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Abstract

The development of hybrid plasmonic nanostructures and metamaterials to control
electromagnetic radiation on the nanoscale has been at the centre of scientific research
for the past few decades. Utilising the surface plasmon resonances arising from no-
ble metal nanoparticles is attractive due to the diverse range of applications within
the field of nanophotonics. However, the plasmonic response of these nanostructures
is heavily dependent on factors set during the fabrication process, such as the com-
bination of materials used as well as there structural dimensions. The inability to
dynamically tune the optical response of such nanostuctures post-fabrication imposes
serious limitations on potential applications within optoelectronic systems. To over-
come this, tunable plasmonic elements consisting of metallic nanoparticles on a thin
layer of vanadium dioxide VO,, a phase change material, are considered. VO, is an
attractive option as a phase change material due to its large reversible transition from
a semiconducting phase to a metallic phase at the critical temperature of 68° C, close
to room temperature.

The VO, phase change is used to dynamically tune the plasmonic response of coupled
nanoparticles within the visible and near IR spectral regions.

The modulation of the reflectance, transmittance and absorptance spectra of VOg thin
films with thicknesses between 5 nm - 200 nm is investigated with significant blueshifts
in the optical response within the visible spectral range. By implementing a metallic
backreflecting layer a larger contrast in the optical spectra of the VO, thin film is
demonstrated with a large change in the CIE colour in each case. Plasmon resonance
wavelength shifts of over 600 nm are observed in the near-IR spectral region upon
the transition of the VO, layer from the semiconducting phase to the metallic phase.
This is significantly larger than the wavelength shifts reported in this spectral range
using other phase change materials. Additionally, significant increases in the scattering
cross sections are observed for VO, film thicknesses between 30 - 50 nm as well as
enhancement of the plasmonic hotspots surrounding Au nanoparticles. Au Bowtie
Dimer structures demonstrate a 3.6-fold increase in the E-field intensity within the
dimer gap accompanied by a reshaping of the spatial profile of the E-field enhancement
providing a mechanism for tunable metasurfaces.

Finally, a method to dynamically tune luminescence enhancement in the near infrared
spectral range by coupling metal nanostructures to VO, thin films. A numerical model
is employed to calculate the emission of quantum emitters in a hybrid system com-
prising a single silver (Ag) nanodisc on top of a thin layer of VO,. Through the
optimisation of this system, a luminescence enhancements greater than 4 can be seen
in the metallic VOy compared to the semiconducting phase allowing for compensa-
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tion of thermal quenching of up to 70% between room temperature and 70° C. This
renders the hybrid system a promising candidate for improved photon management
in optoelectronic devices where elevated temperatures minimize the efficiency of such
devices.

The research presented in this thesis demonstrates how hybrid plasmonic nanostruc-
tures, incorporating a thin layer of VO, can allow for dynamic modulation of re-
flectance, transmittance, absorptance and scattering spectra as well as enhancement of
the localised E-field and emission of coupled quantum emitters.
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1 Introduction

Between 1959, when the concept of nanoscience and nanotechnology was first intro-
duced by Nobel Prize laureate Richard Feynman in his seminal lecture "There’s Plenty
of Room at the Bottom',! and today, the world has seen an explosion in scientific
advancement in all areas of nanoscience. In particular, the development of new fabri-
cation and synthesis techniques have paved the way for the development of numerous
novel nanostructures allowing for the manipulation of light on the nanoscale and the

development of technologies unimaginable at the beginning of the last century.

As a consequence of the reduced size of nanomaterials, which have dimensions on
the order of 1 - 100 nm,? considerably smaller than the wavelength of visible light,
the chemical and physical properties can be remarkably different from properties seen
in the bulk material.> Combinations of these nanoscale materials has allowed for the
development of hybrid structures which can have material properties that greatly differ

from their constituent materials.*

The advancement in material growth and fabrication techniques that have led to the
development of novel nanomaterials come in the form of both the "top-down" and
the "bottom-up" approach.>® Advances in the "top-down' approach, which involve the
fabrication of nanostructures through processing of the bulk material, have come in the
form of lithographic techniques such as photolithography, electron beam lithography
and nano-imprint lithography.” Methods such as mechanical exfoliation have also
allowed for the growth of 2D materials,® a class of materials characterised by their single
atomic layer thickness.” The "bottom-up" approach, characterised by the self-assembly
of atoms and molecules,® has seen the emergence of numerous growth methodologies
including various chemical and physical deposition techniques allowing for the growth
of novel materials on the nanoscale. Both of these kinds of fabrication techniques are

crucial in the fabrication of the hybrid nanostructures discussed in this work.

Just as the size of electronic components moves towards smaller sizes, advances in
nanoscale light manipulation has seen the size of optical components shrink as well.
Recent advances have promised the miniaturisation of optical components by replacing

bulky systems of lenses with flat optical meta lenses for example. This year, flat optical



components have been deployed within consumer devices for the first time with the
release of a direct time-of-flight sensor developed by Metalenz.!® This kind of optical
sensor module can be integrated into smartphones, drones, robots and vehicles and is
intended to point towards the improvements in performance, power, size and cost that
meta-optics can offer over traditional optics. The market for these kinds of flat optical
devices is expected to be worth several billion dollars by 2030 and from this it can
be seen that nano optical devices will play an increased role in our lives and in the

technology we use as times goes on.

For optical responses in the visible regime, plasmonics and in particular the phe-
nomenon of localised surface plasmon resonances (LSPRs) is of particular interest.
Gold (Au) and silver (Ag) nanoparticles are commonly used in this field as these met-
als support resonances within the visible regime, which can be adjusted by altering the
size of the nanoparticle or by selection of the dielectric environment surrounding the
nanoparticle. While plasmonic effects in fabricated materials can be seen in the Ly-
curgus Cup,'? a Roman artifact dating back to the 4th Century, not until the last few
decades has plasmonics been applied in a wide range of applications. These applica-
tions include, surface enhanced Raman Spectroscopy,'® 15 LEDs!6!® and biosensing!® 2!
among others. The strong enhancement of the electromagnetic field by a plasmonic
nanoparticle at "hotspots" surrounding a plasmonic particle has also recieved much
attention due to applications in optical trapping,?? solar cells*® and emission enhance-

ment.?*

Despite the growing use of plasmonics and metamaterials for on-chip integration,? the
inability to dynamically tune their response post-fabrication imposes serious limitations
on potential optoelectronic applications. Much research in the last few years has there-
fore focused on various methodologies to achieve active tuning of the optical response
of metamaterials and metasurfaces to greatly expand the potential applications within
optoelectronic devices.2672® Much of this research has focused on longer wavelengths in

29,30

the range between 1 - 10 um, with a particular focus at telecom wavelengths such

as the wavelength band around A = 1550 nm.?!

Dynamic tuning within the visible
and near infrared spectral range has previously been explored though the transition of
liquid crystals from nematic state to isotropic state,>*33 however in these cases there
is a minimal shift in the peak wavelength response. Single layers of 2D materials
such as graphene have also demonstrated the ability to tune the response of plasmonic
nanoparticles within the visible through application of a bias voltage through an ionic
liquid.?* However, this also shows a minimal shift in the plasmonic response. On the
other hand, phase change materials such as Ge—Sb—Te (GST) and Ag—In—Sb—Te
(AIST) have also been employed to dynamically tune the optical response of meta-

materials.?* ¥ However these materials are noted as requiring a high temperature or



current to switch between the crystalline and amorphous phase.’

To produce devices that demonstrate a large change in optical properties, are low-
cost, fast switching and energy efficient another phase change material, VOy must be
considered. VO, is well known to transition at 68° C and is therefore advantageous
over GST and AIST, due to reduced energy needed to reach this transition point.

42,43 and other

Previous studies have shown VO, used in IR waveguides,*** IR sensing
THz applications** as well as in so called "smart windows".*>46 The incorporation of
VO, into hybrid nanostructures to modify response in the visible has seen less study
due to the smaller change in the dielectric function at these wavelengths, however, as
seen in this work, these changes are significant enough to cause large changes in the
optical response of a hybrid nanostructure. In fact the change in optical response is
large enough that the phase transition can be observed by the naked eye due to the

modulation in thin film reflectance without the addition of plasmonic elements.

The aim of this thesis is to investigate hybrid nanostructures incorporating the VO,
phase change material. As mentioned, VO, is an attractive material for dynamic tuning
and through numerical simulation and experimental fabrication and characterisation,
this work aims to find optimised hybrid structures for various optoelectronic appli-
cations including photoluminescence enhancement. This application is of particular
interest as quantum emitters are known to suffer from thermal quenching so incorpo-
ration of VO, is investigated as a method to compensate for these kind of losses to
increase the efficiency of devices such as solar concentrators. This kind of application
is of increasing importance in a world where energy consumption is one of the most

important issues facing humanity today.

In Chapter 2 the background theory and concepts behind the work presented in this
thesis are introduced. This includes the theory behind localised surface plasmons, an
important aspect of this work as it’s the modification of this interaction that drives the
shifts and enhancements seen in Chapters 5 and 6. The theory behind fluorescence
is also discussed with regards to radiative and nonradiative rates and fluorescent life-
time as well as a discussion of the impact of thermal quenching, an important factor
to consider when the VO, phase change is thermally driven. Background theory on
quantum dot and dye fluorophores is also given in this chapter. Finally, within this
chapter there is a discussion on the phase change material VO, as this material and its
phase changing property is central to the work presented in the forthcoming chapters.

Formulation of effective medium theory is also presented.

Chapter 3 provides an overview of the fabrication and characterisation techniques
used in the production of thin film VO,. In addition to techniques used for confirmation

of the VO, oxide phase, an overview of the optical techniques used to demonstrate how



the optical properties are modified through the actuation of the VOy phase transition
is given. FDTD simulations are used as tool throughout this work to demonstrate how
changing various parameters within the hybrid structures presented effects the optical
response. Within this chapter, the theory and implementation of FDTD methods
in Lumerical are discussed alongside the refractive index data used for each material
within FDTD simulations. The methodology behind conversion of simulated spectra
to colour is also shown. Lastly, the methodology behind the sample fabrication by
physical vapour deposition techniques is shown, with the parameters used for VO, film
growth. Nanostructure fabrication by EBL and fluorescent molecule attachment is also

discussed.

In the following three chapters, the hybrid nanostructure is gradually built up with
Chapter 4 focusing on planar VO,. Within this chapter, Finite Difference Time
Domain (FDTD) simulations are used to show the reflectance,transmittance and ab-
sorptance properties of thin film VO, on a c-plane sapphire substrate as a function
of film thickness. The optical properties off the nanoscale thin film are seen to vary
significantly with film thickness particularly when the simulated spectra are converted
to their RGB values. The impact of the addition of a a gold backreflector layer is
seen to dramatically expand the colour gamut with large colour changes across the
phase change. Experimentally, the characterisation of fabricated VO, films is shown
as formation of the VO, oxide phase isn’t trivial. Demonstrations of the switching ef-
fects using various stimuli are presented with a particular focus on the dynamics of the

smaller area of metallic VO, formed when the transition is electrically actuated.

Chapter 5 expands on the previous chapter, adding plasmonic nanostructures on
top of thin film VOs;. Through FDTD methods, large shifts in the peak plasmonic
response for a wide range of naoparticle morphologies, including single nanoparticles
and dimers are observed and discussed. The effects of various structural parameters on
the response and the change in response are investigated and large changes in response,
previously unreported are noted. Experimental shifts for fabricated nanostructures are

also discussed and compared to the simulated case.

Finally in Chapter 6 a model for calculating enhancement of quantum emitters cou-
pled to plasmonic nanoparticles on thin film VO, is discussed and implemented. The
impact of the hybrid material’s various structural parameters and how they effect the

degree of enhancement seen for the coupled quantum emitters is investigated.

To conclude, Chapter 7 will discuss overall conclusions drawn from the work down in
the preceding chapters with a discussion on future work regarding the implementation

of VO, in hybrid nanostructure devices.



2 Background

2.1 Plasmons

The optical response of the hybrid nanostructure systems explored in this work rely on
the unique optical properties seen when electromagnetic radiation interacts with struc-
tures on the order of or smaller than the wavelength of visible light (A = 380 —700 nm).
At this length scale the optical response of a system becomes strongly dependent on
structural geometry, material composition and the surrounding dielectric environment
due to the excitation of the plasmon resonance. The two fundamental excitations of
surface plasmons are namely Localised Surface Plasmon Resonance (LSPRs) and Sur-
face Plasmon Polaritons (SPPs). The significant near field enhancement surrounding

a metallic nanostructure is fundamental to the work presented in future chapters as it

47,48 49,50

can modify the emission of emitters in close proximity, by either enhancing or

quenching®52 the emitter’s photoluminescence.

2.1.1 Localised Surface Plasmon Resonance

When electromagnetic radiation interacts with a metallic nanostructure, the incident
electric field acts as a driving force for conduction electrons within the metallic nanos-
tructure. As shown in Fig. 2.1, the oscillating electric field of the incident light drives
a coherent oscillation of the conduction electrons. As the electron cloud is displaced
from its equilibrium position, the Coulomb force acts as a restoring force between the
electron cloud and atomic nuclei. The frequency of the oscillation is determined by

many factors including the electron density, effective electron mass as well as the size



and shape of charge distribution. As a non-propagating form of plasmon excitation,
electrons are confined by the boundary of the nanoparticle, unlike the case for SPPs
where the plasmon propagates along the interface of a bulk metal. Interaction of the
electromagnetic field with the plasmonic nanoparticle allows for numerous phenomena
including subwavelength localisation of electromagnetic energy, significant enhance-
ment of the electric field at the surface of the nanoparticle and modification of the

absorption and scattering properties of such structures.

Electric field
Electron Cloud
e €
e e
al|Sphere

Figure 2.1: Schematic of LSPR in a metallic nanoparticle.

By considering the simplest case of a metallic sphere the resonance condition can be

derived from the dipole moment given by

P = aecgeoEy (2.1.1)

where ¢y is permittivity of free space, ey is the permittivity of the surrounding host

dielectric, Ej is the applied electric field and « is the polarizability given by

Em —EH
Em T 2eq

o = 4’ (2.1.2)

where 1 is particle radius and &, is the spheres permittivity.

In this case, we consider the nanoparticle diameter to be considerably smaller than
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the wavelength of the incident electromagnetic radiation, meaning the particle can be
treated as being in an electrostatic field, allowing the dipole moment to be given as in

Eq 2.1.1.

The resonance condition is when « is largest i.e. when ¢, = —2¢p, otherwise known

as the Frohlich condition.

From this, the absorption cross-section o 45, and scattering cross-sections og., are de-

fined as follows

gm - 8
O Abs — k]m[Oé] = 47Tk7“3]m[57n—|—2g[j{] (213)
Tsen = o |af? = D ptpo[ Sm " g2 (2.1.4)
o 3 Em + 2¢en

2
where k = —
A
The extinction cross-section is given by ogs = 0 Aps + Tsea

As the scattering and absorption cross-sections scale with the radius to the 6th power
and 3rd power respectively, the relative contributions to the extinction are highly de-
pendent on nanoparticle radius as well as material composition and shape. It’s noted
from the scattering cross-section equations, the magnitude of the cross-section increases
with nanoparticle radius. The effective cross-section of a plasmonic particle can be up
to 12 times larger than the size of the nanoparticle itself.?®*?* This allows the nanopar-
ticle, which has dimensions below the optical diffraction limit, to be visualised under

dark field microscopy.

Noble metals such as gold and silver are typically employed in plasmonic systems due
their strong response at visible wavelengths. This response arises from the significant
negative permittivity exhibited at these wavelength ranges allowing for fulfillment of
the Frohlich condition. For metals like Au and Ag, the real part of the permittivity

(Re(e)) decreases and the imaginary part (Im(e)) increases with increasing wavelength
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around the resonance. The dielectric functions of Au®® and Ag®® are depicted in Fig.
2.2 (a) and (b) respectively demonstrating the negative real permittivity in the visible

spectral region.

The complex dielectric function, given as € = £1+41e5 is related to the complex refractive

index, given as i = n + ix by the following equations®”

n = lel +e1 (2.1.5)
2
el — &

=\ — 2.1.6

o= 2.16)
where |e| = (/&% + &3
(a) ' b) . . ' . ‘

= Re(c) —Re(c)

L L L L L 0 L L L L L
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 2.2: Real and imaginary parts of (a) Au® and (b) Ag® dielectric function in
the visible and NIR spectral region.

Elongated nanoparticles such as rods or cuboids offer further possibilities in optical
property modification as their anisotropic shape allows for the support of multiple
plasmonic modes at different spectral positions relating to oscillation over their long
axis (longitudinal mode) and their short axis (transverse mode).® Further examples of
anisotropic multi-resonant plasmonic nanoparticles can be found in Maiers "Plasmonic
Nanoantennas: Fundamentals and Their Use in Controlling the Radiative Properties of
Nanoemitters" and the references therein. Metal nanoparticles in ordered arrays with
periods comparable to the wavelength of visible light further demonstrate unique cou-

pling properties depending on orientation and periodicity. Additionally, dimer struc-

8



tures and other structures with a nanogap between elements allow for the formation
of a "plasmonic hot spot" where there is a large enhancement in the local E-field. This
highly localised enhancement can also be observed in particles with pointed tips such

as bipyramids.®®

2.2 Thin Film Interference

In this work, particularly in Chapter 3 where the optical response of thin film VO, on
a Au backreflecting layer is considered, the spectral response of the thin film is due to
interference effects. Interference effects arise when multiple light waves interact with
each other and the resultant wave can be described as a superposition of the individual
waves. These effects are highly dependent on the thickness of thin film layers and phase

differences induced by reflection from an interface.

Incident Reflected
Light Light

ny

ny

N3

Figure 2.3: Schematic demonstrating the optical path difference between light reflected
from the upper and lower interfaces of a thin film with n indicating the different
refractive indices within the thin film structure.

Using Snell’s law nysin(6;) = nisin(6s) where ny and ny are the refractive indices at

each layer and #; and 0 are the angles of incidence at each interface (as shown in Fig.

9



2.3), the optical path difference can be calculated as

2n9dcos(6s) (2.2.1)

Constructive interference occurs when the difference in the optical path length between
the waves reflected by each interface is equal to an integer multiple (m>0) of the

wavelength of the incident light (\) i.e

2n9dcos(0s) = mA (2.2.2)

This relation applies when the refractive indices are as follows n; > ny > ns. In most
cases it can be assumed that n; = 1 as the thin film structure is in air. There is a 7
phase shift in the reflected light when it reflects from a medium with a higher refractive
index. In the case where ny, < ng, there is no phase shift induced upon reflection at

the lower interface, so the dependency becomes

2n9dcos(0s) = (m — =)\ (2.2.3)

For destructive interference effects the relations given for the constructive interference

are shifted by half an integer number of wavelengths.

From these interference conditions, thin films can demonstrate structural colour in
reflectance, highly dependent on film thickness. In the case of VO, as the thin films
optical constants are altered upon the phase transition, large reversible changes in the
structural colour from thin film interference can be demonstrated. These large changes
in structural colour, as shown in Chapter 4, have applications in smart windows and

mirrors and in display technology®®
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2.3 Fluorescence

Photoluminescence is the process in which a molecule absorbs electromagnetic radi-
ation of a particular energy and subsequently emits a photon, typically at a longer
wavelength and therefore lower energy than the absorbed radiation.® When a pho-
ton is absorbed, one of the weakly bound electrons of the fluorophore (fluorescent
molecule) is promoted to a higher energy level above the ground state. This excited
state is metastable, meaning the fluorophore will quickly return to the ground state.
This return to the ground state occurs either through a radiative process, where a
photon is emitted, or a non-radiative process such as internal conversion, vibrational

62765 The average period of time the molecule re-

relaxation and intersystem crossing.
mains in an excited state is known as the fluorescence lifetime (7py) and is typically on
the order of 107® s. In phosphorescent materials these lifetimes are significant longer
ranging from 107 s up to minutes. A Jablonski diagram, as shown in Fig. 2.4, demon-
strates the various radiative and nonradiative pathways a molecule in an excited state
can use to return to the ground state. For the case of fluorescence the de-excitation
is through the lowest vibrational energy level of the 1st excited singlet state (S1) fol-
lowing Kasha’s rule.%¢ The singlet state refers to energy levels that can be populated
by weakly bound electrons without a spin flip. In the case of the phosphorescence,
as indicated in the Jablonski diagram (Fig. 2.4), the lifetime is much longer due to
intersystem crossing into a triplet state. Singlet and triplet states are defined by the
spin of the electron. In a singlet state, all electrons in the molecule are spin paired
while in a triplet state there is a set of unpaired electron spins. The transition from
the triplet state back to the singlet ground state is a known as a forbidden transition,
meaning that under usual approximations this transition cannot occur. However, at a
higher level of approximation this transition can occur albeit at a significantly lower

rate, resulting in the longer phosphorescent lifetime.%%%®
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Figure 2.4: A typical Jablonski diagram showing possible radiative and non-radiative
transition pathways. Figure adapted from Ref.%

The fluorescence lifetime can be related to a radiative (yg) and nonradiative rate (yyr)

by the following equation

1
TP = —— 2.3.1
Pr YR + YNR ( )

The nonradiative rate itself can be divided into constituent parts so that

YNR = VIC t7ISC (2.3.2)

where ;¢ and 7;gc represent internal conversion and intersystem crossing respec-

tively.

The natural lifetime is given as 79 = 5. This lifetime can be thought of as the

fluorophores longest possible lifetime i.e when yyr = 0.
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The radiative rate yg of a fluorophore is related to its absorption and fluorescence
spectra and is a function of the refractive index of the surrounding medium and can

be given by the equation™ ™

1 8000mc %) oy, a1 (D)
o L e e S0

2.3.3
70 Nao  ngps Ygr ( )

where c is the speed of light in vacuum, N, is Avogadro’s number, ny is the mean
refractive index over the emission spectrum, ngs is the mean refractive index over
the absorption spectrum. g, and g, are the multiplicities (related to the spin of the
electron of the excited state, g = 1 for a singlet state, g = 3 for a triplet state) for
the excited state and the ground state respectively. ¢ is the extinction co-oefficient
and ¥ is the wavenumber. (973)~! is the reciprocal of the mean value of o2 in the
fluorescence emission spectrum, independent of the fluorescence intensity or quantum

yield and given by

(2.3.4)

where F' is the fluorescence emission spectrum. This equation is known as the Strickler-

Berg equation™ and for ny; = ngs and g., = g = 1 can be given as

_ 9 o [1(0)dv e(v)
Tr = 288 x 107’ ae e / = (2.3.5)

The fluorescence quantum yield (®) defined as the ratio of fluorescence photons emitted

to the number of photons absorbed is given by the equation

TPL YR 1
b = = = 2.3.6
70 INR+ YR 1+ %{R ( )

The rate equation for fluorescence is given as follows
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AN = (15 + ywr) N(D)dt (2.3.7)

— F(t) = Fyerr (2.3.8)

where Fj is the fluorescence intensity at at a t = 0 and 7p, is the fluorescence lifetime.
This means the fluorescence lifetime can be defined as the amount of time it takes for
the fluorescence intensity to decay from the peak intensity to Ipf"“ or ~ 37% of the

peak intensity.

In the previous equation (2.3.6) given for the quantum yield of an fluorescent molecule
there is a dependence on i and 7yyg, intrinsic properties of the quantum emitter.
However, when a fluorescent emitter is in close proximity to a plasmonic nanoparticle
additional nonradiative de-excitation pathways become available. By taking this into
account the above equation can be modified to include a modified radiative (vyg«) rate
and an additional nonradiative (yng,,) rate due to the presence of the nanoparti-

cle.

YR*
YNR + YNRyp T VR

Dyp = (2.3.9)

In the case where a fluorescent molecule is very close to the metallic nanoparticle (~5
nm) the nonradiative de-excitation pathways results in a decreased fluorescence lifetime

which can now be expressed as

1
TNp — (2310)

 YNR+ YNRxp T VR*

where 7y p is the fluorescence lifetime modified by the presence of a nanoparticle.

In the case of the hybrid systems considered in this work, systems containing a quantum
emitter and a nanoparticle on a phase change material, the impact of the underlying

substrate layer must also be considered with regards to additional radiative and nonra-
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diative pathways it offers. The previous equation for 7 p is further modified to account

for this

1
THyb = (2.3.11)
YNR + YNRxp T YNRpa, + VR

where 7, is the lifetime of the fluorescent molecule in the hybrid system, yyr,.,,,, is
an additional nonradiative rate added due the presence of the substrate film and g«

is the modified radiative rate due to the nanoparticle and the substrate.

For calculations of the lifetime within numerical simulations all of the nonradiative
terms arising from the loss pathways due to the nanoparticle and the VO, thin film

are collected together and only the total effect of the hybrid system are considered i.e

YLoss = YNRyp T YNRpim-

The expression for the fluorescence lifetime can be finally simplified into

1
YR+ Vioss + INR

T (2.3.12)

2.3.1 Photoluminescence Thermal Quenching

In this work the emission of quantum emitters is modified through the phase transition
of VO,. As this phase change is usually actuated thermally, the impact of temperature

on the emission of quantum emitters must be discussed.

The fluorescence intensity of quantum emitters is known to decrease with increasing
temperature. This thermal quenching effect has been shown to be a reversible process
in quantum dots™ provided the temperature does not exceed a threshold where perma-
nent damage occurs. A 60 - 80% permanent loss in emission intensity has been reported
when quantum dots are heated to 210° C,™ attributed to the formation of permanent
surface defects. However, this temperature regime is far above the critical temperature

of VO3. The thermal quenching of fluorescent emitters can be attributed to surface
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trap states or thermally activated carrier trapping and phonon-assisted non-radiative
decay.”™ Trap states near the conduction band arise due to the increased displacement
of surface atoms from their equilibrium positions with increased temperature. Addi-
tionally, increased temperature increases non-radiative relaxations through increased
decay via phonons resulting in a decrease in PL intensity. The emission wavelength is

also noted to slightly redshift at higher temperature.

2.4 Quantum Emitters

As seen in the excitation of plasmons, the interaction of electromagnetic radiation with
matter at the nanoscale differs greatly from typical interactions seen at the macroscale.
At the nanoscale limit, photon interactions are with discrete internal (electronic) energy
levels within a molecular system. Quantum emitters can be treated as effective two-
level systems, i.e. by considering electronic levels that differ in energy matches the
energy of interacting photon energy.”® The quantum emitters considered within this
work fall into two categories namely semiconductor quantum dots and fluorescent dye

molecules.

2.4.1 Semiconductor Quantum Dots

Quantum dots (QD) or semiconductor crystals are structures on the order of 1-10 nm
in diameter and as such act as quasi zero dimensional objects i.e. they are spatially
confined in 3 dimensions. Due to this confinement, the quantum mechanical "particle in
a box" description can be applied to excitons (bound electron and hole states) within
the QD. The electronic structure is therefore described in terms of discrete energy
levels. A QD is capable of absorbing a photon if the photon energy, Epy,, is greater
than the bandgap energy £, of the QD. The quantum confinement in the quasi zero
dimensional QD means the energy gap corresponding to the first electronic transition
follows the "particle in a box" description i.e F x As a result of this, increasing the

L*
QD diameter results in a redshift in the energy of absorbed photons and subsequently
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emitted photons. Likewise decreasing the diameter has the effect of blueshifting the
luminescence response.A schematic indicting this effect is shown in Fig. 2.5(a). As
quantum dots have broadband absorption spectra (Fig. 2.5 (b)), a range of laser
excitation wavelengths can be used as an excitation source. Additionally, a single
laser excitation source is capable of exciting a range of differently sized QDs emitting
at a range of wavelengths. The high quantum yield, photostability and resistance to
photobleaching have allowed QDs to be used in applications such as display technology,

biomedicine and photodetectors.
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Figure 2.5: (a) Diagram demonstrating larger bandgap with decreasing quantum dot
size and subsequently emission at a lower wavelength. (b) Normalised excitation (dot-
ted line) and emission (solid line with fill) spectra for QD625.

