6.2)
kow + kqw —Arrey + KFRET :

where kgw is the spontaneous emission decay rate for the bare QW, kgw _ 4rray is the
QW quenching rate for the QW decorated with the Ag nanobox array and kpgpr
is the plasmon-coupled QW to QD FRET energy transfer rate. The LSP-FRET
efficiency for each nanobox array on each of the three QW samples is presented in
Fig. 6.11.

84



6. Barrier Thickness Dependent Study of LSP Mediated FRET

35 . . . ;
= S
‘; 25| 1 | v 7om| |
e ! .

o 20+ i E
O A
E 15+ . : T
. 10+ -
- ¢
w 5 |
Box1 Box2 Box3
Nanostructure

Figure 6.11: LSP-FRET efficiency for Box1, Box2 and Box3, respectively on all the QW samples.

It can be seen from Fig. 6.11 that for all QW samples the LSP-FRET efficiency
decreases moving from Box 1 to Box 2 to Box 3, respectively. This mirrors the trend
observed in the FRET rates seen in Fig. 6.9. It is also consistent with the FRET
efficiencies seen in chapter 5 for similar arrays. Also, it can be seen clearly in Fig.
6.11 that the LSP-FRET efficiency is, in fact, lowest for the QW with the thinnest
barrier. As discussed earlier, this is due to the fact that the LSP-FRET rate, whilst
fastest for QW 1, must compete with the faster spontaneous emission and quenching
rates. This therefore reduces the efficiency of the FRET process for the 3 nm barrier
QW compared to the other two QW samples. Secondly, when we examine QW 2
and QW 3 more closely, it can be seen in Fig. 6.11 that QW 2 shows the highest
FRET efficiency values. This is due to the fact that the FRET rates for QW 2
are higher than for QW 3, whilst their spontaneous emission and quenching rates,
seen in Fig. 6.10, are comparable. So once again the trade-off between the LSP-
FRET rate and the spontaneous emission and quenching rates explains the efficiency
values. Furthermore, examining the efficiency of the 7 nm barrier QW, it can be
seen from Fig. 6.11 that a 25 % LSP-FRET efficiency is achieved using Box 1 array.
This is a substantial result as it demonstrates that despite fast spontaneous emission
and quenching rates, FRET remains competitive over larger distances in a thicker
barrier QW. It is worthwhile to note that within the hybrid system studied, it is not
possible to determine the precise distance dependence of FRET efficiency between
the QW and QDs (following a d=2 or d=*) due to the acceptor QDs being randomly
distributed within a 3-D volume and therefore having an undefined centre-to-centre
distance between the donors and acceptors.

Next, the impact that the LSP-FRET efficiency has on the acceptor QD emission

is examined. Fig. 6.12 shows the QD emission ratio (QD emission on the array
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divided by QD emission off the array) on each of the QW samples.
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Figure 6.12: QD emission ratio for Box 1, Box 2 and Box 3 on each of the three QW samples
and bulk GaN.

As the nanobox arrays can influence the QD emission by themselves, the QD
emission ratio for the three nanobox arrays on bulk GaN is also shown in Fig. 6.12.
By using a bulk GaN substrate the contribution to the QD emission that is solely
from plasmon enhanced absorption and scattering processes is separated out. It can
be seen from the black squares in Fig. 6.12 that the QD emission is enhanced on Box
1 and Box 2 arrays on the GaN by 41 % and 20 %, respectively. However, the QD
emission is quenched by approximately 10 % on Box 3 array on the GaN substrate.
These observations are consistent with the QD emission values seen in chapter 5 for
similar arrays. Therefore, by comparing the QD emission on the GaN substrate to
the QD emission on the QW substrates, any further increase in the QD emission
on all three QW samples can only be due to the LSP-FRET from the QW directly
to the QDs. It can be seen from Fig. 6.12 that the LSP-FRET from the QWs to
the QDs results in an increase in the QD emission on all nanobox arrays for all QW
samples, relative to the bulk GaN substrate. Once again, this is a significant result
as it successfully demonstrates that the nonradiative energy transferred to a thick
layer of QDs wvia the nanobox arrays can produce an increase in the light from the
acceptor QDs. It is clear from Fig. 6.12 that the QD emission on Box 1 array is
always higher than Box 2 and Box 3 arrays, respectively, for each QW sample. Also,
Fig. 6.12 shows that the QDs on nanobox 1 array on the 3 nm barrier QW produce
the largest total emission, with an increase of 120 % in the QD emission observed.
For nanobox 2 array, the QD emission is highest for the 3 nm barrier QW, with the
emission being similar for both the 5 nm and 7 nm barrier wells, respectively. On

