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RESUME DE THESE EN FRANCAIS

Dans les domaines de la photonique et de la plasmonique, la capacité a manipuler les ondes
électromagnétiques dans le domaine du visible requiert des matériaux fonctionnels ayant des
caractéristiques structurales qui sont inférieures ou égales a la longueur d'onde de la lumiére.
En outre, les propriétés optiques d’un dispositif sont fortement liées au choix de la nature et
de la structure du ou des matériaux constitutifs. Ceci a des retombées directes dans de
nombreux domaines d’applications tels que les guides d'ondes [1], les circuits photoniques [2]

et les biocapteurs [3].

Dans la nature, des matériaux photoniques peuvent étre trouvés, par exemple, dans les ailes de
certains papillons [4] et les opales (Figure A) [5]. Pour recréer artificiellement des matériaux
similaires, c’est-a-dire présentant une structuration périodique, les scientifiques ont
principalement utilisé des techniques dites «top-down », telles que la lithographie
électronique [6], la photolithographie [7] et la lithographie par faisceau d'ions focalisé (FIB)
[8]. Une autre voie consiste a tirer profit de l'auto-assemblage d’entités colloidales pouvant
conduire a la formation de structures ordonnées a grande échelle présentant une structure
répétitive, qui peut étre facilement modulée via le choix des briques utilisées [9]. Par exemple,
en combinant [l'utilisation de moules colloidaux avec une technique telle que
I'électrodéposition, il est possible de fabriquer des matériaux plasmoniques nanostructurés qui
sont des répliques inverses du moule utilisé [10]-[17].

Figure A. (a) Photographie d’une opale naturelle. (b) Image de microscopie électronique a balayage (MEB) illustrant

la structure périodique d’une opale.
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L'objectif de cette these est de concevoir et de développer des voies de fabrication de
matériaux photoniques et plasmoniques nanostructurés, basées sur 1’auto-assemblage de
particules colloidales. Des cristaux colloidaux bi- et tridimensionnels ont été réalisés par deux
techniques différentes et ont été utilisés comme moules pour fabriquer (1) des opales inverses
de dioxyde de titane; (2) des films nanostructurés d'or; (3) des réseaux organisés de

nanopiliers d’or et (4) des métamatériaux de type « fishnet ».

Dans le chapitre 1, les concepts généraux permettant d’appréhender les travaux réalisés au
cours de cette thése sont présentés. Ainsi, des notions théoriques relatives a la photonique et a
la plasmonique sont exposées et les principales approches « top-down » et « bottom-up »

permettant la réalisation de systemes photoniques et plasmoniques sont également décrites.

Dans le chapitre 2, nous détaillons les travaux que nous entrepris dédiés a l'incorporation
d'une opale inverse de TiO, dans une cellule & colorant « tout solide » afin d'améliorer le
piégeage de la lumiére et d’améliorer I'efficacité de la cellule. Dans un premier temps, nous
démontrons qu’il est possible de controler I’épaisseur de I’opale inverse via I’empilement

«une a une » de couches de particules de polystyréne sur un substrat (Figure B), suivi de

I’infiltration des interstices entre les particules a 1’aide d’un précurseur organo-minéral.

Figure B. Images MEB de cristaux colloidaux constitués de2, 4, 6, et 8 couches de particules de polystyréne de 260 nm
de diamétre.
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L’¢tude des propriétés optiques des structures photoniques réalisées a permis de révéler que la
position de la bande interdite pouvait étre modulée en variant la taille des particules utilisées,
ce qui nécessaire particulierement important dans le but de faire coincider la position de la
bande interdite de I'opale inverse avec celle du pic d’absorption du colorant utilisé. Nous
avons également mis en évidence qu'il existe une épaisseur optimale pour 1’opale inverse,

pour laquelle I’efficacité de la cellule solaire est maximale.

Dans le chapitre 3, nous montrons qu’il est possible d’électrodéposer de ’or au sein des
interstices existants entre des billes de polystyréne organisées sous la forme d’une
monocouche compacte. L’ajustement du temps d'électrodéposition permet de contréler trés

finement 1’épaisseur du dépot d’or (Figure C).

Figure C. Images MEB de dépdts d’or de différentes épaisseurs (t) électrodéposés a travers une monocouche de
particules de polystyrene de diamétre D égal a : 260 nm (gauche), 430 nm (centre) et 595 nm (droite). Barre d’échelle :
300 nm.

L’étude des propriétés optiques de ces dépots a permis de mettre en évidence une absorption
de la lumiére omnidirectionnelle pour différentes tailles de particules. Lorsque les billes de

polymere sont éliminées, ce qui conduit a la formation d’un film d’or contenant un réseau

\Y
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périodique de trous, lI'absorption est décalée vers le bleu et est 1égérement diminuée. Des
dépots d’or micro- et nanostructurés présentant une structure fractale ont également été
fabriquées par électrodéposition. Nous avons la encore étudié les propriétés optiques de ces
films et avons montré qu’ils présentent une réflexion spéculaire inférieure a 1% dans la plage
de longueur d'onde allant de 250 nm a 2500 nm, ce qui en fait d’excellents candidats pour des

dispositifs tels que des capteurs en milieu extréme.

Dans le chapitre 4, nous présentons nos travaux dédiés a la fabrication de réseau de
nanopiliers d’or a partir de monocouches de billes de polystyréne préalablement frittées
(Figure D).

Figure D. Images MEB de nanopiliers d’or électrodéposés a travers une monocouche de particules de polystyréne de

595 nm de diametre préalablement frittées a 110°C durant 6 (gauche), 7 (centre) et 8 minutes (droite).

En faisant varier de maniére controlée le temps d’électrodéposition, nous avons pu faire varier
la morphologie des nanopiliers. En particulier, nous avons cherché a minimiser la distance
entre les extrémités triangulaires de ceux-ci, dans le but de créer des « points chauds »
pouvant conduire a des effets d’exaltation de la diffusion Raman exaltée de surface (SERS).
Toutefois, aucun effet notable de la distance sur la réponse Raman n’a été observé. Nous
avons aussi utilisé tiré profit de la formation d'une couche de nickel sacrificielle par voie
électrolytique pour transférer les nanopiliers d'or au sein d’un film transparent de
polydiméthylsiloxane (PDMS). Les échantillons obtenus ont été caractérisés optiquement et
nous avons pu montrer que les spectres d’absorption présentent des pics dont la position et

I’intensité varient en fonction de la morphologie des nanopiliers et de leur interdistance. En

Vi
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particulier, une augmentation de la hauteur des piliers induit un décalage vers le bleu des pics
d'absorption. Les résultats expérimentaux obtenus sont en bon accord avec ceux issus de

simulations réalisées par FDTD.

Le chapitre 5 est consacré a la fabrication de métamatériaux de type «fishnet » par
¢lectrodéposition séquentielle d’or et de nickel au sein d’une monocouche de billes de
polystyréne préalablement rognées. La encore, le contrdle du temps d’électrodéposition
permet un contréle précis des épaisseurs de chaque couche de métal déposée (Figure E). La
dissolution sélective ultérieure des couches sacrificielles de nickel permet d’obtenir des
métamatériaux de plusieurs cm?, constitués d’une couche d’air emprisonnés entre deux

couches d’or.

Figure E. Images MEB de dép6ts nickel-or (haut) et nickel-or-nickel (bas) électrodéposés a travers une monocouche

de particules de polystyréne de 430 nm de diametre.

vii
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Introduction

INTRODUCTION

MOTIVATION

Nanotechnology has opened up a whole new realm of science that we are only beginning to
discover, and this drive towards smaller devices has been largely due to the electronics
industry. In the field of photonics and plasmonics, the ability to manipulate electromagnetic
waves in the visible regime requires functional materials with features that are smaller or
equal to the wavelength of light. The choice of material and structure has a direct effect on the
resulting optical properties of the device. This can be translated into applications such as
waveguides [1], photonic circuits [2] and biosensors [3]. In addition, plasmonic
nanostructured materials have the ability to enhance certain optical processes, for example,
surface enhanced Raman scattering (SERS) [4] and surface enhanced fluorescence (SEF) [5].

Naturally occurring photonic materials can be found for instance, in the wings of butterflies
[6] and opals [7]. To artificially recreate similar nanostructured materials with repetitive
features, scientists have mainly been dependent on top-down lithographic techniques such as
electron beam lithography [8], photolithography [9] and focused ion beam (FIB) [10]. An
alternative route is to make use of the self-assembly of tiny building units that when
assembled can give rise to a large scale ordered repetitive structure that can be easily tuned by
changing the building blocks used. Colloidal assembly [11] is a viable option in this respect,
as it makes use of simple colloidal particles that self-assemble and organize themselves giving
rise to ordered nanostructures that can be used as templates for subsequent processing steps.
For instance, combining the use of colloidal templates with a technique such as
electrodeposition, allows the fabrication of unique nanostructured materials that take the form
of the inverse shape of the template used [12]. When metals such as gold or silver are
involved, it is possible to create nanostructured plasmonic materials/surfaces via the
combination of electrodeposition through the self-assembled colloidal templates [13], [14].
The combination of such techniques allows for the design of simple yet versatile processing
routes to create novel functional nanostructured materials that can be further investigated
[15]-[19].
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SCOPE AND AIM OF THESIS

The subject of this thesis is to investigate and develop process routes to fabricate photonic and
plasmonic nanostructured materials mainly via the bottom-up self-assembly of colloidal
particles as a basis for creating nanostructured materials that exhibit photonic and/or
plasmonic properties. There are two colloidal assembly techniques (Langmuir-Blodgett and
self-assembly on water surface) utilized in this work, depending on the type of colloidal
particles (silica or polystyrene particles) used. The colloidal crystals assembled can be either
two- or three-dimensional. Finally, the processes to infiltrate the colloidal templates, which
act as a mask, to fabricate (1) inverse opals of titanium dioxide; (2) templated and non
templated nanostructured gold films; (3) arrays of plasmonic gold nano-antennas and (4)

metamaterial fishnet structures, are developed and optimized.

The application of these structures in devices varies widely from; (1) enhancing the light
extraction/cell efficiency in dye sensitized solar cells (for inverse opal titanium dioxide), (2)
total quasi omnidirectional absorption of light in nanostructured gold surfaces (for gold films
containing a closed packed monolayer of voids or dielectric material), and anti-reflective
surfaces (for non templated nanostructured gold films); (3) enhancing the signal response of
surface enhanced Raman spectroscopy (SERS) measurements (plasmonic gold nano-antenna

array); to (4) novel metamaterials (fishnet structures).

The overall objective is to develop highly reliable, reproducible, bottom-up self-assembly
based, simple and economical synthetic routes that can be used to fabricate the various high
quality nanostructures on an extended scale through colloidal engineering which can offer an
alternative to conventional top-down techniques that generally require expensive and bulky

equipment.
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OUTLINE OF THESIS

Chapter 1: Relevant photonic and plasmonic theories are described and an introduction to

several well established bottom-up self-assembly techniques available today.

Chapter 2: The development of solid state dye sensitized solar cells incorporating inverse

opal TiO;, light trapping layers is presented, and the resulting cell efficiencies are reported.

Chapter 3: The fabrication of nanostructured gold surfaces via electrodeposition onto
templated and non templated gold-coated glass substrate is described, and the optical

characterizations of the fabricated surfaces are discussed.

Chapter 4: The fabrication of gold nano-antenna arrays via electrodeposition of nickel and
gold into modified colloidal crystal templates is described, followed by the removal and
transfer of the gold nano-antenna array into a transparent medium. Optical characterizations

and preliminary surface enhanced Raman spectroscopy (SERS) measurements are presented.

Chapter 5: The fabrication of fishnet nanostructured materials by a combination of colloidal
templating and electrodeposition is presented, and the problems encountered are listed.

Annexes: Details of all the experimental procedures are provided.
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GENERAL INTRODUCTION

The building, manipulating, and characterizing of optically active nanostructures are both
related to the fields of nanophotonics and plasmonics. By investigating the fabrication
techniques and resulting material properties, we can aim to design new capabilities in
instrumentation for the nanoscale, chemical and biomedical sensing, disease treatment,
enhanced solar cells and lighting, information and communications technologies, and many

other applications.

The basic concepts of photonics and plasmonics has been known for the last 40 to 50 years,
but it is only in the last decade where they have really attracted attention from the scientific
community based on discoveries in nanoscience. Since the 1960s, photonic materials and
devices have played a pervasive role in communications, energy conversion, and sensing.
Nanophotonics, or photonics at the nanoscale, can be defined as “the science and engineering
of light-matter interactions that take place on wavelength and subwavelength scales where the
physical, chemical, or structural nature of natural or artificial nanostructure matter controls
the interactions” [1]. In the next decade, nanophotonic structures and devices hold promise in
reducing the energies of device operations, enhancing the spatial resolution for imaging,
creating new sensors with increased sensitivity and specificity, and creating densely

integrated information systems with lower power dissipation,

The aim of plasmonics is to exploit the unique optical properties of metallic nanostructures to
enable routing and active manipulation of light at the nanoscale [2], [3]. It has only been
slightly more than a decade that the young field of plasmonics has rapidly gained momentum,
and it is envisioned to allow for the study of exciting new fundamental science as well as
possible groundbreaking real-life applications in the areas of ultrahigh-resolution imaging and
patterning, control of optical processes with extraordinary spatial and frequency precision,
and targeted medical therapy. In addition, plasmonics can provide a bridge between classical
electronics and photonics, thereby enabling the creation of next generation systems that
comprise of both plasmonic and electronic devices exhibiting the best qualities of both
photonics and electronics for computation and communication at high speed, broad

bandwidth, and low power dissipation
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Advances in the fabrication of optical structures at the nanoscale and improved control of
materials properties have allowed researchers to demonstrate and realize the potential of
nanophotonics and plasmonics, and they provide a strong motivation to continue the
investigations in these fields which could further the understanding about the nature of light-

matter interactions [4].