2.4.2 Dye Molecules

Dye molecules are fluorescent molecules that contain extended systems of conjugated
double bonds. The emission from organic dyes typically comes from either an op-
tical transition delocalised over the molecule or from intramolecular charge transfer
transitions.”” For the dyes considered in this work, the emission is the former case
characterised by comparatively narrow absorption and emission bands with close sep-
aration. These dyes are also characterised by high molar absorption co-efficients, and

moderate to high fluorescence quantum yields.
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Alexa Fluor

Alexa Fluor are a family of fluorescent dyes widely used as fluorescent labels in fluo-
rescent microscopy and cell biology. The excitation and emission spectra of the Alexa
Fluor series extends over the visible and near infrared (NIR) spectral range. Compared
to the dyes from which the Alexa Fluor series dyes are synthesised from (fluorescein,
rhodamine) Alexa Fluor dyes offer greater photostabilty and less sensitivity to pH with
greater brightness in conjugates due to decreased self-quenching. Alexa Fluor dyes have
a range of quantum yields (QY) with Alexa Fluor 488 having a quantum yield of 0.92.
It is noted that generally the quantum yield of Alexa Dye molecules decreases as the
emission redshifts with Alexa 700 and Alexa 750 having quantum yields of 0.25 and
0.12 respectively.?® The excitation and emission spectra of several Alexa dyes are given

in Fig. 2.6.
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Figure 2.6: Normalised excitation (dotted lines) and emission (solid lines with fill)
spectra for Alexa Fluor 647, Alexa Fluor 700, Alexa Fluor 750 and Alexa Fluor 790
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2.5 Phase Change Material - Vanadium Dioxide (VO,)

Phase change materials (PCMs) are a class of material in which a reversible physical
change can be induced by the application of an external stimulus such as heat or an
external electric field. For the purpose of fabricating hybrid plasmonic systems, a phase
change material that remains in the solid phase in both material states is required. The
phase change material VO, is considered as a route towards the development of highly
tunable plasmonic components. VO, is well known to undergo an abrupt, reversible
structural and electronic phase transition at the critical temperature (T,) of 68°C.78™
Through this phase transition VO, goes from a semiconducting monoclinic phase to
a rutile metallic phase with an accompanying decrease in electrical resistivity of over
four orders of magnitude demonstrated.?%8! The hysteresis associated with the thermal
phase transition of VO, is on the order of 10 K for a polycrystalline film®? with reported

switching times on the order of 1 ns.®3

(®)

Figure 2.7: (a) Semiconducting Monoclinic Phase VO, (a = 5.74A, b = 4.52A ¢ =
5.388,00 = v = 90°, § = 122.6°),%* pink plane highlights alternating V-V distances (b)
Metallic Rutile Phase VO, (a = b = 4.53A, ¢ = 2.87A, a = = v = 90°).%°

The VO, structural phase change from the rutile (tetragonal) phase to the monoclinic
phase is driven by the dimerization of vanadium chains along the c-direction of the rutile

phase and twisting of the V-V axis. The symmetry of the monoclinic structure belongs
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to the P2;/c space group® while the rutile structure belongs to the P4,/mmm space
group.®® The formation of vanadium dimers results in the distance between subsequent
vanadium atoms moving from a fixed value of 2.87 A in rutile phase to alternating
distances of 3.12 A and 2.65 A in the monoclinic phase. As a result, the monoclinic
VO, phase has effectively twice the unit cell volume of the rutile phase, 117.47 A?
to 58.87 A3. The molecular structure of VO, in its monoclinic phase and its rutile
phase are demonstrated in Fig. 2.7. Lattice distortion effects and electron correlation
effects in the low symmetry monoclinic phase cause the 3d) band to split into two
separate bands, a lower energy filled 3d) and a higher energy, empty antibonding 3dj;.
Additionally, the antibonding 3d is pushed to a higher level above the Fermi energy.
This opens a band gap with £, ~ 0.6 —0.7eV resulting in the increased resistivity seen

in the monoclinic phase (Fig. 2.8).
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Figure 2.8: Band diagrams for (a) monoclinic semiconducting VO, and (b) rutile metal-

lic V02

The precise nature of the VO, transition mechanism is still a topic of much debate with
competing ideas of what drives the transition: a Mott-like transition driven by elec-
tron correlation effects or a Peierls-like transition driven by lattice distortion effects.5¢
Recent theoretical and experimental studies suggest that both effects are required to

obtain an accurate picture of the transition mechanism.57

VO, offers a number of distinct advantages over other PCM options previously ex-
plored. The phase transition can be thermally actuated at the critical temperature
(T.) of 68 °C, relatively close to room temperature, and significantly lower than the T.

of other material options Ge-Sb-Te (GST) and Ag-In-Sb-Te (AIST) which transition
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near 150°C® 9 and 170°C °! respectively. Additionally, the VO, T, can be further
tuned through the inclusion of dopants. The inclusion of high valence transition metal
cations such as WOt Nb>*, Ta’*, Mo®" or Ru**t allows significant reduction of the
T..” At a doping level of 7% the T. of Mo-doped VO, decreases to 24°C,”? and at
a doping level of ~ 2%, the T¢ of W-doped VO, decreases to room temperature.”3
Conversely the T, can be increased with inclusions of low valence cations such as A>T,

Cr** or Fe?*t with a 1-3 °C increase per %.94 96

In addition to thermal actuation, the VO4 phase transition can be triggered electrically
or optically. The reported threshold electric field required for phase transition is on
the order of 10° V/m, an order of magnitude lower than the values of 5.6 x 107 V/m

and 1.9 x 107 V/m reported for GST and AIST, respectively.

Studies of crystalline VO, thin films have shown that the phase change occurs on
the order of ~ 100 5.9 Other studies have demonstrated that a current driven
VO, switch is capable of operating over 260 million cycles without failure.”® Fast
switching speed coupled with stability over many cycles make VO, an ideal candidate

for applications in optoelectronics.

VO, also offers advantages in that there are many viable synthesis methods that have
been employed for thin film growth including pulsed laser deposition (PLD), magnetron
sputtering, sol-gel coating, chemical vapour deposition (CVD), electron beam evapora-
tion and ion beam deposition. However, as vanadium is a transition metal, it has many
valence states meaning there is a large range of stable vanadium oxide phases including
Magneli phases (V;,02,-1)'" 1% and Wadsley phases (V2,05,_2).1°"1% Due to large
number of vanadium oxide phases, growth of VO, that demonstrates large switching
properties is extremely sensitive to the parameters used during film growth, in partic-
ular temperature and partial pressure. The mechanisms of VO, thin film growth will

be further discussed in Chapter 3.
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2.6 Maxwell Garnett Effective Medium Theory

While the optical properties of hybrid VO, nanostructures are tunable through the
phase change of an underlying VO, layer, in order to understand how the optical
properties of the system evolve through the VO, phase change at intermediate temper-
atures an effective medium approach is taken. The Maxwell Garnett effective medium
approach allows for calculation of intermediate VO, phases by treating the effective
medium as a host medium of semiconducting VO, with metallic VO, inclusions. The

calculation of the effective medium is given as follows

20i(ei — em) + €i + 2ep,
25m + & — 51(& — 8m)

Eeff = Em (2.6.1)

where .5 is the dielectric function of the effective media , ¢; is the dielectric function
of the inclusions, &,, is the dielectric function of the matrix and 9; is the volume fraction

of inclusions.

The Maxwell Garnett effective medium equation can be derived from the Clausius-
Mossotti relation, an expression where the dielectric function of a medium is expressed

in terms of the polarizability of constituent atoms or molecules.!%

The local electric field Eloc acting on a spherical electric dipole can be approximated

as

—

Eloc - E+

‘ﬁl

(2.6.2)

w

€0

where P is the electric polarization and ¢( is the permittivity of free space.

If the local dipole moment p’ induced in a single molecule is considered, it’s clear that
the magnitude of p depends on the local field Eloc and in dielectrics the molecular
charge separation is directly proportional to, and in the same direction as the local

field.1% Therefore, the dipole moment can be expressed as
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) (2.6.3)

where « is a constant known as the molecular polarizability The dipole moment per

unit volume is then given as

P =Np=NaE, = Na(E +

i) (2.6.4)

where N is the number of molecules per unit volume

From the definition of electric displacement D= 5OE + P and given that D= 505TE

the polarization can be expressed as
P=D—¢yE = e, E — ey (2.6.5)
P=cy(e, —1)E (2.6.6)

where ¢, is the relative permittivity. If the above expression for P is substituted into

the equation derived previously the following relation is obtained.

g — 1
3

eo(e, —1)E = No(E + E) (2.6.7)

which can be rearranged to give the expression for the Clausius-Mossotti relation:

(e,—1) Na
(e-+2) 30 (26.8)

and when the dielectric is a compound consisting of a number of different molecules or

atoms
(e, — 1) 1

- Nia 2.6.9
(er+2)  3eo %: “ ( )

where N; and «; are the appropriate quantities for the ith type of molecule or atom.
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This equation is rewritten with the polarizabilty « in cgs units as polarizability vol-

ume

(e, — 1)

4
Y T N, 2.6.10
G 12 32N (2.6.10)

The static polarization is given by the formula below

o= a3m (2.6.11)

and combined with the expression for the volume fraction

Am a®

=T 2.6.12
"=V (26.12)

gives the following expression relating the dielectric function to the inclusions

Eeff — 1 _ 5'8i —1
8eff—|—2 Z<€Z'—|—2

(2.6.13)

This expression, when solved for e.¢f gives the relation used for the effective medium
calculation given earlier. This effective medium calculation is used within the numerical
model to calculate the scattering cross-section of coupled nanoparticles and the pho-
toluminescence intensity of coupled emitters at intermediate temperatures at different

points on the VO, thermal hysteresis.

2.7 Conclusion

In this chapter, the theoretical concepts underpinning the work done throughout this
thesis are presented. Nanoscale light-matter interactions are discussed, in particular
the LSPRs that occur when light interacts with metallic nanostructures. The dynamic

tuning of these resonances is discussed, in detail, in Chapter 5 and also in Chapter
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6 as a platform for photoluminescence enhancement. Thin film interference effects are
discussed as they pertain to the reflectance, transmittance and absorptance spectra
presented in Chapter 4 and Chapter 5. A discussion of fluorescence and various
fluophores is presented in this chapter as this forms the basis of the work presented
in Chapter 6 where enhanced emission of quantum emitters is presented. Finally,
the phase change material VO, has been introduced. This material forms the basis
for all of the results presented in this thesis and is a fundamental part of all hybrid
nanostructures discussed in this work. The optical properties and the fabrication of

VO, is further discussed in the next chapters.
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3 Methods

3.1 Summary

This chapter contains a brief overview of the standard techniques used to fabricate
and characterise the hybrid nanostructures considered in this work. The two physical
vapour deposition techniques used to fabricate VOs thin films are discussed alongside
the background theory of the characterisation techniques used to determine VO, thin
film quality including Raman spectroscopy, X-ray reflectivity, X-ray diffraction. How
some of these techniques are specifically applied to VO, is expanded on in Chapter
4. The theory behind the FDTD simulation methods used throughout this work is
discussed. Finally, additional fabrication techniques for the fabrication of the hybrid

plasmonic nanoparticle - quantum emitter structure are discussed.

3.2 Raman Spectroscopy

Raman Spectroscopy is an optical, non destructive spectroscopic technique based on
the inelastic scattering of monochromatic laser light by molecules excited to a higher
energy vibrational or rotational level. Due to the inelastic nature of the interaction,
the scattered light is of a different frequency to the incident light. Inelastic scat-
tering events are significantly less likely to occur ( 1 in every 107 incident photons)
compared to elastic or Rayleigh scattering, where the energy of the scattered photon
matches the energy of the incident photon. This necessitates the use of a high inten-

sity, monochromatic laser source. Raman scattering can be divided into Stokes and
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anti-Stokes scattering based on whether the energy of the scattered photons is lower
or higher than the energy of the incident laser. Quantum mechanically, Stokes and
anti-Stokes scattering are equally likely to occur, but in an ensemble of molecules, the
majority of molecules are in the ground vibrational level making Stokes scattering the
more likely process. Due to this, the Stokes Raman scattering signal is more intense
than the anti-Stokes signal and is generally the one measured in Raman spectroscopy.
As the wavelength of Raman scattered light is dependent on the wavelength of the
laser excitation source, the Raman shift is given in terms of wavenumber (7) in units

1

of em™!. The wavenumber is related to the excitation laser wavelength ()\g) and the

scattered wavelength (A1) by the following equation:

LI (3.2.1)
e — 2.
Ao A

As the vibrational energy levels of a molecule are highly dependent on atomic structure
and bond strength, a Raman spectra can be used as a fingerprinting technique to iden-
tify a fabricated thin film. Given the low probability of inelastic scattering occurring,
Raman signals are generally weak meaning long integration times coupled with the use
of the high intensity laser source are required. Throughout this work Raman spectra
are used as an identifier of the semiconducting VO, phase. Additionally, Raman map-
ping is a technique used to obtain spectral information across a larger sample area.
The variation in Raman spectra across a larger sample area allows determination of
the uniformity of the vanadium oxide phase across the sample. Fig. 3.1 illustrates the

energy level transitions for Rayleigh, Stokes and anti-Stokes Raman scattering.
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Figure 3.1: Diagram illustrating Rayleigh, Stokes and anti-Stokes scattering.

3.3 X-Ray Reflectivity

X-Ray reflectivity (XRR) is a non-destructive reflectivity technique applicable to crys-
talline and amorphous materials and can be used to determine the thickness, density
and roughness of material layers within a thin film system. XRR can give layer thick-
nesses to Angstrom resolution making it ideal technique for determination of thick-
nesses of thin films to high resolution. When X-rays are incident on a flat material
surface at a grazing angle of incidence, total internal reflection occurs at or below
a critical angle (.). For thin films deposited on a substrate, the electronic density
changes at the material interface. Reflected X-rays from this interface can construc-
tively or destructively interfere with reflections from the material surface, resulting in
an oscillatory pattern forming when the scattered intensity is measured as a function
06

of angle. These oscillations observed at low angles are known as Kiessig fringes.

The scattered intensity is proportional to the square of the modulus of the Fourier
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transform of the electron density. As a result layer thickness can be determined by
fitting the oscillation pattern using thickness, density and surface roughness as fitting
parameters. The film thickness is determined by the periodicity of the oscillation in
the measured XRR intensity pattern. The position of the fringes within the oscillatory

pattern are related to the film thickness by a modified Bragg equation

sin?0; = 0% + (n; + An)*\? /4t (3.3.1)

where 6; is the position of the maximum or minimum of the ith interference fringe, 6.
is the critical angle, n; is an integer, An = 1/2 for maximum and 0 for minimum, A is

the X-ray wavelength and t is the thickness.

3.4 X-Ray Diffraction

X-ray diffraction (XRD) is a nondestructive technique that provides detailed informa-
tion about the crystallographic structure, chemical composition, and physical prop-
erties of materials. The technique is based on constructive interference of diffracted
monochromatic x-rays from adjacent lattice planes occurring when conditions satisfy

Bragg’s law

nA = 2dsinf (3.4.1)

where n an integer, A is the wavelength of the x-ray, d is the perpendicular distance
between adjacent lattice planes and 6 is the angle of the incident x-ray. Peak posi-
tion, relative intensity and full-width at half maximum (FWHM) are characteristics
of the material and crystallinity. Schematics demonstrating the Bragg condition and

illustrating an X-ray diffractometer are given in Fig. 3.2.

The Scherrer equation can be used to relate the size of crystallites in a solid to the

peak broadening in an XRD spectra and is given as
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Figure 3.2: (a)Schematic of Bragg’s law demonstrating the path length difference be-
tween waves subsequent lattice planes separated by distance d (b) Simplified schematic
of an X-ray diffractometer used for XRR and XRD measurements.
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nr (3.4.2)

where 7 is the mean size of crystalline domains, K is a dimensionless shape factor with
a typical value of 0.9, A is the wavelength of the x-ray source, [ is the line broadening

of the FWHM given in radians and 6 is the Bragg angle.

3.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy is a surface sensitive technique based on the photo-
electric effect, the emission of electrons when electromagnetic radiation is incident on a
sample. The technique allows analysis of a material’s surface chemistry i.e. elemental
composition and electronic state of the atoms within a material. To acquire the XPS
spectra the sample is irradiated with X-rays and the kinetic energy of the electrons
emitted from the top surface of the material are measured. The energies and intensi-
ties of the photoelectron peaks gives a characteristic spectrum enabling identification

of the material phase.

The binding energy of the emitted electrons is determined by the photoelectric effect

equation
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Ebinding — Ephoton - (Ekinetic + q)) (351)

where Epinging is the binding energy (BE) of the electron measured relative to the
chemical potential, Eppoton is the energy of the incident X-ray and ® is the materials

work function.

3.6 Ellipsometry

Ellipsometry is a spectroscopic technique that can be used to determine the optical con-
stants of a material of known thickness or to determine the layer thickness of a sample
from known optical constants. The optical constants used in numerical simulations
of VO, thin films were obtained by fitting data from ellipsometry measurements. A
simplified schematic of an ellipsometer is given in Fig. 3.3. The basic principle behind
the method is that the amplitude and phase of s and p polarized light incident on a
sample plane will be altered upon reflection. By measuring the change in the reflected
light beam two parameters can be established; Psi (V) and Delta (A), where tan(W)
defines the magnitude of the reflectivity ratio for s and p polarized light and (A) the
phase difference between the reflected s and p polarized light. These parameters are

related by following equation;
tan(W)e'® =r,/rs (3.6.1)

where r, and ry are the complex reflection coefficients for p and s polarized light,
respectively. The values of psi and delta are acquired as a function of wavelength
allowing for an optical model to be built to fit acquired data. The measurements
and fitting to acquire the VO, optical constants used in numerical simulation were
acquired on a Sopra GESP5 ellipsometer. A Woollam’s Alpha SE Ellipsometer was
used for thickness measurements of further samples with fits made based on refractive

index data acquired from the Sopra GESP5 ellipsometer. A simplified schematic of an
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Figure 3.3: Simplified schematic of an ellipsometer

ellipsometer is given in Fig. 3.3.

3.7 Scanning Electron Microscopy

The resolution of any microscope has a fundamental, far-field, wavelength-dependent

limit. This limit is known as the Abbe diffraction limit and is approximated as

g A A
- 2nsind 2NA

(3.7.1)

where A is the wavelength of light, n is the refractive index of the medium ,6 is the half-
angle of the converging light and NA is the numerical aperture. For visible light this
gives an effective limit of d ~ ;\ As the visible light spectrum lies between 380 and 700
nm, the best possible resolution for an optical microscope is in the order of hundreds of
nanometers. The fabricated nanostructures and thin films have physical dimensions on
the order of tens of nanometers, meaning in order to image a subwavelength structure

an alternative to optical microscopy is needed.

The nanostructures fabricated in this work were imaged using electron microscopy.
Electron microscopy utilises high energy electrons, as opposed to photons, to obtain
high enough resolution to image nanostructures. For electrons the imaging resolution

is related to the de Broglie wavelength of the particle which is given by

(3.7.2)



where h is Planck’s constant (~ 6.626 x 107*m?kg/s), m is the mass of the electron
(~ 9.1 x 1073kg) and v is the velocity of the electron. From this it’s clear that the
de Broglie wavelength is inversely proportional to the electron’s velocity (A o i) The
kinetic energy of the electron can also be expressed in terms of the accelerating voltage

V and the electron charge (1.6 x 107 C)

1
§mv2 =eV (3.7.3)

the de Broglie wavelength can now be given as

A= (3.7.4)

indicating that to achieve higher resolution imaging an increased accelerating voltage

is required.

SEM imaging was achieved using a Carl Zeiss Ultra Plus SEM with a LaBg source.
Imaging for the purposes of electron beam lithography was achieved with a Carl Zeiss
Supra 40 FESEM. A schematic of an SEM is given in Fig. 3.4(a). For imaging purposes
the SEM was operated with an accelerating voltage of 5 kV at a working distance of
between 5-6 mm. SEM images were taken using the in-lens detector due to the greater
resolution of the sample surface. An example of the same image taken with the inlens

detector and the SE2 (secondary electron) detector is given in Fig. 3.4.
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Figure 3.4: (a) Schematic of scanning electron microscope. SEM image of Au
nanoboxes on VO, taken with (b) InLens detector and (c¢) SE2 detector

3.8 Optical Measurements

Normal Reflectance

Normal reflectance was measured with a custom-built set-up as shown in Fig. 3.5.
A Xenon lamp is used as an illumination source with a 50:50 beam splitter used to
direct light towards samples mounted on a sample stage. A 40x lens was mounted
on an adjustable x,y stage to allow the sample image to be focused onto the fibre
coupler. The fibre coupler allowed the reflected light to be directed into an Andor 230i

spectrometer with Andor CCD camera

To obtain the reflectance spectra of a sample the raw data was treated as follows

. — Dark
R= g—m« (3.8.1)
—~ — Dark
0.2

where R, is the raw counts reflected from the sample and R, is the reflected counts from
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a reference. The reference counts are taken from a double side polished Al,O3 substrate.
This value is adjusted by dividing by 0.2 to compensate for the combined reflectance
from the Al;O3 and the ceramic holder. Dark represents the dark counts from the

spectrometer and any stray light from when the white light source is blocked.

Xenon Lamp Source

-

<> lens

Sample Stage

To Spectrometer
- 40x Objective
\ |
Fibre Coupler
50:50 Beamsplitter

Figure 3.5: Schematic of normal reflection setup

Bright and Dark Field

Reflectance and scattering spectra were measured using an Olympus upright micro-
scope in brightfield and darkfield mode, respectively. The spectra presented in this
work were taken using MPlanFL N 50x and 100x objective lenses capable of working in
bright and darkfield mode. A simplified schematic of the objective lenses’ operation is
given in Fig. 3.6. In dark field mode the sample is illuminated with a cone of light and
collects the scattered light, i.e. the non-0-order reflection. An example of images taken

in bright and dark field mode are given in Fig. 3.6 (c¢) and (d), respectively.

Reflectance and scattering data taken using the Olympus microscope was treated sim-
ilarly to the normal reflectance case. A ceramic diffuser was used for obtaining the

reference spectra in the scattering case.
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Figure 3.6: (a) Schematic of objective and sample under bright field illumination (b)
objective and sample under dark field illumination. 50 pm x50 pm nanoparticle array
imaged with 100x objective lens in (c) bright field and (d) dark field.

3.9 Finite Difference Time Domain Simulation

Due to the multitude of parameters to consider when designing hybrid VO, - plasmonic
structures coupled with the complexity and cost in the fabrication of structures at the
nano-scale, numerical simulations are a vital tool for the development of hybrid VO, -

plasmonic nanostructures with optimised optical responses.

Finite Difference Time Domain (FDTD) is a computational modelling methodology
designed to solve Maxwell’s equations for complex 3D geometries. Simulations are

built within Lumerical FDTD solutions software using a CAD interface.

FDTD solves Maxwell’s curl equations in non-magnetic materials

oD .
o =V xH (3.9.1)
D(w) = gpe, E(w) (3.9.2)



1
= ——VXE (3.9.3)

where E is the electric field strength vector, H is the magnetic field strength vector and
D is the electric displacement vector, respectively, and ¢,(w) is the complex relative

dielectric constant.

From these equations it can be seen that the change in the E-field in time is dependent
on the curl of the H-field (the change in the H-field across space). This means that value
of the E-field at each time step at any point in space is dependent on the previous value

of E-field and the numerical curl of the local distribution of the H-field in space.

Similarly, it can be seen that that change in H-field in time is dependent on the curl
of the E-field. Therefore, the value of the H-field at each time step at any point in
space is dependent on the previous value of the H-field and numerical curl of the local

distribution of the E-field in space.

The FDTD method solves the equations on a discrete spatial and temporal grid. Each
field component is solved at different location within a grid cell (Yee cell). In this
Cartesian coordinate system, Maxwell’s equations have six components, three electric

(Ey, Ey, E,) and three magnetic (H,, Hy, H,).

From the equation for Faraday’s law given above, the partial differentials for each

component can be described as:

L __1 0B 05, (3.9.4)

0H, 1 0E, OF,
ot _,u0< 9z Oz ) (3.95)
of. _ 1 0B, O, (3.9.6)




Similarly, from the equation for Ampere’s law, the partials differentials for each com-

ponent are given as:

0FE, 1 0H, 0H,
ot eoer( oy 0z ) (397)

8E, 1 OH, OH,

ot €0y 02 ox )

(3.9.8)

0E. 1 0H, O0H,
ot e, Ox oy

) (3.9.9)

In FDTD simulations time and space are discretised, so derivatives can be approxi-
mated by finite differences. The derivative of an arbitrary time function f(¢) is given

as,

(3.9.10)

As in FDTD schemes dz and 4t take finite values the derivative can approximated
using a forward difference approximation, meaning a linear interpolation between the

current data value and the next data value.

oy~ J AL — ()
f(x) ~ N (3.9.11)

Alternatively a backwards difference approximation may be used. In this case the
approximation is made using a linear interpolation between the current data value and

the previous data value.

f{t) = f(t = At)
At

fl(z) ~ (3.9.12)

These approximations have an error of O(Az). If a linear interpolation between the

previous data value and the next data value is made instead the approximation be-
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comes,

ooy fE+AL) = f(t = Al)
f(z) = SA: (3.9.13)

This central difference approximation has an error of O(A(#?)) therefore is the preferred
method for solving partial differential equations where the forward and backward data

values are available.

In FDTD the electric and magnetic field components are sampled a time intervals of
At offset by % with the electric field components sampled at integers of At and the

magnetic field components sampled at half integer times of At.

From examining the Yee cell (Fig. 3.7, Fig. 3.8), it can be seen that for the calculation

of the E and H fields information from neighbouring cells is required.

Applying the central difference method to the derivatives given previously the following

equation is gotten for the E, component of the E field;

2, ] 2, ] i7j7k — ,(j—1 7k Z-7.j7k" — %,J, k—1
B0k | oay —ESE |, 1 H] |41 HU=Y lerine Hy™ lipiae —H,y ( )’t—‘r%At

At g0, Ay Az
(3.9.14)
This dependence on the neighbouring H-field components can be clearly seen in the
figure of the Yee Cell given in Fig. 3.7. The other derivatives of the other components

are given in a similar way.

Applying the same method to the H, component of the H-field results in the following

equation

H;,j,k |t+%At —Hj;’j’k ’p%m B _i E;‘,(j—i—l),k |t _E;‘,j,k ‘t B E;',j,(kﬂ) |t _E;,j,k |t]
t N Ay Az
(3.9.15)
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(Hé’j’k, Hk, Hé’j’(k*”, H>U=Dk) for the calculation of V x H and E,. The X,y
and z coordinates of the Yee cell are denoted by i,j and k respectively
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Figure 3.8: A Yee Cell with highlighted E-field
components(E;’j’k, Eiik, E;’j’(kﬂ), EbUTDE) for the calculation of V x H and
E.. The x,y and z coordinates of the Yee cell are denoted by i,j and k respectively

FDTD uses a rectangular, Cartesian mesh. As fundamental simulation quantities are
calculated at each mesh point, for high accuracy simulations, a suitably small mesh
size is required particularly when simulating curved geometries as insufficient mesh
size can lead to staircasing effects. However, as simulation time scales with ;4 where

x is mesh unit length, small mesh sizes can require a large amount of computational
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time and resources. However, a major advantage of the FDTD simulation scheme is
that broadband response can be seen for a single simulation. To reduce simulation
time, a fine mesh is only applied to simulation regions where it is necessary to produce

accurate spectra.

3.9.1 Simulation Dielectric Permittivity data

The complex refractive index data for materials used in FDTD simulations, with the
exception of VO,, have been taken from the Lumerical FDTD Material library. The
material data for substrates (Al, Al;O3,SiO,) was taken from Palik.®® The data for
Ag is also taken from Palik,’® while Au is taken from Johnson and Christy.?> Finally
the material data for VO, in both semiconducting and metallic phase is obtained from
in-house ellipsometry measurements performed by Chris Smith on a VO thin film (30
nm). The measured material data and the fitted data for the FDTD simulations for

VO, in semiconducting phase and metallic phase are given in Fig. 3.9.

The VO, FDTD model material fits are adjusted to best match experimental material
data in the wavelength range between 400 nm - 1000 nm. The parameters for the fits

are given in the Table. 3.1

Semiconducting Metallic
fit tolerance 0.1 0.1
max coefficients 5) 4
imaginary weight 1 1
fit range 390 - 1300 nm | 390 - 1300 nm
RMS error 0.130676 0.15313

Table 3.1: Parameters used for fitting semiconducting and metallic VO, from material
data for use in FDTD numerical simulations

3.10 Spectral Colour Conversion

Throughout this work reflectance spectra for various metasurfaces are generated using
FDTD simulation methods. As the reflectance spectra encompass the visible spectral

region they can be interpreted by the human eye, a series of equations is used in order
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Figure 3.9: (a) Real component of the dielectric permittivity VO, material data and
FDTD fit for VO in semiconducting phase. (b) Imaginary component of the dielectric
permittivity VO, material data and FDTD fit for VO, in semiconducting phase (c)
Real component of the dielectric permittivity VO, material data and FDTD fit for
VO, in metallic phase. (d) Imaginary component of the dielectric permittivity VO,
material data and FDTD fit for VO, in metallic phase

to convert the reflectance spectra to a corresponding standard RGB value colour. This

is done as tunable structural colour has applications in display technology.

To determine the colorimetric characteristics of a reflecting material, the material must
be irradiated by a source. A spectral power density S(\) function is used to emulate
theoretical source called illuminant. To represent average daylight illumination, CIE

107 This illuminant has a correlated colour temperature

standard illuminant D65 is used.
of 6500 K. To determine the x chromaticity coordinate on the CIE 1931 chromaticity

diagram the following equation is used

—4.6070 x 10° 29678 x 106 0.09911 x 10%
op = e el “ 1 0.244063 (3.10.1)

(Tep)? (Tep)? (Tep)

where T, is the correlated colour temperature of the phase of daylight. As the standard
D65 illuminant 7,, = 6500K, z” has a value of 0.3127.
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The corresponding yp can then be calculated using the following equation

yp = —3.000z7, + 2.870zp — 0.275 (3.10.2)

giving yp = 0.329 for the standard illuminant.

The spectral power density (SPD) of a daylight sample can be approximated by using
a linear combination of three fixed SPDs; the mean Sy and the first two characteristic
vectors 57 and Sy corresponding to changes in colour temperature due to presence
or absence of clouds or direct sunlight and variation caused by the presence of water
vapour respectively. The characteristic vectors Sy, S; and S, are shown in Fig. 3.10(a).

The linear combination of these vectors is given by the following equation

(a) (b)
140 2 T
X(A)
~ 120 4 v
’§ 100 1.5 z(A)
g 60 § 1
g 5
g 40 §
©
¢ 20 . 051
o _—\——_’-/M—N—_
-20 : - - - - - - 0 g : - -
400 450 500 550 600 650 700 750 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 3.10: (a) Characteristic vectors Sp(A)(blue), S;(A)(green), Sa(A)(red) used for
the calculation of S(A) (b) CIE 2° observer colour matching functions or the numerical
description of the average human’s chromatic response.

