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Abstract

Plasmonics provides an opportunity to develop nanoscale optical devices, where
the spectral, angular and polarisation response can be tailored. The aim of this
research is to determine which designs prove suitable as polarisation sensitive
features, how novel nanofabriction techniques can be employed to scale up the
production and in what settings can we use these scalable plasmonic polarising
devices to address current nanophotonics challenges.

Presented here is a study of potential plasmonics based methods of manip-
ulating polarisation, including converting the polarisation state of a beam from
linear to circular with carefully designed cross nanoapertures in a metallic film,
strong filtering of left and right circular polarised light using 2D chiral geometries
as well as creating a compact nanoantenna-enabled metal-semiconductor-metal
photodetector to determine the polarisation state of a beam.

To ensure the economic feasibility of the devices, special attention is also paid
to novel scalable nanofabrication techniques. The cost of a feature is of great con-
cern, as it is of little use to have an expensive feature for applications in consumer
photonics. To that end a direct imprinting technique for the low cost produc-
tion of plasmonic metasurfaces is investigated, including a study of the optical
phenomena achievable and some potential applications are discussed.

Finally, altering the quantum properties of emitters coupled to these scalable
plasmonic features is investigated. Particular attention is paid to increasing the
emission rate and polarising or focussing light from quantum sources using plas-
monic nanocavities. These plasmon-exciton devices could see a reduction in the

energy requirements of LED displays.
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Chapter 1

Introduction

The polarisation of an optical beam describes the behaviour of the direction of
the electric field vector over one oscillation [1]. It is an important property of
light that can be exploited for many applications including imaging transparent
biological samples, radio communications, controlling the spin state of excited
atoms in an optical trap, sending quantum encrypted messages or to rapidly turn
on and off light from a pixel in a display [1-4]. There are even claims that ancient

Vikings used polarised skylight for navigating the North Atlantic [5].

Figure 1.1: An illustration of a single wavelength, polarisation multiplexed communication scheme [6].

Two of the more prominent applications of polarised light are (i) developing
methods for increased bandwidth in for telecommunication systems and (ii) sub-

cellular imaging of biological samples. Polarisation multiplexing either via fibre,




as illustrated in figure 1.1 or via free-space provides a path to increased band-
widths by using orthogonal polarisation states to increase the number of channels
for a given carrier frequency. In particular, circular polarisation and orbital angu-
lar momentum (vortex) beams have been shown to provide very high bit-rates up
to several terabits [7]. There is however, still much room for further developments
and improvements.

Polarisation based biological imaging has been directly responsible for imaging
the architectural dynamics of cellular components during cell growth [8], a criti-
cal process for life. Figure 1.2 shows a comparison of two birefringence images of
Nephrotoma suturalis cells [4]. Here the importance of polarisation based imaging
to researchers can be clearly seen, where the dynamics of internal components of
a live cell can be monitored and measured without staining, which may disrupt
certain processes.

With the importance of the generation, manipulation and detection of po-
larised optical states to a diverse range of applications in mind, the research pre-

sented here seeks to investigate and develop novel nanometric polarising devices.

Figure 1.2: Birefringence images of a Nephrotoma suturalis cells. By measuring the birefringence of the cell
it is possible to image the transparent internal components [4].




1.1 Metasurfaces and Nanophotonics

Figure 1.3: SEM images of plasmonic metasurfaces for polarisation manipulation [9].

Advances in nanotechnology fabrication techniques have allowed for the minia-
turisation of optical and photonic elements. The same scaling law that has driven
the semiconductor industry for decades —-Moore’s Law— can also be applied to the
photonics sector. Miniature, on-chip devices such as lasers, LEDs, waveguides,
beam splitters, lenses, modulators and detectors have been developed with future
communication and computing needs in mind. By scaling these devices down it
is possible to increase switching speeds, decrease signal latency as well as include
more and more elements in a photonic device. The improvement of photovoltaics
and quantum light sources is another highly active research area in nanophoton-
ics, with great effort focussing on improving energy efficiency. To help address
the growing demand for higher bandwidth and greater energy efficiency photon-
ics research has, in part, turned to plasmonics. The ability to tailor the optical
response of a plasmonic metasurface (a planar device made up of sub-wavelength
optical resonators) is an attractive solution to address these problems [10, 11].
Figure 1.3 shows a collection of polarisation sensitive metasurfaces designed to

operate at optical frequencies. In this body of work novel metasurface based




devices are developed to provide some of the building blocks required for a plas-
mon based nanophotonic systems, which could help address these challenges.
The work herein is broadly divided into three research areas: Developing meta-
surfaces that allow for the generation, manipulation and detection of different
polarisation states are explored; exploring novel nanofabrication techniques to
allow for low cost, high throughput fabrication of metasurfaces; and developing
metasurfaces to alter the emission of light from quantum sources, with a view to

reduce energy consumption of non-solid-state LED based displays.

1.1.1 Polarising Plasmonic Features

The tailoring of the polarisation response of a metasurface is crucial for the op-
eration and application of many plasmonic devices. It can be beneficial to design
plasmonic metasurfaces to add a polarisation response to established polarisation
insensitive technologies. For example, James et al. have produced a centimetre-
scale polarised colour image [12], shown in figure 1.4. The image is formed when
viewed through a polariser. The colour pixels of this metasurface could be used to
print 3D images (by printing two offset, orthogonally polarised copies), which will
not degrade with exposure to ultraviolet light like regular ink. On the other hand,
plasmon resonances and metasurfaces can also be used to create highly compact
versions of existing optical elements such as lenses, bandpass filters and polaris-
ers [13-15]. Metasurfaces that either transform polarisation states between linear
and circular (a plasmonic quarter-wave plate) or preferentially transmit a particu-
lar circular polarisation state (a chiral metasurface) are presented here. The first
two devices discussed in this work are aperture based plasmonic metasurfaces,
like the one shown in figure 1.3(c). Aperture based metasurfaces provide better
heat dissipation than nanoantenna based design, and as such can be operated
at higher optical powers. Both metasurfaces could find applications in telecom-
munication or photonic computing settings. To fabricate these devices precise

control over the phase difference of the transmitted field components is required,
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therefore precise control of the nanostructure dimensions are required.

(c)

Figure 1.4: (a) Photograph of Australian Prime Minster Edward Gough Whitlam and Vincent Lingiari. (b) A
1.5 cm array of nanoantennas viewed through a linear polariser vertical and (c) horizontal [12].

1.1.2 Compact Detection of Polarisation States

The polarisation state of an optical field is important for applications in optical
communications, imaging, and data storage as well as furthering our understand-
ing of biological and physical systems. Here two doped silicon based photode-
tectors are integrated with aluminium nanoantennas capable of distinguishing
orthogonal states of either linearly or circularly polarized light with no additional
filters. The localised plasmon resonances of the antennas lead to selective screen-
ing of the underlying silicon from light with a particular polarisation state. The
planar device, fully compatible with conventional CMOS fabrication methods, in-
corporates antennas sensitive to orthogonal states of polarisation into two back-
to-back Schottky photodetectors to produce a differential electrical signal that
changes sign as the polarization of an incident optical beam changes from one
basis state to the orthogonal state. Each device is wrapped into a spiral footprint
to provide compatibility with the circular profile of conventional optical beams
and has an overall diameter of 50 um. The sensitivity of these devices are investi-
gated experimentally over a wavelength range from 500 to 800 nm, establishing
their potential for integration into a wide range of optical systems. The major

advantages over conventional polarimetry methods of this device is that bulky,
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Figure 1.5: (a) Aluminium nanoantenna enabled polarisation sensitive photodetector, (b) a polarisation
insensitive control, (c) a linear polarisation sensitive detector and (d) a circular polarisation state detector.
Insets show the nanoantenna dimensions. Scale bars are 10 um (a) and 1 wm (b-d).

expensive optics are no longer required, there are no moving parts and the sys-
tem does not need regular alignment. This reduces both the initial and running

costs of the device. Figure 1.5 shows the fabricated photodiodes.

1.1.3 Altered Emission and Absorption States in Plasmon Coupled Quan-

tum Sources

When quantum sources such as fluorescent organic dyes and quantum dots (QDs)
are placed in close proximity to optical resonators, such as plasmonic nanocav-
ities or nanoantenna the emission and absorption characteristics of the emitter
changes. This is typically due to weak coupling between the emitter and the plas-
monic mode where the resonator is lossy and the emitter has a broad spectral

linewidth. The result of this coupling can be reduced excited state lifetimes, en-
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Figure 1.6: Typical structure of a QD-LED with the QD layer between a metallic cathode/back-reflector
and transparent conducting oxide anode (left). Electroluminescence spectra for different coloured QD-LEDs
(right) [2].

hanced brightness and polarised emission or in some situations a large increase
in non-radiative energy transfer and quenching of emission. Here the coupling
of random quantum dots in a thin polymer film to plasmonic nanostructures in-
cluding nanorod arrays, rectangular nanocavity arrays as well as nanocavities
arranged so as to focus the emitted light are investigated. Particular attention is
paid to employing a rigorous statistical determination of the quantum properties
such as radiative decay rate and mean lifetime of these coupled QD-plasmon sys-
tems, as well as the polarisation state of the emission. Such devices could find
broad application in modern low energy displays such as those found in mobile
telephones. A typical QD-LED geometry is shown in figure 1.6, including metallic

cathode which could support a metasurface.

1.1.4 Industrial Scale Production of Nanoscale Features

The research presented in this thesis is focussed on the manipulation, through
plasmonics, of light both from distant sources such as the Sun, LED lamps and
laser diodes as well as near field sources such as quantum dots, with a view to
develop novel optical features. The designs described herein require advanced
nanofabrication techniques. This is to allow for sub-micron features, with re-

duced diffractive effects. However, it is of little commercial use to develop a
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Figure 1.7: A comparison of throughput versus appropriate feature length scale of several top down fabrica-
tion techniques [16].

feature which has significant production throughput limitations and thus a large
cost [16]. With that in mind, the secondary aim of this research project is to
investigate nanofabrication techniques that can be cost-effectively scaled up to
suit an industrial setting. Figure 1.7 shows a comparison of the feature sizes ver-
sus throughput achievable of several fabrication methods. Recently a technique
known as resistless nanoimprint lithography (RNIL) was pioneered by Varghese
et al [17]. Whilst the initial fabricaton steps require nanolithography, to create
a master template or shim, plasmonic features can be created quickly by stamp-
ing the master into a metal film or foil. A study of the parameter space of the
RNIL process is carried out here, in particular to determine the relationship be-
tween the applied imprint pressure, the resulting cavity depth and the subsequent
spectral response of the cavities for gold, silver and aluminium films. Arrays of
nanocavities are created using this technique and show a broad range of colours.
Figure 1.8 shows a dark field microscope image of imprinted array of nanocav-

ities in a thin gold film. The entire 50 um array was imprinted in less that 30
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Figure 1.8: A darkfield microscope image of a plasmonic array of nanocavities fabricated using RNIL.

seconds. The polarisation response of these nanocavity arrays depend entirely
on the shape of the unit cell in the array, with rectangular cavities producing a
strong polarisation dependant response. The ability to tune the spectral response
of the plasmonic cavities produced with RNIL by altering the imprint pressure is

an attractive proposition to reduce the cost of scaling up metasurface designs.

1.1.5 Thesis Goals Summary
In summary the following specific goals guide the research herein:

* Development of compact metasurfaces that alter the polarisation state of an

incident beam.

* Design and prototyping of a novel metasurface enabled photodetector to de-

termine the polarisation state of a beam.

* Investigate scalable nanofabrication techniques and device designs, in par-

ticular those amenable to a high-throughput environment.




* Produce plasmonic metasurfaces which alter the absorption and emission of

photons.

1.1.6 Thesis Organisation

Chapter 1 provides a summary of the motivation, context and aims of the re-
search presented in this work. Chapter 2 covers in some detail the theoretical
framework and methods that were exploited during the course of this research.
In Chapter 3, the details of all the nanofabrication techniques for prototyping
active and passive plasmonic security devices as well as a scalable fabrication
technique are discussed. Chapter 4 provides details on the optical and electrical
characterisation methods used for assessing the performance of devices developed
in this work. Chapter 5 covers original research concerning the generation, ma-
nipulation and detection of circularly polarised light with compact planar arrays
of plasmonic nanoantennas. An investigation of the industrial scale production of
plasmonic nanocavity metasurfaces, related optical phenomena and their applica-
tion as spectral filters is discussed in chapter 6. Chapter 7 covers the integration
of plasmonic nanocavities with quantum dot doped polymer films to improve the
brightness and to polarise and direct the emission of quantum sources. Finally,
a summary of the findings in this work as well as potential future avenues for
research are presented in the chapter 8.

Appendix A provides a detailed derivation of the scattering of circularly pol-
rised light from two in-plane dipoles. Appendix B details a method for calibrat-
ing a k—space measurement using a metallic diffraction grating. The Appendix
found in C contains the results of an experiment jointly conducted with Dr Daniel
Gomez’s team at CSIRO, where a plasmonic hot electron device was fabricated for

the purpose of water splitting.
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Chapter 2

Theoretical Background
Underpinning the Plasmonic Devices

Studied Here

2.1 Introduction

This chapter outlines some of the established theoretical background that will be
needed for the research presented in the coming chapters. This includes a brief
introduction to surface plasmons, both localised and propagating. The second sec-
tion provides an in-depth discussion of circularly polarised light scattering from
a chiral pair of nanoantennas, which will be used in the design of the devices
presented in chapter 5. The third section discusses the behaviour of plasmonic
nanocavities and a closed-ended metal-insulator-metal (MIM) waveguide model
is presented, which can give insights into the metasurfaces created with RNIL in
chapter 6. Following on from nanocavities is a discussion pertaining to the quan-
tum source coupled plasmonic devices presented in chapter 7 of the metamaterial-
etalon structure, and a method for calculating the reflectance of such a device.
Finally an introduction to the Purcell Effect, which leads to a reduction in excited

state lifetimes of quantum emitters coupled to nanoantennas, is presented.
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2.2 Plasmonics

A plasma is a phase of matter where charges have dissociated from each other
and form a charged gas. Typically, plasmas are associated with nuclear reactions
in stars, certain televisions and fusion reaction experiments. A plasmon is a quan-

tized collective charge oscillation in a plasma.

2.2.1 The Surface Plasmon Resonance

Shortly after R.W. Wood noticed anomalies at specific frequencies in the reflec-
tion spectra of metal backed gratings surface plasmon resonances (SPR) became
of interest to the optics community [18]. An SPR is an oscillation of the electron
charge density at the surface of particular metals. Typically gold, silver and alu-
minium are used in plasmonic experiments. Plasmonics is the study or application

of plasmon resonances.

Surface plasmon resonances fall into two categories, each with their own char-
acteristics. There are Surface Plasmon Polaritons (SPPs) and Localised Surface
Plasmons (LSPs). Both types of SPRs occur at the interface between a metal and
a dielectric medium and depend strongly on the dielectric function of the metal

supporting the resonance.

Surface Plasmon Polaritons

SPPs are a manifestation of the evanescent solutions to Maxwell’s equations at
the boundary between a metal and dielectric. SPPs can be excited only when the
transverse component of momentum of the incident electric field matches that of

the excited SPP. This can be expressed as [19];

/
|ESPP ‘ _ 27 \/ € metal Edielectric (21)

/
Acost €metal + €dielectric
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where ) is the freespace wavelength of incident light,  is the angle of incidence
measured form the surface normal, ES pp is the SPP momentum, €, ., and €giciectric
are the real parts of permittivities, at )\, of the metal and dielectric respectively.
Momentum matching between photons and SPPs can be achieved using a prism
in the Otto or Kretschmann configurations [19]. The most commonly used tech-
niques to momentum match, however, is through grating coupling, corrugation
excitation or the introduction of periodic features on the surface. In the latter
case the evanescent surface waves are excited at each of the array elements and
combine constructively to form a propagating surface mode [19]. This is analo-
gous to Bragg scattering of electron waves in crystal lattices. Because the surface
charge density waves will constructively interfere only for specific, geometry de-
pendent wavelengths, SPP excitations are quantized (that is, occur only at discrete
energies). The condition for excitation of SPPs in a 2D array with period a is given

in [20] by

Egpp = IZ” + @éz —l—jéy (2.2)

where 7 and j are integers SPP mode indices, EII is the in-plane component of
the incident field’s wavevector and G, and G, are the reciprocal lattice vectors
associated with the array structure (|G|= 1), When tailoring optical effects using
SPPs, equations (2.1) and (2.2) are combined and the reciprocal lattice vectors

are determined.

Localised Surface Plasmons

Localised surface plasmons (LSPs), as the name suggests, are confined to the
vicinity of a particle or aperture at a metal-dielectric interface. Hence LSP reso-
nances are strongly dependent on the geometry of the host particle or aperture.
The dielectric environment also strongly influences the wavelength of resonance,

but the ability to tailor the resonant wavelength is usually done via selecting the
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geometry of the nano-structure [20]. The period of the arrays of nanoparticles or
nanoholes can also be used to tune resonances as well as controlling resonances
associated with the excitation of SPPs [21]. Besides their multi-parametric tun-
ability, LSP based plasmonic devices are also attractive because they tend to be
more robust to the angle of incidence of the exciting field than their SPP based
counterparts [21,22]. Stefan Maier gives an excellent account of LSPs, Mie scat-
tering, hybridisation of plasmon modes and the polarisability of nanoparticles in

Chapter 5 of "Plasmonics: Fundamentals and Applications” [23, 24].

2.3 Chirality in Nature

Chiral objects have the property that the mirror image of the object cannot be
superposed on top of the original object via any translation or rotation. The mir-
ror image of a chiral object is known as its enantiomer. Typically, one enantiomer
will be denoted right handed and the other left handed. For example circularly
polarised light, where the electric field component of the wave traces out a circu-
lar path in space over one period, is chiral, one enantiomer is left hand circularly

polarised (LHCP), the other right (RHCP).

Chiral structures are abundant in nature, at all scales. Spiral galaxies, snail shells
and sucrose molecules all exhibit chirality. Chirality is vitally important in the
Standard Model of particle physics, particularly when studying how potential
Dark Matter candidates, such as neutrinos interact with electrons. As it turns
out, left handed antineutrinos interact only with right handed electrons via the
Weak nuclear force, which is important in processes such as beta decay and fusion
reactions [25]. Besides these exotic cases chirality is also critical to human biol-
ogy. Human DNA, the genetic code that determines everything from the colour
of your eyes to your predisposition to breast cancer is a chiral molecule, with

only the one enantiomer (the left handed one) found in human DNA. The same
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molecule, twisted in the opposite direction, (that is, the enantiomer) cannot be
used by the body the same way our DNA can [26]. Besides chirality being critical

to biology, it is also vital to understand its importance in medicine.

In the late 1950’s and early 1960’s pregnant women in Australia were prescribed
thalidomide to alleviate morning sickness [27]. Thalidomide is a chiral molecule,with
a stereogenic carbon centre. In 1961 is was found that whilst one particular hand-
edness of thalidomide, when consumed, has the desired effect on the mother’s
nausea. Tragically however, the opposite enantiomer is teratogenic (leads to mal-
formation of embryos, from the Greek word for monster), this lead to many thou-
sands of children born with stunted limbs as the thalidomide prescribed was not
chirally pure. Complicating matters, subsequent research has shown that thalido-
mide racemizes in the body, so even if chirally pure thalidomide is taken, some of

it will be converted to the other enantiomer [27-29].

The interaction between light and chiral molecules gives a great deal of infor-
mation about the structure of a molecule, which can be used to determine how
a particular molecule will interact with others. Typically a chiral molecule will
exhibit optical activity. That is, when plane polarised light is passed through a
solution of right handed chiral molecules, the plane of polarisation will rotate
through an angle, 3, for left handed molecules it rotates by —3. By knowing the
optical activity of a solution, we can calculate the ratio of left handed molecules
to right handed ones in the solution. In addition to optical activity, solutions of
chiral molecules typically exhibit circular dichroism, where one circular polari-
sation state is preferentially transmitted over the other [30]. By measuring the
degree of circular dichroism, the secondary chemical structure of the molecule

can be determined [26].

There is no doubt that determining and understanding the chirality of chemi-
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cal structures is of the utmost importance for future developments in many fields
such as molecular biology, pharmacology and chemical engineering. It is there-
fore not surprising that plasmonic devices with a degree of chirality are of current

interest in nanophotonics.

2.4 Chiral Nanoantennas

In order to develop a metasurface based circular polarisation filter for use as a
passive device and then later incorporated in a polarisation sensitive photodiode,
scattering of circularly polarised light from chiral nanoantennas needs to be un-
derstood. Plasmonic structures can often be thought of as collections of “meta-
atoms”, where each element of the structure is considered to be an artificial atom.
This mode of thought is appealing as the similarities between real atoms and
these artificial ones are abundant, especially considering we can model both as
harmonic oscillators. Both have discretised excitation levels, where the frequency
of incident light will determine if an electron or plasmon is excited. We can even
extend this to collections of particles, we see that excitation modes can hybridise
into pairs, just like energy levels in simple molecules, which form bonding and
anti-bonding pairs [31]. Of course the root of this analogy lies in the fact that
the energy levels of an atom are given by the solution to the time independent
Schrodinger equation subject to boundary values just like the excitation of sur-
face plasmons can be predicted by solving the Helmholtz Equation 2.4. In both
of these equations the second order spatial derivative depends linearly on the
function itself:
h2

— 5 VU= (E=V)$=0 (2.3)

and

V2 + Ark* = 0. (2.4)
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Hence, in light of the previous section, we should expect that arrangements of
these meta-atoms that exhibit some degree of chirality should also interact with
polarised light in a similar manner as chiral molecules. That is we expect to
see some degree of “optical activity”, and especially circular dichroism. Circular
dichroism is the difference in absorption of circularly polarised light, independent
of the orientation of the sample (such as a sucrose solution). Whereas if a quasi-
two-dimensional (that is, very thin) chiral array is reversed, the far-field response
will be different (in fact it will be the same as the radiation pattern due to its
enantiomer). Clearly some more fundamental work needs to be conducted to
help clarify the response of chiral metamaterials to polarised light. Once this is
understood, chiral metamaterials can be utilised to help determine the chirality

of molecules on a sub-micron scale.

2.4.1 Far-field Scattering and Localised Surface Plasmon Resonances

To determine the far-field response of a 2D planar plasmonic structure, we need
to understand the interaction between the incident EM waves and the electrons
at the surface of the structure. Here we follow the work of Davis et al. [32],
by making the electrostatic approximation, and so decoupling the magnetic flux
density from the electric field in Maxwell’s Equations, we can model the field
scattered from a collection of nano-antennas as a sum over excitation modes. An

example geometry is shown in figure 2.1.
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Figure 2.1: Example of LSP modes of a chiral nanoparticle [32]

The excited modes are the localised surface plasmons (LSPs) on the surface of
metallic nano-features, excited by the incident light field. The electrostatic ap-
proximation applies to this case because the particle size is much smaller than
wavelength of the incident field. To mathematically describe the far-field scatter-
ing we start with the power radiated per solid angle for a dipole emitter:

P ck*

- (p (A * 2.5

where c is the speed of light in vacuo, k is the wavenumber, ¢, is the permittivity
of free space, p is the complex dipole moment, p* is its conjugate and 7 is a unit
vector in the scattered direction. Algebraic manipulation (see Appendix A for full
details) yields the result reported in [32]:

ck*E3

T 3212, Z Z\kaf] (p"p;")?[cos (61, — 0;) + Nijl[cos(dy, — ;) cos(6), — 0))

F sin(¢y — ¢j) sm(@k —0;)].

(2.6)

Here k,j labels each LSP mode of polarisability f;, 0;, and ¢, are the geometric
and phase angles respectively, p}’ is the magnitude of the in-plane dipole moment

and N,; contains all the off-normal incidence terms. The term that depends on
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the handedness of the incident field is the one associated with the + sign:

[COS((gk — GJ) + ng] [:]: Sin<¢k — ¢]) sin(@k — 93>] =

1 . ) . 2.7)
j:§ sin(¢r — ¢;)[sin(2(0; — 0;)) + 2Ny, sin(6x — 6;)].

We see for normally incident light the difference in transmitted power in the far-
field depends on the angle 6 between the LSP modes on the nanoparticle. In fact
we see that this difference is maximised when 60, — 6; = 7 not 7. This is the
key finding of Davis and Eftekhari’s paper, which they tested for arrays of pairs
of gold nanorods at various angles to each other. It shows that 2D planar chiral
nanostructures need to have resonant LSP modes with a different phase (¢5, # ¢;,
achieved by having each particle of a different length) as well as having an angular
separation not equal to O or 7, and the maximum differential scattering occurs for

an angular separation of 7/4 and a phase difference of 7 /2.

2.4.2 Potential Applications of Differential Scattering

The study and subsequent improved understanding of chiral metamaterials has
led to many advances in nanophotonics. Metamaterials-based second harmonic
generation (SHG) [33], cloaking [34], negative refractive index metamaterials
[35,36] and circular polarisation sensitivity, [37,38] have all been demonstrated
with geometrically chiral designs. Of particular importance are chiral metama-
terials that can distinguish between circular polarisation states of light on the
nanoscale. These metamaterials could find use probing the stereochemistry of
molecules [39], determining the chiral structure of amino acids, proteins and
viruses or as part of a secure quantum information system. The small effective
mode volumes associated with localised surface plasmon resonances [40], and
the scalability of fabrication through advances in assisted self-assembly [41] or
nano imprint lithography [42] make plasmonic metasurfaces a strong candidate
for these applications. Recent work has shown that planar metasurfaces can ex-

hibit a difference in transmission of light depending on the state of circular polar-
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isation of a normally incident electromagnetic wave. Here we extend this concept
to the demonstration of a chiral metasurface consisting of an array of nanoscale
slots in a thin film of metal exhibiting an asymmetry in its response to left and
right circularly polarised light. This result is not circular dichroism, but a far field
interference effect, which is purely electrical in nature [32]. This interference
effect can be used as the basis for a nanoscale circular polarisation filter. Such a
filter could be fabricated on the tip of an optical fibre or incorporated into a pho-

todiode, to give information on the circular polarisation state of incident light.