In the following sections, we will first touch on the topic of photonics with particular focus on
the photonic crystals and discuss the underlying principles that gives them their unique optical
properties. Following that, we will introduce the topic of plasmonics, and the various
phenomena that make plasmonics such an interesting topic to investigate. Finally, we will
make short overview of the current technologies available and used for the fabrication of
photonic and plasmonics materials and devices.

1. PHOTONICS

Photonics is a term coined in analogy with electronics, which reflects the growing tie between
optics and electronics forged by the increasing role that semiconductor materials and devices
play in optical systems. Electronics involves the control of electric-charge flow (in vacuum or
in matter), while photonics involves the control of photons (in free space or in matter). These
two disciplines overlap each other since electrons often control the flow of photons and, on
the other hand, photons can also control the flow of electrons. In addition, the term photonics
reflects the importance of the photon nature of light in describing the operation of many

optical devices [5].

Broadly speaking, photonics encompasses the generation of coherent light by lasers, and
incoherent light by luminescence sources such as light-emitting diodes; the transmission of
light in free space, through conventional optical components such as lenses, apertures, and
imaging systems, and through waveguides such as optical fibers; modulation, switching, and
scanning of light by the use of electrically, acoustically, or optically controlled devices; the
amplification and frequency conversion of light by the use of wave interactions in nonlinear

materials and the detection of light [5].

10
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1.1 PHOTONIC CRYSTALS

One of the interesting materials that have been discovered in the field of photonics is the
photonic crystal. It was as early as 1887 when Lord Rayleigh studied a one dimensional (1D)
photonic crystal and observed the existence of high reflectivity over a narrow range of
wavelengths known as the stop-band [6]. Today, these 1D structures, known as Bragg mirrors,
are used extensively in light emitting diodes to improve light extraction and purity, in solar
cells to enhance efficiency and in lasers to optimize their performance. Beyond 1D photonic
crystals, there are also more complex two (2D) and three dimensional (3D) photonic crystals.
In 1987, Yablonovitch [7] and John [8] theoretically predicted that high refractive index
contrast (i.e; n > 2.9) 3D photonic crystals were capable of possessing an omnidirectional
photonic bandgap, forbidding light propagation for all directions and all polarizations. Figure
1 shows a simple illustration of the different types of photonic crystals.

1-D

periodic In periodic in periodic In
one direction two directions three directions

Figure 1. Simple illustrations of one, two and three dimensional photonic crystals. The different colors
represent different dielectric constants. The periodicity of the dielectric material along one or more axes is
the defining feature of a photonic crystal[9].

A crystal, as we all know, is a periodic arrangement of atoms and molecules. The pattern with
which atoms or molecules are repeated in space is the crystal lattice. The conduction
properties of a crystal are determined by the constituents of the crystals as well as the
geometry of the lattice, which presents a periodic potential to an electron passing through it.
According to quantum mechanics, electrons travel as waves in a conducting crystal, and only
the waves that meet a certain criteria can propagate through a periodic potential without
scattering (in the absence of defects and impurities). At the same time, the lattice also
prohibits the propagation of other waves, and this is referred to as gaps in the energy band
structure of the crystal. Energy bandgaps forbid the propagation of electrons with certain

energies and directions. A complete bandgap occurs when there is a strong lattice potential

11
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and the gap can cover all possible propagation directions. An example is the energy band gap

between the valence and conducting bands in semiconductors.

A similar analogy can be said about photonic crystals. In the case of photonic crystals (Figure
1), the ‘atoms or molecules’ are replaced by macroscopic materials with differing dielectric
constants, and the periodic potential is replaced with a periodic dielectric function (i.e. a
periodic index of refraction). When the difference in dielectric constants is sufficiently large,
and there is minimal absorption of light, then the refractions and reflections of light from all
the various interfaces can result in a similar phenomenon for photons (light modes) that the
atomic potential produces for electrons. Thus, a photonic crystal, a low loss periodic dielectric

medium, can in theory provide a means of optical control and manipulation [9].

To understand how photonic crystals possess their unique optical properties, we first have to
look at the interaction and propagation of light with a material. Using the macroscopic

Maxwell’s equations, we derive the following [6], [9],

V:-D=p Equation 1
V-B=0 Equation 2
d :
VXE=——B Equation 3
at
V><H=—%D +j Equation 4

Along with the constituent materials equations,
D=¢,E+P Equation 5
B=u,(H+ M) Equation 6

Here, D is the electric displacement, B is the magnetic induction, E is the electric field, H is
the magnetic field, p is the free charge density, j is the free current density, P is the
polarization, M is the magnetization, &, is the permittivity constant in a vacuum and yu, the

permeability constant in a vacuum.

By assuming that the materials are isotropic and only considering the case of linear optics, the

equations (5 and 6) can be simplified to

12
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D = gy¢E Equation 7
B = pouH Equation 8

From here, we obtain the master equations (7 and 8) which describe the propagation of the
electric and magnetic fields. Further simplification of the equations can be made by assuming
that there is no material dispersion and the materials are transparent (i.e. in the absence of free
charges and free currents), which implies that p = j = 0. Hence, the Maxwell equations

(Equations 1 to 4) become

V-H(r,t)=0 Equation 9
V-e(r)E(r,t) =0 Equation 10
V X H(r, t) — ge(r) aE;:'t) =0 Equation 11
VX E(r,t) + uo aH;:'t) =0 Equation 12
Mathematically the following can be rewritten as
H(r,t) = H(r)e 't Equation 13
E(r,t) = E(r)e vt Equation 14

For a specific frequency, the equations governing the mode profiles can be found by inserting

equations 13 and 14 into equations 9 to 12. Thus,

V-H(r)=0 Equation 15
V-e(r)E(r)=0 Equation 16

VX H(r) + iweye(r)E(r) =0 Equation 17
VXE(r) —iwugH(r) =0 Equation 18

The master equation for the propagation of the magnetic field can now be solved by the

elimination E(r) to yield an eigenvalue equation,

13
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1 w)? :
V X (g(—r)V X H(r)) = (?) H(r) Equation 19

Here, the constants &, and u, can be combined to obtain the speed of light in vacuum,
c =1/,/eoue. With a given structure £(r), we can now use the master equation to find the

modes H(r) and the corresponding frequencies. E(r) can then be calculated by using either

equations 17 or 18.

From equation 19, the optical values of the photonic crystal and its dispersion relation are
represented on the right hand side by the eigenvalues. For homogeneous and isotropic
materials, permittivity, €, is independent of spatial coordinates, and hence can be described

solely by the material properties.

With the introduction of a spatial dependence of materials properties by a periodic ordering,
the eigenvalues can be controlled which allows for the modification of the optical properties
of the material according to how it is distributed. For periodically arranged materials, there

exists a translational symmetry which can be represented as,
e(r)y=e¢(r+R) Equation 20

Here, R is the lattice-translation vector, and the solutions of the master equation (19), will

have the following form,
H(r) = hy(r)exp (ikr) Equation 21
Where
h,(r) = h(r + R) Equation 22

This solution is also known as the Bloch function[10].

14
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1.2 PHOTONIC BANDGAPS

If we assume that light is propagating in a homogeneous, isotropic material with a refractive

index of n, the index of refraction and permittivity are related by the following equation,
n= \/E Equation 23

The dispersion relation that describes the optical properties of this material is as follows,

w = % | k| Equation 24
Here, ¢, is the speed of light in a vacuum, the wave vector |k| = k = 2m/A, where 1 is the
wavelength of light in a vacuum, and the photon energy E, is given by F = hw. Forward
propagation (positive k values) of the dispersion relation results in a straight line. Backward
propagation (negative k values) also results in the same dispersion properties. The blue line in
Figure 2 originating from the origin illustrates the dispersion relation of a single unit cell of a

periodic structure with lattice constant a.

o (0g)

-nla 0 n/a

Figure 2. Light lines and the formation of a band gap. The calculations assume a material containing
alternating slabs of 200 nm with refractive indices of 1.0 and 3.5. Blue lines represent the dispersion
relation in an isotropic medium with artificial periodicity.[6]

By just considering the first Brillouin zone, (from k = —m/a to k = w/a), it is observed that

the dispersion lines of the forward and backward propagating waves cross at the frequency

_ C()T[

w—E
15

Equation 25
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Bragg’s Law provides the condition for a plane wave to be diffracted by a family of lattice

planes according to the following equation
nA = 2dsinf Equation 26

Here, d is the lattice spacing, 6 is the angle between the wavevector of the incident plane
wave and the lattice planes, 4 is the wavelength and n is an integer corresponding to the order
of the reflection. Even though it is generally used in crystallography calculations for X-rays,
in the case of photonic crystals, the same rules can also be applied, but at optical wavelengths.

Assuming that the periodic structure is constructed with slabs of two alternating materials
with different permittivity (similar to the sketch of the 1D photonic crystal shown in Figure
1), a forward propagating wave will be partially reflected at each interface between the two

materials, resulting in both forward and backward travelling waves at the same time.

A standing wave, for frequencies that fulfill the Bragg condition, will then be formed due to
the interference from both the forward and backward propagating waves.

The nodes and antinodes of the standing waves are either situated in the low refractive index
and in the high refractive index material respectively or vice versa. The positions in between
are forbidden. The electric field of the standing wave with nodes in the low index materials
will mainly experience the high index material resulting in lower photon energy as described
by equation 25. On the other hand, the other standing wave experiences a reduced effective
index and will be found at higher photon energies. This difference in photon energies causes
the opening of a gap in the dispersion relation which is known as the photonic bandgap. The
lower energy band will be concentrated in the high index materials and is thus referred to as
the “dielectric band”, while the higher energy band will be concentrated in the low index
materials and is commonly referred to as the “air band” (as it is usually composed of air). The
red curves in Figure 2 illustrate the band structure described above. As a result of the band
structure, no propagation within the photonic crystal is allowed for photons that have energies
within the bandgap. Not only is it possible to obtain the fundamental bandgap, the higher
order bandgaps can also be observed. Using Bragg’s law (equation 26), the centre position of
the bandgap can be calculated. Hence, the position of the bandgap can be shifted by either
changing the properties of the materials and/or by changing the lattice constant. Modifying

the low dielectric material mainly shifts the air band, while modifying the high dielectric
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material mainly shifts the dielectric band. The width of the bandgap can thus be widened by
increasing the difference between the dielectric constant of the two materials.

2. PLASMONICS

In the 1970s, one of the most significant discovered applications of plasmonics was the use of
it in surface-enhanced Raman spectroscopy (SERS) [4]. It was not until the end of the 20™
century and the beginning of the 21% century that the young field of plasmonics started to
rapidly develop in new directions. This gain in momentum was spearheaded by the realization
and successive demonstrations that metallic nanowires can guide light well below the
seemingly unsurpassable diffraction limit [11], that metal films with nanoscale holes show
extraordinarily high optical transmission [12], and that a simple thin film of metal can serve
as an optical lens [13]. With the introduction of metamaterials (artificial optical materials with
rationally designed geometries and arrangements of nanoscale building blocks.), plasmonic

materials attracted even more attention as components incorporated into metamaterials.

While various advances have been made in the field of plasmonics, the most important ones
have relied heavily on one key property of engineered metallic structures, and that is their
unparalleled ability to concentrate light. Plasmonic structures and metamaterials consisting of
deep-subwavelength building blocks enable light to be concentrated and actively manipulated
in new ways. Even a simple spherical metallic nanoparticle can serve as a tiny antenna
capable of capturing and concentrating light waves [4]. In the following sections, we will

attempt to describe some of the plasmonic phenomena related to our work.

2.1 SURFACE PLASMON POLARITONS

Throw a rock into a pond and ripples will spread outwards across the surface. This is basically
what happens when a photon hits the surface of a metal. However, the ripples in this case are
made of electrons oscillating en masse and the wavelengths are measured in nanometers.
These oscillations, known as surface plasmons, are able to pick up more light and carry it

along the metal surface for considerable distances, akin to a “river of light” [14].

Following the pioneering work of Ritchie in the 1950s [15], surface plasmons have become

widely recognized in the field of surface science. Surface plasmons are waves that propagate
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along the surface of a conductor (usually a metal). Simply put, they are light waves trapped on
the surface because of their interaction with the free electrons of the conductor, whereby the
free electrons respond collectively by oscillating in resonance with the light wave. This
resonant interaction between the electromagnetic field of light and the surface charge
oscillation constitutes the surface plasmon and gives rise to its unique properties. Figure 3

illustrates the basics of surface plasmons.