Based on the xp and yp chromaticity coordinates for the standard illuminant D65, M1

and M2 factors can be calculated as follow

13515 — 1.7703zp + 5.9114yp
©0.0241 4 0.2562zp — 0.7341yp

1 (3.10.4)
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~0.0300 — 31.4424x, + 30.0717yp
27 0.0241 + 0.25622p — 0.7341yp

(3.10.5)

with M1 and M2 having final values of -0.29707 and -0.68797, respectively.

With the calculated spectral power distribution of the D65 illuminant, the CIE XYZ
values can be calculated by weighting the reflectance spectra against the CIE 2° stan-
dard observer function!® x(\),y(A\) and z(\) given in Fig. 3.10(b). These functions
determine colour chromaticity and luminosity by representing the response of the cones

receptors within the eye. The X, Y and Z values are calculated from the following

X = 1[0(0 ™ RO)a(N)S(N)dA (3.10.6)
y — 110(0 ™ RONY(NS(N)A (3.10.7)
7z - 1[0{0 ™ RSN (3.10.8)

where K is a normalising function based on the luminosity of a perfect reflectance

diffuser and is given as

K= [™y(n)S(\)dA (3.10.9)

1
therefore IO(O = 0.009464

These calculated XYZ primary values can be mapped onto the CIE 1931 chromaticity

diagram by the functions
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X

& 3.10.10
T XIv+iz ( )
__ Y (3.10.11)
Y= X¥v+z S

To convert the XYZ values to RGB, the XYZ values must be expressed as decimals
which is done by dividing each value by 100, i.e. Xy = X/100 etc.

The conversion to RGB values requires a matrix operation in the form

R 3.2406 —1.5371 —0.4985| |X
G| = 1-0.9693 1.8706 0.0416 | |Y (3.10.12)
B 0.0556 —0.2040 1.0572 | |Z

This outputs RGB values with values between 0 and 1, which are then gamma corrected,

with any values below 0 set to 0.

A gamma correction is applied to the RGB values to account for the non-linear response
of photoreceptors in the human eye.'®® The gamma correction function, as applied to

the linear RGB values can be described by the following

12.92 Riinear Riinear < 0.0031308
Rsrep (3.10.13)

1
(L.OS5RZE.,..) — 0.055  Rynear > 0.0031308

linear

12.92Glinear Glinear < 0.0031308

Gorah 1 (3.10.14)
(1.055GZL ) — 0.055 Glinear > 0.0031308

linear

12.92 Bjinear Biinear < 0.0031308
Bsren (3.10.15)

(1.055B2% ) — 0.055  Biinear > 0.0031308

mnear

In this way, the reflected colour of hybrid nanostructures for various structural param-
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eters and the difference in colour for these structures when VO, is in semiconducting

and metallic phase can be demonstrated.

3.11 Sample Fabrication

3.11.1 Thin Film Growth

In addition to the well known vanadium oxide phases VO,, V503 and V505 there are a
multitude of vanadium oxide phases that exist between these principal phases gener-
ally following the formula V,,0s, 1 or V,,04, 1 (Magnéli phases). Due to the number
of distinct phases gaining precise control of the oxide phase formed during thin film
growth isn’t trivial. During the last few decades numerous methods have been em-

ployed to grow thin films of purely the VO, phase. The most commonly used methods

110 111,112

include metal-organic chemical vapour deposition (MOCVD), " sputtering, sol-

gel'® and pulsed laser deposition (PLD).!14115

The VO, thin films presented throughout this work were grown on c-plane sapphire
(¢ - Al,O3 {0001}) by two physical vapour deposition techniques, reactive sputtering
and pulsed laser deposition. There are four commonly used face terminations of sap-
phire as substrates, namely c-plane (0006), r-plane (1011), m-plane (1100) and a-plane
(1120). While r-plane, c-plane and m-plane sapphire have been used for VO, growth,
c-plane Al;O3 was selected as a suitable substrate. Despite its hexagonal structure it
offers a low lattice mismatch with VOs. The lattice parameters of Al,O3 are given
as follows a = b = 4.761A, ¢ = 12.994A, o = 8 = 90.0°, v = 120 = 120.0°.*6 This
gives lattice mismatch of < 5% between the rutile metallic VO3 phase and the Al,O3
substrate facilitating epitaxial growth as well as minimising strain effects which can
have significant impact on the temperature, magnitude and hysteresis of the VO, phase
transition. Al,Oj is an insulator with a band gap of 9 eV at room temperature.!'” This
facilitates testing grown vanadium oxide samples for continuous film growth as in cases
where there are discontinuities in the film resistance, measurements across Al,Os are

outside of the range of a digital multimeter.
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Figure 3.11: Atomic structure of hexagonal Al;O3.116 Blue spheres represent the Al**
and the red spheres represent the O?~ atoms. The pink plane represents the [001]
atomic plane.

Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is a deposition method that is relatively simple in its
application, though the kinetics involved in the ablation process can be complex. The
method employs a high powered pulsed laser in a high vacuum environment to ablate
a target consisting of the material to be deposited. Material ablated from the target
surface is deposited on a heated substrate through a highly directed plasma plume.
Through repetition of laser shots there is an accumulation of matter on the substrate
surface driving the formation of a thin film. From the microstructure of the VO, thin
films grown, the growth is determined to grow in a Volmer-Weber (island growth mode)
or a Stranski-Krastanov mode (hybrid 2D-3D mode). Growth mode is determined by
the relative surface energy and lattice match between thin film and substrate. From
literature the surface energy of VO, (011) is reported to be 0.29 J/m?.118The surface
energy of c-Al,O3 is 1.85 J/m?,119 lower than energies for the other Al,O3 planes. While
often in PLD the target contains the same stochiometry as the intended film, for the
preparation of VO, a pure vanadium target was used. This target was pressed and

sintered from vanadium powder (-100 mesh, 99.9% trace metal basis, Sigma Aldrich).
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PLD can be performed under high vacuum or in cases where oxide growth is required,
a controllable oxygen environment. The configuration used for the fabrication of the

thin films used throughout this work is show in Fig. 3.12.

c-sapphire substrate

Gas ad...is

vacuum chamber

Target holder rotation

Figure 3.12: Schematic of setup used for VO, thin film growth.

For the growth of VO, thin films a focused KrF pulsed excimer laser (248 nm (5eV)
, 10Hz repetition rate) is incident onto a vanadium target in O, partial pressure of
between 15 - 20 pbar. A KrF laser is used as short wavelength photons are strongly
absorbed by the target and have sufficient energy to induce photochemical reactions
and ablate the material target. Laser power was controlled through tuning of the high
voltage required for laser pulse generation and an attenuator placed in the path of
the laser. The attenuator consists of an enclosed prism with an adjustable angle to
reduce laser power. Laser spot size was determined by placing a metal razor in the
vacuum chamber and measuring the size of the area ablated by the laser. A power
meter placed within the vacuum chamber was used to determine laser power at each
attenuator angle. Coupled with the measured spot size of 0.016 cm? values for the
laser fluence was calculated. Frequent monitoring of the laser fluence was vital for
the production of high quality VO, thin films, as fluence values lower than 1.5Jcm ™!
proved too low to produce an adequate plasma plume required for material deposition.
A pre-ablation step is taken before each deposition to remove any oxide layers formed

on the surface of the vanadium target.
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The target-substrate distance was maintained at 7 cm with substrate temperatures of
550 - 600 °C' producing the highest quality films. The deposition rate was ~ 1.05 nm
per minute allowing film thicknesses to be controlled purely by deposition time. No
post annealing step was required to achieve VO, films demonstrating strong switching

properties near the critical temperature of 68 °C.

RF Sputtering

In addition to PLD, magnetron sputtering was also employed as a physical deposition

technique to grow VO, thin films.

The principle behind sputtering is as follows: A sputtering target consisting of the
material to be deposited is bombarded with highly energetic ions of an inert gas. For
the growth of VO, thin films a reactive sputtering method was utilised meaning, similar
to the PLD method, a pure vanadium target was used in an oxygen environment for
precise control of the vanadium oxide phase grown. Argon was used in the system
as the sputtering gas. The forceful collision of energetic ions causes the target metal
atoms to be ejected from the target and directed towards a substrate placed a distance
from the target. The substrate was heated to temperatures around 550°C' to promote
adhesion of the ejected material to the Al;O3 substrate. The substrate holder is rotated
during the sputtering process to ensure uniformity in the VO thin film growth. Within
the sputtering system a magnetron is utilised creating lines of magnetic flux that run
parallel to the surface of the target. This allows confinement of charged plasma particles
close to the target surface by the strong electric and magnetic fields. This provides
additional ionizing collisions to occur near the target surface in effect enhancing ion
bombardment without an increase in operating pressure. This in turn leads to a higher
sputtering rate and therefore an increased deposition rate. A simplified schematic of

the sputtering chamber is provided in Fig. 3.13.

Sputtering of VO, thin films was achieved using the Trifolium Dubium (TD) (Fig. 3.14

Platform, a multi-technique cluster tool, located in a class 10000 cleanroom.
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Figure 3.13: Simplified schematic of sputtering setup used for VO, thin film growth.

Figure 3.14: Schematic of Trifolium Dubium (TD) platform

To grow thin film VO,, 10 mm x 10 mm double side polished c-plane Al,O3 substrates
were first loaded into Inconel carriers and blown with a nitrogen gun to remove surface
particles. After the samples are loaded into the load-lock chamber an in-built heater
system allows substrates to be baked out at 200 °C', reducing water vapour introduced
to the system. The substrate is then transferred to Sputter chamber 2 (used for reactive
sputtering) containing six 2" MEIVAC MAK2 magnetrons with adjustable angles to
increase sputter uniformity. For VO, film growth a substrate temperature of 550 °C' was
used. The RF magnetron power was set to 200 W and the Load and Tune capacitors

positions manually tuned to maximize forward power and minimize reflected power to
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the magnetrons. A pre-sputter step was done before each deposition to remove any
oxide layer formed on top of the vanadium target to ensure the VO, phase is grown
in each deposition. To ensure film uniformity the substrate holder is rotated at 1 Hz.
For a magnetron power of 200 W a deposition rate of ~ 0.106 nm/s was observed.
The VO, phase was successfully grown with a 20:1.85 Ar : O, ratio. These growth

parameters are summarised in Table. 3.2.

Temperature 550°C
RF power 200 W
Deposition Rate | 0.106 nm/s

Ar: O, 20 : 1.85

Table 3.2: Reactive Sputtering Parameters for VO, thin film growth.

3.11.2 Electron Beam Lithography (EBL)

The fabrication of metallic nanostructures on thin film VO, was achieved through
electron beam lithography (EBL). This method employs electrons in high vacuum
accelerated at high voltage (15kV). EBL allows high resolution periodic structures to
be made with precise dimensional control as the electron wavelength, at high voltages,
is significantly smaller than the target feature sizes. The degree of controllability
makes EBL an invaluable technique for the fabrication of the plasmonic nanoantenna

and metallic contacts used in research presented in this work.

The basic principle behind EBL is that a positive tone resist on the sample is exposed
to an electron beam allowing for removal of the exposed area in a developer material.
Evaporation of metal onto the thin film fills these gaps with a lift off step to remove

excess metal leaving only the patterned structures.

In order to fabricate well-formed plasmonic nanoparticles with the correct dimensions

and periodicity, precise exposure parameters were selected through dose tests.

To fabricate high quality nanoparticles, the resist material (PMMA 950K A3) is spin
coated (750 RPM for 5s, 2000 RPM for 60s) onto the surface of the thin film and

prebaked at 180° for 90s. After PMMA baking, a thin removable layer of Espacer is
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applied to the sample. The Espacer layer is applied by spin coating with the same
parameters used for the PMMA layer. Espacer is highly conductive, allowing for the
dissipation of electrons. This prevents sample charging and therefore drift induced
positional errors during the patterning process. A small scratch in the PMMA is made
with tweezers near the sample corner to allow ease of focusing before patterning. Se-
lective exposure to an electron beam (Zeiss SUPRA 40 - Scanning Electron Microscope
(SEM)) allows nanoarrays or single nanoparticles to be patterned onto the PMMA, as
the exposed long chain PMMA molecules are broken into short chained molecules. Use
of the 7 um lens with a beam current of approximately 13.8 pA allowed the patterning
of high quality nanostructures on the sample. Raith Elphy Quantum software is used
for CAD layout, control of exposure parameters, automation and precision control of

the microscope.

The exposed short chained molecules are removed in a development step. The samples
are first washed in H,O for 30 seconds to remove the Espacer layer. After drying using
a nitrogen gun, the samples are exposed to the developer solution methyl-isobutyl
ketone (MIBK) and isopropyl alcohol (IPA) in a 1:3 ratio (MIBK:IPA) for 45 seconds
followed directly by a 30 second IPA stopper rinse. A metallic layer was deposited
by an electron beam evaporation system (Temescal FC-2000). A thin titanium (Ti)

adhesion layer (1-5 nm) is used with a noble metal layer of between 35 - 40 nm.

Excess PMMA and metal was removed by immersion of the sample in acetone heated

to 40°C in a standard lift-off process.

3.12 Conclusion

In conclusion, this chapter introduces the simulation, fabrication and characterisation
techniques necessary for the hybrid nanostructures presented in this work. FDTD sim-
ulation methods are described with specific configurations for simulations given later in
their prospective sections. FDTD is the primary simulation tool used for all structures

presented in Chapter 4,5 and 6 as the optical response and the near field enhance-
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ment can be examined using Lumerical commercial simulation software. The method
of converting spectra to xyY colour space is described with the colour response of var-
ious thin film VO, samples shown in Chapter 4 and Chapter 5 An overview of both
growth techniques used for VO, thin film fabrication is made, with the optimal param-
eters for both growth methods is given. An overview of the various characterisation
techniques, including Raman Spectroscopy, XRD and XPS, used to confirm the phase
of thin film samples, is given with additional data on sample characterisation given
in Chapter 4. The principles of SEM and EBL are discussed as they pertain to the
fabrication of nanoparticles on the fabricated VO, thin films. Finally, the techniques
used to acquire optical spectra of fabricated nanoparticles on the VO, thin film samples

Is given.
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4 VO thin films

4.1 Summary

As the basis for dynamic tuning of hybrid nanostructures, it is important to consider
how the optical properties of planar VO, films are altered between the two material
phases as well as the how the application of different stimuli used to actuate the tran-
sition impacts the characteristic phase change. In this chapter, the optical properties
of thin film VO,, with thicknesses of up to 200 nm, are simulated using VO, fits gen-
erated from ellipsometry data acquired from a fabricated VOy thin film sample. The
reflectance, transmittance and absorptance of VO, on Al;Oj is calculated from FDTD
simulation with the resulting spectra converted to RGB values to determine the colour
change. Additionally, the impact of a metallic backreflecting layer and a hybrid VO,
- Au planar film are considered. As VO, films play a significant role in the plasmonic
tuning and photoluminescence modification discussed in future chapters, this chapter
discusses various aspects of the thin film characterisation including phase, thickness
and roughness characterisation as these film qualities play a significant role in the de-
gree of dynamic modification in a real device. Lastly the phase change characteristic
of fabricated thin films is explored though different phase change actuation methods

including thermal and electrical.
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4.2 Planar VO,

In this section, the simulated optical properties of thin film VO, are examined in the
wavelength range 400 - 1000 nm in the low temperature semiconducting phase and the
high temperature metallic phase to determine their optical response before the addition
of plasmonic structures to the system. The commercial FDTD solver Lumerical is
used to determine the reflectance, transmittance and absorptance properties of VO,
thin film layers of varying thickness on an Al,O3 substrate. It’s important to analyse
the impact of film thickness on the optical properties of the VO, film and the change
in optical properties upon the VO, phase change in order to optimise the system for
various applications in optoelectronics. Furthermore, within the VO, research space
there isn’t extensive data on the impact of thickness on the optical response of VO,
films. The complex refractive index for VO, used in all simulations is as described in

Chapter 3.

For FDTD simulations on planar thin film structures, the simulation space spans 246
nm in the x and y direction and 1800 nm in the z direction with periodic boundary
conditions along the x and y directions and PML boundary above and below the
planar structure. As shown in the schematic in Fig. 4.1, a plane wave source is placed
at the plane z = 500 nm above the VO, surface with a Bloch/periodic wave injected
in the negative z-direction (indicated by the purple arrow in the schematic), normal
to the VOq surface. As the wave is normally incident on a planar structure, all wave
polarizations are equivalent. A polarization angle of 0 (along the x axis) is selected
for all VO, planar simulations. For planar VO, simulations, the wavelength start and
stop are set at 400 and 1000 nm, respectively, to cover the response in the visible and
NIR. A 2D Z-normal DFT (discrete Fourier transform) monitor, acting as a reflection
monitor, is placed at the plane z = 700 nm above the plane wave injection. Similarly,
a DFT monitor is placed at the plane z = -600, below the VO, surface, which acts
a transmission monitor. As the plane wave is injected in the negative z-direction,

power radiated back through the reflection monitor is treated as positive and power
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transmitted through the transmission monitor is treated as negative. When considering
the transmittance through a given structure the absolute value of the monitor data is
taken when plotting spectra. Each monitor uses the same wavelength limits as the
plane wave source and uses a wavelength spacing with 601 frequency points so that

data is recorded at 1 nm intervals.

Reflectance Monitor

___ Plane Wave Saurce__
| ¥-

ALO,

Figure 4.1: Schematic of FDTD simulation space for planar VO, simulations.

For the presented VO, spectra, optical properties were considered at 5 nm intervals up
to a thickness of 200 nm. These thin films layers are simulated on an Al,O3 substrate
to match fabricated VOy samples. As discussed in the previous chapter, ¢ — Al,O3
is selected due to the lattice match with VO, facilitating growth of the VO, oxide

phase.
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Figure 4.2: VO, reflectance in (a) semiconducting phase and (b) metallic phase
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The reflectance of the planar VO, film as a function of wavelength and thickness in
semiconducting and metallic phase is presented in Fig. 4.2. In general, the reflectance
of a planar VO, film is shown to decrease when the film transitions from the semicon-
ducting phase to the metallic phase. In the semiconducting phase, the reflectance is
at a maximum of approximately 0.4 at ~ 450 nm for a film thickness of 30 - 35 nm.
Above 50 nm, a position of minimum reflectance arises at 440 nm which redshifts with
increasing thickness as shown in the light blue region in Fig. 4.2 (a). The redshifting
oscillatory pattern seen in the reflectance spectrum with increased thickness is due to

a thin film effect caused by interference effects within the thin VO, layers.

In the metallic phase, the reflectance is at a maximum of approximately 0.37 at 425
nm for a film thickness of 30 - 35 nm. Similar to the semiconducting phase, a position
of minimum reflectance arises at film thicknesses above 50 nm, which redshifts with
increasing VO, thickness. However, it can be clearly seen from Fig. 4.2 (b) that
the redshift of the minimum value is significantly reduced in the metallic phase when

compared to the shift seen in semiconducting phase.

When the reflectance in both phases is considered, for the VO, films of thicknesses up
to 50 nm, there is a drop in reflectance across the visible spectrum which increases
to a maximum of a 28.8% change in reflectance at approximately 760 nm. In the
regime above 50 nm, a region where there is an increase in reflectance in metallic phase
emerges. This region redshifts with increasing VO, film thickness. The raw reflectance
change (AR), i.e. the difference between the reflectance in the metallic phase and the
semiconducting phase (Ry — Rgsc), and the percentage change (AR%), i.e. the raw
reflectance change divided by the reflectance in the semiconducting phase (AR/Rgsc),
are demonstrated in Fig. 4.3 with the area of increased reflectance highlighted. Ad-
ditionally, the change in reflectance in the region around 760 nm reaches a maximum
between 50 - 70 nm. A second region of maximum AR occurs when the VO, film
thickness is > 140 nm. However, despite large values for AR seen for thicker VO, the
damping effect of thicker VO, on plasmon resonance features limits the usefulness of

these large AR values for many optoelectronic applications.
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Figure 4.3: (a) VOg thin film AR(Ry — Rsc) for varying film thickness. (b) VOq
thin film AR%((Ry — Rsc)/Rsc) for varying film thickness. In both graphs the black
dashed line indicates the contour where AR = 0, therefore the bounded area represents
increased reflectance in the metallic phase.

Due to the distinct change in the reflectance spectra as a function of VOq thickness,
there is a large change in the generated CIE colour as indicated in Fig. 4.4(a). The
position of minimum reflectance within the visible spectrum oscillates with thin film
thickness resulting in the oscillation in the colour as the CIE colour points move around
the central point in the CIE colour map (Fig. 4.4(b)). It is noted that in the metallic
phase, the points on the CIE colour map are closer to the central point resulting in

less difference in the colour as a function of thickness.

(a) (b)
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125nm 130nm 135nm  140nm  145nm  150nm  155nm 160 nm
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Figure 4.4: (a) Reflectance colour for VO, of thickness between 5 - 200 nm in 5 nm
steps. For each thickness the CIE colour in the semiconducting phase is on top and
the CIE colour in the metallic phase is on the bottom. (b) Partial CIE colour map
indicating the reflected colour in semiconducting phase (blue) and metallic phase (red).
Arrows indicate direction of increasing VO, thickness and black lines connect points
of equal VO, thickness.
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The transmittance spectra of the planar VO, film in both material phases (Fig. 4.5)
indicate a drop in transmittance from the semiconducting phase to the metallic phase
across all VOy thicknesses up to 200 nm. As expected the transmittance decreases with
increasing VO, thickness. From Fig. 4.5, there is a sharp decrease in the transmittance
with increasing thickness up to ~ 50 nm for VOs in both phases. The transmittance
drop from ~ 0.86 for a 5 nm thick film to ~ 0.46 for a 50 nm film in the spectral region
around 600 nm. However, in the visible spectral region, there is minimal change in the
transmittance with a modulation of < 0.05 as VO, transition from semiconducting to
metallic phase. For a 50 nm VO, film a raw change in transmittance of approximately
0.05 can be seen. This observed drop in transmittance increase to 0.1 at ~ 80nm within
the visible spectral region. When the spectral region up to 1 pm is considered a decrease

in transmittance up to 0.25 is observed with for ~ 150 nm VO, thin films.
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Figure 4.5: VO, transmittance in (a) semiconducting phase and (b) metallic phase

The change in transmittance between the two VO, phases is more clearly demonstrated
in Fig. 4.6 (a) and (b) which show the raw transmittance change (AT) i.e the difference
between the transmittance in the metallic phase and the semiconducting phase (T —
Tsc) and the percentage change (AT'%) i.e the raw transmittance change divided by the
transmittance in the semiconducting phase (AT /Tsc) respectively. From these figures
it can be clearly seen that the transmittance change is negligible for thin films under 60
nm, and is ~ 0.1 for the majority of thicknesses and wavelengths. As the transmittance

for a 150 - 200 nm thick VO, layer is on the order of 0.2 a transmittance modulation
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of 0.1 accounts for an 50% decrease in transmittance as shown in Fig 4.6(b).
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Figure 4.6: (a)VOy thin film AT(Ty — Tsc) for varying film thickness. (b) VOq
thin film AT%((Tar — Tsc)/Tsc) for varying film thickness. In both graphs the black
dashed line indicates the contour where AT = 0, therefore the small bounded area in
the bottom left represents a region of increased transmittance in the metallic phase.

In transmission, VO, thin films displays less contrast between colours at thickness below
50 nm due to the negligible difference in transmittance at visible wavelengths. While
this difference becomes more pronounced at larger film thicknesses, the oscillation in
the displayed colour, seen in the reflectance case, isn’t seen. The points on the CIE
colour map move away from the central point towards the edge of the gamut with

increasing thickness as demonstrated in Fig. 4.7(b).
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Figure 4.7: (a) Transmitted colour for VO, of thickness between 5 - 200 nm in 5 nm
steps. For each thickness the CIE colour in the semiconducting phase is on top and
the CIE colour in the metallic phase is on the bottom (b) Partial CIE colour map
indicating the transmitted colour in semiconducting phase (blue) and metallic phase
(red). Arrows indicate direction of increasing VO, thickness and black lines connect
points of equal VO, thickness.

The absorptance spectra of planar VOs films in both material phases (Fig. 4.8) is cal-
culated indirectly using the previously calculated values for the reflectance and trans-

mittance of the VO, film using the formula

Absorptance = 1 — Reflectance — T'ransmittance (4.2.1)

as the sum total of the VO, thin films reflectance, transmittance and absorptance must

equal unity:.

In both VO, phases, increasing the VO, film thickness results in an increased absorp-
tance. In the semiconducting phase the thin film absorptance increases from ~ 0.1 at
5 nm to ~ 0.5 - 0.7 for the 200 nm thick film at wavelengths between 400 - 1000 nm.
For a film in metallic phase, the thin film absorptance increases from ~ 0.1 to ~ 0.72

- 0.76 for the 200 nm thick film at wavelengths between 400 - 1000 nm.

When the raw change in absorptance (AA), i.e. the difference between the absorptance
in the metallic phase and the semiconducting phase (Ay — Age)(Fig. 4.9(a)), is con-
sidered, it’s seen that for thin films < 20 nm thick and near 400 nm there is a minimal
increase in the absorptance. However, a AA of up to 0.23 is observed near 1000 nm

for films with thicknesses between 80 - 140 nm. Despite the smaller change in absorp-
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Figure 4.8: VO, absorptance in (a) semiconducting and (b) metallic phase

tance at lower wavelengths and thinner films, when the percentage change (AA%), i.e.
the raw absorptance change divided by the absorptance in the semiconducting phase

(AA/Agc), is considered, a significant modulation of the absorptance of ~ 45% can be

seen.
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Figure 4.9: (a)VOy thin film AA(Ay — Age) for varying film thickness. (b) VO, thin
film AA%((Ay — Asc)/Asc) for varying film thickness.
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4.3 Planar VO, with back reflector

Next, the optical properties of a planar VO, film with varying thickness on an optically
thick back reflecting metallic layer of Au was considered. The use of a metallic layer
underneath the VO, film provides both high reflectance within the visible spectrum
and as a bottom contact for electrical actuation of the VO, phase change. The FDTD
simulation parameters are identical to the ones used in planar VO, simulations but
with the addition of a 200 nm, optically thick Au metallic back reflecting layer.
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Figure 4.10: VO, reflectance on an optically thick Au back reflecting layer (200 nm)
for varying VO, film thickness in (a) semiconducting phase and (b) metallic phase.

A back reflecting metallic layer introduces significant thin film interference effects due
the reflection of incident light at the air - VO, interface and at the VOs - back re-
flecting metallic layer. As varying the thickness of the VO, layer changes the path
length light travels within the VO, film, thickness dependent maximum and minimum
reflectance values emerge. The magnitude of these minimum and maximum values
decrease with VO, film thickness as VO, has a non-zero attenuation coefficient in both

semiconducting and metallic phase.

Unlike the case with no back reflecting layer, the minimum values are significantly
closer to 0 indicating regions where there is complete destructive interference as seen
in the dark blue regions in Fig. 4.10 (a) and (b). As with the case with no backreflect-
ing layer the positions of the minimum values redshift with increasing thickness in both

VO, phases. For films with thickness < 20 nm the large reflectance from the Au backre-
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Figure 4.11: VO thin film with Au back reflector AR (Ry; — Rsc) for varying film
thickness. The black dashed line indicates the contour where AR = 0, therefore the
bounded area represents increased reflectance in the metallic phase.

flecting layer dominates with almost all incident light reflected for VO, in both phases.
However, for films > 20 nm, a maximum reflectance of ~ 0.75 emerges at 550 - 600
nm for films between 60 - 100 nm thick in semiconducting phase. A similar reflectance

feature is seen for metallic phase VO, albeit with a decreased magnitude.

Fig. 4.11 depicts AR, i.e. the difference between the reflectance when the VO, film is
in metallic phase and in semiconducting phase (Ry; — Rsc). Like the A R case without
the backreflecting layer, regions where A R is positive and negative emerge. In this
case a gain in reflectance can be seen for thin film thicknesses < 50 nm, a contrast to
the planar VO, case where there is no reflectance gain for < 50 nm films. Additionally,
the increase in reflectance reaches up to 0.4 contrasting with maximum gains of 0.1

seen previously in Fig. 4.3

The reflectance spectra of the VOy with Au backreflecting layer with thicknesses up to
200 nm cover a significantly larger colour gamut due to the thin film effects induced by
the backreflecting layer. A larger colour contrast is also seen for VO, in semiconducting

and metallic phases at each thickness as demonstrated in Fig. 4.12.

As the back reflecting layer is optically thick, meaning that a negligible amount of
incident light is transmitted (< 0.02%) the absorptance of the VO, - Au thin film
structure can be treated as Abs = 1 - R. Therefore, the absorptance spectra (Fig. 4.13)

are an inverse of the reflectance spectra (Fig. 4.10) as regions of minimum reflectance
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Figure 4.12: (a) Reflectance colour for VO, of thickness between 10 - 200 nm in 10
nm steps on a Au back reflecting layer. For each thickness the CIE colour in the
semiconducting phase is on top and the CIE colour in the metallic phase is on the
bottom (b) CIE 1931 colour map for VO4 with thicknesses between 10 - 120 nm on an

optically thick back reflecting Au layer. The blue and red points indicate CIE colour
for VO3 in semiconducting and metallic phase, respectively.

correspond to regions of maximum absorptance. As in the case of the reflectance, the
VO, phase transition blueshifts the peak response. The magnitude of the peak shift is
thickness dependent with an example given for the 30 nm, 50 nm and 70 nm case in
the Fig. 4.13. For the 30 nm case a blueshift of 20 nm is observed. This shift increases
to 85 nm and 205 nm for the 50 nm and 70 nm case, respectively. The absorptance of
the VO, film with the Au backreflector show peak values > 0.99 indicating near perfect

absorption.
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Figure 4.13: (a) VO5 absorptance on an optically thick Au back reflecting layer (200
nm) for varying VO, film thickness in (a) semiconducting phase and (b) metallic phase
(¢) Absorptance spectra of 20 nm, 50 nm and 70 nm VO, film on 200 nm Au backre-
flecting layer, demonstrating blueshift in peak wavelength upon phase transition.