each of the QW samples, the QD emission enhancement for nanobox 3 is similar,
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within the experimental error. However, the QDs on the 3 nm barrier QW produce
slightly more emission than QDs on either the 5 nm barrier QW or the 7 nm barrier
QW, respectively. The variation in the QD emission between the three QW samples
is largest for the nanobox 1 array.

To understand the QD emission change in more detail, nanobox 1 is examined
more closely. An expression for the total change in the QD emission, identical to
the one used in chapter 5, which includes the energy transfer efficiency contribution

is given by Eqn. 6.3:

[eQmD—NB [QD—NB kQD—NB

Agw (Were) IS ow
i e ol TQD-NB 14 QW \Wezc) Lgps QW—-NB—-QD (6 3)
= BT 2
Iy [3,? kfig QD AQD (Weze) 3)?

QD-NB W .
where % is the QD emission ratio on the QW substrate;

1QD~NB

o s+ is the absorbed intensity ratio, given by the field intensity factor at
theabf)osition of the QD acceptor with and without the array at the excitation
frequency, wezc;

LQ@D-NB

° —”iﬁo-g—— is the radiative decay ratio for the acceptor QDs;

o 'QD-NE ig the lifetime ratio of the acceptor QDs, taken from experiment;

TQD

@ i—gg—((?i)) is the field intensity ratio in the donor QW relative to the acceptor

QD;

IQVV ‘ 5 s ‘ . v ; 5 . 7
e f&b is the ratio of the intrinsic absorption in the donor QW to the intrinsic

abs

absorption in the acceptor QDs, in the absence of the nanobox array, taken

from experiment;

° ng;}/_NB_QD is the LSP-FRET efficiency from the donor QW to the acceptor
QDs, taken from experiment. To simulate the QD emission ratio on the arrays,
a large number (500) random acceptor QD dipoles are dispersed within the
PMMA layer and the volume average of the field intensity within a unit cell
of height 80 nm is calculated. Simulations were carried out by Dr. Cristian

Marocico.

As indicated by eqn. 6.3, the QD emission ratio on the QW samples is linearly
dependent on the energy transfer efficiency, nggﬂv_NB_QD. However, it can be seen
in Fig. 6.12 that the QD emission ratio is largest for the 3 nm barrier QW, yet

the energy transfer efficiency is lowest for the 3 nm barrier QW, as seen in Fig.
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6.11. However, the QW donor field intensity factor, Agw (Wezc), Which is the field
intensity within the QW due to the plasmonic nanobox is expected to decrease as
the plasmonic array is moved further from the QW due to the thicker GaN barrier
layer. A higher Agw (wezc) , in the case of the 3 nm barrier QW, will produce a
higher total number of carriers in the QW compared to the 5 nm barrier or 7 nm
barrier wells. This can be more easily observed by examining the field generated
around nanobox 1 at the excitation wavelength, as seen in Fig. 6.13.
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Figure 6.13: Map of the field intensity at the excitation wavelength in the x-z plane for nanobox
1 for a plane wave excitation. Simulation data provided by Dr. Vasilios Karanikolas.

It can be seen clearly that as the GaN barrier is increased and the distance between
the nanobox and the QW (or InGaN layer, indicated by a yellow arrow) increases,
the enhanced field decreases. Therefore, although the efficiency is lower, the increase
in the number of QW excitations can result in an increase in the number of excited
QDs and can therefore produce more total emission. This can explain why, despite
a lower FRET efficiency for the 3 nm barrier QW compared to the 5 nm barrier or
7 nm barrier QWs, the QD emission enhancement is higher.