There are two consequences that arise from the interaction between surface charges and the
electromagnetic field constituting the surface plasmon [2].

a b , & @ g w=ck
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Figure 3. (a) Combined electromagnetic wave and surface charge character of a surface plasmon at the
interface between a metal and dielectric material. (b) The field component of the perpendicular to the
surface is enhanced near the surface and decays exponentially as it moves away from the surface. §4 and
é.are the decay lengths into the dielectric material and metal respectively. (c) Momentum mismatch
between the surface plasmon mode and a free space photon of the same frequency [2].

The first consequence is that the momentum of the surface plasmon mode, Ak, will be
greater than that of a free space photon of the same frequency, hk,, where k, = w/c is the
free space wavevector. The surface plasmon dispersion relation (i.e. the frequency dependent
surface plasmon wave vector, k,) can be obtained by solving the Maxwell’s equations under

the appropriate boundary conditions, resulting in

EdE .
ks, = ko /ﬁ Equation 27

Here, e; and g, are the frequency dependent permittivity of the dielectric and metal
respectively and they must have opposite signs to allow the possibility of surface plasmons at

the interface. For metals, this condition is satisfied as ¢,, is both negative and complex.
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The second consequence is that, unlike the propagating nature of surface plasmons along the
surface, the field that is perpendicular to the surface decays exponentially with distance from
the surface. This perpendicular field is the evanescent or near field, and is the result of the
bound, non-radiative nature of surface plasmons which prevents power from propagating

from the surface.

To generate surface plasmons using light, the momentum mismatch (which is associated with
the binding of surface plasmons to the surface) between light and surface plasmons of the
same frequency must be bridged. This can be achieved via three main techniques, which are
(1) prism coupling to enhance momentum of incident light, (2) scattering from a topological

defect on the surface and (3) making use of a periodic corrugation in the metal’s surface.

From the optics point of view, surface plasmons are very attractive because of their ability to
concentrate light and channel light using subwavelength structures. By making use of surface
plasmons, periodically nanostructured metals have the potential of being used as photonic
bandgap materials, in the form of photonic surfaces (Figure 4). When the effective
wavelength of the surface plasmon mode is double the period of the nanostructure, scattering
can lead to the formation of a surface plasmon standing wave and the opening of a surface
plasmon stop band. When the surface is textured in both in plane directions, surface plasmon
modes may be prevented from travelling in any in plane direction which leads to a full

photonic band gap for surface plasmon modes [2].
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Figure 4. (a) Dispersion diagram showing the formation of a surface plasmon photonic bandgap on a
periodically textured metal surface when the period, a, is equal to half the wavelength of the surface
plasmon. Surface plasmon modes with frequencies between the band edges w, and w_ cannot propagate.
(b) Hlustration of the two surface plasmon standing wave solutions, each with the same wavelength. The
upper frequency solution, w., is of higher energy because of greater the larger distance between surface
charges and greater distortion of the field [2].
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2.2 LOCALIZED SURFACE PLASMON RESONANCE

One of the oldest examples of man-made objects that incorporated noble metal (e.g. Au or
Ag) nanoparticles was the Roman Lycurgus cup (Figure 5). The incorporation of the noble
metal nanoparticles in the glass of the cup made it dichroic: it resembled jade with an opaque
greenish-yellow hue under direct light, but becomes translucent ruby in color when light
shines through it [16]. Today, we know that the light scattering brought about by the

nanoparticles can be attributed to localized surface plasmons resonance (LSPR).

Figure 5. The Lycurgus Cup in (a) reflected and (b) transmitted light

Localized surface plasmon resonance is an optical phenomenon generated by a light wave
trapped within conductive nanoparticles smaller than the wavelength of light. This interaction
produces coherent localized plasmon oscillations (Figure 6) at a resonant frequency and
intensity that is characteristic of the type of material, shape, size, size distribution and the

surrounding environment [3], [17], [18].
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Figure 6. Schematics of the plasmon oscillation of a spherical metal nanoparticle showing the
displacement of the conduction electron charge cloud relative to the nuclei [19].

Drude [20] introduced a simple model for the dielectric properties of metals, which describes
the conduction electrons in metals as a classical diffusive electron gas. Mutual collision damp

the electron motion at a rate of 1/7, (where 7 is the electron relaxation time of the free
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electron gas), and when placed under an electric field, the electrons oscillate. From this
model, a frequency dependent dielectric function e(w) of the Drude metal is described as

follows,

2
Wp

g(w) =&, — Equation 28

w2+i2
T
Here, €., describes the contribution of the bound electrons to the polarizability, and the

plasma frequency, w,, which describes the oscillation of the free electron plasma, is given by

- /n_ez :
Wy = pp— Equation 29

where n, is the electron density of the metal, m, is the effective mass of the conducting

electrons, e is the electron charge, and &, is the permittivity of vacuum,

Although the Drude model is able to accurately describe most of the dielectric properties of
metals, it is still inadequate when dealing with optical frequencies and especially with noble
metals because of the d-d transitions energy levels which give rise to the localized surface
plasmon resonance in the visible range of the spectrum [17].

Metal nanostructures with dimensions in the range of the wavelength of light or below are
able to support optical resonances. Mie Theory provides a solution to analytically treat the
response of a metal particle (absorption or scattering) to an external electric field [21]. For
small particles, where the dimensions are smaller than the wavelength (d << 1), the quasi
static approximation can be used [22], and hence, the microscopic polarizability « of a small
sphere with a radius r can be expressed as

a(w) = 4mr3 ——med Equation 30
E+2&med

Here, € and ¢,,.4 refer to the dielectric properties of the particle and the surrounding medium
respectively. This function (equation 30), is also known as the Clausius-Mossotti relation, and
is maximum for & when ¢ = —2¢,,.4. Since the dielectric function of a metal is dependent on
frequency, the resonance condition can only be met for a distinct frequency that is determined
by the material property as well as the dielectric function of the surrounding medium. For

materials with a small imaginary part of &, this resonance condition can be simplified to
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Rele] = —2&,,04 Equation 31

This relationship is known as the Frohlich condition and the associated mode (in an
oscillating field) is the dipole surface plasmon of the metal nanoparticle. Equation 31
illustrates the direct relationship between the plasmon resonance frequency and the dielectric
constant of the medium. It is exactly this unique property that makes metal nanoparticles ideal

candidates for sensing applications to detect changes in its immediate environment.
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Figure 7. Energy flux (Poynting vector) around a metal nanoparticle (a) when excitation frequency is far
from plasmon resonance and (b) at plasmon resonance frequency|3].

Simply put, when the frequency of light is far from the intrinsic plasmon resonance of the
metal nanoparticle, the energy flow is only slightly disturbed (Figure 7a) However, at
plasmon resonance frequency, the strong polarization of the particle draws the energy to itself
(Figure 7b), resulting in a strong light scattering, the appearance of intense surface plasmon

absorption bands and an enhancement in the local electric fields.
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3. FABRICATION METHODS

The spike in the interest and research on the photonics over the last decade has led to a variety
of applications related to photonics and plasmonics. This has been boosted by various factors,
including the significant advances in computational design tools and their accessibility, the
emergence of new nanofabrication techniques, and the realization of new optical and
structural characterization methods. Undoubtedly, the most important factor has been the
progress in the area of fabricating photonic and plasmonic devices that have dimensions on
the order of or below the wavelength of light [4]. For example, in order for a photonic crystal
to have applications in the visible or near infrared (NIR) regimes, they would need to have
spatial modulations of the refractive index of a few hundred nanometers to one micron, since
the working range of a photonic crystal is directly related to the spatial periodicity of the
refractive index. Fabrication techniques at this scale have traditionally been an enormous
challenge, and even with the current technology available and the introduction of new
fabrication techniques, it still remains a challenge to discover a cost effective, reproducible,

large scale and precise approach to fabricate such structures.

Fabrication of synthetic (i.e. man-made) photonic and plasmonic (hano)materials can be
generally categorized by one of two approaches; top-down or bottom-up. Top-down
approaches, such as lithography techniques using electrons, photons, atoms and ions as well
as embossing and scanning tip methodologies, offer high precision to the final structure of the
photonic crystal made. However, top-down approaches are generally expensive and require a
longer time to fabricate the structures over a larger area because of the serial nature of the
approach. In contrast, bottom-up approaches rely on the self-driven assembly of basic
building blocks into ordered periodic structures that is generally faster, cheaper and on a
larger scale than top down approaches. However, the control and precision in fabricating the
structures may pale slightly when compared with top-down approaches. Nonetheless, the
lower cost and ease of fabrication makes bottom-up approaches a viable and practical

alternative that could rival top-down approaches.

In following sections, we will look at some of the different top-down and bottom-up

nanofabrication techniques available today.
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3.1 TOP-DOWN APPROACHES

Top-down fabrication of nanostructured materials is akin to sculpting from a block of stone.
By starting with a defined base material, bits and parts of it are removed until the desired
shape is created. In other words we start from the top of the blank material and work our way
downwards, selectively removing material until we reach the base to attain the final
nanostructure. Top-down approaches uses a variety of lithography techniques. Below, we will

introduce a few of the more common techniques.

In conventional optical or photolithographic approaches, light is collimated through a quartz
plate supporting a chromium coating to create patterns on a substrate spin-coated with a
photoresist. The quartz plate serves as a mask and is placed in contact or close proximity to
the resist-coated wafer. The photoresist can be either positive or negative. For a positive
photoresist, the exposed regions will have a higher solubility than the protected regions after
being illuminated. For a negative photoresist, the exposed regions of the material will become
crosslinked after illumination; and hence, will have a lower solubility than the protected
regions [23]. Thus, by exposing the illuminated photoresist to a suitable solvent after
illumination; the lower solubility regions will be etched away, and a positive or negative
pattern can be developed on it (depending on the type of photoresist used). Figure 8 shows an
example of using a positive photoresist to pattern a substrate.

Light :
I - ‘ . —_— [ | | | | _
& . - ption |
Cr om ' : Dry etch
m,.‘-\‘,-\ L y =>
Photoresist L ' ' | 11 ] [ ﬂ Etching Remove resist
Substrate [ E E E Patterned metal
| I 1 L K
Exposure Develop
Option 2
Lift off
Metal evaporation Lift off

Figure 8. Schematics showing an example of optical lithography. A mask is first used to create a pattern
on a photoresist (in this case a positive photoresist). Next, the patterned photoresist can be used to either
pattern the substrate (option 1) or be used as a mask for metal evaporation onto the substrate (option 2)
[24].

A cheaper alternative to conventional optical lithography is optical interferometric
lithography. In this technique, coherent optical beams incident from different directions
generate interference patterns in a photoresist without using any photomask or advanced
exposure optics. While complex patterns are not possible with interferometric lithography, it
is still a very practical option to make simple periodic structures, because of the reduced costs
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and there is no requirement for an expensive photomask in the process. Furthermore, the
patterning can be done with high throughput over a large area [24]. One major limitation of
photolithographic techniques is that the final resolution of the structure is ultimately limited
by the wavelength of the light used [23].

Another form of top-down mask-less lithography is electron beam (e-beam) lithography. It is
considered superior over conventional photolithography as it is not limited by the diffraction
limit of light that helps create features in the nanometer range (for conventional
photolithography). It was first developed as a lithography method in the 1970s when
researchers noticed that certain types of materials would be damaged under e-beam exposure
[24]. E-beam lithography generates a latent pattern directly in an electron sensitive material
by scanning with a focused, high energy electron beam. It is also a very popular method to
make photomasks for photolithography. Figure 9 shows some typical structures fabricated by

e-beam lithography.

Figure 9. SEM images of nanostructures fabricated by e-beam lithography. An array of holes in PMMA
(left). An array of gold nanorods fabricated by a liftoff process (right).

For the direct fabrication of metallic nanostructure, focused ion beam lithography (FIB) is
used extensively. FIB offers an alternative method of nano-patterning compared with
conventional methods that use a resist, exposure and development. The beam spot size can
vary from 5 nm to a micron by using the appropriate equipment set up (column optics, ion
source and beam current). Ga is widely used in FIB because of its low melting temperature
(30 °C), low volatility and low vapor pressure [25]. FIB offers many advantages as a mask-
free, high-resolution, direct-write nanofabrication tool with the ability to sputter, image,
analyze and deposit. It also has the ability to create two- and three-dimensional patterns.

However, similar to e-beam lithography, it is a serial lithography technique, which only
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allows the patterning of one spot at a time. Hence, it is not practical for large-area patterning.
One inherent problem arising from the use of FIB is the fact that Ga ions are implanted at
atomic fractions of 1-50% near the sample surface as a result of the process, and this can lead

to a degradation of the plasmonic properties of a patterned metal film [25].

Many interesting patterned materials have been made by top-down lithographic techniques.
Using e-beam lithography, followed by e-beam evaporation and liftoff, Dolling et al. have, for
instance, fabricated a double fishnet negative index metamaterial (NIM) that exhibits negative
permittivity and permeability at 780 nm [26]. Similarly, Xiao et al. reported a negative index
metamaterial (Figure 10) at around 580 nm [27]. Using FIB, Valentine et al. have
experimentally demonstrated the first three dimensional optical NIM (Figure 11) made by

stacking up multiple fishnet functional layers in 2008 [28].
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Figure 10. (a) Schematic of a fishnet metamaterial consisting of Al,O3(10 nm), Ag (43 nm), Al,O3 (45 nm),
Ag (43 nm), Al,O3. (10 nm). (b) Top view of an SEM image of the fabricated structure made by e-beam
lithography [27].