2.5 Nanocavities

The nanostructures created by direct nanoimprinting of metal films using RNIL
results in nanocavities, where incident light is absorbed in the cavity. This scal-
able nanofabrication technique produces metasurfaces with many desirable prop-
erties. Plasmonic nanocavity resonators offer strong field confinement, are ro-
bust to angle-of-incidence and have a strong dependence on polarisation an-
gle [43]. When comparing the spectral response of nanocavities to their nanorod
and nanoaperture cousins the fundamental mode, for the same dimensions, oc-
curs at a much shorter wavelength, a useful property when trying to create a large
colour gamut. Figure 2.2 shows a finite element method (FEM) comparison of the
fundamental mode of arrays of nanocavities (b) and nanoapertures (c) of equal
dimensions (200 nm long, 30 nm wide, 100 nm deep and a period of 300 nm,
see §3.7 for more information on the FEM). In this calculation both cavities are
driven by an electric point dipole oriented across the short axis of the cavity or
aperture, the dipole’s frequency is swept across the visible and NIR spectrum and
the total far-field radiated power collected. The calculation shows for the closed
ended nanocavity, the fundamental mode is at a wavelength of 500 nm, whereas
for the open ended apertures the mode occurs at 750 nm. This is the same ra-

tio one would expect when comparing the fundamental resonances of an open
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ended flute and a closed ended clarinet. To better capture the physics of light
scattering from nanocavities one can model the nanocavities optical response as
similar to closed ended metal-insulator-metal (MIM) waveguides. It is possible
to calculate the dispersion curves for the MIM waveguide modes and restrict the
allowed wavevector, k, such that the reflected and driving fields destructively in-
terfere, that is, when the cavity depth is deep enough for the reflected wave to
have accumulated a mn phase difference with m an odd integer. Because of the
metal at the bottom of the nanocavity, the electric field must go to 0 there (with
some frequency dependent skin effect) and so only odd standing wave modes are

permitted inside the cavity.
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Figure 2.2: The calculated emission spectra (a) for an electric dipole source, oriented along the short axis
of the cavity for closed- (b) and open-ended (c) geometries. (b) and (c) show the electric field magnitude at
resonance for each geometry.
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2.5.1 Waveguide Modes and Standing Waves

An important property of MIM waveguides is that transverse magnetic (TM) modes
are always supported, even in the very small (< 50 nm) insulator gaps found in
the nanocavities studied here. In fact waveguides only 3 nm wide have been
shown to support propagating plasmon modes [44]. The dispersion relation for

odd modes in such waveguides is as follows,

k;, L —k;e
tanh — = L 2.8
a 2 kmei ( )
and
kL —k.,e
tanh — = me 2.9
a 2 k’iGm ( )

for even modes, where k;,, is the in-plane wavenumber in the waveguide, i, m
indicate the insulator or metal parts and L is the length of the long axis of the

nanocavity. The in-plane wavenumber can be rewritten as

Kim = \/ k2 — k2€im (2.10)

where k. is the wave-vector component directed along the nanocavity (that is,
normal to the surface) and &y, = 27“ is the free space wave-number. When £; is
real, we have a plasmonic waveguide mode and when it is imaginary we have a
photonic waveguide mode [44].

Taking the difference between the left and right sides of 2.8 and plotting the
logarithm (to highlight the differences) of the result for a range of energy and
momentum values gives the odd-TM mode dispersion curve, shown in figure 2.3.
The fundamental TM mode, as opposed to the TE mode, is considered here as the
primary contributor to the device absorption, as shown by Webb et al. [43]. Here
a 50 nm wide Au-SiOy,—Au MIM waveguide geometry is assumed, using materials
data from Ref. [45]. For low energies the dispersion follows the light line. Above

2.2 eV however, there is significant divergence from the light line.

22



hw (eV)
IS N =

o]

oo

-10
-12

0.015 0.0 0. 025 0.0 0.035
k (nm

Figure 2.3: The calculated dispersion diagram for odd-TM modes for a 50 nm wide Au-SiO2-Au MIM
waveguide. Here the colorbar represents the logscale difference between the LHS and the RHS of equation
2.8.

In order to understand the absorption peaks exhibited by nanocavities one
must consider the effect of cavity depth as well as MIM waveguiding. For a cavity
with depth d, for maximum absorption there should be destructive interference
between the incident field and the field reflected from the bottom of the cavity.
The cavity will have a Fabry-Perot-like resonance when the accumulated phase

difference is mm, m being an odd integer. The round-trip condition is thus
2deffk’z =mm. (211)

Where d.; is the effective length of the cavity, taking into account the skin effect
at these frequencies. By substituting k. = %7 into 2.10 and then into 2.8 it is
possible to calculate the dispersion diagram for the peak absorption mode of the
Au MIM waveguide, as a function of wavelength and cavity depth. This is shown
in figure 2.4. It appears that increasing the depth of the nanocavity will red-shift

the resonant wavelength, starting from a wavelength around 500 nm.
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Figure 2.4: The calcuated dispersion diagram from 2.3 recast in terms of excitation wavelength A\ and cavity
depth, d. Here the colorbar represents the logscale difference between the LHS and the RHS of equation 2.8.

To produce absorption peaks at shorter wavelengths the metal could be changed
from gold to silver. Figure 2.5 shows the dispersion calculation with the metal
changed from Au to Ag [45]. The mode diverges from the light line for ener-

gies around 2.5 eV in this case, due to the lower ohmic losses in silver at optical

frequencies.
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Figure 2.5: The calculated dispersion diagram for odd-TM modes for a 50 nm wide Ag-SiO.-Ag MIM
waveguide. Here the colorbar represents the logscale difference between the LHS and the RHS of equation

2.8

Applying the Fabry-Perot resonance condition 2.11 yields figure 2.6, where it
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can be seen that altering the cavity depth allows for resonant wavelength tuning

from 400 nm, allowing for a wider colour gamut than gold nanocavities.

800
750
700
650

600

500
450
400 §
350

300

Figure 2.6: The calcuated dispersion diagram from 2.5 recast in terms of excitation wavelength A\ and cavity
depth, d. Here the colorbar represents the logscale difference between the LHS and the RHS of equation 2.8.

2.6 Perfect Absorbers

The optical properties of plasmonic metasurfaces to adjacent thin films of quan-
tum emitters depends not only upon the emitter and antenna details but also the
effect of the emitter-incorporated film thickness and optical properties. Therefore
it is important to understand the role these thin dielectric layers can play, espe-
cially for the incorporation of metasurfaces into current OLED, QDLED or polymer
solar cell technologies. The use of Fabry-Perot (FP) etalons in conjunction with
plasmonic metasurfaces has led to the development of the ‘perfect absorber’, of
which examples in the literature abound [46-49]. In fact, the visible and NIR
spectrum perfect absorber is just a re-imagining of the microwave regime Salis-
bury screen. In this thesis a quantum dot doped metasurface etalon is studied as
a simple analogue for the structure of a quantum dot light emitting diode. Much
like the nanocavities of the previous section the key geometric parameter is the
thickness, d, of the dielectric layer in the etalon, as it will determine if the re-

flected wave destructively or constructively interferes with the incident light to
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produce subradiant or superradiant modes, respectively. These modes are a hy-
bridisation of plasmon modes and the FP cavity modes. In order to predict the
spectral properties of a particular design it is possible to assign the metasurface
layer a complex reflectivity, r,,, and treat the device as a 3 layered Fresnel reflec-
tion system. Reference [46] notes that (with some algebra) in such a three layer

system, the total reflectance, R, at normal incidence, can be written as

2 2inkod |2
Tt

1 + Tngezmkod

(2.12)

R=|r]*=|rm

where 7, is the ground plane or back mirror reflectivity, ¢,, is the complex trans-
mission coefficient of the metasurface and as usual ¢,, = 1+ r,,, n is the refractive
index of the dielectric layer and k is the free space wavenumber. All that is left
to do is calculate, r,, the reflectivity of the metasurface. The typical geometry of

a perfect absorber is shown in figure 2.7.
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Figure 2.7: The typical geometry of a perfect absorber structure. With spacer thickness, d and refractive
index n, the field accululates e'™*°¢ phase as it passes through. The metasurface array has a period p and a
reflectivity r,,, whilst the optically thick mirror or ground plane has reflectivity r.

2.6.1 Green’s Function Approach

A method to analytically determine the reflectivity of a metasurface of dipole
nanoantennas in a periodic array coupled to a reflective ground plane has been
presented by Kwadrin et al.. The method also accounts for the back action effect
the mirror has on the plasmon resonance of the nanoantennas [46]. The result

is quite computationally intensive even considering the conversion of an integral
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over all k-vectors to a sum over reciprocal lattice vectors afforded by the periodic
nature of the array. In fact, in the supplementary material the authors mention
that this approach has poor convergence properties. It also seems that effect
of the back action on LSP resonances is not significant. Considering all of this,
the approach taken here is to ignore the back action and use 2.12 along with a
known Green’s function result for the reflectivity of a periodic metasurface [50].
The metasurface reflectivity is given by

27'('i]€0
P(; = G)

«

(2.13)

T'm =

where G is the sum of the Green’s function for an array of nanorods evaluated at
all the lattice sites of the array [50]. The array has period p and each dipole has

dynamic polarisability,

2
Vwg

wi —w? —i(yw+ %n?’kg)

(2.14)

o =

where we have assumed a Lorentzian resonance centred on w, with v ohmic
damping, depending on the metal used and a scatter volume, V', which can be
tuned so that the resonance is of a realistic strength. According to Ref. [50], for

non-diffractive lattices (p < \), G is well approximated by

G~

472+/2 11 2k 2k3
V2 118 _Z-(”__O). (2.15)
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By combining equations 2.12, 2.13, 2.14 and 2.15 it is possible to calculate the

reflection spectrum of a metasurface etalon, where the metasurface consists of a

periodic array of nanorods and is excited at normal incidence.
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2.7 The Purcell Effect

The coupling of emitters to resonators is a complicated and important matter,
where a number of remarkable phenomena can occur. Most relevant to the work
presented here is the Purcell effect. The Purcell effect, named after its discov-
erer, Edward Purcell, occurs when a quantum emitter, such as a QD, couples to a
resonator, such as a nanocavity or nanoantenna [51]. Due to the increase in ra-
diative decay pathways provided by the resonator it is possible to greatly reduce
the excited state lifetime and a brighter source. This is a direct result of Fermi’s
Golden Rule, where the decay rate depends on the local density of optical states
(LDOS) [52]. The Purcell factor, I, is the ratio of the decay rate of the emitter’s
excited state, I when (weakly, such that the radiation damping is greater than the
coupling strength) coupled to the resonator to the decay rate in free space, I'.

That is,

r

F=_—
Lo

(2.16)

Purcell was able to show that the Purcell factor depends on the emitter’s wave-

length in the cavity, 22, the mode volume V, and the quality factor, ) of the

n

particular resonator. He found that

_3MQ
C Ar2n3Vy

2.17)
From 2.17 it is clear that in order to optimise the enhancement of a quantum
source with a nanoresonator the ()-factor needs to be maximised and the mode
volume reduced. 2.17 obscures the fact that if there is no spectral overlap between
emitter and resonator then the Purcell effect is muted. This is revealed in the

definition of I, equation 2.16, when the radiative decay rate, I', is written in full

according to Fermi’s Golden Rule

I'= 2% (fI H i) ppos (2.18)
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where H is the interaction Hamiltonian, (f| is the final energy eigenstate and |i)
the initial excited state, and p;pos is the local density of states into which the
exciton decays. The importance of spectral overlap is now plain to see. Such
considerations will be important in the coming chapters where decay rates are

measured.

2.8 Summary

This chapter covered the significant theoretical background on which the research
discussed in the following chapters relies. This included an in-depth discussing
of circularly polarised light scattering from chiral nanoapertures and how the
effect can be exploited and optimised. Strong absorption in nanocavities and how
to calculate the modal properties of these structures was presented. A method
for determining the reflectivity of perfect absorber structures, which relies on an
approximation for the sake of computational efficiency was discussed. Finally an

outline and some comments on the Purcell effect were covered in the final section.
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Chapter 3

Numerical Methods and Fabrication

This chapter outlines in detail the nanofabrication techniques used throughout
this research project to develop polarisation sensitive plasmonic elements. It will
also outline the numerical methods used to design and optimize the structures in

question.

3.1 Electron Beam Lithography

Electron beam lithography (EBL) offers the finest resolution and repeatability
of all the common nanofabrication techniques [53]. The Melbourne Centre for
Nanofabrication (MCN) houses a Vistech EBPG 5000+ which was used to under-
take all the EBL in this project. Electrons from a field emission tip are accelerated
through a potential of 100 kV, and focused with electromagnetic lenses.The ben-
efit of this tool, compared to the converted SEM type of EBL systems is that the
writing fields are divided into a main field, controlled by on set of electromag-
nets and a subfield, controlled by a smaller set of electromagnets. This allows for
rapid exposure of large arrays of nanoscale patterns, with very fine beam control.
The Vistech EBPG 5000+ automatically corrects for astigmatism. It also utilizes a
laser interferometer system to detect for substrate height variance, adjust the focal
plane as required and automatically realign samples for multi-exposure processes.

The tool itself has a minimum beam spot size of 2 nm when the minimum beam
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current of 200 pA is used with the 200 um aperture. The majority of exposures
in this work used a larger aperture (300 um) with a 500 pA beam current. These
settings result in a 2.5 nm beam spot size and a considerable reduction in write
time. However, with the electron sensitive resists used in this research project, the

resolution is not limited by the EBL, but by the resolution of the resists themselves.

The EBL process relies upon the use of electron sensitive polymer resists, that
either cross link (negative tone) or unlink (positive tone) when exposed to an
electron flux. Methyl methacrylate (MMA) and polymethyl methacrylate (PMMA)
are both negative resists, with PMMA having a higher resolution than MMA. This
fact can be exploited with a bilayer stack of PMMA/MMA to create an undercut,
which results in smoother particle side walls. A schematic of a bilayer lift off
process is shown in Fig. 3.2. The substrate is first cleaned via a solvent clean,
where the solvents are stepped up in polarity. The substrate is placed in an ace-
tone bath and sonicated for 5 minutes, then placed in an isopropanol (IPA) bath
for 5 minutes. The remaining IPA is thoroughly rinsed from the substrate with
deionised water and blown dry with nitrogen. The cleaned substrate is loaded
onto a Laurel spinner and the surface covered with MMA and spun at 4000 rpm
for 90 seconds. The coated substrate is then baked at 170°C for 5 minutes, force
cooled and returned to the Laurel spinner. PMMA is then applied and spun at
4000 rpm for 90 seconds and baked at 170°C for 5 minutes. Depending on the
conductivity and reflectivity of the substrate the resists made need the addition of
a 20 nm thin conductive layer of chromium, so that there is no charge build up
during e-beam exposure and the laser interferometer has a reflective surface to
sense. For the positive tone resist hydrogen silsesquioxane (HSQ, HgSizO12), the
resist is spin coated at 3000 rpm for one minute and post baked at 150°C for 3

minutes.
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Pattern Preparation and Exposure

The open source 2D CAD software, Klayout [54], is used to designate the patterns
to be exposed with the Vistech EBPG 5000+. The output file type is GDSII. Once
a design is finalized, Layout Beamer is used to fracture the GDSII file into beam
steps which can be implemented with the digital analogue converter (DAC) in
the EBPG5000+. At this stage it is possible to set the beam step size, address
any pattern overlap errors or perform proximity error correction (PEC). To opti-
mize writing times and minimize stitching artefacts, the subfield size should be
set to the largest multiple of the array periodicity less than 4096, as this is the
maximum number of steps the subfield DAC can make. For example, if the ar-
ray period is 300 nm, the subfield size should be set to 3900 nm, so that each
subfield consists of a subarray of 13x13 unit cells, as opposed to 13.653x13.653
unit cells for a subfield of 4096 nm. When the subfields are stitched together, any
alignment errors occur away from the exposed areas. The fractured output file
from Layout Beamer, known as a .gpf, can then be used in a ‘jobfile’ created using
CJob. Here the desired beam current, write frequency, labels, dose and location
of the exposures can be set. The pattern generator is capable of a frequency of 50
MHz, limited only by the decay times of the magnetic fields in the beam steering
electromagnets. As long as the beam current settings and dose settings result in a
frequency less than 50 MHz, the EBPG5000+ will carry out the exposure defined
in the jobfile. The typical doses used range from 1000 uC/cm? to 5000 uC/cm?.

Development and Lift-off

Once exposed the resists are then developed for one minute. For a PMMA/MMA
bilayer the developer, a 1:3 mixture of methyl isobutyl ketone (MIBK) to IPA and
glassware is chilled to 4°C prior to development of the exposed resists. The sam-
ple is placed in the chilled beaker and agitated for one minute, then rinsed with

fresh IPA and blown dry with nitrogen. This cold development technique has been
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shown to make a marked difference to the resolution of corners and side walls in
the exposed features [55]. Metal is then deposited by e-beam evaporation and

lift-off performed.

Lift-off of a PMMA/MMA bilayer resist is carried out as follows; a beaker of fresh
acetone (or anisole in the case of Chromium) is heated to 70°C and the sample
submerged. After 5 minutes the PMMA/MMA begins to dissolve in the solvent
beneath the metal film, at this point it is agitated with a pipette to encourage
lift-off. After the film has completely lifted-off, the sample is rinsed in IPA then
DI water and blown dry with nitrogen. Areas that were exposed to the electron

beam remain, while the rest is lifted-off when the resists dissolve.

For HSQ development, an alkaline metal ion free (MIF) solution is required. The
sample is bathed in AZ 726 (2.38% TetraMethylAmmoniumHydroxide (TMAH) in
H,0, with some added surfactants) for one minute, then rinsed in DI water for 2
minutes and blow dried with nitrogen. For nano imprint master fabrication, the

HSQ is baked after development at 350°C for two hours.
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Figure 3.1: A schematic of the Vistech EBPG 5000+ [53].
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Figure 3.2: A schematic of a bilayer lift off EBL process [56].
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3.2 Electron Beam Evaporation

Throughout the research presented here an 10 kV Intlvac NanoChrome II Electron
beam evaporation system is used to deposit thin films both metallic and dielectric.
Flat samples are mounted in the dome whilst patterned samples are mounted in
a central ring to avoid shadowing effects on the sample. The chamber is pumped
down to a pressure less than 7 x 107% Torr while the sample is rotated at 100
rpm. An electron beam is incident on a graphite crucible containing the target
material. The beam traces a spiral pattern over the entire crucible so that there
is an even spread of thermal energy across the target. After one minute soaking
time at a beam current of 10 mA the current is increased so that the deposition
rate, as measured by an in situ quartz microbalance, is between 0.8 and 1 A/s.
Typically, for deposition of gold or silver, a 2 nm Ge seed layer is used to aid
adhesion to the substrate and promote the growth of smaller crystal grains [57].
This layer is not needed for Al or Cr deposition as they both easily adhere to silicon
and silica. Unless otherwise stated a 5 nm silica layer is evaporated on top of the
films to slow the rate of oxidization. Simulations show that for localized surface
plasmon based devices, the adhesion and capping layers have a negligible effect.
For propagating surface plasmons the effect of the 5 nm silica layer needs to be
considered as it will affect propagation lengths as well as the resonance condition.
Films of Au, Ag and Al made in this manner are polycrystalline, with a grain size

around 20 nm and a RMS surface roughness around 10 nm.

3.3 Focused Ion Beam Milling

Focused ion beam (FIB) milling provides a highly accurate method for the fabri-
cation of nanoapertures in metallic films. Unlike EBL, there is no need for any
post-processing steps. In this project FIB milling was carried out on a FEI He-
lios Nanolab 600 DualBeam FIB-SEM at the MCN. This tool has a 30 keV Ga ion

column and a SEM column at 52° to the ion column. For the milling of nanos-
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Figure 3.3: An example Ag polycrystalline film deposited with e-beam evaporation.

tructures in a thin metallic film on a non-conductive substrate charging effects
are considered. By securing the sample to a 4” aluminium chuck with copper
tape, ensuring good contact with the metal surface, the sample is earthed and
excess charge is conducted away. The underside of the sample is also secured
to the chuck with carbon tape, which helps address the issue of drifting during
FIB milling. Once mounted the FIB chamber is pumped down to a vacuum better
than 1.09 x 10~2 atm. The FIB current is set to 1.5 pA, producing a nominal spot
size of 7 nm, is focused and the beam astigmatism adjusted. Depending on the
structures to be milled the beam current is kept either on the minimum 1.5 pA
or increased to 9.7 pA for large array fabrication. This compromise increases the
beam spot size but reduces the milling time by a factor of 6. The dwell time of
the beam dictates the depth and to a lesser extent the lateral dimensions of the
sputtered hole. The beam is scanned in a serpentine fashion across the target area
and makes 6 to 10 passes in total. Depending on the geometry, a higher or lower
number of passes may be preferable, for example for large arrays having fewer
passes reduces the effect of stage and beam drift, whereas for single apertures

multiple passes produce sharper corners. Each fabrication run requires recalibra-
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tion of the required dwell time and number of passes as it depends strongly on
the state of the ion source and the average grain size of the film. For a 50 nm Ag
film a dwell time around 2.5 ms is required with six serpentine passes. A 24-bit
true colour bitmap image defines the area to be milled. The black pixels blank
the beam and the white pixels unblank it. A resolution of 3.5 nm per pixel is used
when creating the source bitmap images. The dwell time per pixel then needs to
reduced to a third of the calibrated value. This has been found to produce more

regular structures.

The focused ion beam is also used to measure the cross sections of imprinted
structures. To define and protect the top surface clearly a platinum layer is de-
posited using ion assisted chemical vapour deposition (CVD) of Pt which is part of
the FIB-SEM’s functionality. After deposition a large rectangle is milled through
the sample and the cross section can be measured with the electron column, as it

is at 52° to the surface normal of the sample.

Figure 3.4: An example of a FIB milled cat’s eye structure in a 100 nm Ag film (left) and the source bitmap
image used to instruct the FIB (right).
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1000 nm

Figure 3.5: 15 kDa PMMA film imprinted with a HSQ master with 100 nm diameter circular posts.

3.4 Nano Imprint Lithography

The nano imprint lithography (NIL) conducted in this research project is imple-
mented using an EVG 520 IS Hot Embosser. All master templates were coated
with a proprietary anti-sticking layer (ASL) known as 3M Novec 7100. This is a
low viscosity solvent used to clean and lubricate medical replacement joints and

is applied via spin coating at 3000 rpm for one minute.

3.4.1 Thermal NIL

To transfer a pattern from a HSQ master to 15 kDa molecular weight PMMA films,
the imprint temperature is set to 150°C, with a 20°C per minute heating ramp.
Once both top and bottom plates reach 150°C the piston force is increased to 21
kN at a slew rate of 600 N/s. The embossing chamber is evacuated to 1 mTorr.
Once the set force is reached the mold and target are held under pressure for 5
minutes, then cooled to 70°C and the pressure released. The mold and target are

then separated and the mold can be reused.

38



3.4.2 Resistless NIL

Researchers from Purdue University have demonstrated cold forging as a NIL tech-
nique that does not require a large thermal budget or very high pressures [17].
Using thin Ag and Au films on silicon wafers and an etched silicon molds, a variety
of patterns were transfered including a bow tie array with a 8 nm gap. The process
is outlined in Fig. 3.6 This comprehensive study also demonstrated that there is
no benefit in heating during the imprint in terms of fidelity of the imprinted struc-
tures. This is extremely promising for industrialization of this procedure as the
longest part of a NIL duty cycle is the heating and cooling of the substrate. This
is also the biggest energy cost of the process, so eliminating the need for heating
is highly desirable. The pressure required to cold forge a thin Au or Ag film is
between 1 MPa and 4 MPa, which is 10% to 30% of the pressure Chou used in his
seminal NIL experiment [42]. Fig. 3.7 shows the exponentially decaying depen-
dence on metal residue left behind (which is a measure of how well the pattern
imprinted) on pressure applied. Fig. 3.7 also shows the smooth side walls that
can be achieved with this technique, which isn’t achievable with lift-off. RNIL
also allows for sloped sidewalls, which could potentially lead to some interesting

plasmonic applications.

RNIL always results in a metal residue at the bottom of the imprint cavity. In
the supplementary material of Ref. [17], the authors show through COMSOL sim-
ulation that the residue left at the bottom of an imprint tends to slightly red shift
the localized surface plasmon mode [58]. Fig. 3.8 shows a variety of LSP based
colour filters arranged to form micron scale images that were created with cold
forging. This figure also illustrates the fact that the red shift associated with the
metallic residue is not an insurmountable issue for full spectrum colour reproduc-
tion. Clever design of the plasmonic structures incorporating this artifact can be

used to achieve the desired spectral response.
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Pressure & Temperature

Figure 3.6: (a) the etched Si master is pressed into a thin Au or Ag film and the pattern transfered, (b) the

imprinted pattern in a Au film, (c)-(h) a variety of patterns can be transferred using cold forging (including
a mere 8 nm gap) [17].
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Figure 3.7: (a) the remainig metal residue as a function of applied pressure, (b)-(d) the imprinted patterns
in a Ag film (note the very smooth and angled sidewalls) [17].
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Figure 3.8: Various colour filtering patterns transferred to a Ag film using RNIL [17].

41



The RNIL applied in this research was carried out using an EVG 520 IS Hot
Embosser. Silicon substrates were prepared with a 100 nm layer of target metal
(Au, Ag or Al) via e-beam evaporation. Silicon master molds were fabricated
using EBL and DRIE as described elsewhere in this chapter. Cold forging, as the
name suggest does not require a thermal budget as the polycrystalline metal films
are soft enough to readily imprint. In fact, it has been shown that at temperatures
above 200°C local annealing occurs and reduces the film’s imprint resolution [59].
The EVG 520 IS has a minimum temperature setting of 25°C, so this setting in lieu
of no heating. The minimum force required for imprinting in Ag was determined
to be 20 kN. Master slippage is an issue in the RNIL procedure as the MCN’s facility
is lacking a robust 4” wafer chuck, with only a graphite (maximum force 10 kN)
chuck top plate available. For polymer imprint processes this is not an issue as the
pattern will transfer only after heating, so initial slippage causes no damage. In
the case of RNIL however, the metal is soft enough for the surface of the film to
be scratched during a slippage event, as shown in Fig. 3.9. This slippage also lead
to shear forces on the silicon master resulting damage to the nanofeatures. This
novel fabrication process will be used and developments discussed in the coming

chapters.
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Figure 3.9: An RNIL imprint of circular nanoholes in 100 nm of Ag. Note the double imprint pattern due to
master slippage and the piece of Si mater in the centre of the image.

3.5 Deep Reactive Ion Etching

Deep reactive ion etching (DRIE) allows for the fabrication of silicon based master
templates for NIL and RNIL applications. An Oxford Instruments PLASMALAB100
ICP380 is first loaded with a blank silicon wafer and an oxygen plasma created
to purge and prime the chamber. This is done several times until a strong plasma
is maintained, which is indicated by less than 1 W refelcted RF power. A masked
silicon wafer is then loaded into the chamber. The mask is a patterned layer of 20
nm thick chromium. The Cr pattern is defined with EBL using the aforementioned
bilayer method and lift-off. The acetone dissolves the native chrome oxide layer,
which results in dissolution of the thin chrome mask. To avoid this anisole, is used
to dissolve the PMMA-MMA bilayer, as it does not affect the Cr structures. Once
the Cr mask is loaded into the DRIE chamber and a vacuum of 5 mTorr is reached,
a 30%-70% mix of SF¢ and C,Fy is pumped in cycles into the chamber. RF1 is 30W
and RF2 is set to 1200W. Once a strong inductively coupled plasma (ICP) of these

gases is established etching will occur. The silicon wafer is etched by SFs wherever
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there is no Cr mask, whilst the C,Fs polymer gas acts as a passivation buffer to
control the etching rate of the silicon and allow for high aspect ratio etching by
passivating the sidewalls. The Cr mask is etch resistant, so the silicon below the
mask will not be etched by the SFs. The etch process lasts for 60 seconds and
creates a 900 nm deep etch, the depth can be tailored by adjusting the etching
time. After the DRIE process is completed the Cr is stripped with a 10% HNO;
30% (NH4)2Ce(NO3)¢ solution and the oxide layer removed with a 1:9 H,SO;, :
H,O bath for 20s. The master is then solvent cleaned and spun coated at 3000

rpm for 1 minute with the anti stick layer.
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Figure 3.10: A DRIE etched Si wafer with vertical side walls. The etch depth in this case is 900 nm.