A hybrid VO, - Au planar thin film structure is also considered, consisting of planar
VO, with a varying proportion of embedded planar Au. The simulation space consists
of a 250 nm x 250 nm area with periodic boundary conditions. The reflectance of the
VO, - Au film is considered for Au inclusions of equal length and width and thickness
equal to the VO, film thickness, up to a thickness of 200 nm. The impact of the
inclusions is considered at 25 nm intervals representing Au Volume fractions between 1

- 81%. A schematic of the VO, - embedded Au film is demonstrated in Fig. 4.14.

(a) (b) g

Figure 4.14: Schematic of VO, - Au planar films. (a) Cross-section of film demonstrat-
ing 250 nm simulation space in x-direction with periodic (blue) boundary conditions.
Source is normally incident to the plane, in the -z direction (b) 3D perspective view of
the planar structure (c) top-down XY view of the planar structure.

From Fig. 4.15 and Fig. 4.16 depicting the reflectance of the VO, - Au film with
increasing Au volume fractions it can be seen that there is a significant impact of the

reflectance profiles for both VO, phases and from Fig. 4.17, it can be seen that inclusion
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of Au regions within a planar VO, thin film has a significant impact on AR and in
particular the spectral position of regions where reflectance is increased for metallic
phase VO,. For the Au inclusion with side length 25 nm representing 1 % of the total
volume of the periodic structure unit cell, the A R colour map is functionally identical to
the case with no Au inclusions. However, for the 50 nm case, representing a 4 % volume
Au inclusion, the AR colour map shows a distinct change from the 25 nm case. The 100
nm inclusion demonstrates the largest percentage AR of ~ 60%, representing a 0.15
change in raw reflectance, in the wavelength range between 700 - 900 nm. Significant
AR in the visible spectral region is observed for the 150 nm and 175 nm cases. In
particular, for the 175 nm case, reflectance gains of up to 30 % are observed for film
between 30 and 60 nm. The figure demonstrates that, through inclusions of differing
amounts of metallic reflecting material, the planar thin film has a range of reflectance
profiles that demonstrate large changes at different VO, thicknesses and wavelength

ranges. The raw change in reflectance (AR) is presented in the Appendix.
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Figure 4.16: (a-i) VO - Au film reflectance for VO, in metallic phase for varying film
thickness and side length of the embedded Au.

(@)

AR (%) AR (%)
200 2100 200 500
1800 w000
180 1500 1 P
1200
160 500 1 3000
= = a00 = 200
£ E A o
= = 000 = 1500
g g g e
g g g
3 £ 100 :: £ 100 500
£ £ Z 000
IS E o F g 500
o) g P e) 1000
> > s > g soo
210 .
2000
2100 o 2500
3000 2 e 000
30 — 500
600 700 800 900 1000 1000
d Wavelength (nm e Wavelength (nm; f) Wavelength (nm;
(d) gt (m) wey @ ot (om) woy (D ot (m) R
500 200
w000 oo
300 1 800
3000 .\ 20
2500 oo
3 E 2000 E 1
= £ 15.00 £ 2800
7 2 1000 2 120
8 3 2 200
§ $ s00 g
3 Z 00 1 1800
5 £ 500 E o 700
o o 1000 o 000
) Q s 9 -
2000 200
250 0 1600
000
- 50 2 2100
- 4000 2800
600 700 800 900 1000 1000
Wavelength (nm; h Wavelength (nm i Wavelength (nm
(8) gth (nm) R (h) gth (nm) R0 (i) gth (nm) R
- 200
200 | 2100 152
2800 1
200 1800 a
1
_ 2000 — 2o o s
£ v E 1
< 1200 =3 800 < 38
% 800 2 g 1
000 o
£ 00 £ g,
2 00 2 ow 2 a8
P—N 400 8 '—N 80
<) 200 l9) R ) 78
> R > e
s 800 " s
2000 2000 52
2 2000 2 .
2800 3000 I — 19
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4.17: (a-i) VO - Au film AR%((Ry — Rsc)/Rsc) for varying film thickness and
side length of the embedded Au. Black dashed line represents region where AR% = 0,
therefore the bounded areas represent an increased reflectance for VO, in metallic
phase.
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4.4 Thin Film Characterisation

After deposition, fabricated VO, thin films were characterised with numerous tech-
niques to determine the exact oxide phase of the grown film, the thickness of the
thin film and the surface quality. Optical characterisation of the films transitioned
from the semiconducting and metallic phase through thermal or electrical methods is
achieved, and spectra are compared to those calculated using FDTD simulation. Im-
mediately after deposition by PLD, fabricated thin films were tested by measuring a
resistance across the sample and by demonstrating the presence of any phase switch-
ing properties upon heating the sample above the critical temperature of 68°. This
initial characterisation is used as a relatively quick way to ascertain which deposition
parameters produced continuous oxide films for optimisation purposes before further

characterisation techniques were applied.

4.4.1 VO, Phase Characterisation
X-Ray Diffraction (XRD)

Characterisation of the VOq oxide phase was carried out using X-Ray diffraction (XRD)
measurements. Standard 8 —26 XRD scans were carried out using a PANalytical X’Pert
Pro X-ray Diffractometer. Manual control of the stage in the Z direction allowed sam-
ples to be aligned to the X-ray source and detector arms of the system. As fabricated
VO, samples were deposited on ¢ — Al;O3 substrates, the apparatus was aligned to the
known Al,O3 (0006) peak at 41.68°. XRD scans of samples displaying phase transition
properties demonstrate an intensity peak at ~ 39.8 - 40 °. Values taken from literature
support this peak angle as the 020 peak associated with the formation of the VO, oxide
phase.!?%:121 For each scan, XRD data points were taken for a scan range between 20
- 100 °with a scan step size of 0.0167113 °. Typical XRD spectra for phase switch-
ing VO, samples are given in Fig 4.18. Slight variations in peak position, intensity
and FWHM are attributed to variations between VO, samples including strain and

crystallite size.
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Figure 4.18: § — 260 XRD scans of VO, samples grown on ¢ — AlyO3. The characteristic
Al;O3 peak and VO, peak are at 41.68°and 39.8 °- 40°, respectively. Peak width can
be used to determine crystallite size

Raman Spectroscopy

Raman Spectroscopy was used as an additional characterisation tool to confirm the
presence of the VO, oxide phase. The Raman spectra used for confirmation of the
VO, oxide phase were acquired using two separate Raman systems. Measurements
were performed using a Horiba Jobin Yvon LabRAM HR800 Spectrometer under am-
bient conditions. Before performing measurements on fabricated samples, the Raman
spectrometer was calibrated using a Si sample. The acquired spectra from the Si sam-
ple was set to align with the known peak at 520 ¢m™!. Raman emission was collected
using a 100x objective lens (N.A. = 0.8) and dispersed by a grating with 2400 gr/mm.
A 532 nm laser excitation source was used for all measurements, which was allowed
to stabilise for 10 mins before acquisition of Raman spectra. A camera allowed for
coarse focusing and selection of specific areas on fabricated samples under white light
illumination. Fine focus adjustment was achieved with using the image of the laser on
the sample. An adjustable filter was used to control the intensity of the laser beam on

the sample with a 10% filter used for regular measurements.

Raman measurements were also carried out using a WITec Alpha 300R confocal Raman
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microscope. In this case the signal was collected by a 100 x objective lens (N.A = 0.95)
and dispersed by a 1800 line/mm grating. The advantage of this Raman system is the
capability to acquire Raman maps. As many spectra can be automatically taken over
a given area, Raman maps were used to determine VO, film quality over a particular
area. In the semiconducting phase, the monoclinic (M1) VOy structure is associated
with 18 Raman-active vibrations 94, + 9B,. The spectral location of these modes as

22

given in the literature'?? are shown in the table 4.1

A (om) | Bylan™)
137 143
194 224
224 262
310 393
340 442
393 450*
499 484
612 582
663 820

Table 4.1: Raman modes for semiconducting monoclinic (M1) VO, phase. *This mode
hasn’t been experimentally confirmed.

In the metallic, rutile (R) phase, there are four weak Raman-active modes A;,, B1,, By,

and E, appearing 240, 390, 510 and 625 cm ™!, respectively.

For experimental confirmation of the VO, oxide phase, the semiconducting phase was
examined due to ease of measurement, having strong well-resolved bands and not re-

quiring external stimulus to induce the phase transition.

In Fig 4.19 characteristic peaks associated with the VO, A, modes are observed con-
firming the grown films are the desired vanadium oxide phase. In particular, the strong
peaks at 194,224, and 612 ¢m ™! indicate the growth of the VO, (M1) phase. Addi-
tional peaks associated with the Al,O3 substrate are observed at 418, 575 and 751
em~t. For VO, sample D, sample shown in Fig 4.19 (a), the weak VO, signal and the

1'is consistent with the samples discontinuous

strong AlyOj signal shown at 418 em™
film growth indicated by the inability to obtain a resistance reading across the sample.

In Fig 4.19 (b) Raman spectra for thin films grown by reactive sputtering with different
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O, partial pressures is shown with the strong VO, peaks for the Oy : Ar — 1.85 : 50

sample indicating good VO, growth conditions.
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Figure 4.19: (a) Acquired Raman Spectra for VO, thin films fabricated by PLD. The
spectra for samples A, B and C are representative of the deposition of VO,, The weak
VO, signal from sample D is indicative of the formation of a thin, discontinuous film.
(b) Acquired Raman Spectra for thin films fabricated by reactive sputtering. The
strong VOy Raman peaks for the sample grown with O2:Ar - 1.85:50 indicate this
partial pressure is suitable for growth of the VO, phase. The FWHM of Raman peaks
can be used to determine crystallinity of the thin film.

XPS

For VO, samples deposited by magnetron sputtering, X-ray photoelectron spectroscopy
(XPS) was used as an additional characterisation technique. In this case the, the sample
could be easily transfered from the deposition chamber to the XPS chamber within the
TD system. As the binding energies for V2p and Ols are relatively similar for the
various vanadium oxidation states (V5% V4t and V3T) the values of each are quoted

in Table. 4.2123

Material | V2P;/, BE (eV) | Ols BE (eV) | A BE (eV)
V205 017.3 530 12.7
VO, 516.3 230 13.7
V203 515.4 230 14.6

Table 4.2: V2ps/, and Ols binding energy for various vanadium oxide phases.'*

Typical XPS spectra for sputtered samples are given in Fig. 4.20. It is noted that for
each sample the spectra are adjusted so that the O1 peak is at 530 eV and can act as

a reference. The vanadium oxide phase is characterised by the position of the V2ps/,
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peak. The pure VO, phase is characterised by the peak binding energy of 516.3 eV or
a ABE of 13.7 eV between the O1 peak and the V2ps/,.

3E+5

2.5E+5

2E+5

1.5E+5

Intensity (Counts/s)

1E+5

5E+4

0
540 535 530 525 520 515 510

Binding Energy (eV)

Figure 4.20: Acquired XPS spectra for vanadium oxide samples deposited with varying
O, pressure. Sample Cs V2p3/, peak at 516.3 eV indicates a purely VO, phase.

4.4.2 VO, Thickness

VO, sample thickness was determined through several complementary methods. Trans-
mission spectra for VO, thin film samples in semiconducting phase were taken using a
Cary UV-Vis Spectrophotometer. A comparison of the transmittance spectra of three
VO, films fabricated by PLD at different O, partial pressures are shown in Fig. 4.21 to
simulated transmittance spectra. The transmittance spectra compare favourably to the
simulated spectra, particularly at longer wavelengths, as further characterisation con-
firms the VO, films grown with 20, 30 and 40 pbar O, partial pressures produced thin
films with 21, 32 and ~ 60 nm respectively. It’s noted that the largest changes between
transmittance spectra occur for films below 80 nm and from 80 - 100 nm there isn’t
a significant difference in simulated transmittance spectra. The 90 nm transmittance

spectra is depicted in Fig. 4.21 for comparison against the 60 nm case.
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Figure 4.21: Comparison of simulated VO, transmittance spectra to VOs thin films
fabricated with varying Oy partial pressures.

XRR

X-ray reflectivity is used to determine the thickness of fabricated thickness to high
resolution. Similar to the XRD characterisation, a PANalytical X'pert Pro X-ray
Diffractometer is used to perform the scan. A scan range of 0.28° - 7° with a scan step
size of 0.015° was used to ensure a sufficient a number of oscillations were acquired for
fitting. The spectra were fitted using XRR software, with film thickness, roughness
and density acting as fitting parameters. A representative example of acquired spectra
for fabricated thin films is given in Fig. 4.22 demonstrating the change in oscillation
periodicity for a 21 and 32 nm VO, thin film. Accurate measurement of film thickness
was used to determine the growth rate of films fabricated by PLD allowing for control

of the film thickness through deposition time.

It’s noted that for VO, films with significant roughness such as the VO, sample grown
at 40 pbar, fitting an XRR curve may not be possible. The thickness of this particular
film was confirmed using a focused ion beam (FIB) to cut into the sample surface. In

this way the VOy sample thickness could be approximately measured from an SEM
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Figure 4.22: XRR scans of VO, thin films with 21 and 32 nm thickness demonstrating
the characteristic thickness dependent periodicity in the oscillations.

image of the FIB cut as demonstrated in Fig. 4.23.

Figure 4.23: SEM image of FIB cut of VO, thin film. This film was fabricated by PLD
with 40 pbar O, partial pressure resulting in significant film roughness.

Ellipsometry

Ellipsometry is employed as an additional tool to measure the thickness of fabricated
VO, thin films. A J.A. Woollam Alpha-SE ellipsometer is used to scan the surface of
VO, thin films with the resulting spectra fitted using a model based on the dielectric

function of a fabricated 30 nm VO, sample in semiconducting phase previously fitted
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Figure 4.24: Ellipsometry Spectra with fitted model for ~ 191nm VO, sample fabri-
cated by reactive sputtering.

using data taken by a Sopra GESP5 ellipsometer. The 30 nm film’s thickness was deter-
mined by XRR. Measurement and analysis was achieved through the CompleteEASE
ellipsometry software. An example of a spectra acquired by ellipsometry with the fitted
model based on the VO dielectric function is given in Fig. 4.24. The software uses
a standard, iterative, non-linear regression algorithm (Levenberg-Marquardt method)
to improve the agreement between the measured and model generated ellipsometry

data.

4.4.3 Film Roughness

Roughness of the fabricated VO, thin films was an important characteristic as it has
a direct effect on the quality of periodic nanostructures fabricated on the VO, thin
film. Additionally, increased roughness results in an increase in scattered signal from
the VO, thin film itself, increasing the difficulty of resolving the nanostructure plas-
mon scattering signal. Film roughness was characterised using a vibrationally isolated
MultiMode AFM. Scans were taken of 5 x 5 pm regions on the surface of each VO,

sample. A selection of AFM images is shown in Fig. 4.25 with a corresponding table
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indicating sample roughness for each AFM image. The Ra and Rq roughnesses are the

1l
arithmetic average and the root mean square average given by Ra = T / |2(x)|dx
r Jo

1 i
and Rq = ”l_ / z(w)?dx respectively where [, is the length of the mean line and z(x)
rJo

is the deviation at each point along the mean line. The samples depicted in Fig. 4.25
(a), (b) and (c) respectively are taken for samples grown using PLD at different O,
partial pressure but with an equal deposition time of 30 mins. The AFM image in Fig
4.25 (b) has the same growth parameters as (a) with a reduced laser repetition rate.
From the table it’s clear that the reduced repetition rate isn’t suitable for thin film
growth as the roughness of the sample is over three times larger than when a repetition

rate of 10 Hz is used.

(a)

(c)

30

0O, pressure (ubar)

Figure 4.25: AFM images of VO, samples prepared by PLD. The O, partial pressure
and laser repetition rate is indicated for each sample (a) VO (40 bar, 10Hz) (b)
VO, (40 p bar, 5Hz, (c) VO3 (30 p bar, 10Hz, (d) VOs (20 u bar, 10 Hz) (e) Bar
chart indicating VO, thin film roughness (Ra and Rq) as a function of O, partial
pressure in chamber during film growth. The chart indicates a linear relationship, for
this given range, between O, partial pressure and film roughness with a decrease in
growth pressure, decreasing surface roughness.

V02 (a) VOQ (b) V02 (C) V02 (d)
Ra (nm) | 6.780 | 21.105 | 4.339 | 2.531
Rq (nm) | 9.065 25.825 5.627 3.291

Table 4.3: Table indicating the Ra and Rq roughness of the VO, samples depicted in
Fig. 4.25.

As indicated previously, a higher partial pressure, results in a thicker film for a given
deposition time. A higher partial pressure also results in increased roughness values

for both the Ra and the Rq roughness as indicated in the table and Fig. 4.25 (e). VOq
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(d), grown at the lowest Oy partial pressure, is the best film in terms of roughness.
The relationship is determined to be linear within the partial pressure range used in

the fabrication of VO, samples.

From the characterisation of the VO, thin film roughness, it’s clear that for fabrication
of VO, with high quality surface, the O, partial pressure within the PLD system should
be at the lower bound where growth of the VO, oxide phase is favoured with a reduced

surface roughness.

4.5 VO, Transition

As mentioned previously the VO, phase change can be triggered by a range of external
stimuli. In this section the change in electrical and optical response induced by the
VO, phase change is shown when the phase change is actuated through the use of a
ceramic heating stage, through the application of a voltage or current by contacting
probes onto metallic contacts pads patterned onto the thin film surface and finally

through the use of a high power laser incident on the thin film surface.

4.5.1 Thermal induced VO, transition

For measurements where the VO, phase change was actuated thermally, sample heat-
ing was achieved by placing the VO, films on ceramic heating stage mounted in a
custom 3D printed mount. The heating stage was connected to an ILX Lightwave
LDT-5910B temperature control to allow precise control of target temperature. An
AD590 transducer monitored the temperature on the stage and allowed for temper-
ature feedback to the controller. The heat stage mount was designed to minimise
heat loss to the surrounding environment so that temperatures of approximately 100
°C, significantly higher than the critical transition temperature (7.) of the VO, films,
could be maintained while still allowing for implementation into the microscope stage
under various microscope objectives. In addition to this, the heat stage allows room

for probes for measurement of electrical resistance and supply of voltage and current
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for electrical transition measurements. Electrical probes were connected to a Keith-
ley 2400c source meter which, in conjunction with the heat stage, allowed resistance -
temperature graphs for each VO, thin film sample to be obtained, as shown in the Fig.
4.26. The VO, thin films A B and C presented in Fig. 4.26 are grown using PLD and
represent films grown using 40, 50 and 60 pbar Oy partial pressure, respectively. The
characteristic large change in resistivity /conductivity as the VO, films transition from
the low temperature monoclinic phase to the high temperature metallic rutile phase is
demonstrated in Fig. 4.26(a). From the heating and cooling curves shown in the figure
a hysteresis effect in the VO, phase transition is evident. The transition temperature
for both heating and cooling curves can be seen in Fig. 4.26 (b) showing a plot of
—0LogR/0T as a function of sample temperature. The phase transition is observed to
occur close to the T, value of 68 °C' quoted in literature. The phase transition occurs
at 71.5 °C' upon heating and 66.1 °C' on cooling with a hysteresis width of 5.4 °C.
The hysteresis effect arises from the domains within the thin film VO, transitioning at

different temperatures.

(@ T T T T T T T T (b) 0.25 T T r
107 e 4 .
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02 A
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Figure 4.26: (a) Plot demonstrating the temperature dependent resistance for various
VO, films grown on c-plane Al,O3. A significant change of resistance of over 3 order
of magnitude is demonstrated for each sample. A, B and C represent films grown by
PLD at O, partial pressures of 40,30 and 20 ubar, respectively. (b) Plot of -§logR/0T
vs temperature for VO, (C) demonstrating a phase transition at 71.5 °C upon heating
and 66.1 °C on cooling. A hysteresis width of ~ 5.4 °C is seen.

A comparison of the reflectance spectra of a ~ 40 nm VO, sample with simulated
VO, spectra in Fig. 4.27 shows good agreement, particularly in the wavelength range

between 400 - 650 nm. This high level of agreement between simulation and experi-
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mental spectra is attributed to the implementation of the dielectric function acquired

from ellipsometry within FDTD simulations.
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Figure 4.27: Comparison of simulated 30 - 40 nm VO, reflectance spectra with VO,
sample spectra acquired under bright field microscope for VO, in semiconducting (SC)
and metallic phase (M). The colour generated from the experimental spectra is depicted
as an inset.

4.5.2 Electrically induced VO, transition

In addition to thermal actuation using the heat stage, the VO, phase transition was
actuated electrically through application of a voltage across the surface or a current
through the VO, thin film. This differs from other reported electrical tuning methods
in that there is a potential difference across the VO, film, i.e. current flows through
the VO, itself rather than a configuration where current lowing through a top metallic
patch is used to heat the VO, film through Joule heating as seen in Kim et al.'?* The
electric field was applied by a precision controlled probe station with a Keithley 2400¢
Standard Series Source Measure Unit acting as a voltage or current source. Voltage
and current sweep experiments were controlled through the use of National Instruments

Labview software, which also controlled data collection.

Initial electrical measurements were performed by placing the contact probes on the

VO, film surface and increasing the voltage across the film until a characteristic jump
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Figure 4.28: Image demonstrating formation of conducting metallic VO, channel be-
tween metallic probes with an applied voltage.

in current indicated that the VO, channel had reached a low resistance metallic phase.
This phase transition is accompanied by a drop in reflectance and a visible colour
change in the metallic VO, channel formed between the probes. From Fig. 4.28, in
this case, the metallic VO, channel takes a path between large vanadium defects that

arise from the deposition process.

To investigate the electrically induced VO, phase change electrical contact pads (Ti5nm/Au35nm)

were fabricated on the surface of the VO, thin film through EBL methods. While a
thinner Ti layer is sufficient for Au adhesion, 5 nm is used due to the availability of a
weekly free metal deposition using 5 nm Ti. The distance between contacts was set at
5 - 15 pum so that a sufficiently strong electric field could be induced along the VO,
channel length. For all electrical measurements resistors with resistances of between
3k - 22k are placed in series to limit the increase in current when the VOs channel
transitions to a low resistance metallic state. The magnitude of the limiting resistor
used in each case is dependent on the intrinsic resistance of the VO, channel in both

states and the channel length.

In the monoclinic phase, VO, displays characteristic semiconductor properties for ap-
plied voltages lower than the critical voltage. The value of the critical voltage (V) is
indicated by the sharp jump in the measured current. The IV-curves were converted

to the characteristic VOs resistance curves using a simple Ohm’s law relationship,
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Figure 4.29: (a) 40V (blue) and 50V (red) sweep on a VO, sample for a channel
length of 15um. The abrupt jump in current at 42V indicates the phase transition
(b) Resistance curves demonstrating the strong switching characteristic at the critical
voltage (42V) (c) image of 15um channel between Au contacts (d) 30V (green) sweep on
a VO, sample for a channel length of 5pm. The abrupt jump in current at 15V indicates
the phase transition (e) Resistance curves indicating the switching characteristic at the
critical voltage (15V) (f) image of bum channel between Au contacts.

subtracting the current limiting resistance.

From the IV curve in Fig. 4.29 (a) it can be seen that for a VO, channel length of 15 um
the V. occurs at ~ 44V. When the voltage drop across the limiting resistor (3.8k€2) is
factored in, the V. across the VO, channel becomes ~ 37.18V. Using % where L is the
length of the VO, channel, gives a critical field of ~ 2.5 x 10V//m in good agreement
with values reported in literature!?® and a full order of magnitude lower than rival PCM
options GST and AIST which have threshold fields of 5.6 x 107V /m and 1.9 x 107V /m,
respectively.!?®  When the smaller channel length of 5y m is considered, the critical
voltage occurs at ~ 15V as shown in Fig. 4.29 (d). When the limiting resistor and
length of the channel are factored in, the critical field is calculated as ~ 2.67 x 10°

V/m, slightly higher than for the larger channel.

The response of a VO5 (20 nm) film with 10 pum wire spacing for voltage and current
sweeps are given in Fig. 4.30 (a) and (b) respectively. In each case, three values of
limiting resistor (12, 15 and 22 kS2) are considered. The VO, channel has an intrinsic

resistance of 19 £€) in semiconducting phase. When the IV curves are adjusted for the
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Figure 4.30: (a) Voltage driven VO, phase transition for 10um channel with a 12,15
and 22 k) limiting resistor in series (b) current driven VO, phase transition for 10u
channel with 12,15 and 22 k€2 limiting resistor in series.

differing limiting resistor i.e. to isolate the response of the VO, channel, largely similar
behaviour is seen. The current driven transition occurs at ~ 2.7 mA corresponding to
a voltage of ~ 26V across the channel length. This V. corresponds to a critical field of

2.6 x 10% V/m, a value consistent with the previous measurements of 5 ym and 15 um

VO, channels.

It’s noted that the size of the metallic VOy channel is dependent on the magnitude
of the applied current or voltage as demonstrated in Fig 4.31. A distinct drop in

reflectance in the channel allows easy visualisation of the channel width.
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Figure 4.31: Images of a 10 pm channel on 20 nm VO, film showing increasing channel
width with increasing voltage.



The width of the metallic VO5 channel was measured by taking the difference between
in CCD images of the VO, film with the applied voltage/current on and off as indicated
in Fig. 4.32 (b). This allowed for easy visualisation of the area where the metallic
channel forms as the difference in reflectance is effectively 0 at all other points on the
sample. This is demonstrated in Fig. 4.32 (a), where the width of the channel is shown
to increase as a function of applied current. From measurements of the width of the
metallic VO channel a linear relationship is found between the applied voltage and

the channel width (Fig. 4.32 (c).)
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Figure 4.32: (a) Metallic VO, channel at various applied currents displaying the dif-
ference in reflectance intensity within the channel. (b) Images of VO, channel formed
between Au wires, the three images show the off state, on state and the difference be-
tween the two states. (c) Plot demonstrating the linear relationship between channel
width and applied voltage.

4.5.3 Laser induced VO, phase transition

In additional to thermal actuation of the VO, phase change using a ceramic heater,
a Dragon laser M series 980 nm laser source is coupled into a normal reflection setup
and used a source of thermal energy to actuate the VO, phase change (Fig. 4.33). The

optical parameters of this laser are given in the table 4.4.

For laser heating measurements a VO, sample fabricated by reactive sputtering (190
nm) is mounted on the ceramic heating stage to facilitate comparison with spectra
taken when the sample is heated by the thermal stage. The stage is mounted normal

to incident white light illumination and adjusted so the reflected beam is focused onto
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Laser 980 + 10 nm
Power 1 - 2000 mW
Transverse Mode | Multimode
Beam Shape Square
Beam Diameter 5* 8 mm
Divergence <3 mRAD

Table 4.4: Optical Parameters of Dragon laser M Series 980nm Laser

the fibre couple connected to the Andor 230i spectrometer. The focus is adjusted by
moving the 40 x objective within the setup along the axis parallel to the direction of
the white light propagation. The 980 nm laser beam is positioned so that the beam is
incident on the same spot on the VO, sample as the white light. The beam is incident
on the sample at an oblique angle, as close to grazing as possible to ensure the beam is
not cut off by the focusing objective. The objective lens is not placed within the laser
path to avoid damage to the lens by the high intensity beam. A schematic of the laser

beam coupled into the normal reflectance spectra is given in Fig. 4.33.

Laser 980 nm

Xenon Lamp Source

<> Lens

S — Sample Stage

To Spectrometer
- 40x Objective
< >
Fibre Coupler
50:50 Beamsplitter

Figure 4.33: Schematic of normal reflection set-up incorporating 980 nm laser source.

Reflectance spectra taken with the laser source off and on are compared to reflectance
spectra taken when the ceramic stage temperature is 90 °C'. The experimental spectra
are also compared to simulated reflectance spectra for a 190 nm VO, film.(Fig. 4.34)
The reflectance spectra show good agreement with the simulated spectra indicating
the actuation of the VO, phase transition using the laser source. As the incident laser

is unfocused, there is a delay in the change in reflectance spectra as the VO5 sample
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is heated to the critical temperature. This time to reach the critical temperature was

measured as a function of the laser power as demonstrated in Fig. 4.35 (d).
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Figure 4.34: Normal reflectance of 190 nm VO, sample with laser heating source off
and on compared to simulated VO, reflectance spectra.

Fig. 4.35 (a-c) depict normalised reflectance spectra taken every 2s from when the
laser source is switched on. The spectra are taken for the laser output power at 2.2 W
maximum down to 1 W where no phase transition is seen over 180s. The experimental
time taken to heat the VO, sample to the critical temperature of 68° was taken as
the time when the normalised spectra stopped changing between 2s intervals as with
reduced power more intermediary spectra were visible. From measurements made
using a Thorlabs PM100D Powermeter, the power at the VO, sample is found to be
reduced to 0.243 times the laser output power. From the spectra depicted in Fig. 4.35
(a) taken for a laser power at the sample of 0.535 W the phase change occurs at ~
24s. This increases to ~ 42s and ~ 112 s for laser powers of 0.437 W and 0.292 W
respectively. Sample heating time measurements were plotted as a function of power
dependence. From Fig. 4.35 (d) there is a inverse square dependence on laser power
and time to fully transition to metallic phase. It’s noted that while these transition time
scales are relatively long, the laser spot isn’t focused. The beam spot is rectangular
with dimension 8 mm * 5 mm. The laser contains multiple TE modes resulting in a

rectangular beam spot. For a focused beam, the VO, phase transition may be actuated
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at a lower power over a shorter timescale facilitating implementation in optoelectronic
applications where high switching speeds are needed. It is noted this kind of optical
actuation isn’t suitable for plasmonic systems as high laser powers can damage metallic

nanoparticles.

o
C
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Figure 4.35: (a) Normalised reflectance spectra taken at 2s intervals after 980 nm laser
(2.2 W) is switched on indicating VO, phase change (b) Normalised reflectance spectra
taken at 2s intervals after 980 nm laser (1.8 W) is switched on indicating VO, phase
change (c) Normalised reflectance spectra taken at 2s intervals after 980 nm laser (1.2
W) is switched on indicating VOs phase change (d) Plot of time to full film phase
transition vs laser power. The plotted points are fitted with a second order polynomial
curve. The spectra are normalised to a maximum value at 893.2 nm, not within the
range shown.