Figure 11. (a) Diagram of a 21-layer fishnet structure with a unit cell of p=860 nm, a=565nm and b=265
nm. (b) SEM cross section image of the 21-layer fishnet structure made by FIB. The structure consists of
alternating layers of 30nm silver (Ag) and 50nm magnesium fluoride (MgF2), and the dimensions of the
structure correspond to the diagram in (a).
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3.2 BOTTOM-UP APPROACHES

Opals, butterfly wings, peacock feathers, etc., are naturally occurring examples of photonic
colloidal crystal materials that exhibit iridescent colors due to the scattering and diffraction of
light by random or periodic nanostructures. Such structures, which typically have features at
the scale of the wavelength of light, interact strongly with light. Opal gems, in particular, are
natural colloidal crystals created from the ordered deposition of spherical silica particles after
a long period of siliceous sedimentation and compression under gravitational and hydrostatic
forces[29], [30].

Figure 12. (a) Optical photograph of a gem opal. (b) SEM images of the packing inside the opal [29]

3.2.1 COLLOIDAL ASSEMBLY

Bottom-up approaches to make photonic colloidal crystals commonly make use of spherical
beads as building blocks for self-assembly. Typically, these particles are either silica or

polystyrene (PS) latex particles because of their ease of synthesis (see Annex 1).

The bottom-up assembly of a colloidal crystal is self-driven, implying that there are colloidal
forces at work that brings the tiny building blocks together. In colloidal assembly, these forces
are crucial and there are three types of forces that should be highlighted. The first type is the
presence of intrinsic driving forces for ordering which could be the entropically favorable
packing of monodisperse colloids into ordered arrays. For this, the monodispersity of the
particles (i.e. size and shape homogeneity) is crucial. The second type to consider is the long
range external forces, such as gravity or centrifugation, which act to bring the particles
together. The third type is the repulsion forces between particles to prevent premature
aggregation that could arise from Van der Waals forces. Electrostatic repulsions [31] by
charge stabilization in polar solvents and steric repulsions [32] by solvated absorbed layers
are two examples for these kind of repulsion forces.
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There are a variety of assembly methods available in literature[6], [29], [33], [34] for the
fabrication of colloidal crystals depending on, the type of building blocks used, the resulting
structure (two-dimensional monolayers or three-dimensional bulk crystals), and the
application it is aimed at. Table 1 lists the common methods that are used to fabricate

colloidal crystals.

The simplest and most basic method of direct assembly onto a substrate is by sedimentation,
which is the process by which natural opals are formed as a result of gravity on the tiny

individual particles that build the opal.

Another simple method is by drop casting. In this case where a drop of colloidal suspension is
literally dropped onto the substrate surface and allowed to dry by evaporation. As water
evaporates, the receding meniscus helps pull the particles together and they rearrange
themselves in the lowest surface energy configuration. Temperature and humidity control,
suspension concentration, choice of substrates are some of the factors that can be adjusted to

obtain higher quality colloidal crystals.
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Table 1 List of methods commonly used for colloidal assembly

Method

Remarks

Drop casting
(Sedimentation)

Simple but slow process.
Patches of colloidal crystals formed.

[35], [36] e Difficult to control exact conditions
e Requires very good control of evaporation conditions (i.e.
Vertical temperature and humidity) for a good deposition.
denosition e Slow process (days).
[3$]—[39] e Very good quality of colloidal crystals formed under the proper

conditions
Gradient in the thickness of colloidal crystal formed

Centrifugation

Simple and fast process.

[40] e Generally big bulk colloidal crystals formed.
: . e Simple and fast process.
Spin-coating . .
[41]-[43] e Monolayer formation possible.
e Patches of small coating area of monolayers.
Dip-coating e Can control thickness of layers by the speed of withdrawal.
[44]-[46] e Gradient in layer thickness. [38]

Shear ordering

Requires very good control of process parameters

Slow process
47 * 2SS
1471 e Makes thin films
Lanamuir- e Monolayer compressed on water surface by mobile arms.
BI(? dgett e Monolayer transfer onto substrate.
[48][49]-[51] e Can be repeated to deposit multilayers exactly as desired.
e Takes time for preparation of equipment and spreading of particles.
Direct e Simple and fast process.
assembly on e Good two dimensional closed pack array on water surface.
water surface e One monolayer at a time can be transferred.
[52]-[54] e Can be repeated to deposit multilayers exactly as desired.
Electrophoretic e Simple and fast process
assembly [55] e Can be used for patterning
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The vertical deposition method (Figure 13) also involves evaporation of the liquid phase of a
colloidal suspension to induce the convective assembly of a colloidal crystal onto a substrate.
However, unlike drop casting where the substrate lays horizontal, the substrate is held
vertically and partially submerged in a colloidal suspension. This method requires very good
control of the deposition conditions and environment (suspension concentration, type of
solvent, temperature, humidity, ground vibrations, wind, etc.), and long deposition time of a
few days to allow for all the liquid (usually water) to evaporate. Any interruptions during the
drying process will severely affect the quality of the colloidal crystal obtained. Nonetheless, if

done correctly, very high quality of colloidal crystals can be obtained by this method.

Colloidal suspension

Substrate 7

Figure 13. Schematic of convective self-assembly by vertical deposition and the SEM picture of an opal
made of 235 nm polystyrene beads made by this method [38].

Centrifugation and spin coating are two methods that require the use of centrifugational forces
to help compact the particles in a colloidal suspension. For centrifugation, the name speaks
for itself. A colloidal suspension in placed in a centrifuge and spun at high speeds to compact
the particles together. This results in bulk colloidal crystals that are of very good quality. Spin
coating on the other hand, is used to make thin films or monolayers of colloidal crystals on
planar substrates. However, as the force experienced by the suspension on different parts of
the substrate is different, the resulting colloidal crystal films formed on the substrate varies
according to the position from the rotation axis (as illustrated in Figure 14). The colloidal

crystal films are usually patchy across the substrate.

30



Chapter 1: Bibliography review

centrifugal force

(fluid flow)
/} capillary
¥/ force region of highest solvent
S | evaporation rate evaporation

ooo‘o‘. .
-

veeeee a s
colloidal

1
I :::z:gj:'oﬂe particle-surface
interaction suspension

&z
patterned particle adhered
Si wafer to surface
I Lo i |
[ | | |
d ion and bl i stripe

Y

Figure 14. Schematic representation of particles and fluid flux on a substrate as it is rotated [41].

Dip coating (Figure 15, left) involves the controlled withdrawal of a substrate from a colloidal
suspension. The substrate is vertically held on one end and first submerged into a colloidal
suspension. It is then slowly pulled up from the suspension, and convective assembly takes
place at the interface between the substrate surface and the air/liquid interface (the
phenomenon is similar to vertical deposition). The thickness of the colloidal crystal deposited

can be tuned by adjusting the speed of substrate withdrawal.
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Figure 15. Schematics of (left) the dip coating process [46] and (right) by shear alignment [47].

Shear ordering (Figure 15, right) makes use of a narrow channel between two planes to
confine and induce packing of the particles in a colloidal suspension by shear forces. This
method is difficult to perform because of the complexity in maintaining a uniform shear force
throughout the process.
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Figure 16. Schematic illustration of the Langmuir-Blodgett technique (adapted from [48]). (Top, from left
to right) Packing of particles together on water surface by physically compressing them together using
mobile barriers. (Bottom, from left to right) Transfer of a single layer of packed beads onto both sides of a
substrate inserted and removed vertically from the trough.

The Langmuir-Blodgett (LB) technique is slightly different compared with the
abovementioned methods. The previous methods involved the fabrication of colloidal crystals
directly onto the substrates, while the Langmuir-Blodgett technique is a two-step process
whereby a two dimensional colloidal crystal monolayer is first formed on a water surface
before it is transferred onto the substrate (Figure 16). The monolayer of particles if formed by
first spreading a colloidal suspension onto the surface of water and then followed by
compacting the particles on the water surface by using mobile arms, while at the same time
monitoring the surface pressure to determine when the monolayer is closed packed. This
method offers a control of the colloidal crystal fabricated on the layer level (i.e. the transfer of
monolayers can be repeated on the same substrate to stacked the monolayers and make a

colloidal crystal with a defined layer thickness).

The water surface transfer method is similar to the Langmuir-Blodgett technigue in the sense
that particles are spread on a water surface, but it differs in that, unlike the Langmuir-Blodgett
technique, the particles self-organize into closed pack arrays by tuning the surface tension of
water with surfactant, instead of physical compression using mobile arms (Figure 17). Since
the particles self-organize, the resulting closed packed monolayers are usually of better
quality than the Langmuir-Blodgett due to the nature of the formation. The monolayer can

also be repeatedly stacked to make multilayered colloidal crystals.
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Figure 17. Schematic illustration of the water surface transfer method [52]. (a, b, c) Spreading of
polystyrene beads onto a water surface by using a glass slide as tool to facilitate the process. (d, €)
Transfer of self-assembled monolayers onto substrates by first immersing the substrates completely in the
water phase and then positioning them under the monolayers and carefully lifting them out onto the
substrate at an angle.

Electrophoretic assembly of colloidal crystals involves making use of colloidal particles with
functional groups that induce a surface charge on them [55]. By applying an electric field
across the colloidal suspension, the charged colloidal particles are displaced in an electric
field towards an electrode of the opposite charge. This method can be used for particle

positioning, separation, measurements of surface charge and for microfluidics.

3.2.3 COLLOIDAL LITHOGRAPHY

Colloidal lithography is a general term that refers to various surface patterning processes
based on the use of colloidal crystals as templating masks. These colloidal masks can be used
directly as deposited or subject to certain post-deposition treatment to alter and manipulate
certain parameters of the template. This bottom-up masking methodology for surface
patterning is gaining increasing attention because of its simplicity, low cost, the flexibility of
extending on various planar and non-planar substrates with different surface chemistry, and

the ease of scaling down the feature size below 100 nm [56].

The physical structure of a colloidal crystal deposited on a substrate can be altered by
applying external forces to change the physical structure of the colloidal crystal. One method
is by annealing. Controlled annealing refers to the use of heat to modify the structure of a
polystyrene colloidal template. By exposing the polymer template to a temperature slightly
above the glass transition temperature (Ty), it is possible to induce a slight fusing of the beads
at the point at which they touch each. The beads are modified in terms of their shape by

becoming gel like for a short period of time. Control of this sintering time is crucial to the
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eventual pore dimensions and the shape of the beads which influence the overall shape of the
colloidal crystal, and the subsequent material that is deposited through it. Kosiorek et al.
demonstrated the use of microwave heating and microwave pulses to anneal polystyrene (PS)
colloidal masks in a controlled fashion (Figure 18), which were subsequently used for the

deposition of metals via metal evaporation [57].
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Figure 18. 540-nm PS latex mask annealed in 25 mL of water/EtOH/ acetone mixture by A) 1, B) 2, C) 4,
D) 6, E) 7, and F) 10 microwave pulses [57].

Another way to modify the geometry of a colloidal crystal template is to make use of plasma
etching. Most organic polymers can be plasma etched quickly and isotropically yielding only
gaseous products. The etching of a colloidal crystal into a textured surface using a reactive ion
beam was first reported by Deckmann and Dunsmuir in 1983 [58]. Today, this technique has
become quite well established and is also known as nanospheres lithography (NSL). Ji et al.
demonstrated a size-controllable NSL technique based on spin-coating of polystyrene
nanospheres. The polystyrene nanospheres were used as a mask for the fabrication of nano-
scale pillar structures on GaN, Al,O3, and Si substrates (Figure 19) via an inductively coupled
plasma reactive ion etching process [59]. Choi et al. reported a colloidal lithographic approach
to fabricating non spherical colloidal particle arrays by selective reactive ion etching of
multilayered spherical colloidal particles [60]. Vogel et al. investigated the plasma etching
conditions used to shrink the colloids in a close-packed monolayer to produce non close-
packed monolayers with lattice spacing and symmetry reflecting the order of the initial close-
packed monolayer [52]. Hanarp et al. made use of nanospheres lithography to fabricate short
range ordered arrays of gold disks (Figure 20) with tunable localized surface plasmon

resonances and studied their optical properties [61].
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Figure 19. SEM Images of GaN (top), sapphire (middle) and silicon (bottom) substrates after inductively
coupled plasma reactive ion etching [59].

Figure 20. Nanofabrication of gold disks using colloidal lithography. (1) Polystyrene nanoparticles are
adsorbed by polyelectrolyte self- assembly onto a glass slide pre-coated with 20 nm of Au. (2) Shape
modification of the polystyrene particles by heat treatment on a hotplate, 106-120 °C. (3) Ar ion beam
etching. (4) Removal of particle by UV/ ozone, leaving gold disks on a glass substrate [61].
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Chapter 2: Efficiency enhancement of solid state DSSC via the incorporation of light trapping photonic crystal structures:

1. INTRODUCTION

Photovoltaics, the conversion of sunlight to electricity, is one of the most promising
alternative clean energy technology for the future. Currently, in the commercial markets,
crystalline Si solar cells dominate with a hefty 80% share, while the remaining 20% consists
mostly of thin- film solar technology, such as CdTe and Culn;.xGasSe; [1]. CdTe is an
expensive indirect bandgap semiconductor material with high processing costs, and typically
requires a 300 um thick absorption layer. Culn;GaySe, on the other hand, contains toxic
elements which are not abundant on Earth. Even though Culn;«GaxSe; is the best performing
thin-film solar device, with an optimal efficiency of 20%, it is still more than 1.4 times as
expensive as CdTe and amorphous Si devices. A promising alternative to these solid state

devices is the dye sensitized solar cell (DSSC).