3.6 Numerical Methods

Numerical simulations of the interaction of electromagnetic waves with plasmonic
structures aids in the design, characterisation and understanding, of the metama-
terial devices. All simulations throughout the project are carried out on a cus-
tomised work station with 18 2.00 GHz intel Xeon(R) E5-2650 cores and 256 GB

of memory, running 64-bit Ubuntu 12.
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3.7 The Finite Element Method in COMSOL Multiphysics

The finite element method (FEM) used here is implemented in COMSOL Multi-
physics v4.3b and v4.4, to approximate solutions to Maxwells’ Equations com-
putationally. The FEM is used to convert partial differential equations (PDEs) to
algebraic expressions, which can be solved via matrix inversion. This is achieved
by discretisation the geometric domain of the boundary value problem into finite
elements with a “mesh”. Essentially, each mesh element approximates a small
finite spatial length, dx. The smaller the mesh elements, the better the approxi-
mation but this is balanced by the increase in computational resources required.
A rule of thumb employed here is to ensure no mesh element is larger than /10,
where ) is the wavelength of the exciting field. A large mesh density is required
where the field is changing rapidly with respect to space, such as metal dielectric

boundaries or corners.

An example of the FEM discretization of a one dimensional second order PDE

is as follows. Suppose we know ¢(z) and wish to solve

() =g(x); 0 <=1 <=1, (3.1)

with the boundary conditions given by

9(0) = 0=g(1), (3.2)

for f(z). We can convert the problem into its work form by multiplying both sides
of (3.1) by h(z) then integrating both sides between 0 and 1, where h(z) is at

least a C? smooth function and /(0) = 0 = h(1). This yields

1

/f”(x)h(a:)da;:/g(:v)h(x)dx. (3.3)

0
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Integrating by parts and applying the boundary condition 4(0) = 0 = A(1) to the
left hand side of (3.3) gives

_/f’(x)h’(x)dx_/g(x)h(m)dw. (3.4)

We now discretize f(z) over the domain into n mesh nodes by expressing f(z) as

a weighted sum of polynomial basis functions, p;(z) given by

= Z uipi (). (3.5)
i—0

The accuracy of this approximation depends on the order of the polynomial basis
functions; the higher order, the greater the accuracy and the higher the com-
putational cost. The FEM requires that the basis polynomials have the property

pi(x;) = d;; where z; labels the mesh nodes.

We can recast (3.4) as

1 1
~S / P =3 g, / py(2)ps(x)da (3.6
=l =1 %

where we decomposed g(z) over the mesh nodes as in (3.5) and have used the
result of Strang and Fix that all functions that satisfy the conditions on h(z) can

be represented by the basis functions {p;} [60].

Hence the initial boundary value problem has been reduced from a second order
PDE to the algebraic problem of finding the constants uy, ..., u,. We can rewrite
(3.6) as a matrix equation,

Li=—Mg (3.7)

where 4 and § are vectors containing the u; and g;, L and M are n x n matrices

with elements given L;; = f Pj(x)pi(x)dr and M f p;(x)pi(z)dz respectively.
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All that remains is to invert L and we have recovered an approximate solution for

f(z). The direct solver used to implement the FEM in this work is MUMPS [61].

3.8 RF module of COMSOL Multiphysics

Figure 3.11: A comparison of different mesh densities generated by the COMSOL meshing algorithm [62].

The RF module of COMSOL Multiphysics is used for all the simulations used in
this body of work. Optical constants for the materials used, such as Ag, Al, Ge
and SU-8 are taken from the literature for bulk materials [45]. It is not well
understood how these optical constants differ from bulk to thin film, nor on the
technique used to deposit the films, but using properties of bulk metals provides
a reasonable predictive tool. The RF module uses the FEM to solve the inhomo-

geneous Helmholtz Equation over the specified solution domain,
V X (u-'V x E) — k2e,E =0, (3.8)

where p, 7! is the relative permeability tensor, assumed here to be unity (non-
magnetic), E is the electric field, k, is the free space wave number and ¢, is

the relative permittivity tensor. Periodic boundary conditions are implemented
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on the lateral boundaries to simulate the effect of an infinite array. A scattering
boundary condition, with an incident field excitation on the entry plane of the
geometry domain, and a scattering boundary condition with no wave excitation
is used on the exit surface. Scattering boundary conditions are transparent to the
specified wavelengths. Point dipole excitation can also be specified to simulate
the classical coupling of quantum light sources to plasmonic structures, such as
quantum dots, nitrogen vacancies in nanodiamonds, or erbium ions coupling to

optical antennas [63].

3.9 Summary

This chapter covered the important elements involved in the fabrication of nanoscale
optical elements, in particular EBL and FIB milling as enabling technologies for
other, more scalable nanofabrication techniques, including NIL and RNIL. Both
these imprinting techniques will be critical to the large scale implementation of
nano-optical devices, especially plasmonic security features. Considerable back-
ground on the state of RNIL is also provided here so that the reader can compare
the current state-of-the-art to the developments made in the research presented
in the coming chapters. Finally an outline of the finite element method, used for
design and optimisation, is presented, along with its implementation in COMSOL
Multiphysics. Methods for the characterisation of these devices will be discussed

in the next chapter.
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Chapter 4

Optical Characterisation Techniques

This chapter contains details of all the relevant experiments undertaken to opti-
cally characterise the fabricated samples. The first section pertains to spectrome-
try and polarimetry of samples, including measuring Stokes’ vectors and a method
for determining a physically acceptable Mueller matrix. The following section de-
tails scanning fluorescent microscopy, lifetime measurements and far-field radia-
tion pattern measurements for the characterisation of quantum emitter samples.
Finally the techniques used in measuring the opto-electronic properties of polar-
isation sensitive MSM photodiodes are outlined. This chapter will be referenced

throughout the remainder of the thesis.

4.1 Spectral Measurements

The spectral measurements throughout this work were performed in the School
of Physics at the University of Melbourne. Three different light sources were
used; a tungsten-halogen Ocean Optics HL-2000-FHSA lamp, a Fianium 450-SC
supercontinuum white light source fibre laser and a 100 W Nikon V2A-LL halogen
lamp. These light sources were utilized within two setups, an inverted microscope

or in a bench-top setup.
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4.1.1 Inverted Microscope

The inverted microscope, a Nikon Ti-U Eclipse equipped with a piezoelectric
xy translation stage is coupled via a port to an Andor Shamrock 303i thermo-
electrically cooled spectrograph. The Fianium fibre laser is free space coupled
via a port at the back of the microscope for reflection measurements, whilst the
Nikon halogen lamp can illuminate samples from above for transmission based
measurements. The light from the Nikon lamp is collimated with a Nikon C-C

Achromatic condenser to achieve near collimated illumination.

4.1.2 Bench-Top Optical Setup

An optical cage system offers flexibility for spectral and polarisation based mea-
surements [64], both in reflection and transmission. Fig. 4.1 shows a schematic
of the setup, where the sample is mounted on a xyz mechanical translation stage.
Light from a multi-mode fiber-coupled tungsten-halogen bulb (Ocean Optics HL-
2000-FHSA) is collimated with an Olympus Plan N 0.3 NA objective and focused
onto samples using a 0.4 NA Olympus Plan N microscope objective. The state
of polarisation of the exciting or detected field is controlled using a linear po-
lariser (Thorlabs LPVIS050-MP) and a broad-spectrum quarter-wave plate (Thor-
labs AQWPO5M-600). The reflected field is redirected with a 50:50 non-polarising
beamsplitter (Thorlabs BS016), focussed with a 50 mm focal length lens (Thor-
labs LA1255-A) and fibre coupled to an Ocean Optics high quantum efficiency
spectrometer (QE65000). A colour CCD and monitor is used to verify the location

of collection area, relative to the sample arrays.

4.2 Polarimetry

Measurements of polarisation states of light in this work were carried out us-
ing the Stokes’ vector formalism. To generate linearly polarised light a Thorlabs

LPVIS050-MP linear polariser is used. Combining this with a Thorlabs AQWP0O5M-

50



Broadband source £
Collimator [ cm—

LP o—
QWP —1

OL

Sample Il

OL

QWP —1
LP -

Detector H

Figure 4.1: A schematic of the bench-top setup used for spectral and polarisation measurements.

600 quarter wave plate (QWP) with fast axis at 45° or —45° to the transmission
axis of the linear polariser will generate right or left circularly polarised (RCP or
LCP) light, respectively. There are two methods of the polarisation action of our

plasmonic devices; with Stokes’ vectors or with Mueller matrices.

4.2.1 Stokes’ Vectors

Stokes’ vectors describe the polarisation state of an optical field. In this work
Stokes’ vectors, S are measured using Collet’s technique (see [65]). The input
polarisation state is held fixed and the output polarisation state measured in the
following way; The intensity is recorded with the analyzer filtering 0°, 45°, 90°
and RCP states. With this technique, the linear polariser and the QWP are fixed in
the same mount with the fast axis at 45° to the transmission axis. This accounts
for any attenuation differences that may occur by removing the QWP for linear
polarisation state measurements. For linear polarisation measurements the linear
polariser (LP) faces the sample and the QWP faces the detector, and as long as the

detector is not polarisation sensitive (it is not in our case), the QWP only atten-
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uates the beam. This ensures that when the LP-QWP combination is reversed to
measure RCP, there is no difference in transmission introduced by adding or sub-
tracting optical elements. The Stokes’ vector components can then be calculated

using the method outlined in [65].

One issue with this method is the fact that the tolerances in the manufacturing
process of the linear polarisers (LPs) used is suboptimal, so that the markings in-
dicating the transmission axes of the LPs are actually a combined 10° out from the
true transmission axes, as shown in Fig. 4.2, where the transmission as a function
of relative angle the polarisers was measured. Besides this error, Stokes’ vector
analysis is also not robust to alignment issues. It is likely that the measurement
of the x—axis does not exactly coincide with the natural x—axis of the nanoscale
device of interest. This alignment error can be accommodated for with Mueller

matrix measurements.

El

Figure 4.2: A polar plot of the intensity of light transmitted through two LPs as a function of relative angle
as measured using markers provided by the manufacturer. There is a 10° offset from the expected curve.

4.2.2 Maximum Likelihood Measurement of Mueller Matrices

The maximum likelihood method for Mueller matrix measurement referred to in
§5.2.1 is detailed below [66]. By obtaining a physical Mueller matrix it is possible

to algebraically rotate the Mueller matrix of a plasmonic polarising element to
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compensate for experimental misalignment, describe the response of the device
for all input polarisation states and extract optical parameters such as retardation

and diattenuation of the device, with confidence.

To ensure that the eigenvalues of the Hermitian coherency matrix H, related to

the Mueller matrix M by
My = Tr{Hlo, @ 7]}, (4.1)

are nonnegative, where o, is the ;" generator of the SU(2) symmetry group (lax»
and the 3 Pauli spin matrices) we must maximize £. Using Wolfram Mathematica’s

FindMax function to maximize

L= Z Z faIn Z Z H,, Tr[l,0,11,0%), (4.2)

pn=0 v=0

where I1, is the Jones matrix of polarisation state filter, « and f,, is the measured
intensity with the polariser in state b and analyzer set to state a, normalised to
the measured intensity without the analyzer for input state b. In this work we use
the standard 6 polarisation states, so that a,b € {x,y,45° 135°, RC P, LC P}, thus
there are 42 measurements in total (36 tomography measurements and 6 normali-
sation measurements). As the Mueller matrix has at most 16 independent values,
this over-determination allows us to employ the maximum likelihood method.
Once the values of the elements of H that maximizes £ are found, the maximum
likelihood Mueller matrix can be determined from 4.1. The positive semi-definite
Hermitian restriction on H allows us to reduce the number of variables to fit to
maximize £ from 32 to 16, which leads to a drastic reduction in computational
time required. The seeding of the Mathematica function FindMax must be per-
formed with random variables, as it is possible for a local maximum, not a global

maximum to be returned, leading to an unphysical result.
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4.3 Fluorescence Scanning Confocal Microscopy, Time Corre-

lated Single Photon Counting and Beaming Measurements
In order to characterise the effect of polarising plasmonic elements on the emis-
sion properties of adjacent quantum sources we need to map the spatial distribu-

tion of fluorescence as well as the excited state lifetime of the quantum emitters.

The primary type of quantum emitters used in this work are quantum dots [67].

4.3.1 Fluorescence scanning confocal microscopy

Laser —

Aperture

———— Aperture

Focal plane

APD

Figure 4.3: A schematic diagram of the scanning fluorescence confocal microscope used in this work. Short
wavelength light is used to excite emitters in the focal plane. The emitted light is then focussed onto a
pinhole aperture and then transmitted light intensity is measured by an avalanche photodiode (APD). Rays
from beyond the focal plane are blocked by the aperture. The sample is scanned in the focal plane using a
piezo-electric stage.

Typically in fluorescence microscopy the emission brightness is not sufficient for
wide-field imaging. In practice this means optically probing our nano-structures
requires a confocal scanning and binning technique. Here a Mad City Labs XY
nanodrive stage is used to scan the sample with a stepsize down to 50 nm over
areas up to 80 um square. The excitation illumination is provided by a Fianium
450-SC supercontinuum source. The required wavelength is selected using a Fi-

anium SuperChrome tunable filter. Light with a central wavelength of 465 nm
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and linewidth of 10 nm from the SuperChrome is focussed onto a 50 um pin-
hole to spatially filter the beam before it enters the 1.3 NA 100x Olympus oil
immersion lens. This results in an illumination volume of around (500 nm)3. The
fluorescence is collected with the same objective and spectrally filtered using a
dichroic beam splitter (Semrock Brightline 540 nm long pass) and then focussed
onto another 50 um pinhole aperture placed immediately in front of a high gain
Perkin-Elmer SPCM-AQRH-14-FC avalanche photodiode (APD). The purpose of
the second aperture ensures the detector images a similar volume to that being
illuminated, essentially rays from outside this volume are focussed either before
or after the plane of the pinhole and hence are blocked. The output of the APD
is then binned as the the piezo-stage scans across the illumination spot. Figure
4.3 shows a schematic of the set-up. The microscope chassis employed is a Nikon

Ti-80i Eclipse inverted microscope.

4.3.2 Time correlated single photon counting
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Figure 4.4: An example TCSPC result for a 2-level system (blue) and a system of multiple energy levels,
either in one emitter or a collection of similar emitters (orange). Here the mean lifetime for both cases is 10
ns.
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A reduction in excited state lifetime of a quantum emitter can point to weak
coupling of the emitter’s excited state to other decay channels provided by cavity
or surface plasmon modes. This results in an increase in brightness via the Purcell
effect (see §2.7). In order to characterise this radiative decay rate increase, we
need to determine the average lifetime of the emitters in proximity to, as well
as independent of, the cavity plasmon modes. To do this, time correlated single
photon counting (TCSPC) is used. Using a pulsed laser source, with a repetition
rate around 1 MHz, to pump the fluorescent source and by binning the arrival time
of electrical pulses from the APD, using a PicoQuant TimeHarp 200 correlator
card, it is possible to build a histogram of the distribution of decay times from
a particular sample. In the simple case of a 2-level system the measured decay
events will follow a single decreasing exponential distribution and the lifetime
can be found by taking the mean. For quantum sources with a manifold of excited
states or for groups of 2-level emitters it is necessary to model the distribution of

lifetimes using other probability distribution functions, such as log-normal [68].

4.3.3 k-space Imaging of Emission Patterns

To determine how the quantum dot radiation pattern is modified by the presence
of arrangements of nanoantennas one can either map the beam intensity directly
by performing a confocal z-scan (that is bin the intensity as a function of spatial
co-ordinates (x,y)), or, alternatively, map the k-vector (momentum) distribution
of scattered or emitted radiation. The former method has the advantage of detail-
ing the evolution of the beam whereas the latter is purely a far-field (Fraunhofer
regime) measurement and in practice high spatial frequency information is lost
due to the numerical aperture of the objectives used. Confocal mapping of a beam
however can be very time consuming, as the final far-field radiation pattern can
take up to 200 um to emerge. This means, for a resolution of 1 um the scan
volume typically consists of one million data points per measurement. On the

other hand, for a fixed wavelength, k-space imaging allows for rapid determina-
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tion of the angular distribution of the scattered or emitted light and insight into

its Fourier components [69].
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Figure 4.5: Schematic diagram of the Fourier microscope used for polarisation resolved k-space fluorescence
imaging.

Figure 4.5 shows the Fourier microscope set-up used for polarisation resolved
k-space measurements in this research project. Broadband light from a Fianium
450SC is spectrally filtered through the SuperChrome filter (532 nm central wave-
length and 10 nm linewidth) and then focused (L1, 40x 0.6 NA Olympus Plan)
onto the tip of a single mode fibre (F, Thorlabs SM450). The spatially filtered
light is then recollimated (1.2, Thorlabs F260FC-A) and sent to a 532 nm dichroic
beam-splitter (DM, Semrock Brightline 540). Light is then focussed onto the sam-
ple with a Nikon 100x 0.9 NA CFI Plan NCG objective and the emission collected
with the same objective. The pump beam is filtered by the dichroic mirror (DM)
and k-space is accessed by placing a Fourier lens (FL, Thorlabs AC254-200-A-ML,
f=200 mm) 200 mm from the back of the objective. A half waveplate (HWP,
Thorlabs AHWPO5M-600) and linear polariser (LP, Thorlabs VISA-050) allows for
polarisation analysis and the HWP can be replaced by a quarter waveplate for
circular polarisation measurements. A tube lens (TL, Thorlabs TTL200) is used in
conjunction with a CCD USB camera (Point Grey, Grasshopper3 12.0 MP Mono)

to collect the polarisation resolved k-space images.
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4.3.4 Electronic Characterisation of Photodiodes

In order to measure the electronic performance of the polarisation sensitive MSM
photodiodes a bench top system was assembled as shown in the schematic dia-

gram in figure 4.6.

Photodetector ADC
Polariser i
Beamsplitter ChA \
Fianium Obective che [N
450SC Superchrome N2 or N4 ) /
light source filter wp Amplifiers
Camera

Figure 4.6: A schematic diagram of the experimental set-up used for the electrical and spectral characteri-
sation of polarisation senstive MSM photodiodes.

A Fianium SC450 supercontinuum white light source was used to characterise
the samples. The light source is coupled with a Fianium SuperChrome filter to
adjust the central wavelength and bandwidth. A combination of polariser with
half and quarter wave plates were used to produce and alter linear and circular
polarisation states respectively. A half wave-plate and QWP were used in a Thor-
labs PRM1Z8 rotation stage. A Nikon CFI Plan Fluor x20 long working distance
objective was used to uniformly illuminate the entire photodetector area. A po-
larisation insensitive 50:50 beam splitter (Thorlabs BS013) in conjugation with
a CMOS USB camera (Thorlabs DCC1645C) was used to align the sample. After
alignment the beam splitter was withdrawn from the system. Each MSM channel
(Ch A and Ch B) is connected to custom built transimpedance amplifiers, with an
amplification of 10° and the voltage signal is then digitised and recorded by a Na-
tional Instruments USB-6343 DAQ analogue—digital converter (ADC). A Keithly

487 source meter is used for precise reverse biasing of the photodetectors.
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4.4 Summary

This chapter presented details of all the relevant experiments conducted in the
following chapters and equipment specifications are included to provide sufficient
information for reproducibility. Spectrometry and polarimetry of samples, includ-
ing measuring Stokes’ vectors and a method for determining physically accept-
able Mueller matrices were discussed. Scanning fluorescent microscopy, lifetime
measurements and far-field radiation pattern measurements for the characteri-
sation of quantum emitter samples were also presented. Finally the techniques
used in measuring the opto-electronic properties of polarisation sensitive MSM
photodiodes are briefly outlined. This chapter will be referenced throughout the

remainder of the thesis.
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Chapter 5

Circular Polarisation States and

Plasmonics

5.1 Introduction

The research presented in this chapter focuses on generating, filtering, and mea-
suring circularly polarised beams of visible light using engineered nanometric
plasmonic surfaces. Design rules for plasmonic waveplates are established and
a plasmonic quarter waveplate, capable of converting between circular and linear
polarisation states, is demonstrated. An electrostatic dipole approximation is em-
ployed to describe the response of pairs of resonant nanoapertures to circularly
polarised light. Using this model, a chiral aperture based metasurface is investi-
gated and the differential transmission of circularly polarised light is maximised.
Finally, the differential polarisation response of these nanoantennas is then used
in a novel photodetector design to determine the degrees of linear and circular
polarisation of an optical beam. The three nanophotonic devices demonstrated

here could be deployed in telecommunication systems or advanced polarimeters.
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5.2 A Plasmonic Quarter Wave Plate

There is considerable interest at present in the development of nano scale optical
devices with potential applications as compact elements in imaging, data storage
and as display components. In particular, there is a growing awareness of the
potential of plasmonic devices to control and transform the polarisation states
of transmitted or reflected light [70-81]. There have been previous investiga-
tions into a range of devices that have exploited the phase differences between
orthogonal detuned dipoles [71, 73-75,77,81]. These have consisted of arrays
of nanoparticles [71,73,77] or arrays of apertures [74,75,81]. In 2012, Roberts
and Lin proposed the use of an array of asymmetric cross-shaped apertures ex-
hibiting localized plasmonic aperture resonances as a means to produce an ultra-
compact quarter-wave plate (QWP) [75]. This proposal was supported by sim-
ulations. Polarization devices based on localized surface plasmons (LSPs) are of
interest due to their greater robustness to the angle of incidence compared to
surface plasmon polaritons (SPPs) and potentially greater transmission than SPP
based structures [21,75]. Here we experimentally demonstrate a device based
on the principles outlined in reference [75] and investigate its polarization and

transmission properties.

5.2.1 Analytic model and numerical calculations

A schematic of the device under consideration is shown in Fig. 5.1(a). An infinite
square array (period, P) of cross-shaped apertures of arm lengths, I, and widths,
W are located in a silver film of thickness, 7. The intensity transmission, calcu-
lated using the Finite Element Method (FEM), implemented in COMSOL Multi-
physics 4.3a is shown in Fig. 5.1(b). The transmission, normalized to that in the
absence of metal, is shown as a function of wavelength for a device with a square
array of symmetric apertures with a fixed arm width of 40 nm and variable arm

length in a Ag film of thickness 40 nm is shown in Fig. 5.1(b). The period of
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the array is 300 nm and the refractive index of the substrate is taken to be 1.52.
Optical constants of bulk Ag were taken from Johnson and Christie [45]. A clear
resonance is seen in Fig. 5.2(a), where transmission of 700 nm light through the
array as a function of antenna length is shown. This resonance is associated with
the excitation of surface charges on the inner walls of the aperture leading it to
behave as an electric dipole [82]. If a design wavelength of ) is selected and a

Lorentzian dipole behaviour assumed, the amplitude transmission, ¢,, is given by:

t\(L) = ¢ (5.1)

(L= Lo) +

where L, is the length at resonance and A\ the loss term (fullwidth at half
maximum) at A and « is a parameter depending on the amplitude transmission

on resonance. This gives a power transmission,

T\(L) =

(5.2)
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Figure 5.1: Schematic diagram of the unit cell of a plasmonic quarter-wave plate, (a). The geometric
parameters are film thickness, 7' = 40 nm, slot width, W = 40 nm, unit cell periodicity P = 300 nm and L,
L, the slot lengths, are varied. A 2 nm Ge adhesion layer is also shown in green. (b) Transmission spectra
for an array of 120 nm by 140 nm cross apertures, with a period of 300 nm in a 40 nm Ag film calculated using
the FEM for three polarization angles; 0° (blue line) 45° (black) and 90° (red). At a wavelength of 700 nm
the intensity transmission is independent of the angle of linear polarization; this is the operating wavelength
of the QWP.

and the phase of the transmitted field is
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2(L — Loy)

A (5.3)

®, = — arctan

If the lengths of the cross arms in the x and y directions are equally detuned by
J, so that L = Ly, £, then the transmission should be independent of the state of
linear polarization and there is a retardation, I',, between light polarized in the x

and y directions, given by

26
ry=%®, -, =2arctan A (5.4)
A

where the z-direction is positively detuned and the y-direction is negatively

detuned. Hence, if we desire a specific retardation, we require a detuning given

by:

A r
0= TAtan é (5.5

In the case of a quarter-wave plate, the retardation due to each arm is 7 and
the appropriate detuning is:
Ay

§ = - (5.6)

If we select a design wavelength of 700 nm, the Lorentzian profiles have a
resonant length, Lgy of 117 nm and width, A,, of 28 nm. This suggests that a
detuning, 0, of +£14 nm will produce a quarter-wave plate, operational at 700

nm.

5.2.2 Fabrication

An aperture array was fabricated in 40 nm thick layers of Ag deposited using an
Intlvac Nanochrome II electron beam deposition system onto a glass microscope
slide on a 2 nm adhesion layer of Ge. The aperture array was defined using

Focused Ion Beam (FIB) milling with a FEI Helios NanoLab 600 Dual Beam system
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using 30 keV Ga ions. An array with a periodicity of 300 nm and total dimension
160 umx 160 wm was produced. Typical writing time is of the order of 110 minutes.
The beam current used was 28 pA with a 3.5 nm step size and the dwell time was
set to 3.8 ms. A single serpentine scan of the beam was employed over the target
area. A scanning electron microscope (SEM) image of the device is shown in
Fig. 5.2(b). From the SEM, it is apparent that the modelled square profile cross-
apertures are significantly rounded and the fabricated crosses have vertical arm

length (132.5 + 7) nm and horizontal arm length (145 4+ 6) nm.
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Figure 5.2: (a) Computed transmission, 7 (L), of 700 nm light through a rectangular aperture in a 40 nm

Ag film on a SiO, substrate as a function of aperture length, L. The full-width-half-maximum, A, is 28 nm

and is indicated by the dashed lines. (b) An SEM image of the fabricated plasmonic QWP. The cross apertures
were milled using a focused ion beam. Each element is 300 nm from its neighbour

5.2.3 Device characterization

The device was characterized in the bench-top polarimetry system shown in Fig.
5.3(a). Light from a multi-mode fibre/coupled tungsten-halogen bulb was col-
limated and focused onto samples using a 0.4 NA Olympus Plan N microscope
objective. The state of polarization of the input field was controlled using a lin-
ear polariser and a broad-spectrum quarter-wave plate. The light transmitted
through the device was analysed with an identical linear polariser and a quarter
wave plate. Fig. 5.3(c) shows the measured transmitted intensity spectra. The
polarization independent point is at a wavelength of 702 nm, in excellent agree-

ment with the design wavelength of 700 nm. The model, however, underestimates
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Figure 5.3: (a) A schematic diagram of the bench top polarimetry set up. The incident beam passes through
a collimator, a linear polariser (LP) and an achromatic quarter wave-plate (QWP) and is then focused onto
the array with an objective lens (OL). The analyser consists of the same optical elements, in reverse order. (b)
The principal axis of the array forms an angle, «, with the z-axis. The angle of polarization, 6 is measured
from the z-axis. (c) The measured intensity of linearly polarized light transmitted through the plasmonic
QWP for 0° (blue line) 45° (black line) and 90° (red line) angle of polarization. At a wavelength of 702 nm
the transmission is polarization independent.

fabrication errors and the loss assumed when using the optical properties of bulk
Ag [45]. This led to a reduction in the relative amplitude of the transmission of
light polarized at 0°, which can be seen by comparing Figs. 5.1(b) and 5.3(c).
Full polarization tomography (FPT) was then performed on the fabricated array.
The maximum likelihood estimation method was used to calculate a Mueller ma-
trix for the plasmonic QWP [66]. A set of 42 polarization measurements were
performed, to measure the intensity of light, polarized at 0°, 45°, 90°, 135° with
respect to the z-axis, left-and right-hand circular polarization states, transmitted
in those same polarization states (36 measurements for all combinations of the
6 initial states and the 6 final states as well as 6 normalization measurements
performed without the analyser). The measured Mueller matrix is shown in (5.7)

and resembles the Mueller matrix of a classical depolarizing QWP [83],

0.90 0.068 0.078 -0.018

0.068 0.78 0.14 0.24
M = . (5.7)

0.076 0.085 0.077 —0.72

0.00 —-0.26 0.69 —0.037
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Unlike the standard linear reconstruction algorithms typically used for FPT
[84], the Hermitian matrix associated with M, found using the maximum likeli-
hood estimation method is guaranteed to be positive semi-definite and is, thus,
physical [17, 20]. In order to demonstrate the veracity of our Mueller matrix we
use it to compute the resulting Stokes vector when the plasmonic array is illumi-

nated with linearly polarised light at —45° to the z-axis.