For completeness the PL spectra were also measured. An example of the PL
spectra for the complete 3-component system using nanobox 1 and QW 1 is shown
in Fig. 6.14. Fig. 6.14 shows the PL spectra of the QW by itself, the QW with
the nanobox array without the QDs, the QW with the QDs without the nanonox
array, the QDs on the nanobox array on bulk GaN and the QW with the QDs on the
nanobox array. From the black and red lines in Fig. 6.14 it can be seen that there
is no evidence of direct radiative or nonradiative energy transfer in the absence of
the nanobox array, as the QW emission is the same with or without the addition
of the QD layer. The direct quenching of the QW emission by the nanobox array
is seen by comparing the black and magenta lines. On the bulk GaN substrate the
QD emission is increased by ~ 40% on the nanobox array compared to off of the

nanobox array (green line). However, in the presence of the nanobox array after the
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Figure 6.14: PL spectra for 3-component system using nanobox 1 array on QW 1 (3 nm barrier).

addition of the QD layer (blue line), the QW emission is further reduced and the
QD emission is increased by ~ 120% compared to off the nanobox array, which is
again attributed to the LSP-FRET.

6.4 Conclusion

In conclusion, LSP-FRET from three InGaN/GaN QWs with different barrier thick-
nesses to a ~ 80nm layer of QDs embedded in PMMA using silver nanobox arrays
has been demonstrated. These arrays were fabricated by EBL directly on the SQWs
and on bulk GaN substrates to allow for investigation of the QD-nanobox array in-
teraction independently. The QD-nanobox array interaction can be fully understood
by a combination of enhanced absorption and scattering processes due to the pres-
ence of the nanobox arrays. TRPL and PL spectral measurements demonstrate and
quantify the presence of the LSP-FRET from the QWs to the QDs arising from the
increased local field around the nanobox arrays. For a given array, the FRET rate
is observed to decrease as the QW barrier thickness is increased. This observation
indicates that at smaller QW-array distances, the LSP-FRET process is faster and
that the rate of FRET decreases as the QW-array distance increases, as expected.
This result is consistent with observations of LSP-FRET in other material geome-
tries [134]. The trade-off between the FRET rate and the spontaneous emission
and quenching rates within the donor QWs is discussed and the efficiency values
are presented. Also, the change in the QD emission due solely to LSP-FRET is
can be understood by a combination of the energy transfer efficiency and the donor
field enhancement factor. LSP-FRET efficiencies of up to 28 % are observed from
the QWs to the QDs. QD emission enhancements of up to 120 % are also seen.
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This study clearly demonstrates that LSP-FRET can occur from QWs with thicker
barriers (up to 7 nm) to a thick layer of acceptor QDs by utilizing plasmonic arrays.
This result provides a very promising outlook on the use of nonradiate pumping
for down-conversion based LEDs. It is also worthwhile to note that the QW-QD
distance can be systematically increased by the addition of oxide layers on top of the
GaN barrier itself or indeed by the introduction of, for example, an AlGaN layer.
The introduction of an AlGaN buffer layer would be compatable with the growth
processes used in the II1/V QW material growth and could provide for even smaller
incremental changes in the QW-QD distance which could be used to increase the

insight within this hybrid system even further.
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7 Conclusions and Future Work

7.1 Carrier Density Dependence of LSP-FRET
from a QW to a Layer of QDs

Plasmon-enhanced nonradiative energy transfer has been observed for the first time
from an InGaN/GaN SQW to core-shell CdSe/ZnS QDs embedded in a ~80 nm
host PMMA layer. A Ag nanobox array, fabricated by helium-ion lithography and
designed such that the QW emission peak spectrally overlaps with the LSP reso-
nance, was used to enable this LSP enhanced process. No measureable direct FRET
from the QW to the QDs was observed, therefore the NP arrays provide substantial
enhancement to facilitate large ET efficiencies from the QW to the QDs, despite the
strong presence of quenching of the QW emission to the NP arrays. The carrier den-
sity dependence within this system was presented to both understand the nature of
the donor carriers and to demonstrate that the direct quenching and energy transfer
efficiencies were carrier density independent, which is a first step towards imple-
mentation in electrically pumped LEDs. Both the QW emission quenching rate and
the plasmon-coupled nonradiative energy transfer rate were found to increase with
increasing QW carrier density. TRPL and PL spectra measurements were used to
quantify the LSP-FRET from the QW to the QDs. Despite strong direct quenching
by the metal nanoparticles, a plasmon-coupled energy transfer efficiency of 25 % was
observed from the QW directly to the layer of QDs. The carrier density dependence
of the nonradiative energy transfer from the QW to the Ag nanobox array and that
of the plasmon-enhanced nonradiative energy transfer from the QW to the QD layer
are found to be the same as for conventional Forster-like energy transfer. This indi-
cates that secondary effects of the plasmon coupling, such as spectral shifts, do not
have a significant effect in the system studied. Furthermore, the plasmon-coupled