DSSCs are low cost and environmentally friendly alternatives to current existing photovoltaic
technologies. The DSSC was first demonstrated by O'Regan and Grétzel in 1991 to be able to
achieve a moderate efficiency [2]. Unlike classical semiconductor devices, where light is
absorbed in the semiconductor layer, in a DSSC, the function of light absorption and charge
carrier transport are separated. Figure 21 shows a simplified sketch of the electron flow in a
DSSC.

Transparent anode

Glass or polymer
Glass or polymer

Cathode

PorousTiO;
layer

Electrolyte or
hole transporter

Figure 21. Schematic representation showing the various components and operating principle of the DSSC

In a DSSC, light is first absorbed by the dye molecules adsorbed onto a highly porous
structure of TiO, nanoparticles. Following the dye excitation, electrons are injected into the
conduction band of the semiconductor TiO,. The electrons injected into the TiO,

nanoparticles are then transported to the front contact, which is usually a transparent
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conductive oxide (TCO) layer. The dye is regenerated via a redox electrolyte, such as 171>
which is in contact with a conductive back contact, which can also be a transparent TCO if
backside illumination is desired.

The main issue with DSSC is the conversion efficiency and lifetime, which have to be
extensively optimized. The conversion efficiency refers to the fraction of incident light that is
converted to electrical energy, and the lifetime refers to how long the device can operate
without significantly losing cell performance. In order to improve the efficiency and lifetime
of the DSSCs, various aspects of the DSSCs have been studied. The use of different
semiconductors [3], [4], dyes [5], ionic/hole conductors [1], [6], optical design [7] and the
incorporation of nanostructures [8] and plasmonics [9] have demonstrated the complexity in
optimizing of such a device. Recently, a DSSC that incorporated a porphyrin dye, SM315,
was reported to achieved a power conversion efficiency of up to 13% by Mathew et al. [5].

Another promising method to improve the efficiency of a DSSC is by engineering optical
nanostructures that can increase the pathlength of light within the cell, thereby increasing the
probability of a photon being absorbed by the dye, resulting in an enhancement of the overall
efficiency of the device. One possible structure that has the ability to “manipulate light” is a

photonic crystal.

Previously mentioned in Chapter 1, photonic crystals (PCs) are materials that exhibit
periodicities in their refractive index on the order of the wavelength of light. PCs, due to their
structural arrangements, contain a photonic bandgap which can be described as forbidden
frequencies where no electromagnetic modes may propagate. As such, they can be used to
make materials with (i) only one allowed frequency mode, (ii) reflections in some directions,
transmission in others, and (iii) trap light inside a material. Hence, the incorporation of a PC
into a solar cell can provide many interesting possibilities for “photon management”, which
include light bending, inhibition of spontaneous emission, and amplified photon absorption or

emission [10].

In 2005, Mihi et al. theoretically investigated the effect of the presence of a photonic crystal
on the optical absorption of dye-sensitized titanium oxide solar cells, and concluded that
significant light absorption amplification over a wide spectral range occurred only in
structures that combine the presence of a photonic crystal and a layer of nanocrystalline
absorbing material. They also reported that the absorption enhancement occurs in resonant

modes localized within the absorbing nanocrystalline coating rather than in the colloidal
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crystal [11]. In 2006, Mihi et al. reported a theoretical analysis of the performance of a dye
sensitized solar cell in which inverse titania opal multilayers and introduced in different
configurations. They report that piling up different lattice constant crystals can lead to light

harvesting enhancement in the whole dye absorption range [12].

In 2008, Lee et al. reported a quantitative comparison of the photo-activation spectra, short
circuit current densities, and power conversion efficiencies of dye-sensitized solar cells
(DSSCs) that contain bilayers of nanocrystalline (nc) TiO, and titania inverse opals [7]. They
discovered that intimate physical contact between nc-TiO, and TiO, inverse opal layers is
needed to achieve strong red enhancement in the action spectrum of bilayer DSSCs, and their

findings are consistent with the model reported by Mihi-Miguez in 2005 [11].

In 2010, Guldin et al. demonstrated a material assembly route for the manufacture of DSSCs
which incorporated a high-surface mesoporous layer to a three-dimensional photonic crystal
fabricated by self-assembly [13]. An alternative way to incorporate photonic crystals into
DSSCs was demonstrated by Mihi et al. in 2011 [10]. They described a general concept of
transferring preformed 3D photonic crystals onto various substrates, by first fabricating three-
dimensional inverse opal photonic crystals, and then embedding them in a polycarbonate
matrix, before transferring them onto several different types of porous electrodes used in
DSSCs. Figure 22 illustrates their process and resulting structures.

PC
coating

CcvD
infilling

Annealing to Transfer to
remove PC a new substrate

Figure 22. (left) Schematic of the process of fabrication and transfer of preformed photonic films. (Right)
Cross sectional SEM images of (a) silica colloidal crystal, (b-f) various TiO, inverse opals fabricated [10].
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While it has been theoretically and experimentally shown that the incorporation of photonic
crystals into DSSCs are able to improve the efficiency of the device, there is still an inherent
problem in DSSCs. Typical DSSCs suffer from durability problems (short lifetime) that result
from the use of organic liquid electrolytes containing the iodide/tri-iodide redox couple. These
iodine based liquid electrolytes can cause serious problems such as electrode corrosion and
are susceptible to electrolyte leakage. One possible solution to treat this problem is to make
use of solution processable p-type direct bandgap semiconductor for hole conduction instead
of a liquid electrolyte [1]. Kim et al. reported an iodine free solid state DSSC with a 6.8%
energy conversion efficiency made by carefully controlling the electrode/hole transport
material (HTM) and nanocrystalline TiOz/conductive glass interfaces while using the dye
N719 [14].

The incorporation of inverse opals (10) in a solid state DSSC (ssDSSC) was first reported in
2005 by Somani et al. [15]. They made use of evaporation induced self-assembly technique to
fabricate the opal templates, and reported that direct comparison between the nanocrystalline
TiO, and 10 cells indicates that light conversion efficiency increased by at least one order of
magnitude by using the 10 TiO; films (Figure 23). In 2013, Hwang et al. presented a design in
which a nanocrystal TiO, underlayer is integrated with an optically active porous three
dimensional photonic crystals overlayer, and a sequential infiltration process is adopted to
introduce additives to the solid electrolyte. They report an enhanced absorption in a specific
spectral region, as well as improved efficiencies of the devices by as much as 32% when
compared with a conventional DSSC. The opal template was made using vertical deposition
and it was infiltrated by ALD [16].
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Figure 23. Current-Voltage (1-V) characteristics of a solid state DSSC (left) with an 10 TiO, layer and
(right) without an 10 layer performed in the dark and under white light (simulated AM 1.5 illumination)
[15].
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The purpose of the current work described in this chapter is to fabricate a solid state DSSC
with a controlled structure of the 10 TiO, layer embedded within and investigate the
corresponding efficiency enhancement (if any). To the best of our knowledge, there have been
no reports on solid state DSSCs incorporated with photonic crystals that investigated the
effects of varying the thickness of the photonic crystals on an individual layer level. All of the
reported works have mainly made use of evaporation induced self-assembly methods (e.g.
vertical deposition), which provides no real control on the thickness of the photonic crystals
made. In addition, there is a gradient of the colloidal crystal thickness across the deposited
surface due to changes in the suspension concentration as water evaporates. Furthermore, it is
very difficult, if not impossible, to reproduce exactly a template of a consistent thickness each
and every time by evaporation induced methods.

Hence, the aims of the experiments conducted were fourfold. First, we needed to investigate
the most appropriate route to fabricate the inverse opal of titanium dioxide, TiO,, that can be
easily incorporated into a solid state DSSC. Second, we wanted to determine if there was any
effect on photo-conversion efficiency (PCE) due to the addition of an inverse opal TiO, of
just a few layers (two, four, six and eight layers) thick into the solid state DSSC. Third, we
wanted to investigate the effect on PCE due to the size of the inverse opal incorporated.
Fourth, we wanted to determine if there was a relationship between the PCE and thickness of

the inverse opal layers to identify an optimal thickness for the best PCE.
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2. DEPOSITION OF THE COLLOIDAL CRYSTAL (OPAL) TEMPLATES

In order to deposit a colloidal crystal template by bottom up self-assembly, we had to first
decide on the building blocks we wanted to use, which was mainly a choice between silica
and polystyrene beads. In this respect, the choice was easy to make because of the foreseeable
ease of removal of polystyrene beads as compared to silica after infiltration of the colloidal

crystals.

For polystyrene beads, we investigated two methods of preparing the colloidal crystals. The
first method was by vertical deposition, which is a method that has been well established to
fabricate colloidal crystal structures. The second method was by packing monolayers of
closed packed polystyrene beads on a water surface and then repeatedly stacking them up.
The purpose of this investigation was to compare between the two methods, the ease of
fabrication, the quality of the resultant colloidal crystals, as well as the tunability and

reproducibility of the structures.

2.1 VERTICAL DEPOSITION OF COLLOIDAL CRYSTALS

The vertical deposition method is an evaporation induced technique to pack particles on the
surface of the substrate as the meniscus of water recedes due to evaporation. It basically
involved placing a substrate vertically, partially submerged in a suspension of monodisperse
polystyrene (PS) beads of a fixed concentration for several days (usually more than 4 days) in
an oven set at a fixed temperature and humidity. Both 250 nm and 595 nm PS beads were
used in this test. The beads were synthesized by emulsion polymerization, and the details of
the synthesis can be found in Annex 1. Experimental details on the vertical deposition method
is detailed in Annex 2. Figure 24 shows a graphical illustration of the vertical deposition

process.

Five different concentrations (0.01, 0.02, 0.05, 0.08 and 0.10 wt%) of PS (595 nm)
suspensions (in water) were used to investigate the effects of PS suspension concentration on

the quality of the colloidal crystal formed.
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Figure 24. (from left to right) Schematic illustration of the vertical deposition process.

For the colloidal crystals that were made using 0.01 and 0.02 weight% (wt%) of PS (595 nm)
suspension, the resulting quality of the self-assembled 3D colloidal crystal was not of a good
quality as the assembled colloidal crystal on the substrate was patchy and streaky in
appearance and only had localized regions where strips of good quality self-assembled
colloidal crystal can be seen. However, for the colloidal crystal prepared with 0.05, 0.08 and
0.10 wt% of PS (595 nm) suspensions, very beautiful colloidal crystals that covered the entire
immersed surface of the substrate were obtained. Figure 25 below shows an example of a self-
assembled 3D photonic crystal made by vertical deposition from 0.08 wt% of PS (595 nm)
suspension at 45°C and about 70% humidity.

Figure 25. SEM side views of a 3D photonic crystal made from 595nm polystyrene beads.

The self-assembled colloidal crystals were shiny in appearance and generally uniform in
color. There is also a noticeable gradient in the thickness of the colloidal crystal formed. The
colloidal crystals appear thicker (more whitish) at the bottom than at the top where the
colloidal crystals start depositing. Hence, we conclude that the low concentration of PS

suspension (0.01 and 0.02 wt%) results in the poor quality of the colloidal crystal deposited
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because of the following reason. When the concentration is low, only some particles (PS
beads) will initially deposit at the interface of the meniscus and substrate surface. Thus, the
colloidal crystals will grow regionally at the spots where the first particles are deposited. Due
to the evaporation of water, these nucleated regions will grow vertically downwards, creating
strips of colloidal crystals because there are insufficient particles in the solution to allow for a
uniform deposition along the entire interface between the meniscus and the substrate.
However, beyond a minimum ‘critical’ concentration (0.05 wt% in this case), there are
sufficient particles to cover the entire interface, which allows for the uniform deposition of
particles across the interface. In addition, because of the increase in PS suspension
concentration as the meniscus recedes (due to the evaporation of water), the deposited
colloidal crystal becomes thicker and appear whiter at the bottom of the vertically held
substrate than at the start.

The reflectance and transmission data of the 3D colloidal crystals (opals) vertically deposited
using 0.05, 0.08 and 0.10 wt% PS (595 nm) suspensions are shown in Figure 26. The
measurements were taken in the middle of each sample at normal incidence to allow for a
reasonable comparison of the data, and they were all made with respect to a blank reference

substrate (i.e. no colloidal crystal deposited), which in this case, is glass.
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Figure 26. Reflection (left) and transmission (right) plots of direct opals made by vertical deposition with
different concentrations of PS (595 nm) suspensions.

From the reflection and transmission plots in Figure 26, it can be seen that the intensity of the
reflection and transmission spectra increases with increasing concentration of PS suspensions
used for the vertical deposition process. This is due to the simple fact that the higher the

concentration, the thicker the photonic crystal (opal) deposited and hence the stronger the
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resulting Bragg’s peak that corresponds to the size of the PS particles. The spectral positions
of the stop bands for an opaline photonic crystal can be estimated by a modified version of
Bragg’s law, combined with Snell’s law to account for the reduced angle with respect to the

normal that light travels upon entering a medium of a higher refractive index as follows [17]:

2d .
A= mhkl \/navgz — sin%0 Equation 32

where A is the wavelength of the stop band minimum (i.e. wavelength of the maximum
reflected intensity), m is the order of Bragg diffraction, n,,,4is the average refractive index of
the photonic crystal, d is the distance between the planes (hkl) and 6 is the angle measured
from the normal to the planes. For measurements taken at normal incidence (6 = 0), the
equation can be further simplified as shown in Equation 2.