0.90 0.068 0.078 —0.018 1 0.82
- 0.068 0.78 0.14 0.24 0 —0.067
MS45° - = ) (58)
0.076 0.085 0.077 —0.72 —1 —0.0012
0.00 —-0.26 0.69 —0.037 0 —0.69

which after normalization becomes

1

—0.08
Sout = . (59)

0.00

l

—0.84

The large value for S; indicates that the array is an approximation to a plas-
monic quarter-wave plate, transforming linearly polarised light into near-circu-
larly polarised light. It is possible to extract several optical properties of the sam-
ple from the Mueller matrix in (5.7). For instance, the phase retardance can be
calculated, in this case it is 87.1°, which is very close to the desired phase re-
tardance, I'y = 90° for a QWP [83,84]. The diattenuation, D, the differential
transmission of orthogonal polarization states (which has a value between 0 and
1), can also be derived from the Mueller matrix. For this structure D = 0.084,
which indicates a negligible dependence on polarization angle for the transmitted

intensities at the operating wavelength [84].
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Importantly, the principal axis of this plasmonic quarter-wave plate can also be

extracted. The principal axis, in fact, lies 9.8° clockwise from the z-axis. It is

expected that the principal axis of the plasmonic quarter-wave plate is coincident

with the long arm of the crosses in the array. Hence, the horizontal arms of the

crosses in the array are not parallel to the horizontal measurement axis as in-

tended, but, in fact, form an angle of 9.8° with the horizontal measurement axis.

The Mueller matrix, however, is robust to issues such as this. Rotating the sam-

ple by « is equivalent to performing a unitary basis transformation on M. The

Mueller matrix for the rotated sample, M’(«) is given by [85],

1

0

0 cos«

0
0

sin «

0

0 0 1 0 0 0

—sina 0 0 cosa sina 0
M

cosae 0 0 —sina cosa 0

0 1 0 0 0 1

(5.10)

The Stokes vector of a transmitted beam that was linearly polarized at —45° to

the principal axis of the fabricated plasmonic quarter-wave plate can then be cal-

culated,

MI(9.80>§450 -

which upon normalization gives the output Stokes vector,

0.90
0.09
0.05

0.00

0.09
0.82
—0.16
0.00

0.05
—0.12
0.09
0.73

—0.02
—0.01
—0.76
—0.04

0.16

S/out =
—0.04

—0.86

0.85
0.13
—0.04

—0.73

Y

(5.11)

(5.12)
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The degree of polarization is 0.88 and the degree of circular polarization of the
transmitted beam is 0.86, ideally this would be 1, however due to imperfections

in the fabrication process this was not realized.

5.3 A Nanoaperture based Chiral Metasurface

Generating circularly polarised beams with nanometric devices forms one half of
a compact polarimetry system, which can be used for communication or sample
analysis. The other half requires forming a polarisation analyser, by preferen-
tially filtering out a particular circular polarisation state. This could be achieved
by cascading a plasmonic QWP with an array of rectangular slot apertures, but
the transmitted power in this case would be very low. In addition to creating
a circular polarisation filter, arrays of nanoscale apertures in thin metallic films,
when compared to their nanoparticle counterparts, are of particular interest for
sensing and telecommunication applications because of the relatively high trans-
mission contrast and background field reduction achievable with these devices.
Furthermore, the reduced mode LSP volume inside the resonant aperture could
lead to a reduction in the amount of analyte required for remote sensing applica-
tions [86]. The devices presented here are sensitive to visible wavelengths, but
could be scaled to operate at longer wavelengths if required. These structures in
question are fabricated using focused ion beam (FIB) milling, and their transmis-
sion sensitivity to the helicity of circularly polarized light is characterized. The
finite element method (FEM) is used to provide further insight into the properties

of these surfaces.

5.3.1 Design Considerations

As discussed in a previous section, 82.4.1 the far-field interference of circularly
polarized light scattered by two plasmon dipole modes depends on the angle be-

tween the resonant dipolar LSP modes and the phase of these modes [32]. Figure
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5.4 shows a schematic of the 2D planar chiral geometry considered. It consists of
two slot apertures oriented at some angle with respect to each other and spatially
offset. At a resonance of a mode of interest, surface charges appear on opposite

sides of the narrow axis of the slot, leading to the existence of an electric dipole.

Figure 5.4: A plasmonic 2D planar chiral unit cell consisting of two offset slot apertures in a metallic film.
The red arrows represent the electric dipole directions of LSP modes & and j. The separation angle, (6x —6;),
is shown in blue.

At resonance, a net dipole moment p, is induced within each aperture [87].
The power radiated by a dipole per unit solid angle is once again given by,

dP wt

0= 3263—607T2(ﬁ X Pp)- (A xp), (5.13)

where 0 is the unit vector in the direction of observation, p is the complex
dipole moment that may be shifted in phase relative to the incident light, ¢ is the
speed of light in vacuum, w is the frequency of the incident field, and ¢, is the
permittivity of free space [32]. Exciting plasmon modes with normally incident
circularly polarized light, eqn. A.8 gives the radiation pattern as proportional

once again to

sin (¢ — ¢;) sin [2(0, — 0;)] (5.14)

where ¢, and 6, are the relative phase and angle of mode £ [32]. To ensure the
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resonance of mode k, does not depend on mode j, the apertures are positioned
relative to one another to minimize the dipole-dipole coupling, &, between the
LSP modes on each antenna [88]. It is well known that dipole-dipole coupling is
proportional to

-

£ o< 3(p1 - d)(pa - d) — P - P (5.15)

where p is the dipole moment of each LSP and d the displacement vector be-
tween the centre of each nanorod. Setting ¢ to 0 and solving for d will give the
co-ordinates of each nanorod for which there is no mode hybridisation. For a
separation angle of 45°, we find that a polar angle of 16.18° gives the nullcline in
LSP hybridisation, which we wish to place our second nanoantenna along. Fur-
thermore, it has been shown that in the case of particle arrays the asymmetric
response of the chiral planar system is maximal when the difference in the reso-

nant frequencies, Aw, of the LSP modes is

Aw = % (5.16)

where v is the full-width at half maximum of the frequency response of each
dipole mode [32].

The handedness-dependent term in (5.14), that is the term involving the
sign, is zero when ¢, — ¢; = 0 or 7, or when 6, — 0; = 0 or 7, which means the
interference effect that leads to a differential transmission of LCP and RCP light is
not present for these cases. This situation would arise for a structure with parallel
or orthogonal LSP modes, degenerate LSP modes (zero phase difference between
the two modes) or highly non-degenerate modes (7 phase difference). On the
other hand, the observed difference in transmission of LCP and RCP light is maxi-
mal for a structure where the two LSP modes have a 7§ phase difference and have
an opening angle of 45°. To satisfy the phase difference condition, two slightly

detuned apertures per unit cell are required. This can be achieved by introducing
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a difference in aperture length, §, of around 10 nm [89].

Although the above results were originally for LSP resonances in metal nanoparti-
cles, the underlying principles are based on the properties of resonant LSP dipoles.
In this regard we would expect similar conclusions to apply to LSP resonances in
an array of nanoapertures in an ultra-thin metal film, where Bookers extension to
Babinets principle may hold [90]. Differences due to the finite conductivity of the

metal and the thickness of the metal film, however, would be anticipated.

5.3.2 Device Fabrication and Characterization

The study involved investigating the magnitude of the difference in the measured
far-field intensity of LCP and RCP light transmitted through a 2D planar chiral
array for four different separation angles, 30°, 45°, 60° and 90°. Focused Ion Beam
(FIB) milling was used to pattern arrays of pairs of apertures in a 50 nm thick
silver film evaporated onto a fused silica substrate using an Intlvac Nanochrome
IT electron beam deposition system. A 2 nm layer of germanium was used to
aid adhesion and reduce the Ag grain size in the film. Four separate arrays were
milled using a Helios NanoLab 600 DualBeam FIB-SEM with a focused beam of 30
keV Ga ions with a beam current of 9.1 pA. The unit cell of each array consisted
of a pair of rounded rectangular apertures at the various opening angles. The
average width of the fabricated slots was 36 4+ 3 nm whilst the average vertical
slot length was 115 + 7 nm and the angled slot 111 + 6 nm. The dimensions of
the holes in each of the four arrays were held constant so that the relative phase
difference between the two LSP modes was constant. The arrays consist of 100
by 100 unit cells, each with a period of 300 nm. Figure 5.5 shows four scanning
electron micrographs (SEMs) of the arrays.

The arrays were characterized using a Nikon Ti-U Eclipse inverted microscope.
White light from a halogen source was passed through a Nikon C-C Achromatic

condenser to achieve close to collimated, normally incident light. The incident
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Figure 5.5: SEM images of the FIB fabricated chiral aperture arrays in a 50 nm Ag film. The separation
angles are (a) 30°, (b) 45°, (c) 60° and (d) 90°.
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beam polarization was then varied from LCP to RCP using a linear polariser and a
quarter wave plate. The transmission spectra of the left-and right-handed polar-
ization states for each array was acquired with the Andor Shamrock 303i cooled
spectrograph. The far-field transmission spectra and surface charge density were
calculated using the Finite Element Method, as implemented in COMSOL Multi-
physics 4.3b. Geometric parameters were obtained from experimental SEM im-

ages and the optical constants for bulk Ag film were taken from literature [45].

5.3.3 Experimental Results

Figure 5.6(a) shows the measured and calculated difference in transmission spec-
tra (normalized to the input beam intensity) for the arrays with 45° and 90° sep-
aration angles, while figure 5.6(b) shows the measured, predicted and simulated
polarization contrasts for all 4 separation angles. For the array with an opening
angle of 45°, LCP constructively interferes upon transmission, whereas RCP inter-

feres destructively, leading to a 10% difference in transmission. The maximum
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transmission difference occurs at a wavelength of 640 nm. The measured trans-
mission of LCP and RCP light through an array with orthogonal LSP modes is very
similar and hence the difference for the array with 90° separation angle is small.
The fact that the experimentally determined transmission is weaker and the res-
onance broader than that calculated is attributed to variations in the geometry of
the nanoaperture pairs across the array of apertures due to FIB fabrication errors

and inaccuracies in the optical constants used in the simulations. The circular

(IL—1IR)
(In+IR)

polarization contrast, , where I (p)is the measured transmitted intensity of
LCP (RCP) light, is plotted in figure 5.6(b) along with the calculated and pre-
dicted contrasts. The theoretical model is in good agreement with our results,
both simulated and measured. The results depicted in figure 5.6 suggest a silver

chiral metasurface on silica, with an opening angle of 45° can clearly discriminate

between circular polarization states of incident light.

FEM Simulation Results

The inset of figure 5.6(a) shows the calculated difference in transmission for
LCP and RCP through an array of pairs of nanoapertures and the complemen-
tary nanorod array for a 50 nm Ag film on a silica substrate. The rod array has
a peak transmission difference red-shifted by 5 nm when compared to that of the
aperture array. The transmission difference of the nanorod array is the opposite
sign top the aperture array. The line shapes and amplitudes of both metasurfaces,
however, are nearly identical. This indicates that the approximate application of
Bookers extension to Babinets principle in this case is sound. The origin of the
interference effect is revealed by calculating the surface charge density around
the nanoholes for LCP and RCP incident fields. Figure 5.7 shows that, at a wave-
length of 640 nm, in all cases both apertures support LSP modes, as required for
interference to occur. For orthogonal LSP modes (bottom two rows), the distribu-
tion of charges around the apertures for a left handed field is the same as for a

right handed field that has been horizontally reflected about the center of the unit
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cell. This is not surprising as the unit cell in the orthogonal case exhibits mirror

symmetry along this axis.
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Figure 5.6: (a) The normalized difference in transmission for LCP and RCP through an array of apertures
with separation angle 45° (blue line) and 90° (red line). The solid lines represent experimental results and
the dashed lines are from simulation. The inset shows the calculated differential transmission through arrays
of nanoholes (blue dashed) and nanorods (green dashed) of the same dimensions, with a 45° separation
angle. (b) Circular polarization transmission contrast as a function of separation angle. The dotted line is
sin 20, the red squares are the measured contrasts and the blue circles are the contrasts calculated using the
FEM.

Hence, we see no difference in the transmission spectra between LCP and RCP
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illumination. However, for the case where one mode is oriented at 45° to the
other (top two rows of Figure 5.7), it is clear that there is no such mirror plane
that will allow us to negate the effect of a parity switch of the exciting electric
field. This is due to the chiral nature of these apertures breaking the mirror sym-
metry of the unit cell and leads to a difference in transmission of left and right
circularly polarized fields, as observed in figure 5.6(a) and (b). An understanding
of the difference in surface charge distributions is important for integration of this
metasurface filter with a photodetector substrate to create a circular polarization

sensitive detector.

FEM calculations show up to an 18% difference in transmission of LCP and RCP
light is achievable. This agrees with the difference found for the complementary
nanoparticle structure [32]. For this difference to be realized, however, each aper-
ture must be precisely fabricated with the optimal dimensions to give a 7 phase

difference [89], allowing for maximal constructive and destructive interference.
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Figure 5.7: Normalized surface charge distributions (SCD) calculated using the finite element method to
solve Maxwells equations. The blue regions indicate areas of a negative surface charge and the red regions
indicate positive surface charge density. The top two rows are the SCD for a separation angle of 45° and the
bottom two are for a 90° separation angle. The black arrows indicate the handedness of the incident field,
with clockwise rotation corresponding to a RCP field. Each column is the SCD at different points of a half
cycle, where w is the frequency of the field and ¢ is time.
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5.4 Plasmonic Nanoantenna Coupled Photodiodes for Polari-

sation State Detection

Having developed plasmonic devices for generating and filtering circularly po-
larised light, attention turns to creating a compact and robust polarisation detec-
tion device. Typically the determination of polarisation states of optical beams
involves first filtering polarisation states with optical elements and then detect-
ing the intensities of each filtered beam with opto-electronic components such
as CCDs or photodiodes. The resulting systems are usually bulky as well as ex-
pensive and it is sometimes difficult to maintain good alignment, especially in
portable devices. To that end, the aim is to incorporate, using the plasmonic
nanoantenna designs discussed in the previous section, the polarisation filtering
and electronic detection in a single planar device. The following work was carried

out in collaboration with Mr Evgeniy Panchenko.

5.4.1 Photodiode Design

In general, to convert optical information into an electronic signal, photons must
be absorbed and converted into an electron-hole pair and these charges then need
to be separated before they recombine. The charge separation is typically accom-
plished using a space charge region in a doped semiconductor. Here a region
with a potential barrier or bandgap is biased such that when a photon excites
a charge carrier above the barrier or into the conduction band, the charges are
swept into an external circuit and the photocurrent measured. A simple method
for creating a potential barrier in a semiconductor is to apply metal contacts di-
rectly to the substrate. The difference in work function between the metal and
semiconductor will result in a depletion or accumulation (depending on whether
the semiconductor is p- or n-type and on the applied bias potential) layer forming
a region of space charge and a small Schottky barrier will be formed, this type of

photodetector is known as a Schottky diode [91]. The appeal of such a device for
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photodetection is the simplicity of fabrication as compared to the more sensitive,
more complex, PIN photodiode. By combining two metal contacts on a semi-
conductor substrate a metal-semiconductor-metal (MSM) photodiode is created,
which functions as two counterfacing Schottky diodes. Because of this, current
will not flow through an MSM photodiode unless it is illuminated. This device is
also relatively simple to fabricate and has been demonstrated to operate at very
high bandwidths up to 140 GHz [92]. To create an MSM photodiode sensitive to
visible light, n—type silicon (with a sheet resistivity of 10 2-cm) was chosen as the
semiconductor substrate and aluminium used to form the Schottky barriers and
nanoantennas. Aluminium is a natural choice as it easily forms a Schottky barrier
with n—type silicon, has a high plasma frequency, which helps to counteract the
large red shift associated with a Si substrate (ng; ~ 3.8 for visible wavelengths),
a protective native passivation layer as well as being fully CMOS compatible and
cost effective. The biggest drawback to using Al for nanoantennas is the high opti-
cal losses and the interband transition in the metal which occurs around 780 nm.
This has been shown to lead to broad, low Q factor, higher operating bandwidth

resonances at optical frequencies [93].

5.4.2 Nanoantenna Enabled Differential MSM Photodiode

To determine the degree of linear or circular polarisation of a beam (assuming
there are no exotic polarisation components, such as vortex beams) one must
measure intensities in both orthogonal polarisation states, that is LCP and RCP
or z- and y- polarised states. To do so “on-chip” a two channel MSM photodiode
was created consisting of three Al leads, where the central lead is the common
ground and each of the other leads will carry the photocurrent associated with a
polarisation eigenstate. The difference between the photocurrent in each channel
is then proportional to the degree of circular or linear polarisation incident on
the photodiode. In order to make a particular MSM channel sensitive to a polar-

isation eigenstate the region between fingers was filled with nanorods for linear
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polarisation or the previously discussed chiral nanoantennas for the detection of
circular polarisation states. Also fabricated was a polarisation insensitive square
nanoantenna design as a control for the experiment. Figure 5.9 shows SEM im-
ages of the three photodiode designs, with the antenna dimensions shown in the
inset. A spiral shape was chosen over the standard rectangular interdigitation as
it matches the typical optical beam shape better, does not have a linear polarisa-
tion dependence (unlike rectangular gratings) and the applied bias acts to shield

carriers generated in one channel from drifting into the other channel.

5.4.3 Response of Chiral Nanoantennas to Linearly Polarised Light

To ensure a differential photocurrent is recorded only in response to a particu-
lar polarisation state it is important to understand the optical response of sets
of nanoantennas to other polarisation states. For example, clearly a rectangular
nanorod will have the same absorption cross-section for left- and right-circularly
polarised light, regardless of the nanorod orientation. This means the measured
photocurrent difference between linearly polarised detection channels when illu-
minated with circularly polarised light is zero. Conversely, it is not so obvious
what the linear polarisation response of pairs of nanorods will be. Equation (A.7)
is applied to the chiral structures discussed above to determine their response to

linearly polarised light.

For linearly polarised light, polarised at angle «, the electric field E,, is given by
Eo = [% cos a + §sin a] Epe**. Inserting this into (A.7) and taking the dot product

with py, = p,” (2 cos b + ysin by,) gives radiated power per solid angle

i o ZZ|fk||f‘|€i(¢k_¢j)(pxypw)2 X
A 32m%e) 4 - J k2 (5.17)

[cos v cos B 4 sin asin 6| [cos a cos 0; + sin asin 0] (cos (0 — 0;) + Ny;)-

Applying a compound angle formula to the trigonometric terms yields a general

formula for the far-field radiation pattern when linearly polarised light is scattered
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by the LSP modes of a 2D planar plasmonic metamaterial (see §A for the full

derivation). Explicitly, this key result is:

dQ 327T2€ ZZ!kaf; (Pe"p;")? cos(dr—0;)(cos (B —0;)+Ni;) cos(a—by) cos(a—b;),

(5.18)
where « is the angle of the plane of polarisation in the xy-plane, 6, is the angle of
the k' LSP mode in the zy-plane and N,; is once again the off normal incidence
term.

For a simple two LSP mode system, (k, j € {1,2}) excited by normally incident
linearly polarised light, (5.18) reduces to
= o IR cos’(a— )

+ 1 ful [ f2] (PT)2 (057)? cos(py — ¢a) cos(81 — By) cos(aw — ;) cos(a — Bs)
+ [ fo|*(p5")" cos? (o — 6,)].

(5.19)

It is interesting to note that only the middle term depends on the relative phase
and relative separation angle of the plasmon modes. Figure 5.8 shows the calcu-
lated scattering from chiral nanoantennas when illuminated at normal incidence
with linearly polarised light at the central frequency (so that excitation ampli-
tudes, |f| and dipole moments, p are equal) for nanoantennas separated by 45°
as a function of phase difference and polarisation angle. From fig 5.8 we see
that for all phase differences (that is, for all LSP resonance detunings) there ex-
ists a dependence on linear polarisation angle. It is also clear that the maximum

differential response occurs for degenerate LSP modes.

Special Case I: Excitation of Two Degenerate LSP Modes

If the fundamental LSP modes on each nanoantenna are degenerate then
fr(@) = |fe(w)]|e* @) = f(w) = |f;(w)|e*“). This can be achieved with a unit

cell consisting of two nanoslots or nanorods of the same length and width in a
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Figure 5.8: Difference, AR, between the scattering of linear polarised light from enantiomers of chiral
nanoantennas with a 45° opening angle at normal incidence as a function of polarisation angle and LSP
phase difference.

thin film. For this case (5.19) simplifies to

dP(o)  ck* o, wund
20 e I (5.20)
[cos?(a — 0y) + cos(6 — 05) cos(a — 0;) cos(a — 0) + cos?(a — 6)].

Setting the derivative with respect to polarisation angle, «, to zero and solving for

amae (the polarisation angle at which the scattering is maximum) gives

sin 2607 + sin 2605 + cos(fy — 6;) sin(fy + 6;)
cos 2601 + cos 20, + cos(fy — 61) cos(by + 61)

Omaz(61,62) = 5 arctan{ }. (5.21)

Equation (5.21) can be easily used to make predictions that can be compared with
numerical full-field solutions to Maxwell’s Equations as another test of the validity

of (A.7). Without loss of generality, one of the LSP modes can be set parallel to
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the z-axis, that is §; = 0. Then after some algebra, (5.21) simplifies to

1
Omaz(0,02) = 5 arctan(tan(6y))
b2
5

(5.22)

This result is strikingly intuitive, it is easy to imagine that the maximum overall
LSP mode excitation would occur for a polarisation angle along a bisector of the

two degenerate LSP modes.

Special Case II: Excitation of Two LSP Modes with 90° Phase Difference

For the chiral nanoantennas investigated in this chapter, we maximised the chiral
response by ensuring a phase difference of 90° between the fundamental LSP
modes on each nanoantenna. In this case, ¢; — ¢ = 90° and eqn. (5.19) becomes

proportional to

cos?(a — ;) + cos®(a — 6,). (5.23)

Hence, for chiral nanoantennas with the maximal differential response to circu-
larly polarised light, there is also a differential response to linearly polarised light.
In fact, the only separation angle that yields a linear polarisation angle indepen-
dent response is 90°, which we have seen has no differential response for circular
polarisation handedness either. This also means the differential photocurrent of
the photodiode with nanorods at 45° will depend on sin(2«). This result is impor-
tant as it limits the utility of our photodiode design to situations where it is already
known whether the polarisation signal is circular or linear polarisation, such as
in telecommunication systems. This restriction can be lifted by integrating chiral
nanoantenna pairs with a randomised orientation so that the linear polarisation
response is averaged out of the measured photocurrent. In this case this polari-
sation sensitive photodiode design can be applied in polarimetry measurements.

If, however, the two LSP modes are neither degenerate nor 90° out of phase, say
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due to slight fabrication defects, then the expected differential response will lie

somewhere between these two special cases.

5.4.4 Fabrication of the Spiral Photodiode

An n—type Si wafer was spin coated with 240 nm PMMA 950k electron beam
resist and then exposed with 100 kV EBPG5000+ electron beam lithography sys-
tem (see §3.1 for more details). The patterns were generated using the freely
available gdsCAD and gdspy Python packages, with a custom script to place the
nanoantennas on spiral paths with a nearest neighbour distance of 280 nm. The
exposure was then developed in 1:3 MIBK:IPA solution for 1 minute. The native
oxide layer on the silicon substrate was stripped using 4% hydrofluoric (HF) acid
for 1 minute and then immediately loaded into an IntlVac NanoChrome II e-beam
evaporator. An aluminium layer with a thickness of 85 nm was deposited at 0.07
nm/s. After evaporation a lift-off step in heated acetone was performed. A wet
dicing saw (Disco DAD321) was used to separate the photodetectors for packag-
ing in a ceramic PLCC20 package and then electronic bonds from the sample to

the package were made using a Kulicke and Soffa ball bonder.

5.4.5 Electro-Optical Properties of the Spiral Photodiode

The Fianium SC450 supercontinuum white light source was used in the charac-
terisation of the samples. It was coupled with the SuperChrome tunable filter to
select the wavelengths used during the photoresponse measurements. A combina-
tion of polariser with half and quarter wave plates was used to produce and alter
linear and circular polarisation states respectively. A Nikon CFI Plan Fluor 20x
extremely long working distance objective (0.4 NA) was used to illuminate the
entirety of each spiral photodiode. A polarisation insensitive 50:50 beam splitter
was used to align the beam. The experimental set-up is shown in figure 4.6. A
pair of custom transimpedance amplifiers were designed and fabricated by Mr.

Evgeniy Panchenko to equally amplify the signal from each channel of the dif-
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Figure 5.9: Scanning electron microscope image of the spiral photodetector (a). Nanoantennas are absent
between two signal leads. The active regions with square (b), rectangular (c) and chiral (d) nanoantennas
respectively. The scale bar for image (a) is 10 um and 1 um for images (b),(c),(d).

ferential photodetector. The amplification coefficient was fixed on both channels
at 10%. A Keithley 487 source meter was used for precision biasing of the MSM
fingers. The voltage signal from each of the amplifiers was then collected by a
National Instruments USB-6343 DAQ and recorded as a function of waveplate an-
gle. The Keithley 487 source meter was also used to collect the I-V characteristics
of each photodetector [94].