4.5.4 Conclusion

This chapter demonstrates, through FDTD simulation, how the optical properties of
thin film VO, evolve as a function of the film thickness. Calculated spectra demonstrate
a range of colours and colour changes over thicknesses up to 200 nm. The change
in the thin film reflectance between the VO, phases is seen to dramatically increase
with the inclusion of a backreflecting metallic layer resulting in a significantly larger
colour gamut. Simulations of varying Au inclusion in a VO thin film demonstrate a
large range of AR profiles between the VO, phases. Experimentally the VO, phase

change was explored through different actuation methods and found to align well with
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simulated spectra based on optical constants acquired from ellipsometry. Through
the characterisation of fabricated VO, films, optimal parameters for deposition were
attained allowing films of precise thickness to be fabricated with a strong switching

characteristic, an important factor in tuning the properties of the hybrid nanostructures

based on VOs.
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5 Metallic nanoparticle - VO9 struc-

tures

5.1 Summary

In this chapter, the modification of the plasmonic response of metallic nanoparticles
placed on thin film VO, is investigated. Experimental demonstration of shifts in the
spectral response of coupled nanostructures, when the phase of the underlying VO,
layer transitions from semiconducting phase to metallic phase, are shown for a range of
nanoparticle morphologies. For these investigations, single nanoparticles and periodic
arrays of nanoparticles are fabricated on thin film VO, using electron beam lithographic
methods (EBL). EBL allows for well- defined uniform arrays of plasmonic nanoparticles
to be examined. The spectral response of these structures when VO, is in semicon-
ducting and metallic phase was examined under bright and dark field illumination by
placing the hybrid structure on a ceramic heating stage within the microscope system.
Additionally, arrays are fabricated between metallic contact pads to allow plasmonic

tuning through the electrical transition of the underlying VO, film.

FDTD simulations of plasmonic structures are used to demonstrate optimal config-
urations of the hybrid system for large shifts in peak scattering wavelength, large
differences in scattering cross-sections and E-field strength at plasmonic hotspots sur-
rounding the metallic nanoparticles. Modification of the scattering and reflectance

properties of single nanoparticles and periodic structures are examined and analysed
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based on how each parameter in the hybrid system affects the response and the tuning

of the response.

5.2 Introduction

In the previous chapter, it is shown that the optical response of planar thin film
VO, can demonstrate a significant change through the phase transition from semi-
conducting to metallic phase and the subsequent change in dielectric function. As
previously discussed, the inability to tune the response of plasmonic nanostructures,
post-fabrication, acts as a limiting factor for implementation in many optoelectronic
applications. The optical response of plasmonic nanostructures is largely dependent on
factors such as size, shape, material composition and surrounding dielectric medium.
On the nanoscale, small changes in these factors can have a significant impact on the
response of the nanostructure. Through the implementation of an underlying thin film
layer of VO,, plasmonic tuning across a large wavelength range can be shown and, in
particular, a large tunable response in the regime < 1 um can be demonstrated. Much
of the previous work in tunable plasmonics consider the significantly larger changes in

1277130 However,

dielectric function in the IR spectral region, particularly at 1550 nm
there is an increasing interest in utilising the smaller but still significant changes in the
dielectric function seen in the region below < 1 um for the development of switchable

metasurfaces!3H 132

5.2.1 Numerical Simulations

The impact of the VOs thin film on the tunability of the local surface plasmon res-
onance (LSPR), scattering cross-section and modification of the spatial E-field for a
range of single nanoparticles and dimers is examined through numerical simulations.
An example of the configuration used for scattering simulations within Lumerical is
shown in Fig. 5.1. The impact of VO thin film thickness on the plasmonic response of

single nanoparticle structures is also examined. The first structures considered within
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this work are rod and cuboid shaped nanoparticles. Due to their anisotropic shape,
these particles allow the excitation of multiple plasmonic features along two major po-
larization axes, namely the longitudinal plasmon along the long axis and the transverse
plasmon along the short axis. The plasmonic response of these particles for VO, in both
phases is compared to the response seen for metallic nanodiscs, which, due to rotational
symmetry, have degenerate resonances at each polarization angle. The noble metallic
nanoparticles considered throughout this work are made up of gold (Au) or silver (Ag)
with numerical simulations presented in this section consisting of Au nanoparticles as
experimentally Ag nanoparticles are well known to suffer from oxidation. In the case

of each nanoparticle, the tunability is quantified by three factors:

1. AN, the shift in the peak scattering wavelength when the VO, film transitions

from semiconducting to metallic phase, i.e. Aoz, — AMazge-

2. Ao, the difference in scattering cross-section at each given wavelength for VOq

in semiconducting and metallic phase, i.e. op(A) — o50(A).

3. AE?, the difference in electric-field intensity surrounding the nanoparticle in

semiconducting and metallic phase, i.e. F3, — E%..

(@) (b)

< 1800 nm

Figure 5.1: Schematics of the configuration used for single particle scattering simula-
tions (a) top down view of nanocuboid with TFSF source and monitor box. Symmetric
and anti-symmetric boundary conditions are used to take advantage of nanoparticle
symmetry. (b) side view of nanocuboid on VO, with an Al;O3 substrate. The purple
arrow indicates the direction of light propagation from the TFSF source and the blue
arrows the polarization direction. The TFEFSF source has dimensions of 550 nm along
the x and y axes and 400 nm along the z-axis. The monitor box is shown in yellow and
is set as a cube with a side length of 800 nm. Anti-symmetric boundary is in green
perpendicular to the TFSF source polarization. The FDTD simulation volume is set
as a cube with side length 1800 nm with the boundaries depicted in orange.
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For the nanocuboid case, which demonstrates a large wavelength shift upon the VO,
phase transition, the impact of the nanocuboid dimensions on the longitudinal and
transverse plasmon scattering spectra is examined. To examine the effect of varying
the height of the plasmonic nanoparticle, Au nanocuboids with a fixed length and
width of 180 nm and 90 nm, respectively, and height varying between 10 - 100 nm
on a 10 nm VO, thin film, in semiconducting and metallic phase are considered. The
impact on the longitudinal plasmon is first considered. As the longitudinal plasmon
is excited along the long axis of the nanocuboid (180 nm) the resonance feature is
considerably redshifted in comparison to the feature excited along the short axis (90
nm). Increasing the nanoparticle height blueshifts the plasmonic response of the lon-
gitudinal polarization for both VO5 phases, with the larger blueshift occurring for the
nanocuboid on semiconducting VO, (Fig. 5.2(a)). This results in a smaller shift in
peak wavelength between the two VOy phases. The resonance blueshift is consistent
with known variations in resonance wavelength with aspect ratio in metallic nanoparti-
cles. As the nanocuboid height increases, there is an increase in the induced charge on
both sides of the nanoparticle while the separation distance remains fixed. This results
in a larger restoring force acting on the displaced charge resulting in the blueshifted
response.'? This decreased wavelength shift is accompanied by an increase in the mag-
nitude of the scattering cross-section, o, as well as a larger positive A o(oy — 0g¢) in
the visible spectral region, as seen in Fig. 5.2 (c). Increasing nanoparticle height also
results in the emergence of a plasmonic feature at 600 nm corresponding to oscillation
perpendicular to the VO, plane. There is no change in the position of this feature after
the phase transition due to the significantly smaller difference in VO, optical constants
in this wavelength range. The peak shift is larger for the nanocuboids with reduced
heights as the resonant feature occurs at higher wavelengths, where a larger change in
the dielectric permittivity occurs after the VO, phase transition. Within the range of
interest, below 1500 nm, the plasmon peak wavelengths shifts by 285 nm for the 20
nm high nanocuboid. This peak wavelength shift is decreased to 170 nm for the 100

nm high nanocuboid case. The impact of the nanoparticle height on the transverse

94



plasmonic response of the Au nanocuboid can also be seen in Fig. 5.2 (b). As in the
case of the longitudinal plasmon response, there is a spectral blueshift with increasing
height, and a narrowing of the plasmon resonance peak. In this case, once the structure
height is greater than 40 nm there is no further impact on the position of the resonant
feature near 780 nm. For the transverse case a positive Ao can also be seen within
the visible spectral range (Fig. 5.2 (d)). However, in this case the magnitude of the
scattering and the difference in scattering is significantly smaller than the longitudinal
case. From Fig. 5.2 (b) a large overlap in the resonant response in seen for VO, in
semiconducting and metallic phase. In addition to the regions with increased scatter-
ing cross-section in the visible spectral range, the semiconducting to metallic phase
transition can modulate the scattering cross-section by a factor of approximately 3 at

higher wavelengths.

In Fig. 5.3(a) the impact of increasing width of the Au nanocuboid on the longitudinal
resonance feature is examined. The nanocuboid height is fixed at 40 nm with the
width varied between 30 nm to 180 nm in 30 nm steps. An increased width results in
a blueshifted longitudinal plasmon response. The resonance is blueshifted for similar
reasons to the blueshift seen with increasing nanoparticle height. The scattering cross-
section similarly increases with width. In the case of the transverse plasmon, (Fig.
5.3(b)), as the width increases the resonance is shifted to longer wavelengths due to
the increasing aspect ratio. For both polarizations, the plasmon peak blueshifts, by up
to 200 nm, with the phase transition of VO,. From Fig. 5.3 (c¢) and (d) an increase in
the scattering cross-section for both polarizations is evident. The magnitude of Ao is
noted to increase with the increased scattering cross-section seen at increased widths.
As shown previously, the scattering cross-section can be modulated by a factor of ~ 3

when VO, transitions from semiconducting phase to metallic phase.

In the previous cases the impact of altering height and width on the spectral position
of the plasmonic feature is considered for a nanocuboid with no rounded edges as this
configuration gives the largest wavelength shift when the phase of the underlying VO,

transitions from semiconducting to metallic phase. However, chemically synthesised

95



o
2
—
S
=

2E-14

3E-14

e T g P90 e el
——H20[SC] - - - H20 [M] —_ ---

—~ 64 [——H40ISC] - - - HaO M) & ——H40[SC] = - = H40 [M]

g M ——Heo(sc] - - - HeoM] E ——H60 [SC] - = = HBO [M]

= H80 [SC] H80 [M] s 1.56-14 - H80[SC] H8o [M]

S 5E.14 | H100(SC]- - - H100[M] £ H100 [SC] - - = H100 [M]

° @

] \ o

© 4E-14 - \ I

2 o 1E14

<] 5}

°© o

o c

£ - £

s £

3 o

@ @

2E-14 5E-15

1E-14 -

1 L
0 N
400 800 800 1000 400 600 800 1000 1200 1400

(C) Wavelength (nm) (d) Wavelength (nm)

Ac (m?) Ao (m?)
6.400E-15 100 1.000E-15
5.600E-15 8.750E-16
4.800E-15 7.500E-16

’g 4.000E-15 g 6.250E-16

= =

E 3.200E-15 E 5.000E-16

o [}

© ©

I 2.400E-15 I 3.750E-16

40
1.600E-15 2.500E-16
8.000E-16 20 . 1.250E-16
0.000 0.000
600 800 1000 1200 1400 400 600 800 1000 1200 1400
Wavelength (nm) Wavelength (nm)

Figure 5.2: Scattering cross-section of Au Nanocuboid (Length = 180 nm, Width =
90 nm, Height = 10, 20, 40, 60, 80, 100 nm) for VO3 (10 nm) in semiconducting phase
(solid line) and metallic phase (dashed line) for (a) excitation polarized along long axis
(b) excitation polarized along short axis. Contour maps depicting changes in scattering
cross-section Ao (o) — og¢) for Au nanocuboid (Length = 180 nm, Width = 90 nm)
on VO, (10 nm) for (c) excitation along long axis and (d) excitation along short axis.
Coloured sections indicate an increase in scattering as VO, transitions to its metallic
phase. Black regions indicate decreased scattering as VO, transitions to its metallic
phase. These regions are coloured in black to highlight the regions where there is an
increase in scattering.

nanoparticles and those produced through lithography usually have corner tip radii
of between 5 - 10 nm. Corner tip radii are limited by the resolution of lithographic
techniques. In Fig. 5.4 the scattering cross-section of a Au nanocuboid (Length = 180
nm, Width = 90 nm, Height = 40 nm) on VO, (10 nm) is given for edge radii from 0
- 20 nm. From this a redshift can be observed with increasing corner radius in both
VO, material phases with the magnitude of the redshift significantly higher for the
semiconducting phase. For a nanocuboid with no rounded edges a wavelength shift of
210 nm is observed which decreases to 185 nm for a 5 nm edge radius and is reduced

to 120 nm for an edge radius of 20 nm.

As Au and Ag are materials most commonly used in plasmonic elements, a comparison
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Figure 5.3: Scattering cross-section of Au Nanocuboid (Length = 180 nm, Width =
30, 60, 90, 120, 150, 180 nm, Height = 40 nm) for VO5 (10 nm) in semiconducting
phase (solid line) and metallic phase (dashed line) for (a) excitation polarized along
long axis (b) excitation polarized along short axis. Contour maps depicting changes in
scattering cross-section Ao (o — og¢) for Au nanocuboid (Length = 180 nm, Height
= 40 nm) on VO, (10 nm) for (c) excitation along long axis and (d) excitation along
short axis. Coloured sections indicate an increase in scattering as VO, transitions to
its metallic phase. Black regions indicate decreased scattering as VO, transitions to
its metallic phase.

of the scattering response of metallic nanocuboids (Length = 180 nm, Width = 90 nm,
Height = 40 nm) comprising these noble metals on thin film VO, is made. Fig. 5.5
compares the scattering response of the Au nanocuboid and Ag nanocuboid for VO, in
semiconducting phase and metallic phase. It can be seen that in semiconducting phase,
the magnitude of the scattering cross-section is equal for the Au and Ag nanoparticles.
The Ag nanoparticles also demonstrate a redshifted response when comparted to the Au
nanoparticles for VO, in semiconducting phase. For the metallic phase, it is noted that
the Au nanoparticles display a larger scattering cross-section with minimal differences
in the resonant wavelength between the two metals. This results in a larger A\ for
Ag nanoparticles, however as mentioned previously Ag nanoparticles are susceptible to

tarnishing effects.
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Figure 5.4: (a) Schematic of Au nanocuboid with edge radius between 0 - 20 nm (b)
Scattering cross-section of Au Nanocuboid (Length = 180 nm, Width = 90 nm, Height
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Figure 5.5: Scattering cross-section of Au and Ag Nanocuboid (Length = 180 nm,
Width = 90 nm, Height = 40 nm) in (a) semiconducting phase and (b) metallic phase
for VO thicknesses between 10 - 50 nm.

The VO, thin film thickness has a significant effect on the nanoparticle plasmon reso-
nance. Scattering spectra for a Au nanocuboid (Length = 180 nm. Width = 90 nm,
Height = 40 nm) with VO, thickness between 10 - 200 nm, are shown in Fig. 5.6.
Different trends can be seen for the semiconducting and metallic phases of VO,. In the
semiconducting phase increasing VO. thickness initially strongly redshifts the plasmon
peak. For thicker films the dampened peak slowly oscillates between 1300 nm and 1400

nm, attributed to the change in VO, transmittance spectra between 40 - 90 nm. For
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the metallic VO,, the scattering spectra show a blueshift of the plasmon resonance up
to a thickness of 90 nm, after which it is only weakly affected by the film thickness.
The opposing spectral shifts result in an average AN (Aysaaisc] — Avazm) of 500 nm

with a maximum of ~ 560 nm occurring at 80 nm and 200 nm.
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Figure 5.6: Contour maps showing the dependence of the scattering cross-section spec-
trum, for longitudinal excitation, of a Au nanocuboid (Length = 180 nm, Width = 90
nm, Height = 40 nm), on the VO, thickness for VO, in (a) semiconducting phase and
(b) metallic phase. The scattering peak wavelength is indicated by the black line.

The spectral blueshift seen for all fixed geometries, when the underlying VO, layer is
transitioned from semiconducting to metallic phase can mainly be attributed to the
difference in the real part of the dielectric permittivity. If a simplified case is considered,
the polarizability («) of a small (r « A) Au sphere surrounded by VO, can be obtained
by solving the Laplace equation. In the case of dipolar excitation, the polarizability

can be given as
3 Eau(A) — Evo,(A)

aM) =r FauN) + 2200,V

(5.2.1)

The resonance condition is when the real part of the denominator vanishes i.e. €4,(\)+

25{/02()\) =0or é:Au()\) = —25‘/02()\)

The real part of the Au dielectric permittivity is < 0 in the spectral region between 200
- 1000 nm and becomes increasingly negative with increasing wavelength. As the real
part of the dielectric permittivity of VO, decreases from the semiconducting phase to

the metallic phase, the resonance condition is satisfied at a shorter wavelength when
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VO, is in its metallic phase. This results in the blueshifted plasmon resonance peak
for the metallic phase compared to the semiconducting phase, and a decrease in peak
scattering cross-section. Despite the decreased scattering peak, due to the broadness
of the resonance, a region of increased cross-section can be observed. As the shift in
the wavelength is highly dependent on the difference in the real part of the dielectric
function, a comparison of the values used for the numerical simulations was made to
four values from literature'®® and is shown in Fig. 5.7. The change is the real part of
the dielectric function used in the simulations presented in this work are comparable

to others seen in literature® and in some cases more conservative. 3

To examine the impact of nanoparticle shape on the spectral position of the longi-
tudinal scattering peak, three nanoparticle shapes are considered namely nanorods,
nanocuboids and nanodiscs. The response of nanorods and nanocuboids with lengths
of 180 nm and 230 nm and nanodiscs of diameter 180 nm on a VO, thin film of varying
thickness were considered. The width and height of the rod and cuboid single nanopar-
ticle structures were fixed at 90 nm and 40 nm, respectively to allow direct comparison
between the shapes. In the case of the 180 nm long nanoparticles, for VO5 in semicon-
ducting phase, the resonance peak of the cuboids is the furthest into the infrared. The

cuboid resonance peak is between 1135 - 1415 nm, dependent on the thickness of the
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underlying VO, layer. The peak resonance response of the nanodisc, in the semicon-
ducting phase, is between 955 - 1270 nm, a blueshift of up to 295 nm compared to the
cuboids. The nanorods demonstrate a further blueshift in the semiconducting scatter-
ing peak between 870 - 1005 nm. This significant redshift in peak scattering wavelength
for nanoparticles with sharper edges is consistent with previous studies.!3® However,
upon the VO, phase transition to metallic phase, the cuboid scattering peak is sig-
nificantly less redshifted when compared to the nanodisc and nanorod scattering peak
wavelength. The cuboid, disc and rod resonance peak wavelengths lie in the ranges 815
- 925 nm, 755 - 825 nm and 790 - 820 nm, respectively. Averaging the wavelength shift
(A)) over all VO thicknesses up to 200 nm results in an average A\ of 148 nm for the
rods, 338 nm for the discs and 501 nm for the cuboid of similar length. in the case of
the larger Au nanorods, an average A\ of 317 nm is seen. It is noted that not only is
the 230 nm length nanorod plasmon peak significantly blueshifted compared to the 180
nm cuboid for VO, in semiconducting phase, in metallic phase the 230 nm nanorod
plasmon peak is only 40 nm redshifted when compared to the smaller cuboid. This
indicated that the rounding of the plasmonic nanostructure has a significant impact on
the magnitude of A\ when transitioning between the VO, phases. This is attributed
to the polarization charges being highly localised in the corners of the cuboid structure
and therefore having a larger interaction with the VO, thin film surface. The resonance
feature for the 230 nm long nanocuboid when VO, is in semiconducting phase is at
1335 nm for 10 nm VO, thickness and redshifts above 1500 nm for thicker VO, beyond
the range of interest in this work. In the metallic phase the resonance feature again lies
in the wavelength range between 800 - 900 nm indicating a plasmon shift of > 600 nm.
It is noted that, as for the other nanoparticles, for the semiconducting phase there is
a redshift in peak wavelength with increasing VO, thickness, while increasing metallic
phase VO, thickness blueshifts the scattering spectrum. Full scattering spectra of the
Au nanoparticles for both VO, phases as a function of film thickness are given in the

Appendix.

Despite the large shift in the plasmon peak wavelength, a decrease in the scattering
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Figure 5.8: The dependence of the plasmon resonance peak wavelength on VO, thick-
ness for five Au nanoparticles and VO in semiconducting [SC] and metallic [M] phases
under longitudinal excitation. Nanorods of lengths 180 nm and 230 nm are labelled
R180 and R230, respectively, nanocuboids of length 180 nm and 230 nm labelled C180
and C230, respectively and nanodiscs of diameter 180 nm are labelled D180. The width
and height of the nanorods and nanocuboid are fixed at 90 nm and 40 nm. (b) Contour
map depicting change in scattering cross-section Ao (o) — og¢) for a Au nanocuboid
(Length = 230 nm, Width = 90 nm, Height = 40 nm) with varying VO, thickness.
Coloured sections indicate an increase in scattering as VO, transitions to its metallic
phase. Black regions indicate a decrease in scattering as VO, transitions to its metallic
phase.
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cross-section in the metallic phase results in significant spectral overlap of the scattering
spectra for the two phases of VO, in the visible and NIR. A contour map of the change
in scattering cross-section as a function of wavelength and VO, film thickness can be
seen in Fig. 5.8 (b) for the 230 nm length Au nanocuboid. The map indicates the
region where the VO, phase transition from semiconducting to metallic results in an
overall increase in scattering cross-section. A maximum Ao (o) — 0g¢) occurs at 830
nm for 40 nm VO, thickness. A second region of increased Ao occurs for thicker VO,
and, while the plasmonic wavelength shift is larger, increasing VOq thickness results
in a lower scattering cross-section due to increased quenching making thicker film VO,
less attractive for implementation in plasmonic devices. Additional studies for nanodisc
and nanorod geometries (contour maps given in Appendix) indicate that 30 - 50 nm
VO, thin films demonstrate an increase in scattering cross-section as VO, transitions

from semiconducting to metallic phase.

Dimer structures are considered highly advantageous due to the greatly enhanced local
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electric field in the gap region between dimer elements. The development of a tunable
field enhancement can be employed to provide an enhancement mechanism for coupled
quantum emitters. For direct comparison to single nanoparticle structures considered in
the previous section, the dimer structures are simulated with similar overall dimensions.

A dimer gap of 10 nm is considered in all cases as this is an experimentally feasible

dimer gap that allows the placement of a quantum dot (typical radius 6 nm)!37 within
the gap.
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Figure 5.9: Dependence of the plasmon resonance peak wavelength on VO, thickness
for a Au rod dimer (Rod length = 90 nm, Height = 40 nm, Gap = 10 nm), disc dimer
(Disc radius = 45 nm, Height = 40 nm, Gap = 10 nm), cuboid dimer (Length = 90
nm, Height = 40 nm, Gap = 10 nm) and bowtie dimer (Perpendicular bisector = 90
nm, Height = 40 nm, Gap = 10 nm) for semiconducting [SC] and metallic [M] phase
VO, under longitudinal excitation (b) Contour map depicting Ag(%)[100 x “=25¢]
for the Au Bowtie Dimer (Perpendicular Bisector = 90 nm, Height = 40 nm, Gap =
10 nm). Coloured sections indicate an increase in scattering as VOq transitions to its
metallic phase. Black regions indicate a decrease in scattering as VO, transitions to
its metallic phase. A schematic of the bowtie dimer structure is shown in the inset of

panel (b).

Fig. 5.9 shows the spectral position of the scattering peak for light polarized along
the long axis for a rod dimer (Rod length = 90 nm, Height = 40 nm, Gap = 10 nm),
disc dimer (Radius = 45 nm, Height = 40 nm, Gap = 10nm), cuboid dimer (Length
= 90 nm, Height = 40 nm, Gap = 10 nm) and bowtie dimer (Perpendicular bisector
= 90 nm, Height= 40 nm, Gap = 10nm). Similar to the single nanoparticles, there is
a significant redshift of the plasmon peak for increasing thickness of semiconducting

phase VO,. In the metallic phase, only a nominal 20 nm redshift is observed for all

structures. Over the range of VO, film thicknesses there is an average peak shift of 36
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nm, 148 nm, 195 nm and 202 nm for the rod, disc, cube and bowtie dimer structures,
respectively, after the VO, phase transition. In Fig. 5.9(b) the Ao contour plot for
longitudinal excitation indicates that a maximum percentage increase of 70% in the
scattering cross-section occurs at 750 nm for a 50 nm thick VO, film. This region
corresponds to a local maximum in AX (205 nm). As before the bottom lobe in Fig.
5.9(b) is more favourable due to the reduced damping with a thinner VO, film. In
the case of the rod dimer the region of increased scattering is blueshifted to 640 nm
with maximum percentage increase of 75% for a 40 nm thick VO, film. Additional
plots indicating the regions of increased scattering cross-section for disc, cuboid and

rod dimer are included in the Appendix.

The major advantage of the bowtie structure is the enhanced electric field intensity
concentrated between the pointed triangular elements. For investigation of the E-field
enhancement a Au bowtie dimer structure (Perpendicular bisector = 90 nm, Height
= 40 nm, Gap = 10 nm) is considered. Fig. 5.10 shows the electric field intensity
in the gap region between the dimer elements as a function of wavelength and z-
position for a 10 nm film of both VO, phases. The plane z = -20 nm indicates the
VO, - nanostructure interface and z = 20 nm corresponds to the top of the dimer
structure. The VO, transition blueshifts the maximum E-field intensity from ~ 960
nm to ~ 820 nm as seen in Fig. 5.10. While the transition results in a decrease in
the maximum E-field achieved, at particular wavelengths the E-field is increased. The
electric field intensity maps at 790 nm are in Fig. 5.10 (¢) and (d). The VOq phase
transition effectively increases the strength of the field between the dimer elements and
shifts the region of enhancement closer to the top surface of the dimer. A positive AE?
(E3,— F%.) of 90 is observed at A = 820 nm and an electric field intensity enhancement
of >3.6 is observed at A = 790 nm, indicated in Fig. 5.10. These enhancements are
ideal for enhancing the emission of coupled emitters. Additionally, the reshaping of the
E-field profile with significant enhancement at the top surface of the nanoparticle has
potential applications in enhancing the interactions seen in 2D material - plasmonic

hybrid structures.3®
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Figure 5.10: Contour maps indicating E-field intensity between the bowtie elements as
a function of dimer height (z) for VO5 (10 nm) in (a) semiconducting phase and (b)
metallic phase. The plane z = -20 nm corresponds to the dimer - VO, interface. z =
20 nm indicates the top of the dimer structure. The electric field intensity maps for A
= 790 nm between dimer elements as a function of x-position (along dimer axis) and
z-position (along dimer height, perpendicular to VO, plane) for VO, (10 nm) in (c)
semiconducting phase and (d) metallic phase. (e) AE? (E%, — E%.) between dimer
elements as a function of x-position (along dimer axis) and z-position (along dimer
height) for A = 790 nm and 10 nm VO, thickness (f) E%,/E%, for A = 790 nm and 10
nm thickness. All maps are calculated for longitudinal excitation along the dimer axis.

When the same structure is considered on a 30 nm VO, film, a redshift in the position
of the peak E-field enhancement is observed. This is accompanied by a decrease in

peak E-field intensity. Despite the reduced E-field intensity in both phases a larger
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E-field enhancement of 7.08 is observed. E-field maps for the bowtie structure on 30

nm VO, are included in the Appendix.

The E-field enhancement between the VO, phases for the cuboid dimer structure
(Length = 90 nm, Width= 90 nm, Height = 90 nm, Gap = 10 nm) on VO, (10
nm) is similar to the bowtie dimer case with an enhancement of approximately 3.6.
However, the AE? value is reduced as the flat edges of the cuboid structure result
in a lower E-field enhancement. E-field maps for the cuboid dimer structure are also

included in the appendix.

5.2.2 Au nanoparticles on VO, with Au backreflector

Figure 5.11: FDTD schematic of a unit cell for a periodic array of (a) Au nanorods (c)
Au nanocuboids and (e) Au nanoellipses on VO, with Au backreflector. XY view of
(b) Au nanorod (d) Au nanocuboid and (f) Au nanoellipse (Length = 90 nm, Width
= 45 nm, Height = 40 nm) on VO, (Thickness = 50 nm). The unit cell has a length
and width of 190 nm with periodic boundary conditions. The plane wave excitation
source is polarized along the longitudinal axis (x-axis).

In this section the reflectance of hybrid structures comprising of periodic Au nanoparti-
cles coupled to thin film VO, on an Au backreflecting layer is calculated and compared

to the reflectance seen for periodic Au nanoparticles coupled to thin film VO, with no
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backreflecting layer and planar VO5 on a Au backreflector without plasmonic nanopar-
ticles. The impact of Au nanoparticles on the colour switching seen upon the VO,
transition is examined with and without the backreflecting layer. Additionally, the
impact of the backreflecting layer on the enhanced E-field surrounding the plasmonic

particle when VO, is in semiconducting and metallic phase is considered.