_ 2dpp .
A= Tnavg Equation 33
To calculate ng,, , a ratio of the refractive index of air and polystyrene and their

corresponding refractive index is summed together as follows

2 _ 2 2 .
Ngyg = ®airnair + (1 - ®air)nps Equation 34

@qirrepresents the filling fraction of air and (1 — @,;,-) represents the filling fraction of
polystyrene beads. In an ideal closed packed opaline structure of beads, @,;,- has a value of
0.26. ny;-and npg are the refractive indices of air (n=1) and polystyrene (n=1.6) respectively
[18]. Thus we find that n,,, = 1.46.

Given that the beads are arranged in a cubic closed packed order, the relationship between the
lattice constant, a, and the diameter of the beads, D is

_ 2D
R

For the colloidal crystals grown by assembly techniques, their (111) planes are oriented

Equation 35

parallel to the substrate. Hence, for the plane (111), the relationship between d;;; and lattice

constant, a, is

3
== Equation 36
2
di11 a?

Hence,
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D= |-d Equation 37

Vertical deposition was also done with a PS (250 nm) suspension to fabricate opaline
photonic crystals made of 250 nm PS beads (experimental details in Annex 2). This was done
to observe the effect of particle size on the position of the stop band. The resultant reflectance
and transmission spectra obtained from an opaline photonic crystal made by vertical
deposition of 250 nm and 595 nm PS particles (at 0.10 wt%) are shown in Figure 27. The
theoretical Braggs peak position was calculated to compare with the experimentally
determined position of the Braggs peak for the different samples prepared (Table 2).

Table 2. Comparison of the experimental and theoretical Braggs peak position for the opals prepared.

Opal bead size (nm) Experimental Braggs peak position Theoretical Braggs peak position
(nm) (nm)
595 1305 1418
250 526 596
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Figure 27. Reflection and transmission plots of direct opals made by vertical deposition with 250 nm (left)
and 595 nm (right) PS particles.

It can be seen that the experimentally measured position of the stop bands are about 526 nm
and 1305 nm for the opals made by PS (250 nm) and PS (595 nm) beads respectively. As
expected according to Bragg’s law, there is a shift towards shorter wavelengths (blue shift) as
particle size decreases. Furthermore, it can be observed that the peaks are broader for the
opals made from 595 nm PS particles when compared with the opals made from 250 nm
particles. However, when compared with the calculated theoretical Braggs peak position
(using nayg = 1.46), the experimental Braggs peaks are all blue shifted compared with the

theoretical Braggs peaks. This could be due to the presence of defects in the opal due to the
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presence of larger or smaller sized beads. This results in cracks or deformations leading to a

decrease in the refractive index, nayg, Which blue shifts the Braggs peak.

In addition, from the experimental data shown in Figure 26 and Figure 27, the occurrence of
interference fringes in the reflectance spectrum can also be clearly observed, which indicates
the quality of thin film photonic crystals [19]. These oscillations can be understood as Fabry-
Pérot (FP) oscillations occurring due to the interference of the light reflected by opposite
surfaces of the opal domains. Fabry-Pérot oscillations are a good indicator of the homogeneity
of thickness and average refractive index of photonic crystals since they will vanish rapidly if
the quality of the crystal is bad. The Fabry-Pérot oscillations appear different on both sides of
the Bragg resonance showing a rapid decrease of the oscillation magnitude on the high-energy
(i.e. shorter wavelength) side. The evolution of the amplitude of Fabry-Pérot oscillations can
be explained by a rapid variation of the dielectric properties of the material in the vicinity of

the photonic band gap [19].

Due to the presence of multiple reflecting surfaces, the interference that results from these
different reflected light waves cause constructive or destructive interference (depending on
their wavelength). Using these experimental FP fringes, it is possible to back-calculate and

estimate the thickness of the respective colloidal crystals.

The FP fringes that we observe in the experimental spectra correspond to the local absorption

maxima. This occurs when:

Angy g0

. 2p+1 Equation 38

where p is an integer.

If we consider the two wavelengths where absorption is maximal, A, and A,,.,, the following

equations can be written

4Ang,q0
vy _ 2p+1 Equation 39
Ap
an....0 4in (7]
Wi —2(p+m)+1=—"2412m Equation 40
Ap+m 4p

From here, we can establish the following relationship

MmA,A, m = 2N 5(4, — Ap1m)0 Equation 41
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In order to calculate the thickness of a colloidal crystal, we now have to plot mA,A, .,
against (A, — A,.m), and calculate the slope of the resulting line. From the gradient of the
line, we can estimate the thickness of the colloidal crystal and hence, the corresponding
number of layers of the colloidal crystal. The number of layers, N, can be calculated by the

following equation

0=|1+ (N—1)x\/§ X D Equation 42

For the samples shown in Figure 26 and Figure 27, we have attempted to estimate the
thickness of the samples (in terms of the number of layers) by making use of the Fabry-Pérot
fringes. Table 3 shows the calculated thickness of the colloidal crystals from the experimental
FP fringes.

Table 3. Estimated thickness of the colloidal crystals made by vertical deposition calculated from the FP
fringes

Sample PS 595 (0.05) PS 595 (0.08) PS 595(0.10) PS 250 (0.10)
Number of layers 5 8 15 47

2.2 STACKING OF CLOSED PACKED PS MONOLAYERS PACKED ON A WATER SURFACE

The other approach that was used to assemble close packed layers of beads was done by
spreading the PS beads and packing them on a water surface according to a procedure
described by Vogel et al. [20] with some modifications. The experimental details adopted for
this work can be found in Annex 2. Figure 28 shows a schematic illustration of the entire
process to transfer one monolayer of closed packed PS beads onto a substrate and two
photographs of 260 nm and 595 nm PS beads packed on a water surface.

In order to verify that the beads on the water surface are closed packed and is a single
monolayer, after transferring the monolayers onto a glass substrate, SEM pictures of the cross

section and top down views of the samples were taken (Figure 29).
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Figure 28. (top) Schematic illustration of the self-assembly and transfer of a monolayer of PS beads from
the water surface onto a flat substrate. (a) Preparation of beaker with water and a glass slide is inserted at
a 45° angle to the water surface. (b) Spreading of PS suspension. (c) PS beads self-assemble on water

surface (d-f) transfer of self-assembled monolayers onto substrates. (Bottom) Self-assembled monolayers
of (left) 260 nm and (right) 595 nm PS beads on a water surface.
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Figure 29. (left) Cross section and (right) top down SEM pictures of a monolayer of 260 nm polystyrene
beads self-assembled on the water surface.
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From Figure 29, it can be seen that only a single monolayer of closed packed polystyrene
beads was transferred. The presence of slight cracks can be observed, and this can be
attributed to the liftoff process where the monolayer is scooped onto a glass substrate that is
manually held. Hence, slight shaking or jerks can cause little tiny cracks to appear. Overall,
the quality of the deposited monolayer can still be considered to be well organized, as bright
diffraction patterns can be observed very easily when the deposited substrates are tilted and

viewed from an angle.

Having confirmed that it was possible to deposit only a single monolayer of closed packed
particles onto a substrate with this technique, the next step was to experiment with the
possibility of stacking individual close packed monolayers of polystyrene on each other.
Hence, attempts were made to stack up to eight layers self-assembled monolayers on top of
one another (exact experimental details can be found in Annex 2). A similar method had
previously been reported by Oh et al. [21] that involved scooping layers of PS monolayers
repeatedly from a water surface to get a 3D opaline structure. Figure 30 shows the SEM cross
section pictures obtained after stacking two, four, six and eight layers of self-assembled PS
260 nm monolayers. The SEM pictures show that this method of stacking monolayers on top
of each other provides control of the colloidal crystal deposited at the layer level.
Furthermore, the deposition is uniform across the surface of the substrate. There is no gradient
in the thickness of the deposited colloidal crystal across the surface. Similar samples were

also made with 595 nm PS particles.

The optical reflectance and transmittance spectra of the stacked monolayers (measured at
normal incidence with reference to a glass substrate) from one to eight layers were measured

and the data obtained are presented in Figure 31.

From Figure 31, it can be clearly observed that there is a gradual increase in the intensity of
the stop band as the thickness of the colloidal crystal increases with stacking of the
monolayer. This is expected as the increase in layer thickness results in more interference to
the incident light that strikes the photonic crystal. The transmission of light at the stop band
(centered at 635 nm as expected according to Bragg’s law) decreases and the corresponding
reflection increases with increasing number of layers. From this result, it is demonstrated that
it is possible to tune the intensity of the reflection and transmission of a 3D photonic crystal

(made by bottom up self-assembly) by simply tailoring the exact number of layers desired.
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Figure 30. Cross section SEM pictures of two, four, six and eight layers of 260 nm PS beads made by
repeatedly stacking individual monolayers on top of each other.
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Figure 31. Transmission spectra (left) and reflection spectra (right) of photonic crystals made by the
stacking of PS 260 nm monolayers via the water surface transfer technique.
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2.3 COMPARISON BETWEEN THE TWO ASSEMBLY METHODS

Having tested out the two methods, vertical deposition and water surface self-assembly, it was
determined that the water surface self-assembly method is better suited for the application that

we desired due to the following reasons.

First and most importantly, by transferring individual monolayers and stacking them, this
method provides a level of control in the thickness of the colloidal crystal — which exhibit a
(2+1) structure and not a truly 3D one — that cannot be rivaled by the vertical deposition
method. In addition, the deposited colloidal crystals do not exhibit a thickness gradient that is

always present in vertically deposited colloidal crystals.

Furthermore, the time taken to transfer a single monolayer is only about a few hours (if all the
substrate preparation steps are taken into account), while vertical deposition requires four
days or more for a complete cycle. The amount of PS suspension used for each method is also
significantly different. To vertically deposit a colloidal crystal requires a few milliliters (ml)
of PS suspension, while to spread and stack a colloidal crystal of a similar thickness requires

just a few hundreds of microliters (ul) of the same suspension.

3. INCORPORATION OF INVERSE OPALS (10) oF T1O2 INTO SOLID STATE
DSSCs

In order to fabricate the solid state DSSCs incorporating the inverse opal structures, the first
step was to coat the fluorine tin-doped oxide glass substrates with a thin compact and porous
layer of TiO,. This was done via a modified version of the protocol reported by Snaith et al.
[22]. The exact procedure used to prepare the TiO, coated FTO substrates (used for the
deposition of the three dimensional colloidal crystal templates) is described in Annex 3.
Figure 32 shows a schematic illustration of the entire fabrication to make the solid state
DSSC.
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Deposition of PS Fabrication of
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Figure 32. Schematic illustration of the solid state DSSC fabrication process

Once the FTO substrates were prepared with a thin layer of TiO,, the opal templates were
deposited onto these substrates by the water surface self-assembly method, and were stacked
as desired. The next step was then to infiltrate the templates with TiO,. For this step, we
adopted a modified ‘sandwich vacuum infiltration’ procedure reported by Cai et al. [23]. The
experimental details can be found in Annex 3. Briefly, a clean glass slide was placed on top of
the 3D opal template and pressed together. Next, a part of it was immersed in a titania sol,
which infiltrated the pores by capillary action. The substrates were then removed and left to
dry. After drying, a simple calcination step (under air) was done to remove the PS particles
and the inverse opal of TiO, is obtained. Figure 33 below shows the SEM pictures of the
inverse opals fabricated from 3D opaline templates that consisted of 260 nm and 595 nm PS

particles.

After calcination, it can be observed that the pores that are left after PS particles removal are
now smaller than the original PS particles that served as the templates. This is due to the
contraction of the TiO, during the calcination process. The average pore sizes of the inverse
opal TiO, are 215 nm and 490 nm corresponding to the templates made using 260 nm and 595
nm PS particles respectively. The reduction of the inverse opal pore size from the original PS
particle size is about 17% to 18%.
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templates

Due to this reduction in pore size and the change in the refractive index of the entire material,
there is a significant change in the position of the stop band of the inverse opal when
compared with the original opal template. Figure 34 shows the change in stop band position

after fabricating the TiO; inverse opals.
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Figure 34. Normalized reflectance spectra of comparing the inverse opal fabricated and the original opal
template for (left) 260 nm and (right) 595 nm PS particles

For the 3D opal templates made from 260 nm PS particles, the stop band position was at
around 650 nm. After fabricating the TiO, inverse opal, the stop band shifted to around 410
nm. Similarly, for the 3D opal templates made from 595 nm particles, the stop band position
was at around 1420 nm, but after fabricating the TiO, inverse opal, the stop band shifted to

around 880 nm. This change in stop band position can be attributed to the change in average

refractive index of the entire material, in which is now equal to: \/0.74 +0.26n%,,, . Using
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Nrio, = 2.45 [24], the calculated n,,,, of the inverse opal structure is 1.52. Using Equation 2,

we can theoretically calculate the new positions of the stop band of the titania inverse opals
which correspond to 512 nm and 1168 nm for the inverse opals made with 260 nm and 595
nm PS particles respectively. The calculated values are red shifted compared with the
experimental values (ca. 425 nm and 825 nm for the 260 nm and 595 nm PS particles
respectively) obtained by measurements. The difference can be readily explained by the
presences of cracks that appear during the sintering process of the titania inverse opals. These
cracks occur due to the contraction of TiO, during the sintering process, and because of this,
there are a lot of additional air pockets that are created in the 10 structure. Figure 35 shows a
large view of the TiO; inverse opal layer fabricated from both sizes of PS particles. The
presence of all the cracks result in the lowering of the average refractive index of the entire

structure due to the increased proportion of air contained within it.