energy transfer resulted in a 16 % increase of the QD emission.
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7.2 Nanostructure Dependence of LSP-FRET from
a QW to a Layer of QDs

Having observed LSP-FRET from a QW donor to a layer QD acceptors for the first
time, chapter 5 demonstrated how the LSP enhanced processes were dependent on
the plasmonic array geometries. To do this a range of different Ag plasmonic arrays
were fabricated directly onto both a QW and bulk GaN substrate. The plasmonic
arrays were shown to impact the QW donor and QD acceptors independently. The
QD-NP array interaction could be completely understood by a combination of en-
hanced absorption and scattering processes due to the presence of the NP arrays.
The different arrays were also shown to change the efficiency of the LSP-FRET from
the QW to the QDs. Once again, TRPL and PL spectra measurements demon-
strated and quantified the presence of the LSP enhanced FRET from the QW to
the QDs via the increased local field around the NP arrays. Quenching efficiencies
from 84% to 90% were observed from the QW to the different NP array geometries
and plasmon-enhanced FRET efficiencies from 25 % to 51 % were observed from the
QW directly to the QDs. QD lifetime enhancements of almost 60 % were observed
and QD emission enhancements of up to 71 % were also seen. The QD emission
enhancement data was fit with an expression which includes the energy transfer effi-
ciency contribution and agreement between the experimental and theoretical results
was achieved. This clearly demonstrated that the total change in the QD emission
from the GaN substrate to the QW substrate was solely due to the LSP-FRET
from the QW to the QDs and was not driven by any other mechanism. The work in
chapter 5 successfully showed the versatile role that the plasmonic arrays play within
the QW-Array-QD hybrid system to enhance both LSP modified FRET and LSP
modified emission processes. Therefore, it could be concluded that depending on the
specific requirements of a given system, a different nanostructure should be chosen.
Colour switching could be achieved by selecting a plasmonic array that quenches the
donor emission strongly along with maintaining LSP-FRET to the acceptor, whilst
colour tuning could be achieved by a combination of both LSP enhanced absorption

and emission of either the donor or acceptor and enhanced FRET between them.

7.3 QW Barrier Thickness Dependence of
LSP-FRET from a QW to a Layer of QDs

InGaN/GaN QWs have been promising to explore in terms of opto-electronic de-
vices, such as LEDs [103-105] and light harvesting devices [106,107]. Whilst the

work presented in this thesis showed that QWs can nonradiatively pump thicker
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layers of QDs by utilizing plasmonic elements, the first study was demonstrated for
a QW with a thin (3 nm) GaN barrier. As discussed in chapter 6, thin QW barri-
ers (~ few nm thick) can dramatically increase the nonradiative losses within QWs
and can be detrimental for carrier spreading across the device area [10]. Having
a thicker QW barrier can help to alleviate both of these problems. Therefore,to
remedy these issues, in chapter 6 the impact of changing the QW barrier thickness
on the LSP-FRET process from the QW donor to the QD acceptors was discussed.
To do this the QW barrier thickness was increased from 3 nm to 7 nm in steps of 2
nm. LSP-FRET was demonstrated using all three InGaN/GaN QWs, with different
barrier thicknesses to an ~ 80nm layer of QDs embedded in PMMA decorated with
Ag nanobox arrays. These arrays were fabricated by EBL directly on the SQWs and
on bulk GaN substrates to allow for independent investigation of the QQD-nanobox
array interaction. Once again, the QD emission on the plasmonic array can be fully
understood by a combination of enhanced absorption and scattering processes due to
the presence of the nanobox arrays. For a given array, the FRET rate was observed
to decrease as the QW barrier thickness is increased. This observation indicated that
at smaller QW-array distances, the LSP-FRET process is faster and that the rate
of FRET decreases as the QW-array distance increases, as expected. This result is
consistent with observations of LSP-FRET in other material geometries [134|. The
change in the QD emission due solely to LSP-FRET arose from a combination of
the energy transfer efficiency and donor field enhancement factor at the excitation
wavelength. LSP-FRET efficiencies of up to 28 % were observed from the QWs to
the QDs, and a LSP-FRET efficiency of 25 % was observed for a QW with a 7 nm
barrier. QD emission increases of up to 120 % were also seen. The work presented
in chapter 6 clearly demonstrates that LSP-FRET can occur from QWs with thicker