For the investigation, three periodic nanostructures are considered, namely nanorod,
nanocuboid and nanoellipse. In each case the reflectance of the hybrid nanostructure is
considered for nanoparticle length of 180 nm and 90 nm. The width of these particles
is 90 nm and 45 nm, respectively, with height fixed at 40 nm. The unit cell for the
periodic structure has a side length of 280 nm in both x and y directions for the larger
nanoparticles and 190 nm for the smaller nanoparticles. This periodicity is chosen so
that there is a 100 nm gap between adjacent nanoparticles along the longitudinal axis,
the direction of excitation within the FDTD simulations. A schematic of the FDTD

simulation space with the nanoparticle geometries is shown in Fig. 5.11.

The reflectance spectra of the nanoparticle arrays for 50 nm VO, is first considered.
From Fig. 5.12 (a) it can be seen that the periodic arrays of nanoparticles with flat
tops, i.e. nanocuboid and nanoellipse, show an increased reflectance when compared to
the bare VO, in both phases with the nanocuboid having the higher reflectance peak
~ 0.4. The addition of the periodic array results an overall decrease in transmittance
with a nanoparticle dependent local minimum for VO, in semiconducting phase, seen
in Fig. 5.12 (b). These minimum values occurs at 885 nm, 825 nm and 670 nm for
the cuboid, ellipse and rod, respectively, with the nanocuboid array having the largest
transmittance modulation of 0.2 from the plane VO, case. For VO, in metallic phase
similar modulation is seen for the nanocuboid. Fig. 5.12 (c) demonstrates a large
change in reflectance due to thin film effects caused by the addition of a backreflecting
Au layer. The modulation in reflectance between the two VO, phases is significantly
greater than for the case seen in Fig. 5.12 (a) with AR ~ 0.42 for the nanocuboid case.
The local minimum wavelength, seen in the planar VO, with a Au backreflecting layer

case, is nanoparticle array dependent and is tunable over a broad wavelength range by
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Figure 5.12: (a) Reflectance and (b) transmittance spectra of periodic nanostructures
(Length = 90 nm, Width = 45 nm, Height = 40 nm, Period = 190 nm) on VO,
(Thickness = 50 nm). (c) Reflectance spectra of periodic nanostructures on (Length
= 90 nm, Width = 45 nm, Height = 40 nm, Period = 190 nm) on VO, (Thickness =
50 nm) with a back-reflecting Au layer (d) CIE colours with VO, thicknesses between
10 - 50 nm.

the choice of nanoparticle array when the underlying VO, layer is in semiconducting
phase. The points of minimum reflectance, with the addition of the nanoparticle array
are significantly closer to 0, with a minimum reflectance of approximately 0.28% at
720 nm for the nanocuboid array when VO, is in semiconducting phase. The points
of minimum reflectance can be translated into points of near perfect absorptance as
there is negligible transmittance due to the Au backreflecting layer. A comparison of
the CIE colour from the reflectance spectra of the nanoparticle arrays is shown in Fig.
5.12(d) The nanoparticle arrays demonstrate greater colour contrast between the VO,
phases for thin films, however the colour change is comparable to the planar VO, case

for film thicknesses > 50 nm.

Next, the reflectance spectra of the nanorod arrays are shown as a function of the
thickness of the underlying VO, layer (Fig. 5.13). A distinct change in the reflectance

for VOs in semiconducting and metallic phase is demonstrated for the case with no
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Figure 5.13: Reflectance spectra of a periodic array of Au nanorods (Length = 90 nm,
Width = 45 nm, Height = 40 nm, Period = 190 nm) as a function of thin film thickness
with no backreflecting metal layer for VO in (a) semiconducting phase and (b) metallic
phase. (¢) AR (Ry — Rsc) for the periodic nanostructure without a backreflecting
layer. Reflectance spectra of the periodic nanorod array with a back reflecting metal
layer with VO, in (d) semiconducting phase and (e) metallic phase. (f) AR (Ry — Rsc)
for the periodic nanostructure with an Au backreflecting layer.

back reflecting layer. It is noted that large AR in this case is only seen at longer
wavelengths and for thicker VOy thin films. Additionally, as seen previously, there is
a reflectance < 50% across all thicknesses. The reflectance spectra with the nanoarray
has a similar profile to the case with no nanoarray. A distinct region of increased
reflectance when the VO, is in metallic phase can be seen in the visible region which
redshifts with increasing VO, thickness. For comparison, the reflectance spectra for
the nanoparticle arrays (Length = 90 nm, Width = 45 nm, Height = 40 nm, Period =
190 nm) are compared to the reflectance spectra acquired from the same nanoparticle
shapes with larger dimensions (Length = 190 nm, Width = 90 nm, Height = 40 nm,
Period = 280 nm). The larger rods consist of ~ 20% of the periodic unit cell opposed
to the ~ 11% of the smaller rods. The larger nanoparticle reflectance as a function of
VO, layer thickness is shown in Fig. 5.14. From this figure it can be seen that the
reflectance is redshifted in comparison to the smaller rods. The peak reflectance is near
1500 nm for the smaller rods for VO, in semiconducting phase but is redshifted beyond

1500 nm, the simulation limit, in the case of the larger rods. Additional contour maps

109



for the nanocuboid case and nanoellipse case are given in the Appendix section.
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Figure 5.14: Reflectance spectra of a Au nanorod array (Length = 180 nm, Width =
90 nm, Height = 40 nm, Period = 280 nm) for VO, in (a) semiconducting phase and
(b) metallic phase. (¢) AR (Ry — Rsc) spectra for Au nanorod array (d) Comparison
between Au nanorod array with larger and smaller array elements on VO, (50 nm)
called LRod and SRod, respectively. These correspond to Length = 180 nm, Width
= 90 nm, Period = 280 nm and Length = 90 nm, Width = 45 nm, Period = 190 nm,
respectively.

To conclude this section, the addition of nanoparticles onto thin film VO, with a
backreflecting Au layer has some impact in shifting the position of minimum reflectance
but does not significantly impact the reflectance spectra within the visible regime, as
seen from the CIE colour generated. However, as will be shown in the next section, the
Au backreflecting layer has a significant impact on the E-field enhancement surrounding

the metallic nanoparticles.

110



E-field

The impact of a Au backreflecting layer on the E-field intensity enhancement surround-
ing the plasmonic nanoparticles is examined. To simulate this, a 1D DFT monitor is
placed 5 nm from the nanoparticle edge in the x-direction perpendicular to the plane
of the VO, so that it records data in the z-axis along the height of the nanoparticle.
For each nanoparticle the dimensions are as in Fig. 5.11 (Length = 90 nm, Width =
45 nm, Height = 40 nm, Period = 190 nm).
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Figure 5.15: E?/E2 Map for a Au Nanorod array (Length = 90 nm, Width = 45 nm,
Height = 40 nm, Period = 190 nm) on VO, (Thickness = 50 nm) for VO, in (a)
semiconducting phase and (b) metallic phase with no Au backreflecting layer and in
(c) semiconducting phase and (d) metallic phase with an Au backreflecting layer.

From Fig. 5.15(a) a maximum E-field intensity enhancement of ~ 10 is seen near 720
nm for the nanorod on VO, (50 nm) in the semiconducting phase. As with the bowtie
dimer structures discussed previously, the peak E-field enhancement blueshifts upon
the VO, phase transition. For VO, in metallic phase (Fig. 5.15 (b)) the peak E-field
blueshifts ~ 35 nm to 685 nm with an increase in the peak enhancement to 13. In this
case the peak E-field in both phases is at a point 15 nm above the VO, film or 5nm

below the half height of the nanorod. From Fig. 5.15 (c) the peak E-field intensity at
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the nanoparticle edge is seen to increase by a factor of 4, with a distinct redshift where
the maximum E-field enhancement is seen. This region is significantly broader and is
centred around 860 nm, a 140 nm redshift compared to the same configuration without
the Au backreflecting mirror. A marginal decrease in the peak E-field enhancement is
seen for metallic phase VO, with a 135 nm blueshift in the peak response. The shifts
in peak E-field intensity and wavelength result in a AE? of 6.3 at 665 nm for the VO,

case and 14.7 at 685 nm for the VO, with Au backreflecting layer.
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Figure 5.16: E?/E2 Map for Au Nanocuboid array (Length = 90 nm, Width = 45
nm, Height = 40 nm, Period = 190 nm) on VO, (Thickness = 50 nm) for VO, in (a)
semiconducting phase and (b) metallic phase with no Au backreflecting layer and in
(¢) semiconducting phase and (d) metallic phase with an Au backreflecting layer.

For the nanocuboids case, the peak E-field enhancement occurs at the top edge and the
bottom edge-VO, interface. As the E-field hotspots surrounding the nanoparticle are
shifted to the edges of the nanostructure, like in the bowtie dimer case, a reshaping of
the E-field profile can be observed. Comparing Fig. 5.16 (a) and (b) representing the
nanocuboid on semiconducting and metallic VO, respectively, the maximum E-field
at the top edge of the nanoparticle at 550 nm doesn’t change substantially between

the VO, phases. The maximum E-field at the interface blueshifts from 970 nm to
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810 nm as a result of the phase transition. The reshaping of the E-field results in
the greatest increase in the E-field occurring at 770 nm at the interface and at 845
nm at the top edge of the nanocuboid. The addition of the Au backreflecting layer
redshifts the peak E-field intensity to 1135 nm (Fig. 5.16(c)). The E-field strength
is significantly enhanced compared to the case with no Au mirror. It’s noted that
the strong E-field enhancement at the top edge of the nanocuboid near 550 nm is
significantly reduced. For VO, in the metallic phase, the peak resonance blueshifts to
925 nm with a significant decrease in intensity (Fig. 5.16(d)). The largest increase in
the E-field intensity is located at the top edge of the nanocuboid with a AE? = 7 at
860 nm. This increase in the E-field strength is twice the magnitude seen without the

backreflecting Au layer.
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Figure 5.17: E?/E2 Map for Au Nanoellipse array (Length = 90 nm, Width = 45
nm, Height = 40 nm, Period = 190 nm) on VO, (Thickness = 50 nm) for VO, in (a)
semiconducting phase and (b) metallic phase with no Au backreflecting layer and in
(¢) semiconducting phase and (d) metallic phase with an Au backreflecting layer.

Next the E-field enhancement around the nanoellipse is considered. The response of
the nanoellipse is similar to the nanocuboid due to their similarly well defined edges.
However, as demonstrated in Fig. 5.17, the more pointed edge of the nanoellipse

results in a stronger E-field at the top edge and at the bottom edge interface. For
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the nanoellipse on VO, the maximum E-field enhancement at the top edge is 17.8
compared to 7.8 for the nanocuboid. The maximum E-field intensity blueshifts from
the 875 nm to 775 nm indicating that the nanoellipse has a larger maximum E-field
intensity at shorter wavelengths compared to the nanocuboid. For the VO, with the
Au backreflecting layer the response is similarly higher and blueshifted compared to
the nanocuboid case. An E-field enhancement of ~ 70 can be seen at 995 nm (Fig. 5.17
(¢)) In metallic phase the region of maximum E-field is blueshifted to 785 nm. The
blueshift and change in E-field profile due to the VO, phase transition results in regions
where the E-field intensity is substantially in metallic phase. This is highlighted for
the three nanoparticle shapes in Fig. 5.18.
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From Fig. 5.18 the greatest increase in E-field intensity between the semiconducting
and metallic VOy phase occurs for the nanorod. Inclusion of the Au backreflecting
mirror layer results in a greater E-field intensity and therefore a greater contrast be-
tween the two phases. AE? is increased by a factor of > 2. Inclusion of the Au layer
also results in a region at lower wavelengths where there is an increase in E-field in-
tensity not seen when the Au layer isn’t present. The greater overall E-field intensity
and contrast between the E-field when VO, is in semiconducting and metallic phase

along with the reshaping of the E-field profile seen makes the hybrid structure ideal
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for applications where the enhanced field at higher temperatures can compensate for

thermal losses.

Additionally, E-field profiles with VO, layers with 30 nm and 10 nm thicknesses are
made for comparison. These E-field profiles are shown in the Appendix. A summary
of the results for all three thicknesses (10,30,50) given for the nanoparticles on VO,
with and without a Au backreflecting layer is given in Table. 5.1 and Table. 5.2,

respectively.

From the tables clear trends can be seen. The nanoellipse has the greatest enhancement
of the E-field in all cases, with the degree of enhancement decreasing with the VOy
thickness. However, the addition of the Au layer reverses this trend, the degree of
E-field enhancement increases with VOg thickness. Similar trends are seen for the
nanocuboid, with significantly decreased E-field magnitude as discussed previously. In
the case of the nanorods an increase in the maximum E-field can be seen upon the VO,
phase transition. This is not seen for the other nanoparticle shapes as the maximum
E-field is at the nanoparticle-VO, interface. From these results and Fig. 5.18 it can
be seen that the VO, phase change can modify the plasmonic hotspots surrounding

metallic nanoparticles.

Nanoparticles on VO,

VO, E3 0 A (nm)

Rod | Cuboid | Ellipse | Rod | Cuboid | Ellipse
10 nm [SC] | 17.54 | 13.98 | 29.68 | 690 840 810
10 nm [M] | 19.17 | 12.58 | 21.05 | 670 780 750
30 nm [SC] | 10.31 | 9.38 18.33 | 720 955 865
30 nm [M] | 13.12 | 7.94 12.98 | 685 805 770
50 nm [SC| | 9.94 7.79 14.94 | 720 975 875
50 nm [M] | 13.25 | 7.38 12.19 | 685 805 775

Table 5.1: The maximum E-field intensity and corresponding wavelength for nanopar-
ticles on VOs
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Nanoparticles on VO, with Au layer
VO, E3, .. A (nm)
Rod Cuboid Ellipse Rod Cuboid Ellipse
10 nm [SC] | 42.27/21.774 | 38.36/22.02 | 79.58/26.60 | 605/870 | 575/1410 | 565/1255
10 nm [M] | 29.65/25.53 | 34.22/7.34 | 72.70/11.68 | 600/770 | 570/900 | 565/860
30 nm [SC| 53.75 33.16 57.77 790 1130 995
30 nm [M] 46.96 15.90 29.75 720 830 790
50 nm [SC] 40.98 39.26 69.62 850 1135 995
50 nm [M] 38.26 17.98 33.13 730 825 785

Table 5.2: The maximum E-field intensity and corresponding wavelength for nanopar-
ticles on VOo with a Au layer. There are two values given for 10 nm case accounting
for the max E-field at the top edge of the nanoparticle and at the bottom interface.

5.2.3 Experimental Plasmonic Tuning

Within this section, optical measurements of nanoparticle arrays fabricated on thin
film VO5 were performed. These nanoparticle arrays were patterned using a standard
electron beam lithography technique as outlined in Chapter 3. The fabricated arrays
of nanostructures are examined under white light illumination in both bright field
and dark field modes, while single nanoparticle structures are examined in dark field.
Nanoparticle arrays are then imaged using SEM to measure the dimensions of the
fabricated nanoparticles. Measurements of nanoparticle dimensions from the SEM
images were taken using the processing software ImageJ. The experimental spectra

are compared to simulated spectra based on the average dimensions of the imaged

nanoparticles.

To investigate the change in optical response of the fabricated nanostructures by actu-
ation of the VO, phase change, the sample was mounted on the custom-built-heating
stage and placed under bright field illumination. The sample was heated from room
temperature through the critical temperature to 90 °C in steps of 5°C. The temperature
was allowed to stabilise between each temperature measurement and the microscope
focus adjusted to compensate for defocusing as a result of sample heating. Raw spectra
were taken using a 100x objective and were treated in the standard way outlined in
Chapter 2 to give reflectance spectra. In Fig. 5.19 spectra from a Au nanorod array

(Length = 160 nm, Width = 82 nm, Height = 40 nm, Period = 260 nm) on a 30 nm
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Figure 5.19: (a) Reflectance spectra of a nanorod array (Length = 160 nm, Width =
82 nm, Height = 40 nm, Period = 260 nm) on VO, (30 nm) at temperatures between
35 °C - 90 °C. (b) SEM image of nanorod array. (c) Simulated reflectance spectra of
nanorod array based on dimension taken from SEM image. Reflectance spectra for
VO, in semiconducting [SC] and metallic [M] phase with intermediate phases based on
0.2, 0.5 and 0.8 volume fractions of metallic phase VO, in semiconducting phase VO,
are shown.

thick VO, are shown at temperatures above and below the VO, critical temperature
(68 °C). The resonance feature is observed to blueshift from ~ 790 nm to ~ 750 nm
upon the VO, transition. It is noted that there is no substantial change in reflectance
for temperatures between 35 - 60 °C. The spectra taken at 65 and 70 °C show inter-
mediate spectra indicating the VO, thin film has not fully made the transition from
semiconducting to metallic phase. Spectra taken at 75 - 90 °C demonstrate significant
modification indicating the thin film underlying the metallic nanoparticle is in metallic
phase. AR from the peak response in semiconducting phase to metallic phase is ~
0.05, a 16% decrease. From the SEM image in 5.19 (b) the average dimensions of the
fabricated nanorods are as follows; Length = 160 nm, width = 82 nm, height = 40 nm
and period = 260 nm. FDTD simulations of the periodic nanorod array using the real
dimensions from the SEM images are compared to the experimental spectra to confirm

the shift in the peak resonance for the given VO, thickness is reasonable. The simu-
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lated spectra are given in Fig. 5.19(c). For the simulated nanostructure the resonance
wavelength shifts from 775 nm in semiconducting phase to 730 nm in metallic phase.
The resonance of the simulated structure is ~ 15 nm blueshifted in comparison to the
experimental resonance. The variation is attributed to the distribution of the nanorod
sizes in the real structure and the 5 nm titanium adhesion layer used in the fabricated

structure.

To compare the effect of electrically actuated the VO, phase change on the nanorod
array resonance feature Au contact pads were fabricated on the sample so that the
Au wires crossed the nanoarray as shown in Fig. 5.20 (a). The CCD images given
in Fig. 5.20 (b) for no applied voltage and 180 V, respectively, indicate a decrease
in intensity when VO, is in metallic phase. A relatively high potential difference of
180 V was selected to ensure the metallic phase region is large enough to acquire
reflectance spectra without interference from regions in semiconducting phase. The
pixel range in the y-direction is reduced to diminish signal from the Au wires across

the nanoarray.

(b) Intensity (Counts) (C) 200 Intensity (Counts)
1

sssssss

760 780 800 820 840 760 780 800 820 840

Pixels (X) Pixels (X)

Figure 5.20: (a) Image of Au contact pads patterned over Au array. Inset shows wire
spacing of 10 um. (b) CCD image of nanaoarray with no applied voltage between the
Au wires. (c) CCD image with 180 V applied voltage. The plus and minus symbols
indicate which wire is at higher potential.
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In Fig. 5.21 the reflectance of the plasmonic nanorod array (Length = 140 nm, Width
= 140 nm, Height = 40 nm, Period = 200 nm) on VO, (30 nm) is compared at 25
°C and 90 °C, when the phase change is thermally actuated and at 0 V and 180 V
applied voltage, when the phase change is electrically actuated. For both cases there is
a similar blueshift in the resonance response indicating placing the nanoarray between

wire elements is a viable way to reversibly tune the plasmonic response of the coupled

nanoparticles.
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Figure 5.21: Comparison of simulated and experimental spectra for a nanorod array
(Length = 140 nm, Width = 50 nm, Height = 40 nm, Period = 200 nm) on VO, (30
nm). The spectra are taken at 25°C, 90°C, 0 V and 180 V applied voltage.

Despite the large changes seen in simulations presented earlier in this chapter the reso-
nance shifts seen in experiments are smaller. The smaller changes seen experimentally
are attributed to the roughness variation in fabricated VO, films that isn’t present
in the simulated VO, thin films. Surface roughness in the VO, thin films can be ac-
counted for within simulations by incorporating surface maps of the thin films taken
by AFM. Additionally, a damping of the resonance feature with thicker VO, increases
the difficulty in resolving the resonance feature and this is further exacerbated as the

Andor 230i spectrometer is less sensitive at longer wavelengths where the resonance
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features of nanoparticles with a large A\ lie, particularly the resonance for VO, in

semiconducting phase.

5.3 Conclusion

In this chapter, single plasmonic nanoparticles and dimer nanostructures coupled to
thin film VO, to realise widely tunable plasmon resonances are considered. The factors
affecting the magnitude of the plasmon blueshift as the underlying VO, layer transitions
from the low temperature semiconducting phase to the high temperature metallic phase
are investigated. Single cuboid nanoparticles show significantly larger average A\ than
rounded particles of similar dimensions with an average blueshift of 501 nm for the 180
nm long nanocuboid compared to 338 nm for a disc and 148 nm for a rod. For dimer
structures, bowtie dimers demonstrate large shifts in the resonance coupled with a large
E-field enhancement in the dimer gap rendering this kind of structure an ideal candidate
in applications requiring E-field enhancements, as will be further discussed in Chapter
6. Additionally, the impact of an Au backreflecting layer on the E-field enhancement
is examined. It was found that the Au mirror significantly increases the intensity
of the plasmonic hotspot surrounding the nanoparticle coupled to the VO, thin film
allowing for a greater E-field enhancement induced by the VO, phase change. Finally
plasmonic tuning of nanoparticles on VO, films was experimentally demonstrated with
good agreement with simulation. The tunable nanostuctures discussed in this chapter
have great potential in many optoelectronic systems as sensing elements or as building

blocks for the compensation of thermal quenching at elevated temperatures.
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6 Luminescence Enhancement

6.1 Summary

This chapter investigates the modification in the luminescence of quantum emitters
coupled to nanoparticles on thin film vanadium dioxide. The photoluminescence model
used to determine the degree of enhancement when the VO, phase is switched is de-
scribed in detail. The model allows for separate calculation of the contribution from
the modified excitation rate and modified emission rate for emitters with dipole orien-
tations parallel to the x,y and z axis of the simulation space. First the model is applied
to calculate the modification to an emitters PL on a bare planar VO, with thicknesses

up to 150 nm.

The main section of the chapter focuses on the modification of quantum emitters cou-
pled to a Ag nanodisc structure. The impact of varying the various parameters of
the system including the disc diameter, height, the choice of coupled emitter and the
thickness of the underlying layer of PCM is examined. Additionally the impact of em-
ploying a protective silica layer and embedding the quantum emitters within this layer

is shown.

The effect on the degree of photoluminescence enhancement for various volume fractions

of metallic VO, in semiconducting VOs is also investigated.

Finally, analysis of the contributions to the enhanced photoluminescence of emitters,
placed around a Ag nanodisc, are examined to determine which are most signifi-

cant.
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6.2 Introduction

Nanoscale light manipulation using plasmonic nanostructures has been at the center of
scientific interest for past two decades.!3® Among the various applications of plasmonic
nanoparticles, methods to modify the luminescence of coupled quantum emitters has

148,140

been one of the areas of most interest, in particular methods to quenc , Or

48,139 141,142

enhance , spectrally reshape and modify the directionality of luminescence
emission.'*? Various hybrid systems have been reported as candidates for luminescence
modification, including single nanoparticles of various shapes ranging from standard

144 pano-shells'® to more complex shapes such as

morphologies such as spheres,*® rods,
nanostars.'#6:147  Additionally, nanoparticle assemblies, such as dimers,'*® aggregates
of randomly assembled nanoparticles'*® and well-ordered nanoparticles in arrays'®® can

also offer luminescence modification.

In general, the photoluminescence of quantum emitters coupled to plasmonic nanos-
tructures can be modified through two mechanisms, modification of the excitation rate
and modification of the emission rate. Both mechanisms depend strongly on a num-
ber of factors including the spectral overlap of the quantum emitter’s absorption and
emission with the plasmon modes of the nanostructure, the size and morphology of the
nanostructure, the distance between the quantum emitter and the nanostructure, and
the orientation of the molecular dipole with respect to the nanostructure. Plasmonic
nanostructures allow light to be concentrated in nanoscale regions close to their sur-
face so that the local electric field intensity is substantially higher than the intensity
of the incident electric field.’® An emitter coupled to a plasmonic nanostructure will
therefore experience a higher electric field and thus an excitation rate enhancement.
Modification of the emission rate can be attributed to the effect of the nanoantenna.
Since plasmonic nanostructures modify the local density of states,'®? the presence of
the nanostructure in the proximity of an emitting dipole can alter the radiative de-
cay rate and provide new loss mechanism and non-radiative decay pathways for the

emitters, such as energy transfer.
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While surface enhanced phenomena with nanostructures, such as luminescence mod-

5 154,155

ification'®® and surface enhanced Raman Scattering (SERS), are well studied,
there are few methods to alter or tune these effects via plasmon resonance tuning
post fabrication. Previously reported methods rely on changes in the relative posi-
tion of the emitters with respect to the nanostructure; by conformational changes of

6 mechanically via ma-

ligands attached to both the emitter and the nanostructure,’
nipulation with an AFM'"7 tip or with the aid of elastic substrates.'®® However, these
methods aren’t suitable for photoluminescence (PL) tuning in various optoelectronic

devices.

As was demonstrated in the previous chapter the interaction between nanoparticles
and VO, thin films allows for significant tuning of the optical properties of the coupled
nanoparticles and therefore can provide a platform for dynamically tunable photolu-

minescence of coupled quantum emitters.

For many applications incorporating quantum emitters, a high luminescence efficiency

is important. High efficiencies are particularly important for applications in spectral

159,160 1

converters for warm white LEDs, electroluminescent devices'®! and solar con-

162 The luminescence efficiency has a strong temperature dependence with

centrators.
significant quenching at elevated temperatures which can significantly reduce the effi-
ciencies of devices incorporating quantum emitters. As VO, transitions to a metallic
phase at elevated temperatures, it can act as the ideal platform for compensation for
thermal quenching as the increased photoluminescence seen when VO, is in the metal-

lic phase can make up for the thermal losses. By optimisation of the hybrid system,

additional enhancement beyond thermal quenching compensation can be realised.

In this chapter, hybrid VO, - plasmonic Ag nanoparticle structures coupled to Alexa
dye quantum emitters are examined and using a numerical model, the contributions to

the modified photoluminescence are determined.
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6.3 Photoluminescence Model

From the modelling point of view the photoluminesecence (PL) spectra of the quan-
tum emitters within the hybrid nanosystem can be described by the following equa-

tion:

PL(N) = LneNoas(Asee) - Q-1 fo(N) (6.3.1)

where fo(A) = PLeyp(N) is the integral-normalised experimental PL spec-

trum, PLeg,(A), of the quantum emitter with [ fo(A)dA = 1, I, is the incident exci-
tation in W/m? and N is the number of emitters. For the purpose of simplification,
in this work, the value of N is set to one. ous(Agee) is the absorption cross-section
of the emitter at the laser excitation wavelength and €2 is a function accounting for
experimental response function which includes the detection direction, detector area
and sensitivity. This is chosen so that the total detected fluorescence radiance, called

intensity, Ip;, = [ PL(\)d\) represents the total number of detected photons per sec-

ond.

The following parameters, associated with the intrinsic optical properties of the quan-

tum emitters, can be determined experimentally:

1. The molar extinction coefficient €,/(A) from which the extinction cross-section
Oext(A) = In (10)%5 m(A) can be calculated, where Ny is the Avogadro constant
(~ 6.02 x 10%). 0ut(N) = oaps(A) + 05eat(A) =~ 0aps(\) since the scattering
cross-section ogeq(A) of the emitter is negligible compared with the absorption

cross-section o 4p5(A), it can be neglected in the first instance.
2. The fluorescence spectra PLc,,(A) and the intensity Ipr,,, = [ PLeyp(X)dA

3. the fluorescence lifetime 7p;, and the quantum yield n of the quantum emitters,

which can both be measured in solutions of low emitter concentration.

124



Introducing the total decay rate constant vyp = % and the rate constants vz and

vnr for the radiative decay rate and the non-radiative decay rate respectively, the PL

1
YR+INR

lifetime becomes 7py, = . The quantum yield can then be expressed in terms of

the radiative and non-radiative rate.

YR
=R TpL = — 6.3.2
7 YR + YNR ( )

The radiative rate 7z = n?yor is the modified by the index n of the surrounding
medium, while yyg is not. For the calculation of the modified decay rates in the
system, the free space values yr and yyg are needed, so the solvent refractive index n
must be considered. To ensure that the calculation of the modified photoluminescence
gives realistic results, commercially available quantum dots and dye molecules from
the AlexaFluor series are considered. The quantum yields 7, lifetimes 7p7, and molar

extinction coefficients €,;, which are offered by Thermo Scientific,'%

are given in the
table along with the excitation wavelength Ag,. of the laser excitation source considered

for each dye (Table 6.1).

Emitter n | Tprlns| | enlem M7 | Agpe[nm]
Alexa Fluor 647 | 0.33 1 270000 632
Alexa Fluor 700 | 0.25 1 205000 670
Alexa Fluor 750 | 0.12 1 290000 705
Alexa Fluor 790 | 0.12 1 260000 730

Qdot®) 800 0.83 20 10600000 730

Table 6.1: Intrinsic optical properties of the quantum emitters: Quantum yields 7,
lifetimes 7pz, and molar extinction coefficients €, as well as the excitation wavelength
AEgze used with the model. Quantum yield and lifetime measurements were made in
water at 22° C.

In order to account for laser excitation of the quantum emitters, an equation describing

the excitation rate is introduced.