NS o 20 TGk ; g < o &
e ‘ UGA 43 ——

Figure 35. SEM images of the TiO, inverse opals made from PS particles of (left) 260 nm and (right) 595
nm.

We can also observe intense oscillations in the spectra measured for these samples prepared,
and we attribute these observed oscillations to the complex collective interference of light
waves resulting for the various reflecting surfaces available in the samples prepared. The
interfaces that could contribute to the reflection of light are the glass/nanocrystalline (nc)
TiOy, nc TiO,/10, and the 10/air interfaces.

After preparing the TiO, inverse opals on the substrates, the substrates were soaked in the dye
(D102) solution. The dye D102 (Figure 36) was used as it is a metal-free organic dye that has
been reported to perform exceptionally as a sensitizer for solid state DSSCs [25]. Then, after a

sufficient period time, the hole conducting material, spiro containing a lithium salt, is spin-
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coated onto the dye soaked substrates. To complete the solid state DSSC; 50 nm of Ag and 50
nm of gold is sputtered onto the substrates to serve as back contacts. Figure 36 shows the
structure of the dye and hole conductor used. Detailed experimental procedures for the whole

process can be found in Annex 3.
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Figure 36. Structure of the (left) indoline dye molecule D102 and (right) spiro-OMeTAD {2.2°,7,7’-tetrkis-
(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene}

Two series of experiments were made to investigate the effect of having an inverse opal of
TiO, layer. The first series involved making inverse opal of two and four layers thick of two
different sizes (260 nm and 595 nm) to do a preliminary comparison on the effect of different
pore sizes and layer thickness on the efficiency of the cell. Then, the pore size that resulted in
better performance of the cell was put through a second series of experiments to determine the

optimal thickness of the inverse opal layer.

3.1 EVALUATION OF CELL PERFORMANCE (THE FIRST SERIES)

The aims of the first series of solid state DSSCs made with the inverse opal structure was as

follows:

1. To determine the best size of PS beads to use as starting materials for the 3D opal
templates

2. To determine if there were any effect on cell efficiency due to the thickness of the
inverse opal (10) layer

3. To determine if the additional calcination step to fabricate the 10 has any effect on the

blank reference cells
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Table 4 below lists the different specifications of each cell fabricated in the first series of

experiments.

Table 4. List of experimental conditions for the different cells made in the first series.

Sample name 260/2 260/4 595/2 595/4 Blank®  Blank (oven)

PS size (nm) 260 260 595 595 - -

No. of layers 2 4 2 4 - -
Oven yes yes yes yes no yes

* Blank refers to fluorine tin-doped oxide glass substrate coated with a thin layer of ncTiO,

The performance of the fabricated solid state DSSCs made in the above listed specifications
were tested under a simulated set up in the Laboratoire de 1’Intégration du Matériau au
Systeme (IMS, Bordeaux), and the results are listed in Table 5. From the measured cell
performance data of the fabricated solid state DSSCs, it can be seen that between the blank
cells, the cells that were oven treated along with the inverse opal (10) cells appear to have a

slight increase in its efficiency, although the difference is not very significant.

Table 5. Measured cell performance data of the solid state DSSCs fabricated in the first series.

Sample (m:/tmz) X;; FF PCE (%)
Blank 4.09 0.850 0.395 1.37
Blank (oven) 4.75 0.829 0.369 1.45
260/2 6.48 0.839 0.546 2.97
260/4 6.16 0.829 0.577 2.95
595/2 5.61 0.789 0.546 242
595/4 3.66 0.799 0.393 1.15

Comparing the blank cells, it appears that the PCE is very similar with only a slight increase
of 0.08% observed after oven treatment. Between the inverse opal (10) cells, it is evident that
the 10 cells prepared with the smaller PS 260 nm opal templates achieved a significant

improvement in PCE when compared to both the blank cells and the 10 cells prepared with
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the PS 595 nm opal templates. Overall, with the exception of the 595/4 cell, the short circuit
current (Jsc), fill factor (FF) and photo-conversion efficiency (PCE) increased for all the 10
cells when compared with the blank cells. Figure 37 shows the comparison of the PCE

between the different cell configurations.
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Figure 37. Comparison of the PCE between the different solid state DSSCs fabricated in the first series

From Figure 37, it is obvious that the 10 TiO, structure incorporated in the solid state DSSCs
does indeed have a significant effect on the performance of the cell. However, it is also
observed that the 10 made from PS 260 nm particles have a better effect on the efficiency of
the cells as compared with the 10 made from PS 595 nm particles. This difference can be
attributed to the position of their respective stop bands and the absorption spectra of the dye
D102. Figure 38 shows the comparison between the normalized absorption spectra of the dye
D102 (used in the fabrication of these solid state DSSCs), and the normalized reflectance of
the two different 10 TiO; structures. By overlaying the absorption and reflection spectra, it
can be clearly seen that the absorption of the dye D102 lies in the wavelength range of
between 300 nm to 580 nm. This wavelength range coincides very well with the reflectance
spectra of the 10 TiO, structures made from PS 260 nm particles, which is from 320 nm to
500 nm. On the other hand, the reflection spectra of the 10 TiO, made from PS 595 nm
particles is broader, but lies in the wavelength range of 550 nm to 1200 nm. Thus, there is
only very slight overlap with the absorption range of the dye D102. Hence, most of the light
reflected by the PS 260 10 TiO; is able to be absorbed very well by the dye D102, while the
light reflected by the PS 595 10 TiO, will mostly lie outside the absorption range of the dye
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D102 and not be absorbed. This effect is clearly observed in the measured PCE results in

Figure 37.

1.0

Il PS 260 nm 10 TiO,
B PS 595 nm 10 TiO,
[ Dye D102

0.8+

0.6

0.4+

0.2

Normalised dye absorption /
Normalised 10 reflection (a.u.)

0.0
300 400 500 600 700 800 900 1000 1100 1200

Wavelength (nm)

Figure 38. Absorption spectra of the dye D102 compared with the reflection spectra of the titania inverse
opal structures.

It can also be seen from Figure 37 that there is still an increase in PCE when two layers of PS
595 10 TiO; is incorporated in the cell, but when the layer is doubled to four layers, there is a
significant drop in PCE and it falls even lower than the blank reference cells. This suggests
that there might a compromise between the thickness of the 10 TiO, layer and the effective
performance enhancement that can be achieved. Since the cells are solid state, they make use
of a hole conducting medium (i.e. spiro with a Li salt). Unlike DSSCs containing liquid
electrolytes, solid state DSSCs have to be thinner to account for the lower mobility of the
holes. Hence, the increased thickness of the 10 TiO, layer would reduce the current collected
as it increases the possibility of recombination along the way. From the results, it appears that
a four layer 10 TiO, made from PS 595 nm particles, which is 1.7um* thick is detrimental to
the cell performance. Hence, having identified the correct size of PS particles to use to
fabricate the 10 TiO; structures, the next series of test was done to determine if there was an
optimal layer thickness of the 10 TiO2 structure that could be incorporated into the solid state
DSSCs.

2
(1 + 3\/;) X 0.490 = 1.7 ym
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3.2  EVALUATION OF CELL PERFORMANCE (THE SECOND SERIES)

Similar to the first series, a new set of cells were fabricated including blanks cells with and

without the 10 calcination step. The cells made in the second series are listed in Table 6.

Table 6. List of experimental conditions for the different cells made in the second series.

Sample name 260/2 260/4 260/6 260/8 Blank  Blank (oven)

PS size (nm) 260 260 260 260 - -

No. of layers 2 4 6 8 - -
Oven yes yes yes yes no yes

The cells made in this series followed the protocols similar to that of the first series but with
slight modifications to the spin-coating parameters (the experimental details are described in
Annex 3). Their performances were measured in the same setup as before. Table 7 shows the

measured results of the cells performances.

Table 7. Measured cell performance data of the solid state DSSCs fabricated in the second series.

Sample (m:/ScC:mZ) X;; FF PCE (%)
Blank 6.78 0.631 0.485 2.07
Blank (oven) 7.11 0.790 0.486 2.73
260/2 7.25 0.78 0.510 2.88
260/4 9.74 0.780 0.460 3.50
260/6 9.73 0.780 0.560 4.25
260/8 8.34 0.780 0.493 3.21

From the results, it can be seen that the performance of the cells fabricated in the second
series are generally better than those of the first series due to the optimization of the device
preparation parameters. Comparing the data measured between the cells fabricated in this
second series, we can see from Figure 39 that the short circuit current generally improves with
increasing layer thickness of the 10 TiO, up to a maximum of about 9.7 mA/cm? for the four
and six layers 10 TiO; and then drops to 8.3 mA/cm? for the eight layers of 10 TiO, cell.
Furthermore, it is also observed that the calcination step (to create the 10 TiO; by burning off
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the PS particles) has a beneficial effect of increasing the open circuit voltage of all the cells

that were calcined as compared to the blank reference cell that was not treated with this step.
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Figure 39. J-V characteristics of solid state DSSCs fabricated in the second series.

The increased V. for the cells that underwent the extra calcination step could probably be due
to the increased crystallinity of the nanocrystalline TiO, layer. With increased crystallinity,
there would be less defects in the nanocrytalline TiO, layer and hence less recombination sites
that could affect the charge carriers. The Js. can be observed to increase initially with addition
of the 10 TiO, up to six layers and then it decreases when an additional two layers are added
(sample 260/8). The increase in Js; can be attributed to the increased amount of light reflected
back into the cell by the 10 TiO; layer, which increases the amount of light absorbed by the
dye and hence the amount of excited charge carriers available charge transport. This
phenomenon is observed for cells fabricated with up to six layers of 10 TiO,. However, when
the layer thickness reaches eight layers, even though it is expected that the reflection intensity
should be higher than the six layer cell, there is a decrease in Jsc. This decrease is most
probably due to the increased distance that the charge carriers have to travel through the hole
transport medium to the back contact for charge collection. With an increased distance to
travel, there are more possibilities for recombination to occur which is detrimental to cell
performance. Hence, it can be concluded that there is a compromise between the increased
absorption (due to increased reflectance of the 10 layer), and the thickness of the 10 layer.
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From the measured PCE data shown in Figure 40, it appears that having six layers of 10 TiO,

is optimal to the performance this set of solid state DSSCs fabricated.

4.5
4.0—-
351
3.0—-
2.5—-
2.0—-

PCE (%)

1.5+
1.0
0.5 1

0.0-
Blank Blank

(oven)

260/2 260/4 260/6 260/8

Figure 40. PCE comparison of the best performing cells of each series.

From Figure 40, it can be observed that treating the blank reference cells with an additional
calcination step has a beneficial effect on the PCE, as it increases from 2.07% to 2.73%,
which is about 35% increase in the PCE. With the addition of two, four, six and eight layers
of 10 TiO,, the PCE is further increased to 2.88 %, 3.5 %, 4.25 % and 3.21 % respectively.
This translates to an efficiency enhancement of 39 %, 69 %, 105% and 55 % in the PCE of the
solid state DSSCs fabricated with two, four, six and eight layers of 10 TiO, as compared with

the blank reference cells without the 10 structure.

68



Chapter 2: Efficiency enhancement of solid state DSSC via the incorporation of light trapping photonic crystal structures:

4, CONCLUSION

The aim of this chapter was primarily to investigate the effect of incorporating an inverse opal
(10) titanium dioxide (TiO,) structure in a solid state dye sensitized solar cell (ssDSSC). We
set out to first determine the best route for the fabrication of the 10 structure, and concluded
that by stacking individual monolayers of polystyrene (PS) beads self-assembled on a water
surface, we could tune the exact thickness of the opal structure that we intended to fabricate,

and consequently the inverse opal structure as well.

Next, we have shown that by using different sizes of PS beads, we can tune the resultant pore
sizes of the inverse opal and consequently adjust the position of the stop band that results
from the structure. It was concluded that for the dye D102, the inverse opal TiO, structure
with an average pore size of 215 nm (made from PS 260 nm beads), had the most compatible

stop band position that coincided very well with the absorbance range of the dye.