barriers (up to 7 nm) to a thick layer of acceptor QDs by utilizing plasmonic arrays.

To conclude, it is interesting to compare the total efficiency of nonradiative energy
transfer presented in this thesis to its radiative counterpart. Let us consider radiative
pumping first. Although complex simulation could calculate to total efficiency of ET
from the QW to the QDs wia radiative pumping, a reasonably accurate estimation
can in fact be made by using the known experimental parameters. The internal
quantum efficiency of the QW is ~ 85 %. Therefore, ~ 85 % of the generated carriers
in the QW are converted into photons. These photons are emitted in all directions
and there is no preferential emission direction. Therefore, ~ 50 % are emitted in the
upward direction towards the GaN barrier. However, due to total internal reflection
at the GaN-air interface, only photons that are emitted within a cone of semi-angle
of ~ 30 degrees actually escape from the QW. This cone constitutes only ~ 13 %

of the photons emitted in the upward direction. As a result, the external quantum
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efficiency becomes (0.85 x 0.5 x 0.13) ~ 5 %. This is consistent with values for
the extraction efficiency seen in the literature [145]. Therefore, only ~ 5 % of the
carriers generated in the QW actually escape and can pump the QD layer. Also,
it is important to note that for the QD acceptors, the absorption efficiency is less
than 1 % in a ~ 80 nm layer. This is precisely why very thick layers (several
microns thick) of acceptors are required in LEDs, in order to ensure almost 100 %
absorption of the limited number of extracted photons from the QW. By comparison,
the work presented in this thesis shows that LSP-FRET efficiencies of >50 % can
be achieved from the QW to the QDs. Therefore more than half of all the generated
carriers within the QW actually excite the QD acceptors in only a ~ 80 nm layer.
This result provides a very promising outlook on the use of nonradiate pumping for

down-conversion based LEDs.

7.4 Potential Plasmonic White Light LED Device
Design

As mentioned before, all of the investigations undertaken in the hybrid QW-Array-
QD system througout this thesis used light to excite the donor carriers in the QW.
However, the practical implementation of this system to create an LED device would
require that the donor QW carriers be electrically excited. A promising inverted-
type architecture for transferring energy from a QW donor to QD acceptors was
proposed by Achermann et. al. in 2006 [10]. Fig. 7.1 shows a schematic of the
type of design for a white light LED, similar to that used by Achermann, that could
be used in the future which would incorporate plasmonic arrays to enhance both
the FRET from the donor QW to the acceptor QDs and to subsequently enhance
the acceptor QD emission. The design allows for creation of donor carriers by
doping of the GaN layers such that there is both a p-type and n-type layer. The
n-type contact pad can be made from Ti/Al/Ni/Au and the p-type contact can be
made from Pd/Au as in Achermanns paper. The plasmonic arrays must be placed
close (within several tens of microns) to the n-type contact pad because within
this region sufficient carrier spreading can be expected. Careful positioning of the
arrays is therefore of crucial importance for implementing plasmonic elements into
the QW-QD electrically contacted system. Additionally, green and/or red emitting
QDs could be used in the PMMA layer to tune the overall colour from the system.
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QDs in PMMA

N-type Contact

Ti/Al/Ni/Au

P-type Contact & ' ! ® P-type Contact

(a)

Figure 7.1: Schematic of electrically contacted QW-Array-QD system which could be a promising
design for device application.