[inc
fYE:Cc()\Exc) - UAbs()\Exc) ) : |,U—Q> . EZOC(T, )\Emc;|2 (633)

EPhoton ()\E:vc
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with Eppoton(Agze) = /\ZC the energy of a single exciation photon, /ﬁ; is the transition
. . % . .

dipole moment of the emitter and the Ej,.(r, Ags.) the local excitation field at the

emitter position. In the first instance, it can be assumed the emitter transition dipole

—
,75 is perfectly aligned to the local fields, [L—Q> | Eroc(r, Apae)-
An excitation modification factor is introduced:

. ‘/TCS : ElOC(T7 )\Emc;‘Q

gExc</\Ezc) —
‘/TCS ’ Evac(ra )‘E:v05|2

(6.3.4)

and with |@ Eoae(Ty Apge )|2 = 1, the expression for the excitation rate can be rewritten

as

where N(Agge) = aAbs()\Em)m. This refers to the number of photons ab-
sorbed per unit time by a specific emitter in free space and A\g,. is taken at the wave-
length of an appropriate laser excitation source for each emitter. The incident intensity
I is set to 10% which translates to an excitation spot of 1 um? and a laser power of
10 nW. Laser intensities between 50 and 100 times higher are typically used in exper-

iments.'! Rewriting Ip;, = [ PL(\)d) yields the known formula for the fluorescence

intensity
Ipp = YEzen - 8 = YE2eTPL YRS (6.3.6)

and for the fluorescence spectrum
PL(A) = VEze * TPLYR * S fO()\) (637)

The excitation rate yg.., and the quantum yield, 7, of an emitter on top of a VO5 thin
film is determined through two separate numerical calculation, namely the calculation
of the excitation gg.c(Agze) and the calculation of v and 7py.

To numerically determine the excitation and emission modification of coupled emit-
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ters the Finite Difference Time Domain (FDTD) solver of the commercial software
Lumerical Device Suite software is used. The simulation volume is set as a cube with
side length 1.5 pum. As the numerical simulations deal with emitters coupled to sin-
gle nanoparticles the boundary conditions are set to perfectly matched layers (PML)
to absorb any electromagnetic radiation leaving the simulation space. For calculation
of the modified excitation rate the simulation time was set to 350 fs. This time was
increased to 1000 fs for the calculation of the emission modification of the emitters to
ensure the simulations ran to completion. For mesh refinement conformal mesh 0 was

selected. In all cases the background refractive index was set as 1.

For the calculation of gg..(Ags) & plane wave total-field scattered-field (TFSF) source
was used as an excitation source in the system. The TFSF source is placed at the origin
point in the model and the dimensions are set to 302.5 nm in the x,y and z direction
so that the source fully encompasses the hybrid nanostructure. As the emission of the
Alexa dyes are all in the region below 1 pum the broadband source wavelength was
set at 400 - 1000 nm. The source plane wave is injected in the negative z direction
from the top face with x-polarization in the coordinate system of the model. In all
numerical simulations the plane wave is normally incident on the nanoparticle and

substrate.

In the model, the dye molecules and quantum dots are treated as electric dipole emitters

and are located at various positions, r, surrounding the nanoparticle. Therefore the

|@'EZOC(T1>\EICS|2

excitation modification, ggzc(Apze) = S B2 can be evaluated at positions r
Q Fvac\"hAEzc

with point monitors placed at these positions. The radiative rate ['y[s™!] of an isolated

electric dipole in the free space is defined as I'y = r% where Py[W] is the total power

radiated by the dipole in the whole solid angle (47 steradians). Upon the VO, phase
transition the optical properties of the material change and consequently the optical

properties of the quantum emitter will be modified by the presence of the VO, thin film.

Numerically, the Purcell Factor gp(pim) = FR(?;””) =L M s calculated by calculating

the total power radiated Pgy/[W] by an electric dipole in the presence of the VOq thin

film. As Pgp[W] must be calculated for the whole solid angle, in the model Pgy[W]
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is the transmitted power through all faces of a 3D box surrounding the emitter and the

system, the substrate and the VO, film. The Purcell factor gp(rim) = P B = > Boz Li

can be determined by summing the transmission 7; through each face of the 3D Box

surrounding the emitter and the system, shown in Fig. 6.1.

(a) (b)

A
A7 A

strate [n = 1.5]

Figure 6.1: (a) Schematic of 3D box surrounding system. The Purcell factor is deter-
mined by summing the transmission through each face of the box indicated by the blue
and green arrow. (b) The dipole orientation along the x direction is defined as radial
(R), the dipole orientation along the y direction is defined as tangential (T), the dipole
orientation along the z direction as perpendicular (P).

The modified radiative rate ygr(pim) of an emitter on the VO, thin film is described

by

1000
YR(Film) = YOR / Jo(N)gp(ritmydA (6.3.8)

400
In contrast to conventional dielectric substrates with negligible absorption, the imagi-
nary part of the dielectric functions of the VO, film in both phases can’t be neglected.
This is due to the additional nonradiative decay pathways provided for the quantum
emitter in the presence of the VO, thin film. These additional nonradiative decay
pathways are described by a rate Yioss(rim) accounting for all losses due to the VO,

thin film.
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1000

Veoss(Fitm) = VR |, Jo(A)gLoss(ritm)dA (6.3.9)
JLoss(Film) = Pgé’s = PD”’;OPEM can be calculated as the total absorbed power in the

system. Pp;, is the total emitted power by the electric dipole in the presence of the
VO, thin film. Similar to the calculation of the Pgys, Pp;py is numerically calculated

with the aid of 3D box surrounding the electric dipole.

The modified decay times can be calculated using the following equation

1
T ilm) — 6.3.10
prim) YR(Film) T YLoss(Film) T YNR ( )

where yyg is the unaltered intrinsic nonradiative rate of the real emitter.

As mentioned previously, a function €2 is used to account for the experimental response
function, detection direction, detector area and sensitivity, and is chosen so that the

total detected fluorescence radiance

Ipp = [ PLONAA = p2eTpr 7RO (6.3.11)
Ipy is also called the intensity and represents the total number of detected photons per
second.

L f,?oet Yor is defined as the detection rate gp.;, which can be determined

The term vzS) =
by calculating the power transmitted through a planar monitor placed above the hybrid
structure outside of the TFSF source box. This mimics the experimental transmission

along the detection path.

From the detection rate gp.; and the modified photoluminescence lifetime 7p7, the
second part of the luminescence modification, the emission modification gen(A) =

TprYpet(A) can be determined. The PL spectra simplifies to PL(A) = Agge(Fitm)Jem () fo(A)
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and the total number of detected photons Ipr, = Yege(pitm) | Jem(A) fo(N)dX = VEae(pim)TPL | gDet(X) fo(N)d?

The ratio of detected photons to absorbed photons as the detectable quantum yield is

defined as ®p,.; = ng L. The numerical aperture (NA) in the simulation model is 0.707.
The calculated luminescence enhancement is sensitive to the NA as an increased NA

increases the power transmitted along the detection path.

The photoluminescence emission of the coupled emitter is also highly dependent on the
dipole orientation. The dipole orientation parallel to x-axis is defined as radial (R),
the orientation parallel to the y-axis is defined as tangential (T) and the orientation
parallel to the z-axis is defined as perpendicular (P) as shown in Fig. 7.1(b). For each
dipole position considered a separate simulation is done for each orientation and both

VO, phases.

The same procedure can for applied for calculating the photoluminescence of quantum
emitters in the hybrid system comprising of a plasmonic metallic nanoparticle on a VO4
thin film. In this case the modified photoluminescence lifetime is calculated factoring

in the modified radiative and nonradiative rate for the entire hybrid structure.

6.4 Photoluminescence Modification on VO,

In this section the interaction of dye molecules with the bare VO, substrate is numeri-
cally calculated. The interaction of four different Alexa Dyes with VO, film thicknesses
between 10 - 150 nm is considered. The quantum emitters are placed at three different
heights above the planar VO, film at positions A,B and C which correspond to 5, 20
and 40 nm above the film respectively (Fig. 6.2). For the calculation of the radiative
rate (7g) and the nonradiative rate (yyg) the three dipole orientations R, T and P are
considered. For planar VO, results for the R and T dipole orientations are equal as,

in the case of emitters on a bare VO, film, these orientations are equivalent.
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Substrate [n = 1.5]

Figure 6.2: Schematic of quantum emitters at positions A;B and C. These positions
are 5,20 and 40 nm above the VO, thin film surface, respectively.

6.4.1 Planar VO, Excitation rate modification (vgq.)

The impact of VO, film thickness on vg,. for coupled emitters is examined by compar-
ing the magnitude of the electric field intensity (E?/E?) at the three emitter positions
as shown in Fig 6.3. From the E-field maps it can be seen as VO, transitions from
semiconducting to metallic phase there is an increase in the magnitude of the field at
each position. It’s noted that for positions A and B closer to the VO, film the mag-
nitude of the E-field is significantly reduced by the presence of the VO, film in both
semiconducting and metallic phase. For position C there are regions on the E-field

map where the E-field is enhanced by the presence of the VO, thin film.

By comparing the ratio of the E-field intensity for VO, in the metallic phase to the
semiconducting phase at each position the optimal thickness for enhancement of vg,.
is found to between 30 - 50 nm for wavelength range between 630 - 730 nm (Fig 7.4)
i.e. the wavelength range where \g,. for each AlexaFluor dye emitter considered lies.
It’s noted that for these thicknesses the presence of the VO thin film is still reducing

the overall magnitude of the E-field.
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Figure 6.3: E?/E2 maps for VO, films of thicknesses between 10 - 150 nm at three
different heights above the VO, film: 5 nm (Pos. A), 20 nm (Pos. B) and 40 nm (Pos.
C). The VOq in semiconducting phase (a-c) and metallic phase (d-f).
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Figure 6.4: F3,/F%. Ratio for VO films of thicknesses between 10 - 150 nm for heights
(a) 5nm (Pos. A), (b) 20 nm (Pos. B), and (¢) 40 nm (Pos. C) above the VO, film. The
black lines on each plot indicate the excitation wavelengths (Ag,) of the Alexa dyes.
The encircled area indicates the largest enhancement for the range of the excitation
sources.

The ratio of the excitation rate modification in metallic phase to semiconducting phase
(E3,/E%.) at the excitation wavelengths for each of the AlexaFluor dyes at the three
positions above the VO, film are indicated in Fig. 7.4. As the excitation wavelength
redshifts, corresponding to the peak absorption wavelength of the dyes, a marginal
increase of 12% in the g, ratio is seen from Alexa647 to Alexa790. Additionally, a
15% increase in the g, ratio moving from an emitter in position C (40 nm above the

thin film) to position A (5 nm above the thin film) is seen. The g, ratio for the Alexa
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dyes at their appropriate excitation wavelengths is shown in Fig. 7.5. The optimal
VO, thickness for increased ~yg, ratio for the dye emitters is 30 nm for emitters at
position C, 40 nm for emitters at position B and 50-60 nm for emitters at position A

closest to the VO, thin film.
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Figure 6.5: vg.[M]/vE:[SC] for VO, thicknesses between 10 - 150 nm at appropri-
ate excitation wavelengths (Ag..) for each Alexa dye; (a) Alexa647 (Agz. = 632nm),
(b) Alexa700 (Agze = 670nm), (c) Alexa750 (Agz. = 705nm), (d) Alexa790 (Agze =
730nm)
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Additional peaks in the g, ratio can be seen for VO, films with thickness around 150
nm. However the increase in vg, at large thickness is less readily utilised as in there is

a plasmon damping effect to consider when analysis is expanded to nanostructure on

VOs,.

6.4.2 Planar VO, Radiative rate modification (vgr)

The impact of VO, film thickness on the modified radiative rate of quantum emitters
is examined by comparing the transmission through a 3D box around the structure
for emitters at positions A,B and C, 5, 20 and 40 nm above the VO, film surface
respectively. The three dipole orientations (R, T and P) are considered with P parallel
to the film normal (perpendicular to the planar VO,) and the R and T orientations
mutually perpendicular and parallel to the VO, film. The ratio vz for VO5 in metallic
phase to semiconducting is compared for Alexa647, Alexa700, Alexa 750 and Alexa
790, shown in Fig. 6.6. As the figure indicates the R and T dipole orientations are
equivalent with a much greater difference between the ratios at each height above the
VO, film than for the case where the P orientation is considered. In the case of the
R and T dipole orientations the transition of the VO, film decreases the radiative rate
for emitters at all three considered positions. The emitter at position C, 40 nm above
the VO, film surface shows the least decrease in radiative rate with a ~z ratio of 0.97
at a VO thickness of 50 nm. The dipole emitters closer to the VO, film surface show
decreased radiative rate ratios in comparison. However, for the P orientated dipoles
there is a small increase (<5%) in the g ratio for VO, thicknesses less than 30 nm
for all three considered positions. The g ratio for the three dipole orientations for
the other Alexa dyes is not depicted as there is no significant deviation from the trend

observed in the Alexa647 case.

In Fig. 6.7 the g ratio is averaged for the three dipole orientations. For increasing
VO, thickness there is a decrease in the average g ratio for each Alexa dye considered.
However, for VO, thickness below 50 nm this decrease is between 6.5 - 8.5 % for dipoles

5 nm above the film surface and less for dipoles in positions B and C, further from the
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Figure 6.6: vgr[M]/vr[SC] for Alexa647 dye emitters placed 5, 20 and 40 nm above a
VO, thin film with thicknesses between 10 - 150 nm for the three dipole orientations
(a) R, (b) T and (c) P.

film surface. When averaged over the three dipole orientations the yg ratio is <1 for

all Alexa dyes considered with no significant difference in the response of the dyes for

VO, thicknesses < 80 nm.
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Figure 6.7: (a) yg[M]/vr[SC] for Alexa647 dye emitters placed 5, 20 and 40 nm above
a VOs thin film with thicknesses between 10 - 150 nm averaged over the three dipole
orientations (b) vr[M]/yr[SC] for Alexa647, Alexa700, Alexa750 and Alexa790 dye
emitters placed 40 nm above a VO, thin film with thicknesses between 10 - 150 nm
averaged over the three dipole positions.

6.4.3 Planar VO, Nonradiative rate modification (vress)

The impact of the VOy film thickness on the modified nonradiative rate of quantum
emitters is examined by comparing the difference between transmission through a 3D
box around the emitter and a 3D box surrounding the entire structure. Similar to the
radiative rate calculation, this was done for emitters at positions 5, 20 and 40 nm above

the surface of the VO, thin film and for three dipole orientation R, T and P.
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As indicated in Fig. 6.8(a), which shows the 7,s ratio for Alexa647 averaged over
the dipole orientations for the positions A, B and C for VO, thicknesses between 10
- 150 nm, the thickness of the underlying VO, thin film has minimal impact on the
YLoss Tatio. However, there is a significant modification in the nonradiative rate upon
the VOg transition. For VO, in metallic phase there is a significant increase in the
nonradiative rate, particularly for emitters placed in close proximity to the film where
a VLoss ratio of > 5 is seen. Emitters 20 and 40 nm from the VO, thin film surface
show 7p0ss ratios of 2.56 and 2.35 respectively. Fig. 6.8(b) indicates the 715 ratio for
the four Alexa dyes considered averaged over VO, thicknesses between 10 - 150 nm
and each dipole orientation. The graph indicates an increase in the v, ratio with a
redshift in the dye emission wavelength, particularly in the case where the emitter is 5
nm from the VO, film surface, i.e. has the most interaction. This increased contrast in
the nonradiative rate, seen between the VOs phases for higher wavelength , is due to

the increased difference in the VOy optical constants at increased wavelengths.

(a) (b)

Alexa 647 - Average

RIMINRISC]
YnRIMIRISC]

0
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 647 700 750 790
VO, Thickness (nm) Alexa Dye

Figure 6.8: (&) Vioss|M]/VLoss[SC| for Alexa647 dye emitters placed 5, 20 and 40
nm above a VO, thin film with thicknesses between 10 - 150 nm averaged over the
three dipole orientations. (b) Yress|M]/VLoss[SC] for Alexa647, Alexa700, Alexa750
and Alexa790 emitters placed 5, 20 and 40 nm above a VO, thin film. The values
displayed are averaged over VO, thicknesses between 10 - 150 nm and over the three
dipole orientations.
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Figure 6.9: (a) 7pp[M]7pL[SC] for Alexa790 dye emitters place 5, 20 and 40 nm above
a VO, thin film with thicknesses between 10 - 150 nm averaged over the three dipole
orientations.(b) 7pp[M|7pL[SC] for Alexa647, Alexa700, Alexa750 and Alexa790 at
position C for VO, thicknesses between 10 - 150 nm. (c) npp[M]/np[SC] for Alexa647,
Alexa700, Alexa750 and Alexa790 at position C for VO, thicknesses between 10 - 150

ni.

6.4.4 Planar VO, Photoluminescence modification

The modification of the radiative and nonradiative rate seen in the previous sections
results in a modification of the lifetime (7pr). The significant modification of yyg
results in a highly reduced 7p;, ratio for the emitters in position A. For emitters in
position B and C, the reduction in the 7p; ratio is lessened due to the decreased
interaction with the VO, thin film. In the case of Alexa790 the 7pr, ratio is 0.14, 0.57
and 0.92 for emitters in positions A, B and C respectively, as shown in Fig. 6.9(a) In
Fig. 6.9(b) it is shown that there is some small variation (< 4%) in the 7py, ratio for
the different Alexa Dye emitters 40 nm above the VO, film with increasing thickness.
As npr, is a product of vz and 7py, there is a significant decrease in the npy, ratio with
increasing VO, thickness with a larger decrease in npy, for Alexa dyes emitting at longer

wavelengths, as clearly seen in Fig. 6.9(c).

To examine and summarise the overall trends in the interaction of emitters on the
VO, film, the interaction of Alexa790 dye on a 15 nm VO, film is considered, see Fig.
6.10 In this case, the R, T and P dipole orientations are considered with R and T
being equivalent. The number of detected photons (Ipy) is increased upon the phase
transition only at position C, 40 nm above the VO, film surface. Proximity to the

VO, film has a quenching effect when the VO, transitions to metallic phase. For all
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considered positions there is an increase in yg, upon the VO, phase transition with a
15 % increase from position A to C. However, as shown in previous discussion of the vz,
ratio there is an optimal VO, film thickness at 50 nm where the emitters closer to the
VO, film surface demonstrate the largest yg, ratio. While g, is larger for emitters at
position A, the magnitude of the E-fields themselves is reduced, resulting in decreased
photoluminescence intensity. vg decreases for R and T dipole orientation and shows a
slight increase for the P orientation upon the VOy phase transition. This results in an
overall decrease when averaged over the three dipole orientations. 7.ss, as discussed
previously, demonstrates a large increase upon VO, phase transition, particularly at
position A, where the dye emitter is heavily quenched by the metallic VO, film and
an almost 8-fold increase in 7., is seen. The quantum yield npy, is noted to decrease
upon the VO, phase transition, particularly for the emitters close to the VO, film
where 77,05 s highest. However, when the detectable quantum yield is considered, it’s
noted there is an increase for the R and T emitter orientations at position C where the

photoluminescence enhancement is seen.

In conclusion, the VO, phase transition from semiconducting phase to metallic phase
results in a quenching of the emission of coupled emitters placed in close proximity to
the VO, film, due to the large increase in vy,ss for the metallic phase VO,. Emitters at
position C, 40 nm away from the VO, film surface, show enhancement due to E-field
enhancement and reduced 7.s. These results indicate that coupling emitters to a
plasmonic nanoparticle, where the g, ratio can be increased can result in a significant

photoluminescence enhancement.

6.5 Photoluminescence Modification on Ag Nan-
odiscs

In this section the interaction of AlexaFluor dye molecules with a Ag nanodisc on
thin film VO, is numerically calculated. A Ag nanodisc structure was selected as the

rotational symmetry of the structure allows for polarization independence and Ag is
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Figure 6.10: Ratio of Ipr, YEze, YRs VLoss, quantum yield npy and detectable quantum
yield ®p.; for Alexa790 dye emitters, located at the positions A-C, on a 15 nm VO,
thin film in metallic phase to semiconducting phase.

known to demonstrate a larger plasmonic response in the visible spectrum.'®* The same
procedure applied to modelling the photoluminescence on the bare VO, film is used
to investigate the hybrid system. The schematic of the model used for the excitation
modification is dipected in Fig. 6.11(a). The initial investigation of the impact of a
Ag nanodisc on g and vp.ss was performed similar to the case on bare VO, with
three positions A, B and C which are 5, 20 and 40 nm above the VO, film surface,
respectively. In this case these positions are 5 nm from the surface of a 40 nm high
Ag nanodisc with a 120 nm diameter. (Fig 6.11(b)) Emitters are placed at least 5 nm
away from the disc as at smaller distances PL. quenching via energy transfer becomes
dominant. In Fig. 6.11(c) the changes in yr and 7yp.ss of the Alexa790 emitters at
position A-C are shown after the introduction of the Ag nanodisc. It’s observed that

vr[NP] is up to 20 times larger than yz[F'ilm| for the R dipole orientation.
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Figure 6.11: (a) Schematic of the model used for the calculation of gg,(vg,) for the
hybrid systems investigated consisting of a Ag nanodisc on a VO, film (Thickness =
15 nm) on a substrate with refractive index 1.5. (b) Schematic of the hybrid system
with a Ag nanodisc (Height = 40 nm, Diameter = 120 nm) on a VO, (Thickness =
15 nm). The Alexa790 dye emitters are positioned at three different heights above the
VOq film: 5 nm (Pos A), 20 nm (Pos B) and 40 nm (Pos C) and at a distance of 5 nm
from the Ag nanodisc sidewall (¢) Graphs depicting the modification of the radiative
rate (yr and non-radiative rate (7y10ss) in both phases for the hybrid Alexa790 Dye -
Ag Nanodisc - VO, system shown in (b). The changes in v and 77,55 are determined
as the ratio of the vy and 7.5 in the hybrid system and the yr and ~7.ss When the
emitters are at the positions A-C on the VO, film in absence of the nanodisc.

The photoluminescence of the hybrid system is substantially enhanced when compared
to the bare VO, case as is shown in Table 6.2. It’s noted, that while the number
of detected photons coming from the emitters at position A in the hybrid system
is 2 orders of magnitude greater than Ipp(F'ilm), the largest Ip,(NP) occurs near
the top edge of the nanodisc. To obtain an Ip; more representative of a realistic
system, a model emulating a thin coating of dye molecules surrounding the system is

considered.

Semiconducting (SC) Metallic (M)

R T P R T P
815 | 0.97 | 548 18.32 | 0.9 | 12.81
1443 1194 | 1.74 32.16 | 1.6 | 2.08

132.08 | 6.57 | 8.76 | 345.53 | 3.50 | 13.99

= T Q

Table 6.2: Ip [NP]/Ip.[Film] for Alexa dye emitters at locations A - C and 5 nm
away from the surface of a Ag nanodisc (Height = 40 nm, Diameter = 120 nm) on VO,
(Thicknesss = 15 nm)

To model a thin coating of dye molecules on the Ag nanodisc, similar to one that forms

when diluted dye molecules solutions are either drop casted or spin coated on top of
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such systems, gem(A) and gg.(Ag:) are calculated at 15 different positions around the
plasmonic nanoparticle. 6 of these positions are located along the top of the nanodisc,
at 5 nm and 7.5 nm above the nanoparticle and distributed along the nanodisc, i.e. at
the centre of the nanodisc, at the half radius of the disc and the at the full radius at the
upper edge of the disc. The remaining 9 positions mimic a homogeneous distribution
of emitters at the sides of the nanodisc. In the radial direction the emitters are at
5, 7.5, 10 nm from the nanodisc. In the z direction the emitters are distributed at
three different distances from the VO, thin film, i.e. 5 nm from the VO, film surface,
a height corresponding to the half-height (20 nm) and a height corresponding to the

height of the nanodisc (40 nm), as depicted in Fig. 6.11)

As the phase transition of VOs can be induced thermally, optically and electrically,
thermal quenching is not included directly in the calculated PL emission. However, as
thermally induced phases transition is one of the most common methods used to actuate
the VO, phase transition, it is important to determine if any increase in emission can
compensate for thermally induced luminescence quenching. A figure of merit

_ Ipr(M)

R= e (6.5.1)

where Ipy (M) and Ip;(SC) are the PL intensities in the metallic and semiconducting
phases respectively, is introduced. Considering the PL quenching rate of dye molecules
is in the range of 0.2 - 2% per degree, a value of R = 2 will provide sufficient enhance-
ment of the PL intensity to compensate for thermal losses, and R>2 will correspond
to an increase in the emission compared with the low temperature semiconducting
phase of VOs. To determine the best candidates for dynamic PL modification several
emitters were considered. Dyes from the Alexa Fluor family are suitable for imple-
mentation in the hybrid system due to their strong emission peaks in the visible and
NIR spectral region. These are taken by way of example, but the results can equally
be applied to quantum dot emitters. In this work Alexa Fluor dyes with PL emis-
sion peaks at 670 nm (Alexa647), 720 nm (Alexa700), 780 nm (Alexa750) and 805
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nm (Alexa790) are considered. The excitation wavelengths used within the model to
calculate emitter excitation rates for these dyes are 632 nm, 670 nm, 705 nm and 730

nm, respectively.
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6.5.1 Disc Diameter

Figure 6.12: Schematic of Emitter - Nanostructure - VOg system with Ag nanodisc
diameter D, height H and VO, thickness t. The schematic indicates the 15 emitters
(red circles) positions chosen to emulate a uniform coating of Alexa dye molecules.

For the fluorescence modification in the hybrid system, the dependence on the diameter
of the Ag nanodisc is first considered, as the shift in the resonance feature is expected
to have a significant impact on any enhancement. A schematic of the structure is
given in Fig. 6.12. From the spectra and graph shown in Fig. 6.13(a) and Fig.
6.13(b), respectively, it can be seen that the optimal choice of emitter shifts to increased
wavelengths with increasing disc diameter and redshifted plasmon resonance position.
For the 120 nm diameter case, the Alexa700 dye demonstrates the largest enhancement,
with R = 2.44, when the VO, layer transitions from semiconducting to metallic phase.
For the 140 nm and 160 nm disc diameter the Alexa750 and Alexa790 dyes show the
largest enhancement with fluorescent intensity ratios of 2.69 and 3.1, respectively. The
increase in PL ratios can be attributed to the increased overlap of the nanodisc plasmon
with the dye excitation and emission when the VO, layer is in the metallic phase. For
Ag nanodiscs of diameter 120 nm, the PL emission of Alexa700 is spectrally on the blue
side of the nanodisc plasmon resonance at 785 nm when the underlying VO, layer in the
system is in semiconducting phase. Upon transition the nanoparticle resonance shifts to

710 nm which significantly overlaps with the emission of the Alexa700 dye accounting
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for the increased emission. The 140 nm diameter Ag nanodisc shows an increased
PL ratio for the Alexa700, 750 and 790 dyes. Again, for VO, in the semiconducting
phase the dye emission is on the blue side of the plasmon resonance with an increased
overlap with the resonance peak once VO, transitions to the metallic phase. This effect
is increased even further for the 160 nm diameter Ag nanodisc with an increase in PL
ratio for the longer wavelength emitters. However, it must be noted that the increase in
PL intensity ratio seen for discs with increased diameter is accompanied by a decrease

in overall emission intensity.
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Figure 6.13: (a) Scattering cross-section and PL spectra for Ag nanodiscs (Diameter
= 160 nm, Height = 40 nm) on VOs (t = 15 nm) in the semiconducting (SC) and
metallic (M). In the case of the PL spectra, the dotted and solid lines correspond to
the SC and M phases, respectively. (b) Ipp(M)/Ip.(SC) for Alexa dyes coupled to Ag
nanodisc-VOs system (Diameter = 120 nm, 140 nm, 160 nm, Height = 40 nm) on VO,
(t = 15 nm). Ratios above 2 (indicated by the black horizontal line) are considered
suitable for compensation of thermal quenching.

6.5.2 Silica Shell

As Ag nanostructures are known to suffer degradation over time due to oxidation,
reducing the plasmonic response, thin silica layers are often employed to act as a
protective layer. The impact of thin silica shells surrounding Ag nanodiscs on the PL
intesity of the coupled emitters is examined. Silica shell thicknesses of 5, 10 and 15
nm are considered with the PL ratios for VO, in its metallic phase to semiconducting

phase considered for each shell thickness, shown in Fig. 6.14.

The increase in the silica shell thickness has a minor influence on the plasmon resonance,

144



I 647
I 705
251 B 750

lo (MYl (SC)

0 5 10 15
SiO, thickness (nm)

Figure 6.14: Ipp(M)/Ipr(SC) for Alexa dyes coupled to Ag nanodisc-VOq system
(Diameter = 120 nm, Height = 40 nm) on VOs (15 nm) with varying SiOy shell
thickness (0 nm, 5 nm, 10 nm, 15 nm).

with a 10 nm redshift for every 5 nm increase in shell thickness. Additionally, increasing
shell thickness increases separation between the quantum emitter and the plasmonic
nanoparticle, and as a consequence there is a general decrease in both PL intensity
and PL intensity ratio, a trend clearly demonstrated in Fig. 6.14. However, it is
worth noting that for the Alexa790 dye the emission marginally increases for the 5
nm silica shell, making the 5 nm shell ideal for preventing oxidation of the Ag discs
while maintaining strong interaction between the emitter and nanoparticle. While
thicker silica shells have been shown in the literature'®® 1% to be optimal for emission
enhancement due the effect of increased emitter quenching when quantum emitters are
in close proximity to the plasmonic nanoparticle, in the case of the Alexa790 dye, the
large excitation enhancement seen at close proximity to the nanoparticle results in the

increased PL emission for the 5nm thick shell.