Figure 5.10 shows the device current as a function of applied bias voltage
when the device is covered (black line) and exposed to the room lights (red line),
which results in an order of magnitude increase in current. Typically the I-V
characteristics of an MSM photodiode should be symmetric, however due to a
defective bond, when positively biased there is less sensitivity than when under

a negative bias. The inset of fig. 5.10 shows the photocurrent response of the
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Figure 5.10: The current-voltage characteristics and power dependence (inset) of our MSM photodiode. The
black IV curve shows the dark current characteristics of the device, while the red curve shows the device
performance with the room lights on, an order of magnitude increase in photocurrent.The inset shows the
measured photocurrent for increasing 635 nm laser power.

device for -3V bias when illuminated with a 635 nm laser diode as a function of
optical power. Here we see good device linearity and can deduce a responsivity at
635 nm of 80 mA/W, which is approximately an order of magnitude lower than

state of the art MSM photodiodes [91].

5.4.6 Polarisation Sensitive Photodiode Performance

To determine the polarisation response of the photodetector we pass linearly po-
larised light at 45° to the principal axis of the photodiode is passed through a half
waveplate (HWP) for the linear detector and through a quarter waveplate (QWP)

for the circular detector. The photocurrent in each channel of the detectors is
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measured as the waveplate rotates. This measurement is also performed on the
control sample, with the square nanoantennas. Linearly polarised light passing
through a half waveplate has its polarisation angle rotated 26 where ¢ is the angle
between the initial polarisation direction and the fast axis of the waveplate. This
is represented by the orange line in fig. 5.11, where S, 3 are the three Stokes
parameters of the beam. For a linearly polarised beam passing through a quarter
waveplate the situation is not so simple. To calculate the final polarisation state
Jones calculus can be used. The Jones matrix, .J for a QWP with fast axis oriented
at f relative to the horizontal axis can be calculated by
cos? +isin6? (1 —i)sinf cos6

J = R(—0)JowpR(#) = ™/ . (5.24)
(1 —4)sinfcosf sinb? + icosb?

. 10
where R(6) is the usual 2D rotation matrix and Jg p = €™/ [95].
0 ¢

We can then calculate the transmitted electric field, E = J.J (where J = \/% [1 1] !
is the Jones vector describing a linearly polarised beam at 45°) and from that de-
termine the Stokes parameters (see §4.2.1 for further details). From the blue
curve in fig. 5.11 we can see that as a QWP is rotated, the Stokes vector traces
a 'figure 8 on the surface of the Poincaré sphere, passing from linearly polarised
to RHCP back through the same linear polarisation state and then to LHCP. Im-
portantly, if we project the Stokes vector path onto the S-S, plane (that is, the
linearly polarised component) we see that this component oscillates between two
points. These two points represent a linear component of +22.5°, which as we
have just seen in section 5.4.3 corresponds to the maximum scattering of linearly
polarised light from each enantiomer of chiral nanoantenna. This will be impor-

tant in understanding the differential signal measured from the chiral photodiode.

Figures 5.12(a-c) show the photocurrent measured for each polarisation sen-
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Figure 5.11: The incident polarisation state for a rotating waveplate (the blue line is for a QWP and the
orange line is for a HWP) mapped onto the Poincaré Sphere. The curves depict the change in Stokes’ vector
for a 180° rotation of the waveplate.

sitive channel as a function of polarisation angle or QWP angle (c), with the re-
spective nanoantenna design inset. Clearly there are random power fluctuations
from the light source as well as an oscillatory signal due to the difference in trans-
mission through the waveplates as they rotate due to Fresnel reflections. When
taking the difference between each channel (figs. 5.12(d-f)) the noise is elimi-
nated. This is the biggest advantage of differential signalling in data transfer, it
is very robust to many types of noise. The linear photodetector follows Malus
law as expected (fig. 5.12(d)), and allows for the determination of the degree of
linear polarisation of a beam. The control sample (fig. 5.12(d)) shows no polar-
isation dependence as expected, whilst the chiral detector behaves as previously
discussed, with maxima and minima in differential photocurrent corresponding
to QWP angles of +22.5°. Figures 5.12(g-j) show the differential photocurrent
at important polarisations, (g) shows the photocurrent for polarisation along and
across the nanorods in one channel and clearly show a change in polarity, whereas
the square nanorods (i) show no significant change. Despite the chiral detector (j)
response being dominated by a linear component, if the polarisation state is just

switched between RHC and LHC a definite change in sign of the signal is present.
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When used in conjunction with the linear detector (and another linear detector
rotated 45°) it is possible to use the information provided by the chiral detector

to recover the degree of circular polarisation of a beam.
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Figure 5.12: Normalised detected photocurrent for each channel of photodetectors with rectangular (a),
square (b) and chiral (c) sets of nanoantennas (inset). As can be seen, the differential photocurrent of
each photodetector (d),(e),(f) is not affected by power fluctuations in the raw signals. (g),(i) and (j) show
the amplitude of the differential signal at each orthogonal state of polarisation, from which the degree of
polarisation of the incident beam can be determined.

By examining the amplitude of the differential photocurrent for a range of
wavelengths it is possible to determine the responsivity of our detector. To do
so we perform the same polarisation rotation measurement for wavelengths from
500 nm to 800 nm in 25 nm steps with a linewidth of 10 nm. A power meter
(Thorlabs PM100D with S150C) was used to ensure the optical power incident
on the diode is equal for all wavelengths at 5 uW, varying the power using a vari-

able ND filter (Thorlabs NDC-25-2) when required. Once again, a bias of -3V was
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applied to the MSM diode. For each wavelength the difference between the max-
imum and minimum signal over the course of a full revolution of the waveplate
is recorded. Figure 5.13 shows the differential responsivity of the linear photode-
tector, which is peaked at 650 nm, by design. The responsivity of the device is a
combination of the absorption of photons in Si as a function of wavelength, the
depth at which absorption occurs (as the MSM photodiode is a surface device, the
electrons and holes could recombine if they are generated far enough below the
surface that the applied bias has little effect) and of course the optical response
of the nanoantennas. It seems the reflection spectra of the nanoantennas has the
strongest effect here as Al antennas of this size on silicon have been shown to
resonate at 700 nm [93]. To increase the dependence on the optical response of
the nanoantenna a stronger resonance is needed. This could be achieved by em-
ploying a lower loss metal such as silver, isolating the antennas from the Si with
an oxide layer so that longer antennas could be used or by simply increasing the

packing density of the nanoantennas.

5.5 Summary

Three plasmonic nanoantenna based devices were investigated, with the aim of
developing ultra-compact polarising elements, particularly for the generation of,
filtering and detection of circularly polarised states. These devices could then be
deployed in a plasmonic polarimeter.

A simple Lorentzian model was developed to design an ultra-thin plasmonic
quarter-wave plate operational at optical wavelengths. One such design was fab-
ricated in a 40 nm thin Ag film using focused ion beam lithography and full po-
larization tomography measurements were performed on this device. This device
could be used in telecommunications technologies, new imaging systems and for
bio-sensing applications.

Two dimensional planar chiral metasurfaces were investigated near resonance.
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Figure 5.13: The amplitude of the difference in responsivity between each channel of the linear polarisation
photodetector for x-polarised light as a function of wavelength. A -3V bias voltage was used and the optical
power was kept fixed at 5 uW for each 10 nm linewidth range of wavelengths.

FEM calculations and experimental results show that chiral nanoholes exhibit a
difference in transmission of circularly polarized light depending on the handed-
ness of the incident field. Furthermore this effect is dependent on the relative
angle of the LSP dipole modes of the metasurface. The device demonstrated here
exhibited a 10% polarization contrast, which, according to FEM calculations could
be increased to 18% with more precise FIB milling and use of single crystalline
Ag films.

The differential MSM photodiode design presented here can be used to deter-
mine the polarisation state of an incident beam. The noise cancellation due to the
differential nature of the device is useful for polarisation multiplexed telecom-
munications. The low Q-factor of the nanoantennas, which restricts the device
sensitivity could be improved by using multiple lithography steps to place the
nanoantennas on a lower refractive index dielectric or to allow the use of lower

Ohmic loss materials such as silver [96].
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Chapter 6

Scalable Fabrication of Nanocavities

6.1 Introduction

A pressing?! issue in nanotechnology and especially nanophotonics is taking ideas
from the laboratory and implementing them on the production line. As covered
in the introductory chapters of this work, typical nanofabrication techniques such
as electron beam lithography or focussed ion beam milling are costly, slow and
therefore unsuited to industrial scale implementation. Here we investigate the ap-
plication of a novel scalable nanofabrication technique to create optically driven
resonant plasmonic nanocavities. The fabrication technique pursued is resistless
nanoimprint lithography (RNIL, see §3.4.2), which requires no heating or cool-
ing steps, reducing fabrication times, but still relies upon EBL to create the initial
imprint master [17,42]. Another potential upside is that one master can be cast
and reused to imprint cavities of varying depths just by altering the applied pres-
sure during imprinting [17]. Here we create single isolated nanocavities with
RNIL and probe the parameter-space including the relationship between metal
imprinted, applied pressure and resulting depth. The optical characteristics, in-
cluding reflection, absorption and resonant wavelength, of the resulting cavities
are then measured. From arrays of single cavities we then create nanocavity

based metasurfaces, where the period is of the order of a wavelength or less,

Tno pun intended
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and demonstrate several applications of such arrays including, as a polarizing
frequency selective surface or optical band-stop filter, as a colour pixel for print-
ing [12] and as a simple refractive index sensor [97]. A general analysis and
comparison of nanoapertures, nanocavities and perfect absorbers can be found in

82.5.

6.2 Creating Nanocavtites with RNIL: Effects of Applied Pres-

sure and Material Choice

In this section the fabrication of nanocavities in silver, gold and aluminium films
using RNIL is explored. A 100 mm [100] crystal orientation degenerately doped
Si wafer is patterned using EBL and ICP-RIE. The etch mask used is 100 nm of
HSQ and an etch chemistry of 30/5 sccm Cly/Ar is used to etch 160 nm deep
nanofeatures. An anti-stick layer is applied to the Si master to aide master release
after imprinting. An EVG 520S wafer bonder is used to perform the nanoimprint
steps. A cycle time of 60s and various pressures are used. The thin metal films
are prepared via electron beam evaporation. Figures 6.1 and 6.2 depicts the basic

steps of this fabrication technique.
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Figure 6.1: The RNIL process used here consists of lithogrpahic patterning of a Si master, then pressing the
nanofeatures of the master into a metal film using a hydraulic press.
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Figure 6.2: A depiction of the resistless nanoimprinting process. A 40 nm layer of HSQ is spun onto a silicon
wafer (a), which is patterned using EBL (b) and etched using RIE (c), an anti-stick layer is applied to the
master(d), then pressure is applied to force the master into into a silver film (e). The inverse pattern is now
imprinted into the silver film (f).

The outcome of one imprint cycle (using the EVG 520S) tends to result in one
of two outcomes: Either high fidelity reproduction of the master template in the
metal film; albeit with some ‘cast-off’ or ‘slag’ around the edge of the cavities (as
shown in fig.6.3); or with some degree, typically less than a micron, of multidirec-
tional slippage, as shown in fig. 6.4. The increase in hydraulic force on the 520S
during imprinting is performed in discrete steps, not in a continuous fashion, and
this leads to the slip pattern showing multiple steps. The master will slip in one
direction each time the force is increased, with the direction of slippage random
for each step in pressure. The outcome of the imprint cycle is predicated on sev-
eral factors including the amount of debris on the master and target film, the
precise calibration of the 5208, any flexing of either the master or the substrate,
the metallic crystal grain size of the evaporated films, as well as the presence of
air pockets trapped between master and target. In the usual thermal or UV NIL
process into polymer resists, slippage is not usually an issue as the resist is forced
to conform around the mold features and tends to fill any gaps caused by slippage.
In the case of imprinting directly into soft metal films the history of the contact
between master and film is effectively recorded into the film. It should be noted

that the single crystal Si wafers used here are 300-500 micron thick and will flex
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under the forces applied during RNIL. The result of this is it is possible to have
high fidelity imprints and slippage during the one imprint cycle for different parts

of the wafer.

Figure 6.3: RNIL can be used to create complex shaped cavities: imprinted symmetric cross cavities in a 200
nm Au film. The scale bar is 1 um and each cross arm is 120 nm by 40 nm. Excess metal from each cavity
can be seen at the bottom left of each cross.

Figure 6.4: An example of slippage during the imprint process into a silver film. The master consisted of 50
nm x 50 nm (cross-section) squares, yet the resulting imprint is as shown. The scale bar is 300 nm.

Aside from imprint failures due to slippage, the other common mode of failure

encountered was due to the material properties of the target film. Here the RNIL
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properties of the important ‘plasmonic metals’: gold, silver, and aluminium are
tested. Imprinting into thin Au and Ag films with a Si master posed no problems,
in terms of required force, for the 5208, the typical force required was around
20 kN, half the 40 kN limit of the tool. Examples of imprinted Ag and Au films
can be found throughout this chapter and the next (see for example fig. 6.3).
Imprinting nanofeatures into Al films however, proved fruitless. It appears that
a few nanometers of native oxide (Al,O; is rated 9 on the Mohs hardness scale)
is robust enough to distribute the applied force over a much greater area, even
up to the embosser’s 40 kN maximum output. Figure 6.5 shows an embossing
attempt into a 200 nm Al film on a Si substrate using a 150 nm deep Si master,
with a vacuum pressure of 5 mbar and imprint force of 40 kN, corresponding to an
imprint pressure of 4.5 MPa. The inset shows a close up of one of the attempted
nanocavities. Here it is clear the applied force is spread over an area larger than
just the physical contact area between film and master. The depth of this feature is
only 12 nm according to FIB-SEM measurements. The native oxide layer requires
a greater force to penetrate than the tool is capable of, however once overcome,

the imprinting of Al films should be as straightforward as that of Au and Ag films.

Figure 6.5: A failed attempt at imprinting nanocavities into Al. It appears the presence of the native oxide
layer diffuses the applied force across a large area. The measured feature depth is only 12 nm. Large scale
bar is 5 um and 100 nm inset.
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6.2.1 Imprint Pressure Determines Cavity Depth

In order to create complex nano-optical devices with resistless nanoimprint lithog-
raphy it is important to build up a model of the imprinting process. To guide and
calibrate our model we first assess the role of applied pressure during RNIL of
single cavities in silver and gold films, two of the most important metals for plas-
monic applications. A Si master, depicted in fig. 6.6, with nanorods 150 nm, 50
nm and 157 nm in length, width and height respectively, was created using the
usual EBL and RIE process as described in §3.5. Each nanorod is separated by 5
wm from its nearest neighbours so that each resulting cavity can be individually
addressed optically and array effects need not be considered when calculating
the resonant wavelength. The etching process results in a slight sloping of the
nanofeature sidewalls and the angle was measured to be 15° from vertical. The
master was solvent cleaned of debris in an ultrasonic bath then the antistick layer
was applied via spin coating and the excess ASL removed with liberal application
of Novec 7100. Three metallic thin films were prepared via e-beam evaporation
onto Si substrates; a 200 nm Ag film, a 200 nm Au film and a 90 nm Au film. The
purpose of the 90 nm film was to investigate the case where the master’s features
are taller than the target film thickness. The master and metal substrates were
then diced into 1 cm x 1 cm square pieces using a DISCO DAD321 wet dicing
saw. This was done to reduce long range flexing of the master during imprinting

and to save on cost, should the master break during the imprint process.
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Figure 6.6: (a) The layout of the master used to create single nanocavities, each nanofeature is 5 um
apart and has cross-sectional dimensions of 150 nm by 50 nm. The features cover an entire 4” wafer. (b)
and (C) The master is stamped into a thin metal film, either gold or silver and nanocavities created. The
nanofeatures are 150 nm high and the cavity depth depends on the applied pressure. (d) A SEM image of
one of the nanofeatures, taken at a tilt angle of 45°, the scale bar is 200 nm and the measured height is 157
nm.

On the nanoscopic scale, the process of imprinting nanofeatures into metal
films is closely related to the material hardness test known as nanoindentation
[98]. Here a hard tip is pressed into the material under investigation and the
resulting indent dimensions can give important mechanical properties of the ma-
terial. Typically the resulting indent will be compared to a particular deformation
model in order to determine properties such as the Young’s modulus of plastic
deformation, Y, [99]. For ultrathin polycrystalline films typically sophisticated
simulations involving a large number of dynamic points representing the position
and velocity of rigid crystal grains which comprise the metal film are used. The
process involves estimating the probability of crystal grains slipping past each
other for a given stress, that depends on the microscopic properties of the film
such as grain size and the forces between grains and even the shape and orienta-

tion of the grains. From these Monte-Carlo simulations and the measured indent
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dimensions it is possible to determine the material parameters [100]. A simple
working model of plastic deformation can be derived by relating the engineering
strain ep = ‘;—f (where o = &, F is the applied force and A is the original cross
sectional contact area of the master and substrate) and the true strain, e = %

(where d is the imprint depth and £ is the original film thickness) [101],

er =In(1+eg). (6.1)

Making the relevant substitutions and rearranging (6.1) yields

F

where Y,,, which depends on the microscopic details of the film, can be used as a
fit parameter to find the relationship between pressure and depth for each gold

or silver film.

Figure 6.7: A nanoimprinted 200 nm gold film, here the cavities are 120 nm deep. The scale bar is 1 um. A
close up of a single nanocavity, scale bar 200 nm (inset).

98



Figure 6.7 shows an example of the single nanocavities studied in this section.
The cavity entrance cross sectional shape is not quite rectangular due to the shape
base of the nanofeatures of the master. The deformity is introduced during the
RIE etching step. This deformation however, will not adversely affect the exper-
iment as it is repeated for each cavity. The SEM image also indicates that there
was no slippage between master and target substrate during imprinting and the
nanofeatures were normal to the film surface as the metal cast-off around each

cavity is distributed symmetrically.

Figure 6.8 shows the measured depth of imprinted single nanocavities as ascer-
tained by FIB milling of 200 nm thick silver films. The silver dashed line repre-
sents the maximum possible imprint depth (157 nm, the height of the nanofea-
tures), the blue triangles are the depth measurements of the cavities prepared
with particular imprint pressure and the blue dashed line is a line of best fit
based upon equation 6.2. The film thickness, h is 200 nm, the contact area is
A =150 x 50 x (%)2 = 3 um? and the Young’s modulus of plastic deformation,
Y, for this particular film is 2.24 MPa. The maximum depth of nanocavities in
this silver film appears to be limited to around 125 nm, leaving 75 nm of silver

at the bottom of the cavity, much more than the skin depth of silver at optical

frequencies.

Figure 6.9 shows the same depth measurements for the two different sets of gold
film samples. Figure 6.9(a) shows the experimental results for a 200 nm gold
film, which appears to be more easily deformed than the silver films of the same
initial thickness and has Y, = 1.63 MPa. Again the imprint depth seems limited
to around 120 nm on this embossing tool, but in contrast to the silver films the
range of cavity depths achievable is reduced, due to the lower Young’s modulus
of plastic deformation. To increase the imprintable cavity depths a thinner film of

gold (90 nm) was prepared on a silicon substrate. By reducing the initial thick-
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ness, h, to below the height of the master’s nanofeatures, the final cavity imprint
depth, d, is also reduced.

Figure 6.9(b) shows the results of imprinting into an ultra thin film. First it should
be noted that this type of imprinting lead to greater damage and higher losses of
the silicon masters as well as target substrates, however the gold nanocavities
in this case exhibited an only slightly increased value for Y, of 1.77 MPa. The
maximum depth achieved during imprinting was limited to around 55 nm, which
still leaves 35 nm of gold at the bottom of the cavity, still greater than the skin
depth at optical frequencies. Interestingly, these results show that by selecting
the initial thickness of the target film it is possible to increase the range of cavity
depths attainable. It also shows that as the cavity depth approaches the initial film
thickness this simple model breaks down and we would need to account for the
presence of the supporting substrate and its effects on the local Young’s modulus

of plastic deformation.
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Figure 6.8: Imprint depth for 5 different applied pressures (triangles) for a 200 nm Ag film on a Si substrate.
The silver dashed line is the maximum possible depth (157 nm, the height of the master). The blue dashed
line is d(P, 200; Ag), a logarithmic line of best fit.
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Figure 6.9: Imprint depth for 5 different applied pressures (triangles) for a 200 nm (a) and a 90 nm (b) Au
film on a Si substrate. The gold dashed lines are the maximum possible depth ((a) 157 nm, the height of
the master and (b) 90 nm, the thickness of the film). The blue dashed lines are (a) d(P,200; Au) and (b)
d(P,90; Au), logarithmic lines of best fit.
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6.3 The Optical Properties of Scalable Plasmonic Nanocavities

To determine the range of the optical response of single nanocavities in gold and
silver films fabricated using RNIL, absorption spectrocopy was performed using
a CytoVita Hyperspectral microscope. A 100x 1.3 NA oil immersion Nikon lens
was used with 1.44 refractive index matching oil covering the sample. The oil not
only allows for a large numerical aperture, to capture all the possible scattered
and diffracted light, but also red-shifts the cavity resonance towards the middle of
the visible spectrum. This is desirable as the light source has a far greater intensity
here than at shorter wavelengths and the detector is more sensitive at these wave-
lengths, which makes capturing single cavity spectra easier. The oil also simulates
the effects of a thin transparent encapsulation layer which is commonly used to
passivate devices or the effect of a biological cell. In order to reduce the noise
and reduce the effect of slight cavity-to-cavity differences the absorption spectra
are taken to be the average of 10 spectra from 10 individual cavities, each imprint

pressure and for each film type (200 nm Ag, 200 nm Au and 90 nm Au).

The absorption? spectra for single silver nanocavities for a variety of imprint
pressures is shown in figure 6.10. Here the resonance can be seen to increase
in both amplitude and wavelength as increasing pressure is used for embossing.
Figure 6.11 shows the experimental results for the 90 nm gold film (a) and the
200 nm gold film (b). The same general trend is observed in both cases where
increased imprint leads to red-shifted resonances. The gold cavities absorb up to

40% of the incident light, whereas the silver cavities only reach 25% absorbance.

2strictly speaking, 1-R
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Figure 6.10: Single nanocavity absorption spectra for varied applied imprint pressure in a 200 nm thin Ag
film on a Si substrate.

6.3.1 Cavity Depth Determines Resonant Wavelength

Equation (6.2) can be combined with the Fabry-Perot (FP) resonance condition
(2.11) and the MIM waveguide dispersion relation(2.8) to find a relationship be-
tween the applied imprint pressure and the resulting resonant wavelength of the
cavities. The utility of this as a scalable technique for the fabrication of plasmonic
metasurfaces should not be overlooked. It allows for post master fabrication tun-
ing of the metasurface response as required, just by adjusting the applied imprint
pressure or the initial film thickness. Figure 6.12 shows a summary of the ef-
fect of the imprint pressure used during RNIL on the optical response of single
nanocavities. The peak wavelength and absorbance for various imprint pressures
is shown for a 200 nm silver film, as well as 90 nm and 200 nm thick gold films.
Evidently the absorption peak red-shifts with increasing imprint pressure, in ac-
cordance with the increasing cavity depth. The silver film sample showed the
greatest optical range from 480 nm to 610 nm, a large section of the visible spec-

trum. The colours in this case however, were underwhelming as the absorption
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Figure 6.11: Single nanocavity absorption spectra for varied applied imprint pressure in a 90 nm Au film
(a)and a 180 nm thin Au film (b) on Si substrates.
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ranges from only 0.12 to 0.26. This suggests the spectral overlap between the
MIM waveguide mode and the FP mode is suboptimal. Either deeper imprinting
or higher refractive index oil could improve the spectral overlap. The gold films
showed a limited spectral range from 520 nm to 580 nm, due in part to the lower
variance in depth with pressure found for the gold samples. The gold samples did
however exhibit a large maximum value of absorption, ranging from 0.15 to 0.4,
which can be attributed to the increased losses in gold around these frequencies
due to the interband transition in the metal. The results summarized in figure
6.12 show that RNIL has potential for the scalable creation of optical nanocavities
in thin metal films, with the added bonus of modifying the optical properties of
the fabricated devices with no expensive refabrication steps, but simply by adjust-
ing the film thickness and the pressure used. The model used here gives a useful
‘ball-park’ estimation of the cavity resonant wavelength during the master design
phase, for industrial applications, a calibration run of various pressures would be

required for each unique master before committing to a large imprinting project.
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6.4 Nanocavity Arrays as Optical Elements

An understanding of the relevant physics at play was gained in the previous sec-
tion by studying the optical response of single nanocavities produced via RNIL.
By considering only single cavity diffractive effects, Bloch wave (SPP) and cavity-
cavity coupling effects were suppressed as well as simplifying the mechanical
model developed for the imprint process [102]. To increase the visibility of an
RNIL based feature dense arrays of nanocavities should be used, where the spac-
ing of cavities is on the order of or less than a wavelength. In this case the array
can be considered a metasurface and provide a strong optical response as well as

form high resolution printed images.

The aim of the following section is to demonstrate coverage of large areas with
nanocavities is feasible and requires no extra imprinting time using RNIL, as well
as to demonstrate a strong polarisation response, which can form the basis for
metasurface based optical elements such as a polarising bandstop filter. In addi-
tion colourful, high resolution images are imprinted directly into gold and silver

films and these arrays are shown to act as local refractive index sensing substrates.

6.4.1 Large Area Arrays

The production of a silicon master covered with square centimetres of nanofea-
tures is a very time consuming task, the initial step requires 10s of hours of elec-
tron beam lithography which makes it prohibitively expensive to produce very
large area prototype masters. However it is important to demonstrate the large
scale capabilities of RNIL and to probe the effect of long range flexing of the mas-
ter during imprinting. To that end a 70 mm x 70 mm area of a [100] Si wafer was
patterned with 200 nm x 50 nm nanorods with a 5 um pitch. HSQ was once again
used as an RIE etch mask and the features were etched to 150 nm in height. The

master was then solvent cleaned and treated with an anti-sticking layer. The total
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Figure 6.13: A large area array of nanocavities (see inset) imprinted into a silver film. The scale bar is 200
wm and 100 nm in the inset. The total area imprinted was 4900 mm?.

lithography time was 13 hours. To reduce the destructive effects of master slip-
page and long range flexing of the master (see figure 6.4) a 5 mm thick Ti plate
was used to help provide rigidity and two graphite pads were used to absorb the
initial jerk force applied by the EVG 520S Hot Embosser. Figure 6.13 shows a low
magnification (20x) dark field microscope image of a 200 nm Ag film embossed
at 3.2 MPa of pressure. As can been seen the imprint covers a large area with very
good uniformity and as the SEM inset shows, good fidelity of pattern replication.
The total imprinted area was 4900 mm?, which is much larger than the typical

security feature or components found in the typical optics laboratory.