7.5 Future Work

Looking forward, the hybrid QW-Array-QD system could be developed further to
tune the level of both enhanced emission and enhanced FRET mechanisms. For
colour tuning applications, this could be done by fabricating arrays which indepen-
dently facilitate absorption and/or emission enhancement of either the QW or the
QDs. Such arrays could be fabricated using HIL. Colour tuning devices could also
benefit from enhancement of the FRET process between the QW and the QD by
having a level of control over the colour mixing of the entire structure. Optimization
of the hybrid system for a colour switching plasmonic device could be achieved by
selecting a plasmonic array that quenches the donor emission strongly along with
maintaining high levels of LSP-FRET to the acceptor. The nanoring geometry pre-
sented in chapter 5 could fulfil both of these requirements but other plasmonic arrays

could also be considered.

It would be interesting to examine how thick the QW barrier can be made before
FRET within this system no longer competes with the QW spontaneous emission
and quenching rates to the plasmonic arrays. The LSP-FRET demonstration with

the thicker barrier opens the way for electrically contacted QW donors. In such
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thicker barrier QWs the carrier spreading across the device area should be sufficient.
One of the main issues with current LEDs is the extraction efficiency from the QW.
Whilst QWs have a relatively high internal quantum efficiency, due to total internal
reflections at the GaN-air interface the external quantum efficiency is considerably
reduced. In this way nonradiative ET possesses a distinct advantage over radiative
pumping within the LED. An investigation into the role that the plasmonic array
has in such electrically-contacted devices would also be incredibly useful in deter-
mining the viability of using FRET in such nonradiatively pumped down-conversion
LEDs. If high LSP-FRET efficiencies could be achieved from electrically contacted
QW donors to thick layers of QD acceptors, the electricity-to-light efficiency for the
total LED could be substantially improved.

More generally, within the range of applications for QWs into the future, the pos-
sibility exists to move from electro-optically inefficient silicon to using germanium,
whose direct gap transitions are much closer to the optical telecommunications wave-
length of 1.5um. As a result, germanium quantum wells look to be a very promising
candidate for future application. QWSs have been used extensively in applications
for injection lasers [42,146,147].

Furthermore, the 3-component systems used throughout this thesis could also be
used as a light harvesting device, whereby the QDs become the donors and the QW
acts as the acceptor. This could be achieved by selecting QDs at higher energies that
have an emission spectrum that overlaps with the QW absorption. The plasmonic
arrays would also have to be modified to position their absorption overlapping with
the QD donor emission. This would likely require arrays consisting of smaller units
than the ones considered in this thesis, but such structures could be made by HIL or
colloidal metallics NPs could be explored. It could be interesting to investigate this
light harvesting system using both QW acceptors that were electrically contacted
and ones that were not electrically contacted. The scope for investigation within
the hybrid QW-Array-QD system is considerable. Further investigation into this
system for applications in both light emitting and light harvesting devices could

yield fruitful results.
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Example of sample preparation process for

fabrication of plasmonic arrays.

e 60uL of PMMA 950K-A3 polymer resist is spun at 3000 rpm for approximately

30 seconds on GaN substrate.
e Sample is baked at 180 °C for 3 minutes to promote outgassing.

e 100 pL of e-spacer (conducting polymer) is spun down on to the substrate at

1500 rpm for 30 seconds.

e The sample is then place in the chamber and exposure procedure is performed

using a designed pattern.

e The exposures are performed at an accelerating voltage of 30 kV with a current
of ~ 1.7 pA.

e The dose required to fabricate of the nanobox arrays is ~ 6 uC'/cm?, whilst
the dose required to fabricate the ring and disc arrays is ~ 7.2 uC'/cm?, at a

step size of 4 nm.

e The sample is then removed, rinsed in deionised water to remove the e-spacer
and then developed in MIBK:IPA 1:3 solution for 45 seconds.

e The sample is then rinses in IPA for 1 minute and dried under nitrogen flow.
e The metal is then deposited using an evaporation process.

e Finally, lift-off is performed by immersing the sample in acetone for 10-15

minutes with very slight sonication to promote clean removal of residual metal.
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Figure 7.2: Average QW lifetime as a function of injected carrier density for QW samples with
(a) 3 nm, (b) 5 nm and (c) 7 nm GaN barriers.
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