6.5.3 Embedded Emitters

As the application of a silica shell, to protect the Ag nanoparticle from oxidation, is
known to have an impact on the PL intensity and the intensity ratio, the impact of
embedding quantum emitters within the thin silica shell is examined. Spectra indicat-
ing the impact of attaching quantum dot emitters, QD800, to the outside of a 15 nm

Si0s shell surrounding a Ag nanodisc (Diameter = 140 nm, Height = 40 nm) on VO,
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(15 nm) are shown in Fig. 6.15(c), while embedding the QD800 just within the 15
nm shell are shown in Fig. 6.15(d). The structures are depicted in panels (a) and (b),
respectively. From these spectra, it can be seen that embedding the QD800 in the Si0,
shell has the effect of increasing the PL intensity ratio from 1.97 when the emitters are
place on the outside of the shell to 2.7 on the inside. While the ratio between the PL
intensities increases, however the emission in both phases is severely diminished when
the emitters are placed within the silica shell (n = 1.5). This sharp emission reduction
for quantum emitters placed within a higher refractive index medium is consistent with
literature!®” and the radiative lifetime is inversely proportional to the refractive index

of the surrounding medium.'68

—_
Q
~
—_
O
~
—_
o
—

35— T T 1.5 35 T T T 0.5
§ ....... QD800 - PL(SC) g ------ QD800 - PL(SC)
DY QD800 - PL(M) S 2l _gDsﬂogéPL(M) 2
y E ° [——Scatt(sC) o E catt(SC) ®
c c < Scatt(M) c
z —— Scatt(M) e 2
S 21t S 5 21} 2
3 (SR S
o} c 2 c
@ 14} S D 1a} S
@ o 9 (7]
o 2L 9o 2]
S E 5 1S
= TF weoz o7t w
® ®
O O
n n p
> 0 b L . 0.0 0 = 0.0
5o 500 600 700 800 900 1000 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 6.15: Schematic of Ag nanodisc (Diameter = 140 nm, Height = 40 nm) on VO,
(15 nm) with 15 nm thick silica shell (n = 1.5) with (a) quantum dots (QD800) are
attached to the outside of the shell and (b) quantum dots (QD800) embedded within
the 15 nm silica shell. Scattering cross-sections and photoluminescence spectra for Ag
nanodiscs and QD800 depicted in (a) and (b) are displayed in (c) and (d), respectively.
The excitation wavelength A\g,. = 730 nm.

6.5.4 Disc Height

The next major parameter investigated in this system is the influence of the nanodisc
height on the PL of the coupled Alexa dye emitters. As outlined in previous discussion,
for the case of emitters on planar VO, and coupled to Ag nanodiscs, the magnitude of
the nonradiative rate is dominated by the distance from the VO, film. The largest con-
tribution to the PL comes from the upper from the upper edge of the nanodiscs, where

the largest enhancement to the E-field is concentrated. The total PL is enhanced for
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increasing disc height with a substantial increase in PL intensity seen when increasing
the nanodisc height from 20 nm to 40 nm. This increase in PL with increasing Ag
nanodisc height is attributed to the blueshift in the plasmon resonance. This increased
PL is accompanied by a marginal increase in the PL ratio for Alexa647 and Alexa700,
however for the dye emitting at the longest wavelength a slight decrease in the en-
hancement factor is observed. This decrease is also attributed to the blueshift in the
plasmon resonance seen with increasing disc height, shifting the wavelength where the
maximum excitation rate is seen. Further increase in disc height has no effect on the
plasmon resonance, the PL intensities increase slightly, with a marginal decrease in PL
ratio for all dye emitters observed, with the exception of the Alexa790 dye which has
a marginal increase, as senen in Fig. 6.16.
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Figure 6.16: (a) Scattering cross-section and PL spectra for Ag nanodiscs (Diameter
= 120 nm, Height = 40 nm) on VO; (t = 15 nm) in the semiconducting (SC) and
metallic (M). In the case of the PL spectra, the dotted and solid lines correspond to
the SC and M phases, respectively. (b) Ipp(M)/Ip.(SC) for Alexa dyes coupled to Ag
nanodisc-VOs system (Diameter = 120 nm, Height = 20 nm, 40 nm, 60 nm) on VO,
(t = 15 nm). Ratios above 2 (indicated by the black horizontal line) are considered
suitable for compensation for thermal quenching.

6.5.5 VO, thickness

As VO, is the driving element in tuning the PL emission, numerical simulations are
used to investigate the impact of the thickness of the underlying VO, layer on the PL
intensity and the PL ratio. Increasing the thickness of the VO, film has the effect of

damping the plasmon resonance which can be seen in the decrease in the scattering
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cross-section. While it might be expected that a damping of the plasmon resonance
would negatively impact the PL ratio, increasing the VO, film thickness from 15 nm
to 30 nm results in a dramatic increase in the PL ratio in the case of the Alexa750 and
Alexa790 emitters, with an increase in ratio from 1.94 to 4.12 for the Alexa790. The
> 4-fold PL enhancement is attributed to the increase in A\ or shift in the plasmon
resonance peak as the VO, film transitions from semiconducting phase to metallic
phase. The resonance peak shift of A\ = 125 nm, from 865 nm in semiconducting
phase to 740 nm in metallic phase, is significantly larger than the 75 nm shift seen for
the 15 nm thick VO, case. Further increase in VO, thickness to 60 nm shows no further
impact on the magnitude of the plasmon resonance shift and, coupled with the further
decrease in scattering cross-section, results in a decreased PL ratio when compared to
the 30 nm thick VO, film. Examining the case for the Alexa647 dye there is a decrease
in PL ratio with increasing VO, layer thickness, however the emission demonstrates a
different trend. After an initial decrease in the emission moving from 15 nm to 30 nm
VO; in both phases, when the thickness increases to 60 nm a significant enhancement
in the emission is seen, albeit with less contrast between the VO, phases. The emission
seen in both phases for the 60 nm VO, case is larger than the emission on the 15 nm
VO,. For the case of the Alexa700 dye, there is a similar reduction in emission as the
VO, film thickness is increased from 15 nm to 30 nm. Again emission is increased when
VO, film thickness is increased to 60 nm, however the emission in this case is lower
than that seen on 15 nm VO,. The Alexa750 shows significantly decreased emission in
both phases when the VO, film thickness is increased from 15 nm to 30 nm. Further
increase to 60 nm demonstrates a slight enhancement of emission in semiconducting
phase and slight quenching in metallic phase. Alexa790 demonstrates a similar trend

to the Alexa750 with increasing film thickness, with the highest emission occurring for

the 15 nm VOs.

A layer of VO3 ~ 30 nm is therefore an optimal thickness for an increased PL ratio
for the longer wavelength emitters as there is a balance between damping effects from

increased film thickness and enhancing effects from the increased shift in plasmon
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resonance. The scattering cross-section and PL spectra for the Ag nanodisc on 30 nm
VO, is shown in Fig. 6.17(a) demonstrating the significant A and large enhancement
of the Alexa790 emission. Table. 6.3. shows the tabulated AlexaFLuor dye PL intensity
for 15,30 and 60 nm VO, indicating that the largest Ip; occurs for the 30 nm VO,

case.
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Figure 6.17: (a) Scattering cross-section and PL spectra for Ag nanodiscs (Diameter
= 120 nm, Height = 40 nm) on VO, (Thickness = 30 nm) in the semiconducting (SC)
and metallic (M). In the case of the PL spectra, the dotted and solid lines correspond
to the SC and M phases, respectively. (b) Ipr(M)/Ip.(SC) for Alexa dyes coupled to
Ag nanodisc-VO, system (Diameter = 120 nm, Height = 40 nm) on VO, (Thickness
= 15 nm, 30 nm, 60 nm). Ratios above 2 (indicated by the black horizontal line) are
considered suitable for compensation for thermal quenching.

V15 V30 V60
AlexaFluor | SC M Ratio SC M Ratio || SC M Ratio
647 7.04 | 13.32 | 1.89 6.37 | 9.30 1.46 14.61 | 15.91 | 1.09
700 8.60 | 21.00 | 2.44 4.14 | 9.52 2.30 8.63 | 12.25 | 1.42
750 15.08 | 33.60 | 2.23 | 3.286 | 13.73 | 3.56 5.97 | 13.28 | 2.24
790 16.22 | 31.46 | 1.94 | 3.29 | 13.55 | 4.12 3.94 | 11.74 | 2.98

Table 6.3: Tabulated AlexaFluor Dye PL intensity for 15,30 and 60 nm VO, film
thickness in semiconducting and metallic phase. The calculated PL intensity ratio is
also shown.
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6.5.6 Intermediate Phase

Calculation of PL ratios for intermediary temperatures can be achieved by simulation
of the Ag nanodisc structure on VO, with dielectric functions calculated using the

Maxwell Garnett equation.

20i(e; — em) + & + 2en,

5.2
2e, + € — 0i(e; — en) (6.5.2)

Eeff = Em

where €.y is the effective dielectric constant of the medium, €; the dielectric constant
of the inclusions, ¢, the dielectric constant of the matrix and ¢; is the volume fraction

of inclusions.

The dielectric functions used for calculation of PL enhancement for three volume frac-
tions (0.2, 0.5, 0.8) of metallic VO, in semiconducting VO, are shown in Fig. 6.18.
The figure shows the PL enhancement for Alexa790 dye on a Ag disc of diameter 120
nm and height 40 nm on a 30 nm VO, film using intermediary dielectric functions of
VO,. PL enhancement can be seen for the range of volume fractions corresponding to
temperatures when the VO, is transitioning from semiconducting to metallic phase. No
temperature is assigned to these intermediary phases as the volume fraction is strongly

dependent on hysteresis and transition temperature of the VO, film.

6.5.7 PL enhancement contributions

Further analysis of the contributions to the PL enhancement for the case of Alexa790
emitters around a Ag nanodisc (Diameter = 140 nm, Height = 40 nm) on VO, (Thick-
ness = 15 nm) are presented in Fig. 6.19. In Fig. 6.19(b) the ratio of the excitation
rate modification for metallic phase VO, relative to the semiconducting phase VO, is
shown. For almost all emitter positions an enhancement in the modified rate can be
seen with the highest enhancement factor corresponding to emitters place at the upper
edge of the Ag nanodisc. Averaged over all 15 positions considered an enhancement

factor of 2.16 can be seen.
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Figure 6.18: Dielectric functions of intermediary VO, phases calculated Maxwell Gar-
nett effective media theory. (b)Ipr(X)/IpL(SC) for Alexa790 dye coupled to Ag
nanodisc-VOs system (Diameter = 120 nm, Height = 40 nm) on VO, (30 nm). The ra-
tios shown are for VO, effective media containing 0.2, 0.5, 0.8 volume fraction metallic
VO, as well as the fully metallic case.

In contrast the ratio of the modified emission rates, shown in Fig. 6.19(b) demonstrate
quenching or enhancement can be observed depending on the dipole position. The
dipoles closest to the VO, films are most strongly quenched, however those at least
5 nm from the surface of the Ag nanodisc and VO, film experience an increase by a
factor of approximately 1.4. The average ratio over all considered dipole positions is
approximately 1. Comparison of these figures indicates that the main contribution to

the PL emission enhancement arises from the increased excitation for metallic phase

VOs,.

In Fig. 6.20 (a-c) The values of Ip; are shown for the three dipole orientations for
Alexa790 emitters couple to Ag nanodics (Diameter = 120 nm, 140 nm, 160 nm) on VO,
(Thickness = 15 nm). The highest number of detected photons (134.64 Ph/s) occurs
for the 120 nm Ag disc on metallic phase VO, for emitters with radial (R) orientation,
with the high emission mostly stemming from the upper edge of the nanodisc. The
regions on the top surface of the disc and close to the VO, film surface where the
number of photons is low, regardless of disc diameter and VOs phase. For the radial
orientation, the number of detected photons decreases with increasing disc diameter,

but the regions with highest photon numbers are not altered. This is opposite to
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Figure 6.19: (a) Numbered schematic of emitters positions around Ag nanodisc (b)
Ratio Yppe(M)/vEz(SC) for an Ag nanodisc (Diameter = 140 nm, Height = 40 nm)
on VO, (Thickness = 15 nm). The black line indicates a mean vg,.(M)/Vgz(SC) of
2.16 over the 15 emitter positions (c) Ratio gem(M)/gem(SC) for Alexa790 emitters
coupled to Ag nanodisc (Diameter = 140 nm, Height = 40 nm) on VO, (Thickness
= 15 nm). The black line indicates the mean gem(M)/Gem(SC) of 1.04 over the 15
emitter positions.

the case when Alexa790 emitters are tangentially (T) oriented. Although the number
of detected photons is substantially smaller, as expected for a dipole with tangential
orientation interacting with a plasmonic disc, an increase in disc diameter leads to a
slight increase in photon numbers and an alteration of the positions with high detectable
emission. In the case of perpendicular (P) dipole orientation, the highest photons
emission again comes from the upper edge of the disc with an increased number of

regions with low photon emission numbers.

Fig. 6.20 (d) indicates the normalised Ipr, Vg, YR, YLoss for Alexa790 emitters around
a Ag nanodisc (Height = 40 nm, Diamter = 140 nm) on VO, (Thickness = 15 nm)

averaged over the three dipole orientations.

Upon the VO, phase transition, as noted previously, the vy, is substantially increased
in the regions 5 nm above the VO, film surface leading to a large decrease in PL at
these locations. Again, the increase in g, can be seen as the driving contribution to

the increased Ip; observed when VO, is in its metallic phase.

152



Max 134.64 Ph/s Min 6 73 Ph/s Max 8.76 Ph/s Mln 0.44 Ph/s

95% 90% 80% 70% su% 50% 45% 35% 25% 15% 10% 05% 95% 90% 80% 70% 50% 50% 45% 35% zs% 15% 10% 05%

Max 102.00 Ph/s Min 5.10 Ph/s

95% 90% 80% 70% so% 50% 45% 35% 25% 15% 10% 05%
5% 90% 80% 70% O% 50% 45% 35% 25% 15% 10% 05%

I I I I I ' IPL - . VLoss .

Figure 6.20: (a-c) Detected photons form Alexa790 emitters in the hybrid system
comprising of Ag nanodiscs (Height = 40 nm, Diameter = 120 nm, 140 nm, 160
nm) on a VO film (Thickness = 15 nm) in the semiconducting phase (SC) and in
the metallic phase (M). In each case gg,(Ag;) is calculated for vg, = 730 nm. (a)
Detected Photons from Alexa790 emitters with radial (R) dipole orientation. (b) De-
tected photons from Alexa790 emitters with tangential (T) dipole orientation. (c)
detected photons from Alexa790 emitters with perpendicular (P) dipole orientation.
(d) Normalised Ipr,Ygz,Yr and Yr.ss calculated for Alexa790 emitters surrounding a
Ag nanodisc (Height = 40 nm, Diameter = 140 nm) on VO, (Thickness = 15 nm)
for VO, in semiconducting (SC) and metallic (M) phase. Before normalisation, the
quantities were averaged over the three dipole orientations to model random oriented
dipole emitters.

6.5.8 Conclusion

In conclusion, this chapter has demonstrated that coupling Alexa Dye quantum emit-
ters to a plasmonic Ag nanodisc on thin film VO, is a promising platform for dynamic
tuning of the photoluminescence of quantum emitters with an enhancement factor
greater than 4 demonstrated. These enhancements are sufficient to compensate for
thermal quenching of emission, making the system ideal in applications where elevated
temperatures reduce device efficiency, such as in dye synthesised solar cells and solar
concentrators. Additionally, this system is of interest in applications where the VO,
phase change is induced electrically or optically. In such applications, if ohmic heat-
ing effects are negligible, a large range of dynamic tuning of PL. enhancement can be

exploited.

While, within this chapter, coupling to Ag nanodiscs structures is considered, allowing
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emitters to be coupled to other plasmonic particles morphologies such as the nanodisc
dimer structures considered in the previous chapter can allow for large PL in both
VO, oxide phases. Additionally, through emerging methodologies such as two-photon
polymerisation, quantum emitters can be placed in the regions surrounding plasmonic
particles with the largest E-field enhancement, negating losses arising from emitter
proximity to the VOs thin film and allowing for large photoluminescence enhance-

ment.
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7 Conclusion

In this thesis, the idea of incorporating a phase change material, thin film VO,, into
hybrid nanostructures to dynamically tune their optical properties, particularly within
the visible and near infrared spectral region < 1000 nm, is explored. Dynamically
tunable hybrid nanostructures consisting of metallic nanoparticles with various mor-
phologies coupled to a thin film of phase change material VO, were investigated. In
particular, nanoparticle - VO, hybrid nanostructures were investigated as a route to-
ward dynamic enhancement of the photoluminescence of coupled quantum emitters

through dynamic changes in the plasmonic response of the metallic nanoparticle.

In Chapter 4, it was demonstrated how through the VO, phase transition, there is
a distinct change in the optical properties of films with thicknesses between 10 - 200
nm. A distinct change in reflectance, transmittance and absorptance of the thin films
is seen, and the resulting change in reflected and transmitted colour is shown, with a

significant dependence on film thickness due to thin film effects.

VO, films fabricated through pulsed laser deposition and reactive sputtering techniques
are shown to display a strong switching characteristic. a resistance change of over 3 or-
ders of magnitude, indicative of films consisting of purely the VO, phase. Investigation
of the incorporation of a backreflecting metallic layer demonstrates a significant shift
in spectra, particularly reflectance minima and absorbance maxima. This manifests
as substantial shifts in colour as demonstrated on the CIE colour maps shown within
this section. Within this chapter, it’s also demonstrated that the VO, phase can be

actuated through the application of various stimuli. The reflectance spectra of fabri-
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cated samples are compared favourably to the simulated optical properties indicating

the films suitability for work done in the succeeding chapters.

In Chapter 5, it’s seen that for various geometries and dimensions a significantly
large blueshift in the peak plasmonic wavelength is achieved through actuating the
VO, phase change. Additionally, when examining the change in scattering between
metallic phase VOy and semiconducting phase VO,, a distinct gain in the scattering
cross section is seen at wavelengths close to the visible spectrum. Significant reshaping
of the electric field surrounding the plasmonic nanoparticles is also observed, as the E-
field can be shown to move up to the top surface of the coupled nanoparticle. Through
the VO3 phase transition, in Au dimer nanostructures, a significant blueshift in the peak
electric field intensity results in an enhanced E-field at wavelengths within the visible
spectrum. The enhancements in E-field seen are significant and drive the enhancement
in photoluminescence further explored within the Chapter 6. Additionally the impact
of an Au backreflecting layer is again examined, with large changes in spectra and E-

field enhancement demonstrated for a range of periodic nanostructures.

Finally, in Chapter 6, a model for calculating photoluminescence enhancement of
coupled dye emitters was implemented with enhancement factors of > 4 demonstrated
for Alexa790 dye coupled to a silver nanodisc on thin film VO,. This model is used
to explore how modification of the nanoparticles dimensions and the thickness of the
underlying VO, effect the emission of the emitters within the hybrid system. An explo-
ration of the factors contributing to the enhancement are examined with the excitation
enhancement appearing to be a driving factor in photoluminescent enhancement over
the emission enhancement. With this work, hybrid nanostructures coupled to emit-
ters that can operate at elevated temperatures without thermal quenching losses can be
implemented to increase the efficiency of devices that operate at these elevated temper-
atures. Additionally, as previously mentioned, through tuning of the VO, critical tem-
perature and minimising losses by fixing quantum emitters at locations of high E-field

intensity, a significantly large photoluminescence enhancement can be achieved
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7.0.1 Outlook

The results presented in this work gives insight into the how VO, can be implemented
into plasmonic devices particularly for those operating in the spectral region below 1
pm. While many metallic nanoparticles morphologies are presented and demonstrate
significant plasmon shifts and enhancement of coupled emitters, there is still a large
sample space to be explored. For future work, further exploration of the electrically
and optically driven VO, phase transition is needed as within this work the electrical
actuation of the VO, phase change appears to be based on a heating effect. The laser
induced VO, phase transition is similarly using a heating effect to reach the transition
temperature. Further consideration of various back-reflector designs, including anti-
reflective coatings, could allow for additional applications in optoelectronic devices.
To further increase the enhancement of emission, more investigation of the plasmonic
tuning capabilities of the hybrid system using a field effect is needed. FExploration
of different electronic configurations may allow a larger area of the thin film to be
switched potentially increasing possible implementations. Limiting thermal quenching
effects in quantum emitters, by decreasing the VO, critical temperature, while simul-
taneously providing an enhanced emission could also expand the potential avenues of

implementation within various devices with extremely fast switching speeds.

A further potential avenue to explore with VO, based plasmonic devices are as multi-
functional sensors. By utilisation of the change in reflected colour within the visible
spectra, the shift in the plasmonic scattering peak or increase in coupled emitters
photoluminescence through the VO, phase change, allows for many avenues for the
development of smart devices. The reshaping of the E-field profile and the shift in
peak E-field intensity in particular has high potential for implementation in devices.
Through the advent of experimental methodologies such as two photon polymerisation
(2PP),'% quantum emitters may be fixed at plasmonic hotspots surrounding a metallic
nanoparticle allowing greater enhancement because, as was shown in chapter 6 of this

thesis, the average total enhancement is decreased by emitters lying in regions outside
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of the optimal E-field enhancement. Future optimisation of the VO, material itself
through addition of dopants and induced strain has the potential to allow even greater
tailoring of the phase transition to suit particular device specification. In particular,
large control of the width of the VO, hysteresis would make it less challenging to keep
the material at a particular volume fraction of metallic VO, within semiconducting VO,
thus achieving full tuning rather than just the OFF/ON states reported in much of the
literature. Ultimately VO, based hybrid nanostructures demonstrate a wide range of
modulation through the VO, phase change and further optimisation and experimental
confirmation of enhancing effects can pave the way to implementation in optoelectronic

devices, particularly ones operating near the critical temperature.
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Figure Al.1: (a-i) VO3 - Au film AR(Ry — Rge) for varying film thickness and side
length of the embedded Au. Black dashed line represents region where AR = 0,
therefore the bounded areas represent an increased reflectance for VO in metallic
phase.
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Figure A1.2: Contour maps depicting the dependence of the scattering cross-section
spectrum, for longitudinal excitation, of a Au nanorod (Length = 180 nm, Width = 90
nm, Height = 40 nm), on the VO, film thickness for VO, in (a) semiconducting phase
and (b) metallic phase.
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Figure A1.3: Contour maps depicting (a) A o(oy — osc) and (b) Ac(%)[100 x

M] for Au Nanorod (Length = 180 nm, Width = 90 nm, Height = 40 nm)
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under longitudinal excitation. Coloured sections indicate an increase in scattering as

VO, transition to metallic phase. Black regions indicate a decrease in scattering as
VO, transitions to metallic phase. A schematic of the Au nanorod structure is included

as an inset to (a).
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and (b) metallic phase.
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Figure A1.6: Contour maps depicting the dependence of the scattering cross-section
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nm), on the VO, film thickness for VO, in (a) semiconducting phase and (b) metallic
phase.
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Figure A1.10: Contour maps depicting the dependence of the scattering cross-section
spectrum, for transverse excitation, of a Au nanorod (Length = 180 nm, Width = 90
nm, Height = 40 nm), on the VO, film thickness for VO, in (a) semiconducting phase
and (b) metallic phase.
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Figure A1.12: Contour maps depicting the dependence of the scattering cross-section
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40 nm, Gap = 10 nm), on the VO, film thickness for VO, in (a) semiconducting phase
and (b) metallic phase.
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Figure A1.13: Contour maps depicting (a) A o(oy — ogc) and (b) Ac(%)[100 x
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Figure A1.14: Contour maps depicting the dependence of the scattering cross-section
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= 90 nm, Height = 40 nm, Gap = 10 nm), on the VO, film thickness for VO, in (a)
semiconducting phase and (b) metallic phase.

184



@ Ao (m?) (b) Ao (%)

1.900E-15 57.50

1.663E-15 5031

1.425E-15 4312

1.188E-15 35.94

9.500E-16 2875

7425616 2156

VO, Thickness (nm)

14.38

VO, Thickness (nm)

4750E-16

2375E-16 7.188

0.000 0,000

800 1000 1200 1400 600 800 1000 1200 1400

Wavelength (nm) Wavelength (nm)
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M] for Au Cuboid Dimer (Length = 90 nm, Width = 90 nm, Height = 40 nm,
Jsc
Gap = 10 nm) under longitudinal excitation. Coloured sections indicate an increase

in scattering as VO, transition to metallic phase. Black regions indicate a decrease
in scattering as VO, transitions to metallic phase. A schematic of the Au nanorod
structure is included as an inset to (a).
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Figure A1.16: Contour maps depicting the dependence of the scattering cross-section
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= 90 nm, Height = 40 nm, Gap = 10 nm), on the VO, film thickness for VO, in (a)

semiconducting phase and (b) metallic phase.
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Figure A1.17: Contour maps depicting (a) A o(oy — os¢) and (b) Ao (%)[100 x

M] for Au Rod Dimer (Length = 90 nm, Width = 90 nm, Height = 40 nm,
osc
Gap = 10 nm) under longitudinal excitation. Coloured sections indicate an increase

in scattering as VO, transition to metallic phase. Black regions indicate a decrease
in scattering as VO, transitions to metallic phase. A schematic of the Au nanorod
structure is included as an inset to (a).
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Figure A1.18: Contour maps depicting the dependence of the scattering cross-section
spectrum, for longitudinal excitation, of a Au Bowtie Dimer (Perpendicular Bisector
= 90 nm, Side Length = 100 nm, Height = 40 nm, Gap = 10 nm), on the VO, film
thickness for VO in (a) semiconducting phase and (b) metallic phase.
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indicate an increase in scattering as VO, transition to metallic phase. Black regions
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Figure A1.20: Contour maps indicating E-field intensity between the bowtie dimer
elements as a function of dimer height (z) for VOy (10 nm) in (a) semiconducting
phase and (b) metallic phase. The plane z = -20 nm corresponds to the dimer - VO,
interface. z = 20 nm indicates the top the dimer structure. The electric field intensity
maps for A = 790 nm between dimer elements as a function of x-position (along dimer
axis) and z-position (along dimer height, perpendicular to VO, plane) for VO (30
nm) in (c) semiconducting phase and (d) metallic phase. (e) AE?(E32; — E%.) between
dimer elements as a function of x-position (along dimer axis) and z-position (along
dimer height) for A = 790 nm and 10 nm VO, thickness. (f) E%,/FE2. for A = 790
nm and 10 nm thickness. All maps are calculated for longitudinal excitation along the
dimer axis.
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Figure A1.21: Contour maps indicating E-field intensity between the cuboid elements
as a function of dimer height (z) for VOy (10 nm) in (a) semiconducting phase and
(b) metallic phase. The plane z = -20 nm corresponds to the dimer - VO, interface.
z = 20 nm indicates the top the dimer structure. The electric field intensity maps for
A = 790 nm between dimer elements as a function of x-position (along dimer axis)
and z-position (along dimer height, perpendicular to VOy plane) for VO3 (10 nm) in
(c) semiconducting phase and (d) metallic phase. (e) AE?*(E%, — E%,) between dimer
elements as a function of x-position (along dimer axis) and z-position (along dimer
height) for A = 790 nm and 10 nm VO, thickness. (f) E%;/F2. for A = 790 nm and
10 nm thickness. All maps are calculated for longitudinal excitation along the dimer
axis.
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Figure A1.22: AR (Ry; — Rsc) for the periodic nanostructure without a backreflecting
layer. Reflectance spectra of the periodic nanocuboid array with a back reflecting
metal layer with VO, in (a) semiconducting phase and (b) metallic phase. (c) AR
(R — Rsc) for the periodic nanostructure with an Au backreflecting layer. Reflectance
spectra of the periodic nanoellipse array with a back reflecting metal layer with VO, in
(d) semiconducting phase and (e) metallic phase. (f) AR (Ry — Rgsc) for the periodic
nanostructure with an Au backreflecting layer.
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Figure A1.23: E?/E? Map for a Au Nanorod array (Length = 90 nm, Width = 45
nm, Height = 40 nm, Period = 190 nm) on VO, (Thickness = 10 nm) for VO, in (a)
semiconducting phase and (b) metallic phase with no Au backreflecting layer and in
(¢) semiconducting phase and (d) metallic phase with an Au backreflecting layer.
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Figure A1.24: E?/E? Map for a Au Nanocube array (Length = 90 nm, Width = 45
nm, Height = 40 nm, Period = 190 nm) on VOg (Thickness = 10 nm) for VO, in (a)
semiconducting phase and (b) metallic phase with no Au backreflecting layer and in
(¢) semiconducting phase and (d) metallic phase with an Au backreflecting layer.
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Figure A1.25: E?/E2 Map for a Au Nanoellipse array (Length = 90 nm, Width = 45
nm, Height = 40 nm, Period = 190 nm) on VO, (Thickness = 10 nm) for VO, in (a)
semiconducting phase and (b) metallic phase with no Au backreflecting layer and in
(¢) semiconducting phase and (d) metallic phase with an Au backreflecting layer.
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Figure A1.26: F?/FEZ Map for a Au Nanorod array (Length = 90 nm, Width = 45
nm, Height = 40 nm, Period = 190 nm) on VO, (Thickness = 30 nm) for VO, in (a)
semiconducting phase and (b) metallic phase with no Au backreflecting layer and in
(¢) semiconducting phase and (d) metallic phase with an Au backreflecting layer.
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Figure A1.27: E?/E2 Map for a Au Nanocuboid array (Length = 90 nm, Width = 45
nm, Height = 40 nm, Period = 190 nm) on VO, (Thickness = 30 nm) for VO, in (a)
semiconducting phase and (b) metallic phase with no Au backreflecting layer and in
(¢) semiconducting phase and (d) metallic phase with an Au backreflecting layer.
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Figure A1.28: E?/E? Map for a Au Nanoellipse array (Length = 90 nm, Width = 45
nm, Height = 40 nm, Period = 190 nm) on VO, (Thickness = 30 nm) for VO, in (a)
semiconducting phase and (b) metallic phase with no Au backreflecting layer and in
(¢) semiconducting phase and (d) metallic phase with an Au backreflecting layer.
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