6.4.2 Scalable Polarising Frequency Selective Metasurfaces

The nanocavities fabricated to demonstrate the very large area imprint capabilities
of RNIL in the previous subsection are highly anisotropic, which leads to a strong

preference for a particular linear polarisation state at the cavity resonance wave-

108



length. As previously discussed polarisation control is highly desirable for optical
components in general and in particular for creating pixles for lithographs [12]. A
Python script was developed to turn bitmap images into GDSii files which can then
be used with electron beam lithography and RNIL to produce iconographic meta-
surface polarising arrays operating in the visible spectrum. Figure 6.14 shows a
silicon master comprised of 200 nm x 50 nm nanorods, etched to a depth of 150
nm, arranged in the shape of The University of Melbourne’s crest, with a 300 nm
array spacing. The regions with fine detail, such as Victory’s wings and the text,
consist of only a few nanorods. The master was embossed at room temperature,
with a pressure of 3.5 MPa, under a 5 mbar vacuum, into a 200 nm silver film on

a silicon substrate.
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Figure 6.14: An SEM image of a HSQ/Si master template, consisting of a structured array of 200 nm by 50
nm nanorods. The white scale bar is 5 um. The image has been reversed.

Figure 6.15 shows the imprinted pattern in the silver film, here the cavities are
faithfully reproduced across the patterned area, including the fine details. Figure
6.16 shows an atomic force microscope (AFM) trace across the short axis of the
nanocavities, it can be seen that the cavities are slightly wider than the master, at
around 70 nm are in fact, 300 nm apart and around 50 nm deep. The excessive
metal cast off can also be seen at the opening of each cavity. The reduction in
imprint depth comes from the higher density of nanofeatures, as this template
design is far from the single cavity limit. In this case the Young’s modulus of
plastic deformation is estimated (as there is only one data point) to be 3.15 MPa,

40% higher than the comparable single cavity case.
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Figure 6.15: An SEM image of the imprint in a silver film produced using the master shown in Fig. 6.14.
Note the fine details are made up of only a few nanocavities. The white scale bar is 5 um
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Figure 6.16: AFM trace of the nanoimprinted cavity array in a 200 nm Ag film. The imprint depth is 45 nm,
including the pile up of excess metal at the cavity opening.

Polarisation Response of the Metasurface

Absorptive polarisation devices are typically characterised by their polarisation
extinction ratio (PER), which is the ratio of the reflection of one linear polari-
sation state to the other, in this case the square of the electric field component
perpendicular to the long axis of each cavity to the component parallel (ratio of
reflection of TM to TE excitation) [43]. The PER of the University crest array
was measured using a Fianium 450SC light source, 100x 1.3 NA Nikon oil im-
mersion objective, 1.48 refractive index matching oil, an Andor Solis 303i cooled
spectrograph and Thorlabs LPO50-VISA linear polariser. The results are shown in
figure 6.17. It can be seen that the extinction ratio at resonance is better than
one decade between polarisation states at a wavelength of 660 nm. It can also be
seen that the full width at half maximum (FWHM) is 80 nm, with no substantial

polarisation effect outside of the region 550 nm to 730 nm.
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Figure 6.17: Polarisation extinction ratio (PER) of the nanoimprinted metasurface shown in Fig. 6.18(a) at
normal incidence.
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Figure 6.18: Darkfield microscope images of the University Crest metasurface imprinted into a thin silver
film (a) and the MCN logo metasurface imprinted into a thin silver film (b). The nanocavities comprising the
metasurfaces are the same dimensions.

Dark Field Scattering Images

When the nanocavities are excited and viewed under bright field conditions they
act as absorptive spectral (and polarisation) filters. When illuminated and ob-
served with a dark field microscope the nanocavities selectively scatter light at

the cavity resonance wavelength, this is a direct result of the Optical Theorem [1].
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Figure 6.18 shows two dark field images of the University crest (a) in a silver film
coated with PMMA (n = 1.5) and the Melbourne Centre for Nanofabrication (b)
in silver without a superstrate encapsulation layer. It is clear from 6.18 that there
is a strong colour response exhibited by these dense nanocavity arrays, in addi-
tion to the strong polarisation response. This response can be tuned to fabricate
vibrant security features with both covert and overt properties, even after the fab-
rication of a master shim just by adjusting the pressure used during the imprinting

step.

6.4.3 Refractive Index Sensing Substrates

Besides tuning the spectral response through the application of pressure during
the embossing step, it is possible to alter the absorption proprieties of a nanocavity
based metasurface by applying a superstrate of a particular refractive index. This
is due to the fact that both MIM waveguide gap plasmons and Fabry-Perot cavities
are sensitive to the refractive index of the surrounding media, such as passivation
layers [44]. Refractive index sensing is also important in bioscience as many
components of cells are transparent [103-105]. A scalable, low cost, refractive
index sensitive, microscope slide would be a very useful addition to the bioscience
arsenal. Figure 6.19 shows a refractive index sensitive metasurface fabricated via
RNIL of a 200 nm gold film. The dark field image shows two distinct regions,
a green-yellow region where nanocavities scatter light in air and a red region,
where the nanocavities are covered with a small drop of water (n = 1.33). The
water droplet simulates a live cell. Since we know the nanocavity spacing in this
case is 2.5 um we can use that to measure the size of the cell just by counting the
red dots in a dark field microscope image, a task which is easily digitized [106].
Potentially this could be used to test how different treatments affect the growth

rate of certain cells [107].
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Figure 6.19: Imprinted refractive index sensor array in a gold film. The red region indicates the presence of
water in the nanocavities. The bright white regions are silicon debris left over from the master failing during
imprint.

Sensitivity and Range of a Nanocavity Based Refractive Index Sensor

Finite element method calculations of reflection spectra from an array of silver
nanocavities 100 nm x 50 nm x 50 nm (LxWxH), with an array period of 300
nm, are shown in figure 6.20(a). Here the cavity dimensions were held fixed and
the surrounding superstrate refractive index was varied from n = 1 to n = 2. As
expected, the resonant wavelength of the cavity mode depends linearly on the
refractive index of its environment. By plotting the resonant wavelength (figure
6.20(b)) as a function of refractive index we find the sensitivity of such a device
to be 337 nm per refractive index unit and the cavity resonance red-shifts linearly

with increasing refractive index.
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Figure 6.20: (a) FEM calculated reflection spectra for nanocavity arrays for superstrates with n=1 to n=2
(from bottom to top, in steps of An = 0.1). (b) Resonant wavelength, Ao as a function of refractive index.

Tracking the resonant wavelength of nanocavities to determine local refractive
indices requires a broadband light source and a spectrometer. Another potential
technique, that requires only a fixed wavelength laser and a camera, is to con-
vert the reflected intensity into a refractive index. Calibration could be performed
simply by taking the reflectance from an unpatterned part of the silver substrate
and then the measured intensity value in the camera image would represent a
refractive index value. Figure 6.21(a) shows the calculated reflection from the
nanocavity array at A = 532 nm as a function of refractive index. Due to the spec-
tral symmetry of the cavity resonances the effective range this technique would
work is limited to refractive indices on only one side of the resonance, to avoid the
problem of multivalued index values from one intensity value. The index value
this region is centred is set by the cavity dimensions and the wavelength of the
laser in use. For example, in figure 6.21(a), the device would operate with refrac-
tive indices from n = 1.2 to n = 1.4 with a peak sensitivity (which depends on the
gradient of this curve) at n = 1.35, which is the typical range for many important
features of cells, which are mostly water (n = 1.33) and components that have a
refractive index between n = 1.34 and n = 1.39 (see figure 6.21(b)) [3]. Here the

reflected intensity falls from 0.93 to 0.15, easily detectable with a modest camera.
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Figure 6.21: (a) Reflection from a nanocavity array as a function of superstrate refractive index. (b) An
example refractive index tomograph of a CA9-22 cell taken from [108].

6.5 Summary

Resistless nanoimprint lithography can address a significant problem currently
faced by nanophotonics, namely most nanophotonic devices are not fabricated
using industrially scalable techniques. This is a major barrier that will need to be
overcome before there is large-scale uptake of nanophotonic devices. To better
understand the capabilities and limitations of RNIL, single cavity masters were
fabricated and embossed into silver, aluminium and gold films. The aluminium
embossing unfortunately failed, potentially due to the hardness of the native oxide
layer. Nevertheless, cavities of varying depths and shapes were imprinted in silver
and gold. After imprinting, the Si master can be re-used approximately 8 times
before the nanofeatures are degraded by wear. This issue can be overcome by sub-
stituting the Si master for one composed of Ni, which has been shown to imprint
high fidelity patterns even after 8000 imprint cycles [109]. It was also shown that
by adjusting the applied imprint pressure it is possible to tune the nanocavity’s
resonant properties. Silver nanocavities offered lower absorption but a greater
pressure tuning range, due to a higher Young’s modulus of plastic deformation.

Several applications of nanocavity metasurfaces were proposed including a spec-
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tral notch filter, absorptive polarisation filter, high resolution colour printing and
refractive index sensing substrates for bioscience applications. The scalability of
the technique was demonstrated by imprinting a 7 cm by 7 cm array of nanocavi-
ties. With RNIL it is possible to create one large area master template and create
metasurfaces with a range of optical responses just by varying the pressure used

in the imprinting step or by judicious choice of superstrate refractive index.
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Chapter 7

Plasmonic Cavities for Quantum

Source Control

7.1 Introduction

In chapter 5 plasmonic nanoantennas were combined with a semiconducting sub-
strate to create a compact polarisation sensitive detector. In that case the plas-
monic component acted only to filter the polarisation state of the incident light
before absorption in the semiconductor. It is possible however to couple plasmons
with semiconductor excitons to actively alter the quantum properties of an emit-
ter, such as a quantum dot or a fluorescent molecule or alter the spectral absorp-
tion of a low cost semiconductor such as TiOs. In this chapter the use of plasmonic
metal-insulator-metal (MIM) nanocavities coupled to thin films of semiconductor
or semiconductor nanocrystal doped films are investigated. Particular attention is
paid to the alteration of quantum properties due to the plasmon-exciton interac-
tion such as the radiative decay rate enhancement of the emitters, the polarisation
state of the emission, or the absorption and electric detection of sub-bandgap en-

ergy photons!. Potential applications are also discussed.

IThis particular discussion can be found in Appendix C
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The first section describes an application of resistless nanoimprint lithography
(RNIL) for the creation of a plasmonic metasurface and demonstrates its applica-
tion to the enhancement and control of radiation by quantum dots. The metasur-
face consists of an array of cold-forged rectangular nanocavities in a thin silver
film. High quantum efficiency graded alloy CdSe/CdS/ZnS quantum dots were
spread over the metasurface and the effects of the plasmon-exciton interactions
characterised. There is a four-fold increase in the radiative decay rate of the QDs
and emission brightness, compared to QDs on glass, along with a degree of linear
polarisation of 0.73 in the emitted field. Such a surface could potentially be inte-

grated with current QD display or organic solar cell designs.

The second section explores the integration of semiconductor quantum dots
(QDs) into the dielectric layer of a metasurface Fabry-Perot (actually, more cor-
rectly, a Gires-Tournois) etalon. One side of the cavity is formed using an array of
silver nanoantennas, the other is an optically thick silver mirror. This configura-
tion, where one surface of an etalon is replaced with a metasurface, is renamed
as a “metalon”, for the sake of brevity. The nanoantennas provide extra radiative
decay pathways for the exciton and so lead to a reduction in the exciton lifetimes.
The incorporation of QDs in thin PMMA films is optimized, as the etalon response
depends strongly on the dielectric film thickness, which in turn depends on the
spin coating properties of the PMMA. This film thickness is tuned to provide sig-
nificant spectral overlap between the cavity absorption and the QD emission. This
course of investigation is to understand the effect of polymer layer thickeness on
the operation of a plasmon-exciton device such as an enhanced QD-LED.

In the final section of this chapter a reimagining of the canonical plasmonic
bullseye structure inspired by Huygens’ Principle for the enhancement and fo-
cussing of light emitted from a QD film is investigated. FEM calculations are used
to optimise the device parameters such as beam divergence, brightness and po-

larisation. The device is fabricated using EBL and spin coating QD doped PMMA
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and then characterised by polarisation resolved confocal fluorescence scans and
far-field imaging techniques. Such a device could find use in a photonic communi-
cation system, where information could be multiplexed across polarisation states

and frequencies.

7.2 Quantum Dot-Metasurfaces

Quantum emitters coupled to a plasmonic metasurface exhibit several useful prop-
erties including the alteration of excited state lifetimes and emitted polarisation
state. It is surprisingly straightforward to integrate a metasurface into today’s
QD-LED architecture, where the metallic back-contact can be structured with cold
forging to cost effectively increase the QD pixel brightness and polarize the emis-
sion from each pixel. This would allow for 3D display technology and further
reduce the cost and energy consumption of QD displays. The same cold forging
techniques can also be readily extended to increase the efficiency of QD-based
or organic solar cells, although the metasurface response should be polarization

independent in this case.

The weak coupling of excited quantum states to cavity modes can lead to emis-
sion enhancement via the Purcell effect [51], which then results in devices with
a higher external quantum efficiency (EQE) and lower power consumption. Pho-
tonic and plasmonic interactions have previously been investigated to produce
enhanced and polarised emission from quantum sources [55,110-113]. Plas-
monic designs have the advantage of being highly compact and readily integrable

with current QD display designs.

Precisely fabricated plasmonic devices have been used to demonstrate enhance-
ment of the directivity, polarisation and intensity of QD emission [114, 115].

These approaches, however, rely on slow and costly fabrication techniques such
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as electron beam lithography or focused ion beam milling. Here an application of
a cost-effective, high throughput, scalable nanofabrication technique, known as
resistless nanoimprint lithography (RNIL) or cold forging is demonstrated [59].
A thorough investigation of the RNIL process and the optical nanocavities cre-
ated is presented in chapter 6. Using this technique it is possible to demonstrate
both radiative decay rate enhancement and control of emission polarisation due
to the interaction of quantum dot excitons with the plasmonic modes of an array
of nanocavities.

Previously, the spectral response of plasmonic cavities created with RNIL in
86.2.1 and other methods [43,59,116] showed surprisingly sharp and short wave-
length resonances, compared to apertures of similar dimensions [89]. The modes
supported by these nanocavities have a node of the electric field near the metallic
end of the cavity and an antinode at the open end. This fact permits strong blue
resonances in the nanocavities, something that is critical to colour displays, this
is difficult to achieve with nanoapertures and is a major issue for current organic
LED (OLED) based displays. Figure 7.1 is an illustration of the QD-nanocavity

metasurface.

(a) b

Figure 7.1: (a) An array of nanocavities in a thin silver film, covered with CdSe/CdS/ZnS QDs. (b) The QDs
can be excitied with green light then emit red light, which drives a cavity plasmon mode.
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7.2.1 Fabrication and Experimental Methods

Figure 7.2: A scanning electron micrograph of the resistless nanoimprinted cavity array in a silver film. The
cavities are highly asymmetric, measuring 200 nm long by 40 nm wide.

The resulting nanocavities are shown in the scanning electron micrograph in Fig.
7.2. The rectangular nanocavities are 40 nm wide and 200 nm long, with an array
period of 300 nm. Atomic force microscopy reveals the cavity depth to be approx-
imately 40 nm + 3 nm. Excess metal from the nanocavities is squeezed out to the
side, where the cast off can be seen as the bright areas around the cavities in Fig.

7.2.

The spectral emission properties of semiconductor nanocrystals or quantum dots,
such as emission wavelength and linewidth, as well as intensity, can be tailored
during the growth process. Due to their small size, high brightness and rela-
tive stability, quantum dots are an attractive solution for some of the challenges
of modern photonics, such as solar energy harvesting [117], telecommunication
and energy efficient illumination [118]. QDs are also readily integrable with
plasmonic structures, which allows for further control over their emission prop-
erties, such as beam steering [119], polarisation or radiative decay rate enhance-

ment [67].

The quantum dots used here consisted of a 4.5 nm diameter CdSe core with a

6 nm thick graded alloy Cd,Zn;_,S shell [120]. The final QD diameters were
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Figure 7.3: A HRTEM image of the monodisperse graded alloy shell QDs.

normally distributed about 10 nm + 2 nm. Due to the small variation in QD size,
the absorption and decay properties of each QD in this sample were similar. The
growth process is detailed elsewhere [120]. At the time of growth these QDs
exhibited an 80% quantum efficiency, and a mean lifetime of 17 ns in a 15 uM
concentrated solution, with hexane as the solvent. Figure 7.3 shows a high reso-
lution transmission electron microscopy (HRTEM) image of the QDs used in this
experiment. The sample shows low dispersion in QD size, which leads to narrow
emission bands for the QD/SU8 mixture. This also helps reduce the spread in
decay rates of our QDs.

To incorporate the quantum dots with the nanoimprinted metasurface, the QDs
were mixed into SU8 2000.5 to provide environmental stability. The final QD con-
centration in the SU8 film was 1.4 uM. The SU8/QD mixture was then drop-cast
onto the patterned silver film and sealed with a glass cover slip. The SU8 was
then cured under UV light. The SUS8 layer thickness of 12 um was determined

using confocal microscopy.

Fluorescence scans were performed using a Nikon Ti-80i inverted microscope fit-
ted with a 100x 1.3 NA oil immersion lens, a Perkin Elmer SPCM-AQRH-14-FC

avalanche photo diode (APD) and a Mad City Labs NanoDrive xy piezo stage.
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Fluorescence spectra and the nanocavity reflectance spectrum were measured us-
ing an Andor Solis cooled spectrograph CCD array. Fluorescent lifetime measure-
ments were carried out using the time correlated single photon counting (TCSPC)
technique using a synchronised Picoquant TimeHarp 200 and the APD. Informa-
tion about the quantum dot radiative lifetime and decay rate distribution was
retrieved by fitting an exponential decay weighted by a log normal distribution
to the TCSPC data [68]. The light source used for these measurements was an
NKT SuperK supercontinuum photonic crystal fiber laser, with a 10 MHz repeti-
tion rate. The broadband light was filtered with a high optical density 531 nm =+
11 nm bandpass filter (531/22 Brightline) and a 531 nm longpass dichroic beam-
splitter (532 nm Brightline Laser Dichroic Beamsplitter), resulting in a spatially
coherent pumping spectrum of 532 nm to 540 nm. The reflected light from the
sample was then collected from the dichroic beamsplitter through a 532 nm long
pass filter (532 nm RazorEdge LWP) and focused onto the APD. The range of

wavelengths detectable with this set up is 541 nm to 1100 nm.
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7.2.2 Results and discussion
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Figure 7.4: The measured reflectance of the SU8 encapsulated silver nanocavity array (blue) and the nor-
malized emission from the Cd, Zn; .S quantum dots in SU8, measured on a glass microscope slide (red).

The measured cavity reflectance spectrum, shown in Fig. 7.4, has a dip in reflec-
tion at a wavelength of 670 nm, with a full-width-at-half-maximum of 70 nm, as
determined by fitting a Lorentzian to the spectrum. This can be attributed to the
excitation of the fundamental cavity mode, which is broadened due to irregular-
ities in the fabricated cavity dimensions and higher material losses. Fig. 7.4 also
shows the measured fluorescence spectrum of the Cd,Zn; ,S QDs. The pump
laser excites the quantum dot excitons and these decay with a peak emission
wavelength of 645 nm. The QD emission band overlaps with the fundamental
resonant mode of the nanocavities, which permits weak coupling between the
QD excited state and the plasmonic cavity mode. The bright regions in the scan-
ning fluorescence image shown in Fig. 7.5 are from quantum dots located in close
proximity to the plasmonic nanocavities, where the interaction between plasmons

and excitions is strongest. The fine details (text, outline, and wings) in Fig. 7.5
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are dimmer than central parts as they are only one or two nanocavities wide so
the overall intensity sampled by the microscope objective is lower in these re-
gions. The plasmon-exciton coupling leads to a two-fold increase in the intensity
of the collected light, compared to the background fluorescence of the QDs on
the Ag film and a 95% increase in the external quantum efficiency of the device.
This is a manifestation of the Purcell effect, where the introduction of extra ra-
diative decay pathways (that is, an increase in the local density of optical states),
via coupling of the QD excitons to plasmon cavity modes, has greatly increased
the excited state decay rate, so more photons per unit time are collected when
the QDs interact with the plasmonic nanocavities. This enhancement effect is in
addition to of any Purcell enhancement produced by proximity of the QDs to the

unpatterned Ag film and the SU8 encapsulation layer.

10 20 30 40 50 60
X (1um)

Figure 7.5: A fluorescence microscope scan of the quantum dots interacting with the nanoimprinted cavities.

The emission from QDs near the cavities have around 3.5 times the intensity than for QDs near the bare Ag

film. This is evidence of coupling between the plasmonic cavity modes and the quantum dot excitons.
Figure 7.6 shows the collected counts from the QD/SU8 sample on a silver

film. A 532 nm CW laser was used to pump the QDs through a 0.90 NA 100x

Olympus Objective. The objective is mounted on a XYZ piezo stage with a 200 um
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scan range in all three directions. The emission was collected through the same
lens, passed through a 532 nm dichroic filter into a single-moded optical fiber
connected to an avalanche photodiode. The 60 um core of the optical fiber acts
as a pinhole aperture to give the system confocal optical sectioning. By collecting
emission at various heights above the silver film and above the nanocavity array;,
the effect of spectator QDs can be observed. The collected emission from 6 yum
above the metallic surface is still 10% of the maximum value. This affects the
lifetime data and the degree of polarization measurements. By focusing on the
silver film and then retracting the objective until QD fluorescence is no longer
observed, it is possible to measure the thickness of the SU8 layer. Figure 7.7 shows
the silver surface, with many bright QD aggregates and the same region with the
objective 12 um further away from the sample, where only a few aggregates are
visible. Further than 12 ym QD aggregates are no longer visible in the scanned
image, thus the thickness is 12 um.

Figure 7.8 shows the measured spectra for quantum dots near and far from
the nanocavity array for the same pump power and collection times. From these
spectra it is possible to estimate the increase in external quantum efficiency of the
device due to the coupling between cavity plasmons and QD excitons. To do so,
one must integrate the counts with respect to wavelength for each spectrum and

take the ratio, which yields 1.95, or an increase in EQE of 95%.
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Figure 7.6: A comparison of the collected fluorescence from the QDs above the cavity array (blue) and above
the unpatterend film (red).
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Figure 7.7: Confocal scans of the QD/SU8 mixture on the unpatterned silver film, (a) at the silver surface
and (b) 12 pm from the silver surface.
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Figure 7.8: Spectra from QDs on the cavities (blue) and on the unpatterned silver (yellow). The presence of
the cavities increases the EQE by 95%.

Scanning the sample and collecting spectra with an analyser at either 0° or 90°
to the long axis of the nanocavities, reveals the emitted light near the imprinted
cavities has a preferential polarisation direction perpendicular to the long axis
of the cavities, whereas light from QDs away from the cavities is unpolarised.
This is consistent with the excitation of the cavity mode that has this polarisation.
By comparing the recorded intensities for both polarisation states, the degree of
linear polarisation (DOLP) can be calculated. The spatial variation of the DOLP
is shown in Fig. 7.9, with a maximum value of 0.73 from the cavity array. The
measured value is reduced due to the presence of ‘spectator’ QDs throughout the
12 pm thick SUS8 film, as identified using confocal microscopy. Quantum dots
more than 5 ym above the cavities do not appear to behave differently to QDs the
same height above the unpatterned film. The degree of linear polarisation could
be increased by using a much thinner (~ 30 nm) film of QDs, as would be found

in a commercial QD display.
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Figure 7.9: Normalised emission spectra (a) for the cavity coupled quantum dots with an analyser at 0°
(blue), 45° (black) and 90° (red) to the long axis of the nanocavities. (b) the spatial distribution of the
degree of linear polarisation, or S1, of the QD emission. The value of S1 for light collected above the cavities
is up to 0.73, whilst over the Ag film it is 0.

The time correlated single photon counting histograms shown in Fig. 7.10(a)
have been normalised so that the maximum count is one. This allows for easy
comparison of QD lifetimes for the 3 environments; in SU8 on glass, in SU8 on
the unpatterned silver film and in SU8 on the nanoimprinted metasurface. Each

histogram can be thought of as a probability density function, f(¢), representing
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the probability of detecting a photon at some time, ¢, after the excitation pulse.
For a single emitter, with a single excited state, f(¢) will be an exponential decay;
f(t) = e7'*, where the decay rate, I' = 1/7 and 7 is the excited state lifetime. To
fit the decay characteristics for more realistic cases with an ensemble of different
emitters, each with multiple excited states, a stretched exponential is a popular
choice for f(t) = e~("™”, [120] Here, following the lead of van Driel et al. [68],

the lifetime distribution is modelled using

ft) = /0 Ooe—” o(I') dr, (7.1)

where o(I") represents the distribution of total decay rates of, in this case, mul-
tiple quantum dots. The decay rate distribution function, ¢(I'), is modelled as a
lognormal distribution so that

]_ 7(1nF—lnFm )2

o(l) = w ) (7.2)

=—— ¢
[ wy/me s
where I, is the most frequent total decay rate and w is related to AT, the width of
the distribution, by AI' = 2T",, sinh (w) [67]. The advantage of using this analysis
of the decay behavior of the QD excitons compared to the stretched exponential
approach is that I',, and AT can easily be physically interpreted, whereas 5 does

not have a straightforward physical interpretation [68].

To fit f(¢) using equations (7.1) and (7.2), to the TCSPC data shown in Fig.
7.10(a), a cost function approach was employed to find the values of I',, and
w that minimise the difference between the measured data and f(¢) over the 35
ns measurement window. Once I',, and w have been estimated, one can generate
the total decay rate distribution functions, o(I"), find f(¢) and then calculate the

expected lifetime using,

T :/0 t f(t)dt. (7.3)
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Figure 7.10: (a) Normalised TCSPC histograms for quantum dots in SU8 from the same batch on glass (red)
with 7 = 17.4 ns, on the bare silver film (blue) 7 = 14.4 ns and on the nanoimprinted cavity array (green)
7 = 3.9 ns. It is clear that plasmon-exciton interactions lead to a greatly reduced radiative lifetime. (b) The
calculated total decay rate distributions o(I"), normalized to their peak values, o.nq4, for quantum dots in
SUS8 on glass (red), on an unpatterned silver film (blue) and on nanoimprinted cavities (green). The mean
decay rate increases from I',, = 0.07 per ns for QDs on glass to I',,, = 0.237 per ns for the cavity coupled
QDs, an increase of three and a half times. The spread of the decay rate distribution also increases from
AT = 0.14 per ns for QDs on glass to AI' = 0.56 per ns for cavity coupled QDs.

The total decay rate distributions calculated from the TCSPC data using equa-
tions (7.1) and (7.2) are shown in Fig. 7.10(b), normalized to their peak values,

Omaz- FOT the case of the graded alloy quantum dots suspended in cured SU8 on

a glass substrate, the mean lifetime, 7 was found to be 17.4 + 1.2 ns with a most

133



frequent total decay rate, I',, of 0.07 per ns. For QDs on the unpatterned silver
film, an average lifetime of 14.4 4+ 0.89 ns and a I',, of 0.138 per ns was calcu-
lated. For QDs interacting with the nanoimprinted metasurface, the lifetime was
reduced to 3.9 &+ 0.31 ns and the most frequent exciton decay rate increased to
0.237 per ns. By comparing the lifetime values for quantum dots in SU8 on glass,
7o, and near the nanocavities, 7., one can estimate the Purcell enhancement fac-
tor, £, = g—o = 2, of this scalable metasurface to be F,, = 4.46. This enhancement
factor agrees with the measured increase in QD brightness near the plasmonic
nanocavities in Fig. 7.5.

The Purcell factor associated with the nanoimprinted metasurface can be in-
creased by fine tuning of the cavity dimensions to increase the spectral overlap
of the exciton and cavity frequencies. Further improvement can be achieved by
reducing the plasmon damping in the cavity by reducing the crystal grain sizes of
the Ag film and more precise control of QD position by use of another lithographic
step. That being said, the Purcell factor and associated polarisation of emission
demonstrated here, with this cost effective technique, compares favourably with
previously reported enhancements using direct write approaches [121]. Other
potential extensions includes designing and fabricating a metasurface that will
impose a particular circular polarisation on the QD emission, which is superior
for use in 3D display technologies compared to linearly polarised light. This can
be achieved by tailoring multipolar plasmon modes, [122] or with a chiral meta-

surface [123].

7.3 A Quantum Dot Doped Gires-Tournois Metalon

Recently attention has turned to creating plasmonic devices with near unity ab-
sorption at specific wavelengths [124, 125]. Similar radio frequency and mi-
crowave devices are well known as the Salisbury screen [46]. The physics behind

the operation of such devices is the same interference effect found in Fabry-Perot
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cavities and etalons, but in this case one of the ‘mirrors’ is formed using a meta-
surface [46,125]. The general structure involves an array of nanorods separated
from a conductive ground plane by a thin dielectric layer. This dielectric layer can
also be doped with emitters such as quantum dots or organic dyes. This struc-
ture is similar to that found in plasmon enhanced QD-LEDS or OLEDs, where the
mirror plays the role of a back electrical contact. The thickness of the dielectric
layer would then control the brightness of the emission as well as its quantum
properties. The nanorod dimensions can also be tuned to give the largest spectral
overlap between the emitters and the metalon. Optimising the QD-doped polymer
film thickness for maximum Purcell enhancement will be an important, straight-
forward design consideration for cavity—plasmon—exciton devices. In particular
for plasmon-enhanced organic solar cell designs or high brightness QD-LEDs. Fig-
ure 7.11 depicts a QD doped metalon, with 40 nm high nanoantennas of varying
lengths on a glass substrate, separated from a 200 nm Ag mirror by a QD doped
PMMA (henceforth QD-PMMA) layer, of varying thickness, applied via spin coat-
ing. The device’s optical properties (reflection, absorption) are determined by the
QD-PMMA layer thickness and the nanoantenna length. The device is pumped
with blue light and the red emission is collected. The change in quantum proper-
ties (mean excited state lifetime, quantum efficiency) is determined by the spec-
tral overlap between the cavity mode and the QD emission as well as the cavity

quality factor, @) [126].
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Figure 7.11: An array of silver nanoantennas on a glass substrate is covered with QD doped PMMA of varying
thickness, t, then a 200 nm silver mirror is evaporated on top to form a QD doped metalon. The device can
be pumped with blue light and emits red light.

7.3.1 Fabrication of the Device and Integration of QDs

Silver nanoantenna dimensions were optimized using FEM calculations and the
optimal dimensions were found to be 65 nm x 65 nm x 40 nm, the small size being
due to the strong plasmon sensitivity to the refractive index of the QD-PMMA. Sil-
ver was selected due to its low ohmic losses and very high reflectivity. A range of
nanoantennas with lengths from 55 nm to 75 nm were fabricated on a 75 mm SiO,
wafer using EBL. The reason for producing devices with a range of nanoantenna
size was to ensure uncertainties stemming from the optical properties used in the
FEM calculations and possible systematic fabrication defects could be accounted

for in the experiment. A 35 nm Cr charge dissipation layer was evaporated on
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to a 160 nm thick layer of PMMA 950k A2 prior to EBL. Electron beam evapora-
tion was used to deposit the silver then lift-off in warm acetone was performed to
remove the excess metal. The QD-PMMA layers were then applied by spin coat-
ing. The QD-PMMA layer thickness was controlled by varying the concentration of
PMMA polymer in the solvent from 0.75% to 3%. This method was used as simply
varying the spin coating speed would not give a large enough range of final film
thickness, ¢, to be of interest (for n = 1.53 and a wavelength of 650 nm the sub-
radiant and superradiant modes of the etalon occur when ¢ is an integer multiple
of 110 nm) and SUS, as used in the previous section is not suitable for such thin
films. The same quantum dots as used in the previous section were used, with
a final concentration of 100 nM. Dilution of the QD-PMMA was performed with
anisole, as it has been shown to produce the smoothest PMMA films. The QDs
however, are poorly soluble in anisole, which leads to the conglomeration of large
QD groups within the ultrathin film. By using a solvent in which the QDs have a
greater solublity in, chlorobenzene, it is possible to overcome this issue. Figure
7.12 shows confocal fluorescence microscope (CFM) scans of identical QD-PMMA
films prepared using (a) anisole and (b) chlorobenzene. The QD clumping can
clearly be seen in the anisole case, and is greatly reduced in the chlorobenzene
case. To obtain a truly uniform film, with no QD conglomeration, it is possible
to terminate the ligands on the QDs with MMA, making them perfectly soluble
in anisole, but this is not straightforward. Eight QD-PMMA on metasurface sam-
ples were prepared, of which only half were viable samples, due to several factors
including glass substrate failure, failure to produce silver nanoantennas (due to
EBL focussing issues) and contamination. The final dielectric layer thicknesses, as
measured by optical profilometry, are shown in figure 7.13. Finally a 200 nm thick

silver mirror was deposited onto of the samples via electron beam evaporation.

137



0 10 20
X (pm)

(a) CFM scan of QDs in PMMA-A.

Figure 7.12: CFM images of QD-PMMA with (a) anisole and (b) chlorobenzene as the solvent.
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Figure 7.13: Measured film thickness of the spin coated QD-PMMA polymer as a function of dilution ratio.
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7.3.2 Device Characterisation and Results

Metalon Absorption

The four viable metalon samples were optically characterised using the spec-
troscopy system described in §4.1.1. Reflection spectra, R, from the metalon
arrays were collected using the supercontinuum light source and a 100x Nikon
0.9 NA objective and then normalised to reflection from a silver mirror. Assuming
no light is transmitted through the 200 nm Ag back mirror, and the light scattered
outside the collection cone of the 0.9 NA objective is negligible, then the metalon
absorption is A = 1 — R. Figure 7.14 shows the absorption spectra for four QD-
PMMA dielectric layer thicknesses, ¢, overlaid with the measured QD emission
spectrum. In order to understand the absorption spectra, the metalon’s optical
path length must be adjusted to account for the height of the nanoantennas (40
nm), the change in refractive index of the PMMA layer due to QD doping, as well
as the field penetration into silver at optical frequencies (or alternatively the re-
flected phase from the back mirror) [127]. Metalons with ¢ = 87 nm and ¢t = 129
nm have resonances closer to that of the QD emission peak (A = 650 nm), whilst
h = 152 nm and h = 100 nm have higher quality factors, ), both of which are im-
portant for Purcell enhancement. Unfortunately, due to unavoidable issues with
the evaporation of smooth metal films on PMMA substrates [128], where large
surface roughness leads to reduced reflectivity, perfect (unity) absorption is not

achieved in these metalons, as has been demonstrated elsewhere [48].
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Figure 7.14: Absorption spectra for 5 different QD-PMMA film thicknesses, the emission spectrum of the
QD-PMMA is superimposed under the absoprtion spectra.

Quantum Properties of doped Metalons

Scanning confocal fluorescence microscopy (CFM, see section 4.3.1 for detailed
discussion) was performed on the metalon samples. Figure 7.15 shows a CFM
image of the 150 nm QD-PMMA layer metalon and the emission spectra from on
the array and off the array, indicated by the blue and yellow circles. The scans
were conducted using the supercontinuum laser set to a 5 MHz repetition rate and
spectrally filtered using a Fianium SuperChrome-VIS set to a centre wavelength of
480 nm and a linewidth of 10 nm. The excitation beam is filtered using a dichroic
beamsplitter as in the previous section. For this metalon, one sees a near two fold
increase in brightness of ~ 1.6x, as well as an increase in emission linewidth from

50 nm to 70 nm. There is no evidence of Rabi splitting (which is seen in quantum
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systems coupled to high () cavities, such as dyes in a laser cavity), this is due to the
fact that the plasmon damping rate, through optical and heating losses from the
cavity, is much greater than the strength of the coupling between the excitons and
the cavity modes, that is, these metalons operate in the weak coupling regime. As
such the Purcell enhancement should be the dominant quantum effect and should

manifest itself as a reduction in excited state lifetime.
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Figure 7.15: A CFM scan of the 150 nm thick metalon (a) and the emission spectrum on (blue) and off
(orange) the metasurface array (b). The location of the measurements is indicated in (a) by the coloured

circles.
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To determine the radiative decay rates, I', TCSPC measurements were con-
ducted on each metalon sample and for the QD-PMMA is silver and on glass
substrates. The results are shown in figure 7.16. There is a reduction in mean
lifetime from 17 ns for QD-PMMA on glass to 0.83 ns for the 129 nm metalon.
There is a two-fold decrease in lifetime between QD-PMMA on a silver film and
in the 152 nm metalon, consistent with the emission spectra in figure 7.15. The
same fitting procedure as in the previous section was used to estimate the mean
radiative decay rate from the TCSPC data. From the estimated mean radiative
decay rate the Purcell factor, F, = L is calculated, and is shown on the right

1)
hand axis of figure 7.17 (blue line).
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Figure 7.16: Fluoresence lifetime measurements for QD-PMMA on glass, silver mirror and in the metalon.
The y-axis is logarithmic.

The Purcell factor is a direct result of Fermi’s Golden Rule and as such depends
on the product of the spectral overlap, S, between the QD emission and the met-
alon resonance, and the Q-factor of that resonance (see §2.7). The left hand axis
of figure 7.17 (red line), shows the product (Q x S as calculated from the ab-

sorption and emission spectra in figure 7.14. As can be seen, the product ) x S,
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which is proportional to F),, determined from spectral measurements follows the
F, as determined from TCSPC data as a function of thickness. The error bars for
F,, measured via TCSPC (blue line) are derived from the standard deviation, w,
used when fitting the decay rate distribution to the lifetime data using 7.2. The
error bars for ) x S are estimated using the sum of the mean square error (MSE)
for each of the Lorentzian fits as a measure of uncertainty for the @-factor and
spectral overlap S. The metalon with ¢ = 129 nm has the highest Purcell enhance-
ment factor, a modest 28, whereas ¢t = 100 nm gives the lowest with £, = 19.
This is congruent with the absorption spectra where ¢ = 129 nm metalon has the
largest spectral overlap with the QD emission and ¢ = 100 nm metalon has the
least. The outlier to this analysis is the thinnest metalon, ¢ = 87 nm, which has a
large ) x S value but a low Purcell enhancement. This is perhaps in part due to
close proximity of the quantum emitters to the metal surfaces of the antennas or
mirror (at most only 23 nm) allowing for a large increase in non-radiative transfer
processes. In short, enough of the emitters are close enough to the metal to be

quenched by non-radiative energy transfer.
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Figure 7.17: A comparison of each cavities Q-factor x the spectral overlap between QD emission and cavity
absorption (red line) and the Purcell factor increase in radiative decay rate determined from fluoresence
lifetime measurements of the QDs as a function of QD-PMMA layer thickness, t.
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7.4 Polarised Bullseye Slot Nanoantennas for QD emission shap-

ing and Polarisation

One of the most widely-reported forms of beam-shaping elements found in plas-
monics is transmission through a metallic bullseye lens (or antenna) [129], which
is related to the Fresnel zone plate lenses found in lighthouses and synchrotrons
around the World [130]. Recently bullseye lenses have been used to collimate or
focus light emission from fluorescent sources such as QDs [131], and dyes [132].
However to date there have been no reports of controlling the emission polarisa-
tion state of the resulting beam using a plasmonic bullseye lens. Here a modified
slot based bullseye structure is investigated, where the usual corrugations of the
bullseye lens have been replaced with rings of nanocavities. As radiation from
subwavelength nanocavities behave much like a point dipole, replacing the cor-
rugations does not substantially alter the beam shaping properties. By making
this alteration there is now an extra degree of freedom, that is, the cavity orienta-
tion, which can be exploited to control the overall polarisation of the emanating
beam. As described in the first section of this chapter, silver nanocavities coupled
to quantum dot doped films will enhance the emission brightness and polarise the
emission. By arranging these cavities into carefully spaced rings it is possible to
generate an enhanced brightness, collimated and polarised beam from quantum
emitters. To create a linear polarised beam all the nanocavities should be oriented

in the same direction [133].

7.4.1 FEM Beam Optimisation

The cavity-QD coupling should be optimised to ensure strong polarisation of the
emission and increased brightness, but since the same metal and dielectric is being
used and the same QDs as found in §7.2, the same lateral cavity dimensions (40
nm x 200 nm) can be used. The depth of the cavity also controls the amount of

the Purcell enhancement, with maximum enhancement reached when the cavity
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depth is ﬁ, which for A = 650 nm and the effective mode index, for the funda-
mental mode, is n = 1.5 (see §2.5.1 for the calculation of nanocavity dispersion
diagrams) in the cavity is 200 nm.

The shape of the interference pattern from the slot bullseye antenna (sBE)
depends on the sum of the complex field components from each nanocavity [69].
The simplest case to consider is where all the QD coupled cavities emit photons
in phase, which ensures that the resulting far field radiation pattern depends only
on the lateral positions of the nanocavities. In reality the phase of emission is
completely random, which lowers the efficiency of the device, but does not change
the shape of the beam if a statistically meaningful number of emission events are
recorded (that is, a long enough exposure time during the measurement).

Ebbesen et al. suggests that in this case there are two parameters that will
allow for the optimisation of the ring radii; the period between each ring, p and
the distance from the centre of the bullseye to the first ring, a [134]. Each cav-
ity in the simulation contains one electric point dipole at the local field maxi-
mum (the centre of the cavity mouth), oriented randomly in the surface plane,
randomised using MATLAB LiveLink to generate a uniformly distributed random
number between O and 2w, for the polarisation angle. The frequency of each
dipole corresponds to a free space wavelength of 650 nm. The current amplitude
of each dipole is fixed at 1 W. The substrate is silver, with material properties
taken from [45], the superstrate is 100 nm thick layer of PMMA (with refractive
index set to n = 1.5) and the remaining domain is air. A hemispherical far field
domain boundary is placed 3 um from the silver/PMMA interface and is centred
on the centre of the bullseye structure. A 2D parametric sweep over p and a
was performed (see figure 7.19). By calculating and plotting the far-field radi-
ation pattern for each value of p and a, it is possible to determine the optimal
set of values via inspection. The FEM calculations suggest values of p = 380 nm
and a = 525 nm will result in a collimated beam of emitted light for emission at

A = 650 nm.
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Figure 7.18: FEM calculation results for the optimised sBE structure: (a) electric field amplitude at the
silver/QD-PMMA interface, (b) the total far-field radiation pattern and z- and y-polarised components, (c)
and (d) respectively, all with the same scale.

Figure 7.18 shows the FEM calculation results for the optimal values, p = 380
nm and ¢ = 525 nm. The magnitude of the electric field at the metal-dielectric
interface is shown in figure 7.18(a). As expected, the electric field intensity, ex-
cluding in the nanocavities themselves, follows Malus’ Law, where the field in-
tensity depends on cos? ¢, where ¢ is the azimuthal position co-ordinate of the
nanocavity. So nearer the x-axis there is much stronger electric field than those
that lie along y. The far-field radiation patterns shown in figures 7.18(b-d), all
plotted with the same fixed scale. Clearly, even with the randomized cavity emis-
sion, in the far-field, for these particular parameters, there is a strong collimating
behaviour arising from the rings of nanocavities. Furthermore, when the far-
field pattern is resolved in to |E,| (c) and |E,| components (d), it is clear that
the majority of the photons in the central (collimated) beam are x-polarised and
the small y-polarised component would be insignificant to the overall beam po-
larisation after some propagation distance. The final result being a collimated,
linearly polarised beam from a quantum emitter doped polymer coupled to the
slot bullseye structure. This approach does not consider the effect the high refrac-

tive index quantum dots have on the effective refractive index of the QD-PMMA,
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which could alter both the cavity resonance and the beam shape. Furthermore
the contribution to the radiation pattern from spectator QDs in the polymer film
are assumed to be negligible compared to the nanocavity emission, which is true
only if the cavities provide significant emission enhancement. This calculation
also assumes there is maximal coupling between a single emitter in each cavity
and the cavity modes and that each emitter will radiate with the same uniform

intensity.

7.4.2 Fabrication

QD-PMMA

Cob..oox. .. . 100nm
Ag 200nm . p .- |230nm
PMMA 200nm

Si

Figure 7.19: A schematic cross section of the slot bullseye structure covered in a layer of QD-PMMA. p is the
radial spacing of the nanocavities. The first ring of nanocavities is offset from the centre of the bullseye by a,
so occurs at p + a.

To fabricate the bullseye slot antennas, a custom Python 2.7 script was used to
create the required layout files for EBL. A 200 nm PMMA-A4 film on a silicon sub-
strate was prepared using a 3500 rpm spin coating speed and optical profilometry
to confirm the film thickness and uniformity. The pattern was exposed using a 500
pA beam current with a 2 nm beam step size. Following exposure and develop-
ment, a 230 nm silver film was deposited via e-beam evaporation. Care was taken
to ensure the substrate was perfectly normal to the evaporation direction. The sil-

ver overfills the PMMA cavities by 30 nm, and due to the strongly directional
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deposition 200 nm deep nanocavities are left in the silver film. A cross-sectional

device schematic is shown in figure 7.19.

Figure 7.20: SEM images of the linear (a) and azimuthal (b) sBE structures. The scale bar is 1.2 um.
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Figure 7.21: SEM cross sectional image of the azimuthal sBE structures, taken through the centre of the
device. The scale bar is 1 um.

The wafer was then cleaved into 10 mm x 10 mm squares. A 100 nm layer
of QD-PMMA (the solvent used is chlorobenzene and the QD concentration is
90 nM) is then spun onto the silver film and allowed to air dry, as the post-
baking of samples was found to cause the silver film to bubble and crack, due to
the underlying PMMA layer out-gassing anisole vapour. Figure 7.20 shows SEM
images of the structures prior to coating with the QD-PMMA. It can be seen from
a cross-section of the azimuthal sBE device, shown in figure 7.21, that the large
aspect ratio of the fabricated structure does not detrimentally affect the cavity

geometries.
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7.4.3 Polarisation Resolved Scanning Confocal Imaging of the Bullseye

Polarisation resolved scanning confocal fluorescence microscopy (CFM) was per-
formed on the linear and azimuthal sBE structures to measure the local effect of
the rings of nanocavities on the QD fluorescence. Figure 7.22 shows the resulting
intensity, /, scans when the analyser is in the x- and y-polarisation orientations,
normalised to the background fluorescence, as well as the first Stokes’ param-
eter, S for both sBE structures. For the linear sBE sample there is almost no
signal above the fluorescence background for the z-polarised scan, however the
y-polarised scan shows a uniform circular region with twice the intensity of the

fluorescence background. From these two scans it is possible to calculate the

spatial distribution of the degree of linear polarisation using S; = ﬁ;g The
emission from the region of the linear sBE has an S; value of —0.85, indicating a
nearly totally linearly y-polarised emission pattern. In fact this value possibly un-
derestimates the true polarisation state of light from this region as the z-polarised
scan likely still has a contribution from ‘spectator’ QDs similar in intensity to the
background fluorescence. That is, the nanocavities do not completely polarise the
emission from all the quantum dots inside the bounds of the bullseye, but only
those close enough to the cavities be strongly influenced by the plasmon presence.
To increase the degree of polarisation a thinner QD-PMMA film could be used, or
a lower QD concentration. The azimuthal sBE, which resembles the canonical BE
structure, is symmetric under spatial co-ordinate exchange (x < y) and as such
so is the near-field intensity pattern. Thus, the spatial distribution of the S value

is anti-symmetric under reflection about x = y. This is the distribution one would

expect of a radially-polarised beam [135].
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Figure 7.22: CFM scans of the emission from linear (top row) and azimuthal (bottom row) sBE structures.
The z- and y-polarised scans are the first two columns respectively and the final colummn shows the spatial
distribution S parameter for both devices.

As expected the nanocavites also provide extra radiative decay paths to the QD
exciton and thus a Purcell enhancement. TCSPC data is shown in figure 7.23,
where the mean lifetime on the sBE is 1.92 4- 0.12 ns, down from 4.18 4+ 0.22 ns
for the QDs on bare silver, which accounts for the 2-fold brightness enhancement

found in the CFM scans.
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Figure 7.23: TCSPC data from QDs near the linear sBE structure (blue) and on the unpatterned silver film
(orange).
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7.4.4 Polarisation Resolved Far-Field Intensity Patterns

Polarisation resolved Fourier plane (or k-space) imaging was performed on both
sBE structures, see §4.3.3 for detailed experimental methods and Appendix B for
calibration and normalisation methods used. By imaging the back focal plane of
the objective it is possible to determine the in-plane wavevector, (k,, k), distribu-
tion of the emitted light [69]. For a fixed wavelength and a constant superstrate
refractive index, the k-space image gives information on the angular distribution
of the radiation. Figures 7.24, 7.25 and 7.26 show the relevant polarisation re-
solved far-field images for the linear sBE. For the emission from QD-PMMA on
an unpatterned region of silver film, the k-space distribution is typical of that
of an emitter near a mirror (see ref. [136] for example), where there is a wide

distribution of emission angles.
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Figure 7.24: Polarisation resolved k-space emission intensites for QD-PMMA on unpaterned silver (control
sample).
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Figure 7.25: Polarisation resolved k-space intensites for the linearly polarised sBE structure, the arrows
indicate analyzer direction and A denotes the difference between the k-space distributions.
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Figure 7.26: Polarisation resolved k-space intensites for the azimuthally polarised sBE structure,the arrows
indicate analyzer direction and A denotes the difference between the k-space distributions.

For the y-polarised linear sBE measurements, shown in figure 7.25, it can be
seen that there is a bright ring for low (k,, k,) values, with a mean radius of
\/k2 + k2/ky = 0.36. This bright ring does not appear in the z-polarised case. By
subtracting the x-polarised image from the y-polarised, the difference becomes
clear. This points to a y-polarised conical beam, with a beam divergence angle
of 21°, from the linear sBE structure. For a collimated beam, this value should
be approaching 0°. The FWHM of the emission cone can be estimated by fitting
a Lorentzian to one of the two peaks in a linecut taken at k, = 0. This yields a
normalised momentum spread, Ak, = 0.042, corresponding to an angular spread
of 5.3°. This value suggests that the sBE design does indeed collect and shape
the emission as a bullseye antenna should, but that the ring spacing p needs to
be adjusted in order to properly collimate the beam. The k-space distribution
of emission from the azimuthal sBE structure, shown in figure 7.26, also shows
significant beaming, with a similar beam divergence pattern, with a mean ra-
dius of 0.39 or 23°. The FWHM of the momenta distribution for this sample is
Ak, = 0.031, but due to higher mean k,, the angular spread is 2.5°, half that of
the linear sBE. The polarised images show there is no overall linear polarisation
(integrating over the entire k-space), but there are two sets of lobes with orthog-
onal linearly polarised light within the emission cone. Such lobes are typical of
a cylindrical vector beam of radially-polarised light [135], however once again

the sBE ring spacing would need to be adjusted to collimate this emission. A
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radially-polarised beam of light from a nanodevice could be very useful for ex-
citing co-axial waveguide modes, nanofibre or nanowire optical modes or even

long-lived dark-plasmon modes [137].

Discrepancy Between Simulation and Experimental Results

FEM calculations were used to find the geometric parameters, p and a, which op-
timised the collimating action of the sBE lens. The values found via simulation did
not yield a collimated beam, but resulted, experimentally, in a polarised emission
cone. This result is typical of a bullseye antenna with suboptimal ring spacing, ei-
ther too large or too small. Alternatively, there is an accumulated phase difference
of the fields radiated from each slot, which depends on the ring spacing, as well as
the dielectric’s refractive index, which alters the final superposition of the fields.
Figure 7.27 shows two simulations of the linear sBE structure with p = 380 nm
and a = 525 nm, the dimensions of the sBE fabricated. The superstrate refractive
index is varied from 1.45 to 1.6 in steps of 0.01 RIU. The results shown suggest
the difference in FEM simulation and the experimental results shown above can
be accounted for with just a 0.04 RIU change in superstrate refractive index. This
small change leads to an accumulation of phase, resulting in an emitted cone
rather than a beam. This change in refractive index could be due to excess sol-
vent in the QD-PMMA (refractive index of chlorobenzene is 1.53) or the presence

of the QDs themselves (ngp = 2.5).
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n=1.49 n=1.53

Figure 7.27: FEM calculations of the radiated electric field for the linear sBE with superstrate index n = 1.49
(left) and n = 1.53 (right). A small discrepency in material properties leads to a large change in the radiation
pattern.

7.5 Summary

This chapter covered the integration of plasmonic cavity metasurfaces with QD
excitons for the enhanced generation of light and how these devices could be
incorporated into current QD-LED based devices. In the first section an appli-
cation of a robust and scalable nanofabrication technique for creating plasmonic
nanocavity arrays in metallic films was demonstrated. Applying a mono-disperse
solution of CdSe/CdS/ZnS graded alloy quantum dots suspended in cured SU8 to
a nanoimprinted metasurface resulted in nearly a 4-fold enhancement in radia-
tive decay rate and brightness, as well as a high degree of linear polarisation of
the emission close to 0.73. This technique will prove useful in the development
of polarised QD displays found in consumer electronics, QD based light harvest-
ing and photodetection as well as being extended for use in telecommunication
and photonic computing applications. In the second section a QD doped metalon

(metasurface etalon) was investigated, including the incorporation of quantum
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dots into very thin polymer films. It was found that chlorobenzene outperformed
anisole as a solvent in this case as the QDs had greater dispersion and produced
films with much more uniform QD distributions. The metalon produced a reduc-
tion in lifetime of 22 times when compared to the same quantum dots on glass
and half the lifetime of QDs in the surrounding glass/QD-PMMA/Ag mirror struc-
ture. The final section covered the development of a bullseye antenna comprised
of nanocavities and covered with QD-PMMA. By orienting the cavities in the same
direction it is possible to polarise the emitted beam as well as enhancing and col-
lecting the emission into a thin cone of light. The degree of linear polarisation
of the beam was found to be —0.85 and the emission was enhanced 8 times com-
pared to the same QDs on glass with a beam FWHM of 5°, at an emission angle of

21°.
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Chapter 8

Conclusions and Future Work

8.1 Thesis Goals

The overaching goal of this body of work was to develop novel plasmonic po-
larising features using cutting edge nanophotonics. The following specific goals

guided the research herein:

* Development of compact metasurfaces that alter the polarisation state of an

incident beam.

* Design and prototyping of a novel metasurface based photodetector to deter-

mine the polarisation state of a beam.

* Investigate scalable nanofabrication techniques and device designs, in par-

ticular those amenable to a high-throughput printing press environment.

* Produce scalable plasmonic metasurfaces which alter the absorption and

emission of photons from quantum sources.

8.2 Outcomes of Work

To achieve the goals outlined above a variety of plasmonic devices, both active

and passive, were investigated.
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Polarisation Manipulation and Detection

For the alteration of polarisation states an asymmetric cross aperture device was
fabricated and design rules laid out. The final metasurface converted linear po-
larisation to circular, with S3 = 0.86 being the final degree of circular polarisa-
tion. Furthermore a chiral aperture metasurface was developed using Bookers’
extension to Babinet’s Principle. It was found that by optimising the interfer-
ence between the plasmonic modes of the apertures that a 40 nm patterned silver
film could provide 10% difference in transmission of orthogonal circular polarised
states. The chiral metasurface was adjusted for use in an aluminium and silicon
based polarisation sensitive photodetector. Such a device could potentially be a
compact solution to reduce the cost and maintenance of bulk polarisation optics

used in polarimetry measurements.

Scalable Fabrication of Nanocavity Metasurfaces

Resistless nanoimprint lithography can address a roadblock currently faced by
nanophotonics, namely most devices are not fabricated using industrially scal-
able techniques. This is a barrier that will need to be overcome before there is
large scale uptake of nanophotonics. To better understand the capabilities and
limitations of RNIL single cavity masters were fabricated and embossed into sil-
ver, aluminium and gold films. Cavities with varying depths and shapes were
imprinted in silver and gold. It was shown that by adjusting the applied imprint
pressure it is possible to tune the resonant properties of the nanocavities. Sil-
ver nanocavities offered lower absorption than gold nanocavities but a greater
pressure tuning range, due to a higher Youngs’ modulus of plastic deformation.
Several applications of nanocavity metasurfaces were demonstrated including a
spectral notch filter, absorptive polarisation filter, high resolution colour printing
and refractive index sensing substrates for bioscience applications. The scalabil-

ity of the technique was demonstrated by imprinting a 7 cm by 7 cm array of
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nanocavities. Hence, with RNIL, it is possible to create a single large area master
template and create metasurfaces with a range of optical responses just by vary-
ing the pressure used in the imprinting step or by judicious choice of superstrate

refractive index.

Plasmonic Metasurfaces for the Alteration of Emission from Quantum Sources

In chapter 7 the coupling of plasmonic metasurfaces to excitions, such as those
supported by quantum dots or wide-band-gap semiconductors, was explored. The
primary outcome of the research was distinct changes in the emission rates of
quantum dots when placed near plasmonic nanocavity arrays. Metal-insulator-
metal nanocavities, created using nanoimprint lithography, provided 4 times the
emission brightness associated with a four-fold mean excited state lifetime reduc-
tion. The emission from QDs near these rectangular cavities was strongly linearly
polarised.

A second type of optical cavity, based on the Fabry-Perot etalon, was also inves-
tigated. An array of nanorods, coated with QD doped polymer 130 nm thick and
sealed with a silver back-mirror, produced a Purcell enhancement factor of 28.

Finally, a slot based bullseye antenna was developed, which, in addition to the
collection and focussing of emission previously demonstrated elsewhere [131],
also provides a mechanism for controlling the overall polarisation of the emission
beam. Furthermore, through the optimisation of cavity dimensions it was possible

to increase the QD emission brightness by a factor of two.

8.3 Key Contributions to Knowledge Stemming from the Work

* Qutlined design rules for dipole based wave plates (see §5.2.1 and Ref. [89]).

* Calculated and optimised (2.5x improvement) the response of chiral pairs of

slot nanoantennas (see §5.3.3 and Ref. [123]).
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* Developed a CMOS-compatible nanometric polarisation photodetector, the

first of its kind capable of Stokes polarimetry (see §5.4.5 and Ref. [94]).

* Demonstrated the range of visible wavelength resonances achievable with
direct nanoimprinting of single cavities in metal films, using a single imprint

master (see chapter 6).

* Demonstrated Purcell enhancement and polarisation for QD-LED geometry
analogue via scalable nanopatterning of back contact (see §7.2 and Ref.

[133]).

* Added a degree of freedom to the canonical bullseye antenna which allows
for the arbitrary polarisation and focussing of quantum dot emission (see

87.4).

8.4 Future Work

Possible further work building on the outcomes of this thesis has been separated
into two sections. Firstly, the further expansion of the polarisation photodetector
to full Stokes’ vector polarimetry is presented. Secondly, possible expansion on

the scalable fabrication of nanophotonic devices is discussed.

8.4.1 Extended Spiral Photodiode for Full Stokes’ Polarimetry

Although the nanoantenna-enabled polarisation sensitive MSM photodiodes dis-
cussed in §5.4.5 were capable of determining the degree of linear or circular
polarisation of an incident light beam, the current design is not yet capable of
measuring the Stokes’ vector of a beam. For applications such as Mueller matrix
imaging of biological samples or birefringence imaging of stresses in transparent
materials, a single photodiode design, comprising linear, +45° and circular polar-
isation detection channels is needed. Figure 8.1 shows a GDSII file for a potential

design. Each pair of channels, from left to right, forms a subset photodiode de-
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signed to measure one Stokes’ parameter. The relative difference in photocurrent
from each pair of channels can then be used to determine values for S;, S, and
S3. By careful calibration of the device prior to use in an experiment, S, can
be determined from the weighted sum of the photocurrents from each channel.
The operating wavelength range would be fixed as it is dependent on antenna
dimensions and substrate absorption, but as seen in §5.4.5, the combination of
Al antennas and Si substrate produces a low Q, broadband response. Such a de-
vice would operate best at the red end of the visible spectrum between 620-720
nm. On the other hand, by spatially separating the nanoantennas from the high
refractive index Si, with a thermal oxide layer for example, it would be possi-
ble to significantly blue-shift and narrow the operating range. Another benefit of
isolating the antennas from the substrate is that non-CMOS compatible materials
could be used, such as Ag or Au, which would allow for further optimisation of
the device, depending on the application. In particular this configuration should
allow for implementation of chiral nanoantennas with a circular polarisation de-
pendent relative transmission difference of up to 18%, as calculated in §5.3.3.
The electrical properties of the photodiode could also be improved by gettering
the substrate to remove impurities [138], electronic isolation of the contact pads
from the substrate to reduce leakage currents, an increase in the ratio of active
detection area to metal lead area as shown in figure 8.1 or by using a metal with
a larger Schottky barrier, such as Ti, for the leads, to reduce currents driven by

thermal diffusion.
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Figure 8.1: GDSII layout file of 6 intertwined MSM photodiodes capable of full Stoke’s Vector readout. Each
pair of channels is designed to detect one of the polarisation eigenstates.

8.4.2 Nanoimprint Version of QD-Slot-Bullseye

The nanoslot based bullseye (sBE) structures presented in §7.4 were created us-
ing common EBL techniques, which allows for very precise control of the cavity
dimensions, in particular the cavity depth. The cost of devices fabricated with EBL
however, is prohibitively expensive for large scale production. To reduce the cost
of these polarising, collimating devices, one could apply the RNIL techniques out-
lined in §3.4.2. Figure 8.2 shows a rendered image of a Ni master which could be
used to produce the linear polarised sBE for QD-PMMA emission at 650 nm. The
master would be created using EBL, e-beam evaporation and Ni electroplating.
The largest difficulty in creating sBEs with RNIL will be reducing the master—
substrate slippage and precisely controlling the final depth of the nanocavities. As
the sBE relies on the Purcell effect to polarise and enhance the QD emission, and
the enhancement needs to be large enough so that the far-field radiation pattern
is dominated by light from the nanocavities and not the surrounding QD-PMMA
film (so that a collimated beam is formed), the cavity dimensions are critical. The
sensitivity of sBEs to fabrication defects is therefore higher than for the other QD-

plasmon devices demonstrated in this thesis. Controlling these factors will be the
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largest obstacle to the large scale implementation of sBEs.
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Figure 8.2: Artist’s impression of a RNIL master for imprinting a linear slot bullseye.

8.5 Summary

This thesis has presented a variety of plasmonic devices, both active and passive,
for the generation, filtering and detection of polarised optical states. Plasmonic
quarter-wave plates and chiral aperture metasurfaces were developed to generate
and filter circular polarisation states respectively. Chiral nanoantennas were also
deployed in a MSM photodiode to determine the polarisation state of an incident
optical beam. Resistless nanoimprint lithography was investigated as a means to
prepare scalable polarising metasurfaces. One such metasurface was then used
to polarise and enhance the emission from a quantum dot doped polymer film.
Finally, an arrangement of nanocavities into a bullseye antenna was used to po-

larise, enhance and focus the emission of light from a QD-doped PMMA film.
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Appendix A

Far-field Scattering and Localised

Surface Plasmon Resonances

To determine the far-field response of a 2D planar plasmonic structure, we need
to understand the interaction between the incident EM waves and the electrons
at the surface of the structure. Here we follow the work of Davis et al. [32],
by making the electrostatic approximation, and so decoupling the magnetic flux
density from the electric field in Maxwell’s Equations, we can model the field
scattered from a collection of nano-antennas as a sum over excitation modes. The
excited modes are the localised surface plasmons (LSPs) on the surface of metallic
nano-features, excited by the incident light field. The electrostatic approximation
applies to this case because the particle size is much smaller than wavelength of
the incident field. To mathematically describe the far-field scattering we start with
the power radiated per solid angle for a dipole emitter:

P okt
_ D) (7 X D Al
00~ 32mie, X ) (XY, (A1)

where c is the speed of light in vacuo, k is the wavenumber, ¢, is the permitivitty
of free space, p is the complex dipole moment, p* is its conjugate and 7 is a unit

vector in the scattered direction.
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If we have an array of particles, we have

dPtotal o dPr

dQ - aa’

(A.2)

where r numbers each of the elements in the array. We shall suppress this hence-
forth, but we shall be aware that the sum over r in fact applies to all of the

following results. We then make the eigenmode decomposition,

P=> arpk, (A.3)
K

of the dipole moment. Here & runs over all of the LSP modes and «y, is the excita-

tion amplitude, given in [31] as

ar(w) = fr(w)pr - Eo (A.4)

fr(w) is a complex variable (f, = |fx|ei?*). It is related to the polarizability of
the nanoparticle in question [32]. This factor can be found by applying a simple

Drude model.
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Figure A.1: Example of LSP modes of a chiral nanoparticle [32]

Next we employ the vector identity (n x p) - (o X p*) = p-p* — (2 - p)(n - p*)
and resolve n into zy-plane and z components: 7 = cos{Z + sin £(cos YT + sin ¥y),

where ¢ and v are depicted in Fig. A.1. We can do the same thing with p, in (A.3),
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Pr = piZ + p;’(cos O3 + sin 0;7) where p;? is the projection of the k" LSP mode
onto the xry-plane and 6, is the angle between the excited mode and the z-axis.
Hence, py. - . = cos&pf + sin& cos (0, — ¥)p,?, where we have used a compound
angle formula to simplify the cos cos @ + sin sin 6, term. Inserting this into
(A.1), along with our LSP eigenmode decomposition we get

P ck
dQ  3272¢

Z Z aka;piyp;?y(cos (0, — 0;) + Nyj), (A.5)
kg
where N, is the scattering term due to light off normal incidence and is given by

PR 0 Nij = 0ip; sin® & — P P’ sin® € cos (O — 1) cos (0; — 1)

1 ) (A.6)
= sin 2¢[p;? pj cos (O — ) + p; Ypi cos (0; — ).

Clearly it can be seen that N,; = N;;, and when ¢ = 0, that is for normally incident

light, N,; = 0. Then we combine (A.4) and (A.5) to get

dP
dQ  32x2 €0

ZZU}C |£i1€" =% (py - Eo) (p; - Eg)pi’pj” (cos (O — 0;) + Niy).

(A.7)
Now to investigate the interference effect in the far-field of light scattered by two
co-planar LSP modes, we set the incident electric field to be circularly polarised:
Ey = Eo(Z £ iy), where +(-) is for a LHCP(RHCP) field. Following the lead of
Davis and Eftekhari [32], we insert p;, - Ey = p}? Ege®* into (A.7), which results
in

ck* Eo +(0p—0;)) (1 TY, T
= Sty 2 SRIIGI OO GEDTY o (B = ) + Mo (A8

We then note that if we expand the exponential using Euler’s identity, we get

k 2
- §2WE;° 5 S5 s )+ Nifos(on — 05 os(h =)

:Fsm(gzﬁk — gzﬁj) sm(ﬁk —0;)£icos(pr—¢;) sin(bx —0;) +i cos(0y — ;) sin(pr — ¢;)],
(A.9)

the imaginary parts are odd functions, and the real part is even (recall N;; =
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Nj, under dummy index interchange (k <> 7). We can then use this fact and

the identity Z Zakb Z Zakb + Z Zajbk ) to rid ourselves of the

k J
imaginary terms 1n (A.9).

Doing this finally yields the result reported in [32]:

ck*E2

322 ZZV’“WJ (i'p5")?[cos (0r — 0;) + Nij][cos(gr — ;) cos(6r — 0;)

F sin(¢y — ngj) sm(&k —0;)].

(A.10)
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Appendix B

Calibration of Polarisation Resolved

Far-Field Emission Pattern Images

In order to calibrate the polarisation resolved far-fiedl imaging a 400 um square
2000 nm period, 50:50 duty cycle diffraction grating was fabricated adjacent the
sBE structures. When illuminated with lambda = 600 nm laser light the diffraction
pattern, see figure B.1, observed on the CCD camera had three distinct orders. For
a grating period of 2000 nm and refractive index of n = 1.5, the third diffracted
order is at the angle corresponding to a Numerical Aperture of 0.9, exactly the
NA of the microscope objective in use. Knowing the pixel number in the image
of the m = £3 orders allows us to calibrate the far-field imaging system. Further
more, the lower orders can be used to check the calibration as they should occur
at NA=0.3 and NA=0.6 in the image. The zeroth order reflection gives us the
centre coordinate of our far-field image. For a fixed wavelength, the co-ordinates
in the NA calibrated far-field image will give the momentum distribution of the

emitted photons.
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Figure B.1: Diffraction pattern from a 2000 nm period grating as measured by the far-field imaging set-up.
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Appendix C

Random Plasmonic Metalon for Hot

Carrier Generation

C.1 Introduction

This appendix covers the controlled evaporation of very thin (< 10 nm) metal
films to make random metasurfaces for the generation of hot charge carriers. The
experimental work covered here was carried out by Dr Daniel Gomez and Dr
Charlene Ng of the CSIRO. It is included in this thesis as it contains work on the
simulation of large, dense arrays of random nanoparticles, which could form the
basis of a low cost metallic printing material or as a solar driven security feature.

The following work was published in ACS Nano [47].

In addition to altering the emission properties of QDs in §7, plasmon-exciton
coupling is also investigated in the context of a transparent photodetector. The
detector is comprised of a thin, transparent film of TiO, (a wide band-gap semi-
conductor) sandwich between a back contact mirror and a random gold metasur-
face. When sub-band-gap photons excite a plasmon there is a small probability
the plasmon will decay into a hot electron which is then injected into the semicon-

ductors conduction band. Here a detailed finite element analysis is developed in
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order to help understand the complex physical interaction taking place. This de-
vice could form a highly novel covet security feature as it would appear to merely
be a coloured region, but when connected to an ammeter and illuminated a small
current would flow. The fabrication steps required to manufacture this device are
thermal evaporation and annealing, no lithographic step is required. Potentially
this feature could be produced on a large scale and at low cost.

The cost of devices formed with this e-beam evaporation technique is low as
there is no lithographic step required and the evaporative step is scalable. The ran-
dom metasurface is used as one side of a randomized Fabry-Perot cavity, greatly
increasing the spectral range of the device’s absorbance. FEM modelling is used
to understand where in the structure the absorption occurs and how it can be

optimized for use in solar driven photocatalysis.

C.2 A Broadband Gires-Tournois Metalon Based Hot Electron

Photodetector

In addition to the enhancement of quantum emission, a metasurface based etalon
can also be used to mediate hot electron transfer into a semiconducting substrate’s
conduction band, even at photon energies below that of the bandgap [139]. That
is, a measurable photocurrent can be generated when illuminating the device
with light that does not have enough energy to directly create a hole-electron pair
in the semiconductor. Such systems are interesting in their own right as well as
applications in solar power or photocatalytic hydrogen production [47] and could
find use as a novel active security feature [140]. A large increase in absorption
cross-section provided by nanoantennas, however thus far, the incident photon
conversion efficiency (IPCE) of such devices are less than 1% and thought to have

a theoretical maximum efficiency of less than 10%, as the hot electron injection
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mechanism is a low probability event [141]. As such devices cannot yet (and may
never) compete on efficiency with well established Si photovoltaic designs they
must be fabricated with more energy and cost efficient techniques.

Here TiO, is the chosen semiconductor as it is a cheap, abundant, wide bandgap
transparent semiconducting oxide. It typically has a refractive index around 2.4
and, unlike silicon, provides good adhesion to the noble metals commonly used
in plasmonics. 250 nm Al or Au layers are evaporated onto glass substrates and
act as mirrors and back contacts. 50 nm of TiO, is then deposited in an oxy-
gen rich atmosphere to ensure stoichiometric titania is deposited. Finally a 7 nm
layer of gold or aluminium is deposited. Due to the surface energy of such a thin
film on the TiO, film, nanoislands (held together by surface tension) of gold are
formed. Figure C.1 shows an SEM image of the gold nanoparticle (AuNP) meta-
surface created with thin film evaporation as well as the distribution of particle
size. The mean particle size is 22.4 nm. For such small AuNP’s it is well known
from Mie theory that the absorption cross-section is much larger than the scatter-
ing cross-section [23]. The large spread of nanoparticle sizes leads to a strongly
absorbing broadband optical response. Figure C.2(a) shows the structure of the
metalon as implemented in COMSOL Multiphysics, with electric field norm at
A = 650 nm. Figure C.2(b) shows a photograph of three metalon samples (Au
mirror 50 nm TiO, AINP, Au mirror 50 nm TiO, AuNPs and Al mirror 50 nm TiO,
AuNPs). Immediately it is obvious that the AuNP-Au mirror system provides very
high broadband absorption as the metalon appears very black. Henceforth the in-
vestigation focusses on this system. The scalable nature of this simple fabrication
technique is also clearly demonstrated by the large area uniformly covered by the

nanoparticles.
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Figure C.1: (a) SEM of the random gold metasurface (scale bar is 1 um) and (b) Measured size distribution
of the Au nanoparticles.

(a) (b)

Figure C.2: (a)Metalon geometry used in FEM calculations, overlaid with calculated electric field at A = 650
nm and (b) photograph of the large area metalons (from left to right) AINPs on 50 nm TiO2 on Au mirror,
AuNPs on 50 nm TiO2 on Au mirror and AuNPs on 50 nm TiO> on Al mirror.

C.2.1 Finite element method (FEM) calculations of Fields and Absorption

in Random Metalons

To generate a measurable photocurrent the majority of the absorption and thus
generation of hot electrons should occur in the AuNP layer. To determine the
distribution of absorption FEM calculations are used. The FEM calculations were

carried out using COMSOL Multiphysics 5.0, using the model geometry shown in
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figure C.2(a). The model consists of a 500 nm x 500 nm x 2000 nm unit cell, with
periodic boundary conditions on the sides and scattering boundary conditions for
the top and bottom boundaries. The nanoparticle (AuNP) layer was 14 nm thick,
the TiO, layer was allowed to have variable thickness and the reflecting mirror
had a fixed thickness of 150 nm. The refractive index of Au taken from litera-
ture [45]. The AuNP layer thickness was determined by calculating the surface
coverage of nanoparticles (47%) from the SEM image shown in the main text and
applying volume conservation. A 7 nm solid gold film has the same volume as a
14 nm film with 47% surface coverage, so take 14 nm as the average height of
the nanoparticles. The optical constants of the TiO, film were taken from ellip-
sometry data. Illumination was modelled with a plane wave launched from the
top boundary of the simulation geometry.

Figure C.3 shows the scheme used to calculate the total absorption in the
metal/semiconductor/metal structures and the absorption of light by the AuNP
film and the reflecting layer. The first step is to convert the measured SEM image
to a monochrome bitmap. A function f is then created whose value at a particular

coordinate (z,y) in the image is 1 if there is gold at that location and 0 otherwise:

0 pixel(x,y) = black,
flz,y) = (C.1)
1 pixel(x,y) = white.

With f, it is possible to define a spatially dependent relative permittivity:

e(z,y,\) = €0+ f(x,y)(€au(N) — €0). (C.2)
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Figure C.3: A scheme for calculating absorption from SEM image. Convert the SEM (a) into a monochrome
bitmap (b), then use this to define a material with €(x, y), a spatially dependant relative permittivity, (c). This
material can then be used in FEM calculations to determine the electric field (d) and thus the electromagnetic
absorption, «, in the layer (e).

C.2.2 Broadband Absorption

Figure C.4 shows the optical properties of the fabricated metalon. Multiple re-
flections in the semiconductor layer lead to a suppression of reflected light and
a large increase in absorption [125], as shown in the inset to figure C.4(A). The
diffuse and specular reflectance (R) and transmittance (7") spectra from the met-
alon were measured by Dr. Ng using a UV-VIS spectrophotometer (Perkin-Elmer
Lambda 1050) with an integrating sphere and small spot kit. With these two mea-
surements, the absorbance was calculated as A = 1 — R —T. Figure C.4(B) shows

the absorption spectra for the metalon, 50 nm TiO, on a gold mirror, AuNPs on
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TiO, without a mirror and bare TiO,. The bare TiO, shows no absorbance, as the
band-gap corresponds to a UV wavelength of 370 nm, The samples with just a mir-
ror or just an AuNP layer show a broad absorption peak of around 20%, whereas
the metalon has absorbance around 80% over a spectral range of 500 nm, much
wider and higher than the metalons presented in the previous section. Figure
C.4(C) shows the calculated electric field intensity distribution in the metalon at
A = 650 nm. A field node can be seen at the AuNP, where there is also strong field
confinement due to the LSPs excited on the AuNPs. The effect of this is shown in
figure C.4(D), where the absorption in each metallic layer is calculated. We see
for shorter wavelengths the total system absorption tends towards the absorption
in the mirror, this is because at these shorter wavelengths the field node is forced
closer to mirror and the interband transition in gold (at A = 500 nm) inhibits the
plasmonic response of the AuNPs. For wavelengths above 500 nm the majority of
the absorption occurs in the nanoparticle layer, which is critical for the electrical

aspects of the device to work.
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Figure C.4: Architecture and working principle of plasmonic broadband absorber structure. (A) Schematic
of the broadband absorber structure with TiO, positioned in between the Au mirror and Au nanoparticles.
Inset: multiple internal reflection and interference interpretation of unit absorption [125]. Also shown is
an SEM of the Au nanoparticle monolayer. (B) Absorbance spectra of the metalon, metalon without Au
NPs, metalon without mirror and bare TiO» on glass. (C) Spatial distribution of the Electric field of the
metal-semiconductor-nanoparticle structures at 650 nm. The values are shown on a logarithmic scale of the
absolute magnitude square of the electric field relative to the incident field. (D) Plot of the absorption of
incident light vs. wavelength for the top and bottom metal layers.

C.2.3 Sub-Bandgap Hot Electron Injection Photocurrent

In order to measure the photocurrent and IPCE of the broadband metalon device
the designed structure and platinum wire was employed as the working elec-
trode and counter electrode respectively in a 2 electrode system, as shown in
figure C.5(A). The exposed surface area of the working electrode was 1 cm in
diameter. The electrolyte solution used was 0.5 M Na,SO, (anhydrous, Sigma-

Aldrich, >99%) with 20 v/v % amount of methanol (Sigma-Aldrich, >99.9%) or
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ethanol (Sigma-Aldrich, >99.9%) as the sacrificial reagent. The 0.5 M Na,SO,
was employed to reduce the resistance in the electrolyte solution. Prior to the
photocurrent measurements, the solutions were purged with N, gas to remove
electron scavenging O,. The working potential was set at +0.5 V versus the Pt
wire and the devices were illuminated with light from a 300 W Xenon lamp (New-
port Model no. 669092) using a > 495 nm cut-off filter (Thorlabs FGL-495). The
applied voltage and photocurrent / were recorded with a potentiostat (AutoLab
PGSTAT204). To measure the IPCE values, light from the Xenon lamp was cou-
pled to a monochromator with a bandwidth of 5 nm at full width at half maxi-
mum (FWHM). The light intensity P of the monochromatic light at each wave-
length was measured using a Thorlabs optical power and energy meter (Model.
PM100D). The incident photon to electron efficiency (IPCE) was calculated by the
following formula:

I(A/em?) 1240

IPCE = 100 .
“PW/em?) ™ Nnm)

(C.3)
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Figure C.5: Photoelectrochemical and absorption performance of the plasmonic broadband absorber struc-
ture. (A) Illustration of the working principle: Upon visible light illumination and plasmon non-radiative
relaxation, hot electrons in the Au nanoparticles can be injected into TiO» and be transported subsequently
to the Pt counter electrode and measured as photocurrents. Ecp, Evp and E, refer to conduction band,
valence band and band gap energy of TiO, respectively. (B) Photocurrent generation under both visible light
illumination (A > 495 nm) and in the dark in a 2 electrode system vs Pt wire; applied voltage of 0.5 V and 0.5
M Na3S04 + 20 v/v% methanol electrolyte solution. (C) IPCE values for the metalon (black), TiO2 on a gold
mirror (orange) and on glass (pink). Also shown is the absorption spectrum of the metal-semiconductor—
nanoparticle structure (solid black).

Figure C.5(B) shows the measured current density as a function of time with

the illumination cycled on and off. During an on cycle there is a slow decrease
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in current density due to accumulation of oxygen around the AuNPs effectively
slowing the scavenging of holes from the AuNPs, which slows the production of
hot electrons. Nevertheless the metalon exhibits 4 times the photocurrent than
the AuNP layer on TiO, without the back reflecting mirror and 56 times the cur-

rent detected for the sample without the metasurface.

Figure C.5(C) shows the calculated ICPE for the samples. The metalon exhbits
a peak efficiency of 0.3% at A = 600 nm, paltry compared to the 20% achieved
with mono-Si solar cells. However this comparison is unfair as solar cells operate
above the band-gap, a much more efficient process. The IPCE closely follows the
spectral absorption of the metalon for A < 700nm. At longer wavelengths the
photon energy, E,, is not enough to inject hot electrons from the gold Fermi level,
Er, across the Schottky barrier, Esp, thatis E, + Er < Egg, so the efficiency tails
off as E, approaches Esp — L. The IPCE for the other two samples is negligible

as the total absorption is low.

C.2.4 Summary

This appendix introduced a random metalon for the generation of hot electrons
from sub-band-gap photons. By evaporation of very thin gold films onto TiO,
substrates with a gold back contact it was possible to absorb 80% of incident light
over a 500 nm spectral range and convert 0.3% of photons into a measurable

photocurrent.
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