Finally, it was observed that while increasing the 10 thickness can bring about greater
reflectance and hence more absorption of light by the dye which results in better
photoconversion efficiency (PCE), there is a limitation to the maximum thickness of the 10
layer. This is because, by using a hole transport medium (HTM) in a solid state DSSC, the
conductivity of holes are much lower than electrons (which are the charge carriers in typical
DSSCs containing liquid electrolytes), hence, the successful collection of charge carriers with
increased thickness of the HTM decreases beyond a certain thickness. Therefore, it is crucial
to find a balance between the increased reflectance and the increased thickness of the 10 to
find an optimal configuration where the maximum PCE can be achieved. Through our series
of experiments, it was determined that six layers of 10 TiO, made from 260 nm PS beads
achieved the best results with the dye D102. In the future, more work can done to reproduce
and these results. In addition, different dyes can also be experimented with different
configurations of 10 to determine the best dye/IO combination that can achieve the optimal

cell efficiency.
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Chapter 3: Fabrication of nanostructured gold surfaces with unique optical properties by electrodeposition

1. INTRODUCTION

Electrodeposition of a metal is a relatively simple process that makes use of an electrical
current to reduce dissolved metal cations in an electrolytic bath into a metal on an electrode.
The electrodeposition of gold can be traced backed to the early work of Brugnatelli in 1805
[1]. The processes in the past were highly toxic as gold electrodeposition depended heavily on
cyanide-based electrolytic baths [2]. Nowadays, in addition to cyanide based electrolytic
baths, there are also cyanide-free Au(l) sulfite electrolytic baths for gold electrodeposition.
However, the main issue with this complex (Au(l) sulfite) is that it is susceptible to
disproportionation, forming Au(l11) and metallic gold. Hence, the spontaneous decomposition
of the complex that can occur in these baths has led to the use of proprietary stabilizing

additives in commercial baths [1].

Electrodeposition is a very useful and versatile method that can be used to fabricate materials
into arbitrary three-dimensional geometries, and this has led to its widespread adoption in
nanotechnology [3]. Electrodeposition has three main attributes that make it very well suited
for nano-, bio- and microtechnologies. Firstly, it can be used to grow functional material
through complex 3D masks. Secondly, it can be performed near room temperature from
water-based electrolytes. Thirdly, it can be scaled down to the deposition of a few atoms or up

to large dimensions [2].

Braun and Wiltzius first reported in 1999, the replication of a colloidal crystal using
electrodeposition, where both CdS and CdSe replicas were constructed with greater
robustness and a higher index of refraction than had been achieved with other methods [4].
Wijnhoven et al. then successfully demonstrated (for the first time with a metal) in 2000, the
patterning of macropores using electrodeposition to infiltrate the pores of polystyrene and
silica colloidal templates with gold and subsequently removing the template to create artificial
inverse opals of gold [5]. In the same year, Bartlett et al. reported the fabrication of highly
ordered macroporous films of platinum, palladium and cobalt by electrodepositing these
metals into the interstitial spaces of a template made by polystyrene latex spheres [6]. Due to
the relative ease of the procedure, several similar works with other metals and materials were

also reported in a short interval [3].

Having developed the method to make such templated metal structures, various studies were
made to study their properties and possible applications. In 2004, Bartlett et al. made the first
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systematic study of the normal incidence reflectance spectra as a function of the film
thickness of nanostructured gold and platinum films templated by regular hexagonally closed
packed monolayers [7]. In 2005, Abdelsalam et al. investigated the wetting properties of a
metallic surface made by electrodeposition through a colloidal layer, and they showed for the
first time that by simply changing the surface topography, it was possible to turn a hydrophilic
gold surface into a hydrophobic one [8]. In 2007, Yu et al. demonstrated for the first time an
electrochemical approach for fabricating high-quality metal inverse opals with complete
control over, the structural openness (metal filling fraction). Using Ni electrodeposited into
colloidal templates made of 2.2 um PS beads, they showed that metal inverse opals modulate
the absorption and thermal emission of the metal and only at high degrees of structural
openness, these effects become 3D in nature [9].

Kelf et al. made a study on the localized and delocalized plasmons in a nanovoid structure
made by colloidal templating and electrodeposition. They presented the dependence of the
energies of both delocalized Bragg and localized Mie plasmons on the void geometry and
provided theoretical models to explain their findings [10]. Various studies also investigated
the surface enhanced raman scattering (SERS) effect brought about by such nanovoid
structures [11]-[13].

Heim et al. showed in 2012 that by combining the Langmuir —Blodgett technique with
electrodeposition, it was possible to integrate planar defects and well defined gradients in a
colloidal crystal structure, and such a structure could be infiltrated using electrodeposition to
obtain the inverse opal with a complex regulated structure after removal of the beads [14].
Recently in 2013, Pikul et al. made use of electrodeposition through a colloidal template to
create interdigitated 3D nanoporous electrodes for lithium ion microbatteries [15].

While the use of templates combined with electrodeposition allows for a controlled
structuring of the deposited material (which is the inverse geometry of the template used for
electrodeposition), by simply changing certain electrodeposition conditions, it is also possible
to electrodeposit complex structures of different geometries without the use of templates

(although they are more randomly organized).

In the case of gold electrodeposition, El-Deab et al. showed that gold nanoparticles with
different morphologies, such as nanocrystallites, perfect nanospheres, plumbs, and

nanoaggregates can be electrodeposited on different substrates and the nature of the substrate
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has a direct influence on the morphology, crystallinity, and consequently, the electrocatalytic
activity of the Au nanoparticles electrodeposited on them [16]. Tian et al. reported a one-step,
non-templated, low-cost electrochemical method for the growth of gold nanostructures with
different shapes, such as pyramidal, rod-like, and spherical gold nanostructures, by
manipulating the deposited potentials and concentrations of HAuCl,, which could be useful
for the development of gold films that are potentially applicable to electrocatalysis, surface-
enhanced Raman scattering (SERS), surface plasmon sensors (SPR), etc. [17].

Oyama et al. studied the cyclic voltammetric behavior of [AuCl,] at glassy carbon and gold
electrodes in two different ionic liquids at room temperature. They found that the
electrodeposition of Au nanoparticles was found to occur via disproportionation reactions,
and that the potential-step electrolysis potential used in the electrodeposition process greatly
influenced the size and morphology of the gold particles [18]. Sakai et al. electrodeposited
various gold nanoparticles and nanostructures with different morphologies in the presence of
L-cysteine on indium-doped tin oxide (ITO) substrates and characterized their optical
properties. They reported that changes in deposition potential directly affected the geometry
of electrodeposited gold and that prolonged electrodeposition led to dendritic gold structures
[19].

Ren et al. presented a two-step process to electrodeposit a hierarchical cauliflower-like gold
structure. They then modified the structure with fluoroalkylsilane which resulted in a
superhydrophobic gold surface [20]. Elias et al. studied the role of adding gelatin during gold
electrodeposition to create flail like structures of gold which exhibit a strong SERS effect
[21]. Electrodeposited gold thin films with well controlled roughness, morphology and
crystallographic orientation were also reported by the same team, and it was determined that
the applied electrodeposition potential has a significant effect on the resultant morphology of
gold [22]. They further mentioned that the roughness and size of the surface nanostructures

affects both the electrocatalytical activity as well as the SERS scattering on such surface [22].

In this chapter, we have embarked on two different routes of gold electrodeposition. The first
route, described in section 3.2 and 3.3 describes the electrodeposition of gold through a self-
assembled colloidal crystal template, and how it is possible to control the electrodeposition
depth to eventually fabricate nanostructured gold surface with exhibit omnidirectional

absorption properties first predicted by Teperik et al. [23]. In section 3.4, a one-step template-
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free electrodeposition of gold under different voltage conditions is investigated and the optical

properties of the resulting broadband non-reflective rough gold surfaces are described.

2. ELECTRODEPOSITION OF GOLD INTO COLLOIDAL TEMPLATES

Electrodeposition is a useful tool that can be used to control very accurately the amount of
material electrodeposited on a surface. Heim et al. described a way of controlling the
thickness of a film electrodeposited through a multilayer colloidal crystal by monitoring the
electrodeposition current under constant potential [14]. Due to the difference in cross
sectional area as the material is electrodeposited through the colloidal crystal template, the
electrodeposition current changes accordingly as well — larger cross-sectional area, larger
electrodeposition current. Hence, it is possible to have a good estimate of the thickness of the
electrodeposited material because of the periodic variation in the cross sectional area of the
empty voids inside a colloidal crystal template. To verify this phenomena, a six layer colloidal
crystal template made with 708 nm silica beads was fabricated using the Langmuir Blodgett
(LB) technique (details in Annex 2), and gold was electrodeposited through the colloidal
template (details in Annex 4). Figure 41 shows the change in current as gold is
electrodeposited through a silica colloidal template made up of six layers of 708 nm silica

beads
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Figure 41. Potentiostatic electrodeposition curve of gold electrodeposited at -0.7V vs Ag/AgCl into a
colloidal crystal template consisting of 6 layers of 708 nm silica beads

It can be seen from Figure 41 that there is an initial charging current from 0 to 135s, where

the first maximum (most negative current value) of the current occurs. This first maximum
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signals the point when electrodeposition is occurring across the entire available cross
sectional area of the voids. Following this first maxima, there is a decrease in the absolute
value of the current until 314s where the first minima (least negative current value) occurs.
This decrease in the absolute value of the current indicates that gold is steadily
electrodeposited in the voids and due to the nature of the template, there is a reduction in
available deposition surface area as the silica beads are spherical. When the height of the
electrodeposited gold is at half the diameter of the silica beads, the absolute value of the
current is at a minimum (as available surface area for electrodeposition is at a minimum as
well). Once the height of gold electrodeposited is above half of the diameter, the current starts
to increase (in absolute value) again. This periodic oscillation in the current occurs as gold is
electrodeposited through six layers of the colloidal crystal at a constant potential, and it can be
observed that there are six minima and six maxima (excluding the first one) in the current

versus time plot in Figure 41.

By determining the amount of time required to electrodeposit gold through one layer of beads,
it is also possible to have a good estimate and control of the thickness of the gold within one
layer of beads. This type of thickness control by monitoring the electrodeposited current has
been described by Abdelsalam [11] previously. To validate the ability to electrodeposit gold
according to the desired thickness we wanted in a colloidal templates, we first made a bilayer
colloidal template using four different sizes of silica beads using the LB technique. Next, we
electrodeposited gold into the templates up to the desired thickness corresponding to Y4, Y2, %
and 1 D, where D is the diameter of the silica beads used in the colloidal crystal template. The
reason for using a bilayer template instead of a single monolayer in this set of experiments
was to make it easier to identify the point when the height of the gold electrodeposited was
about equal to the diameter of the silica beads. Figure 42 shows the SEM cross section views
of gold electrodeposited through the bilayer colloidal template made of 1 um silica beads, the

SEM top view after silica bead removal and the graphical model of the simulated structure.

From Figure 42, we show that the resultant gold structure electrodeposited corresponds very
well to the predicted structure that we intended to fabricate. This proves that it is possible to
have a good control of the electrodeposition thickness of gold based on electrodeposition time

by monitoring the electrodeposition current during the electrodeposition process.
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Figure 42. (From top to bottom0) SEM pictures of gold electrodeposited into a bilayer of silica (D = 1um)
until the desired depths of 0.25D, 0.5D, 0.75D and 1D. (Left) SEM cross section views of the various
samples, (middle) SEM top views after silica bead removal, and (right) graphical illustration of the
expected structures.

Having successfully electrodeposited the desired gold structures into colloidal crystal
templates made of 1 um silica beads, we next wanted to reproduce the same results with
smaller sized silica beads. Hence, similar experiments with bilayer templates of 708 nm, 480
nm and 285 nm silica beads were repeated and the final SEM cross sectional pictures are
shown in Figure 43. From Figure 43, we can observe the various heights of gold
electrodeposited into the various bilayer templates. The results confirm that this method is

applicable to colloidal templates composed of smaller sized particles.
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Figure 43. SEM side views of gold electrodeposited into bilayer template of silica of (from left to right) 285
nm, 480 nm and 708 nm at (from top to bottom) 0.25D, 0.5D, 0.75D and 1D. D refers to the diameter of the
silica beads.

We have taken benefit of our ability to finely control both the thickness and the structure of
the gold films to fabricate and optically characterize two types of omnidirectional absorptive
nanostructure gold surfaces. The results that we obtained are discussed in the following

sections.
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3. QuAsl ToTAL OMNIDIRECTIONAL ABSORPTION IN MICRO-/NANO-
STRUCTURED GOLD SURFACES

3.1 CONTEXT OF THE STUDY

Nanostructured gold thin films have been reported to exhibit interesting optical properties,
such as the total aborption of light, and the possibility of exhibiting zero specular reflection at
certain wavelengths. The total absorption of light by a structured metal surface had been
predicted and demonstrated as early as 1976, by Hutley and Maystre, on a single, gold coated,
sinusoidal interference grating [24]. Hartman and Gaylord have reported that a gold surface-
relief rectangular-groove grating exhibits nearly zero specular reflection in the blue region of
the spectrum [25]. More recently, Kravets et al. [26] have demonstrated a blackbody-like
behavior in a nanostructured gold layer fabricated by electron beam lithography, by recording
a quasi-total absorption of p-polarized light from 240 nm to 550 nm. Efficient absorption of
light on nanoscale metal-semiconductor gratings fabricated on a Bragg mirror has also been
demonstrated by Collin et al. [27]. More recent work by Bonod et al. on lamellar metallic
gratings has demonstrated that total absorption of light for any polarization is possible if there
is only the zeroth propagating order [28]. However, the absorption of light on grated surfaces
still remains heavily dependent on the incident angle. Furthermore, while textured gold
surfaces exhibit a strong absorption of light for wavelengths spanning a few hundred
nanometers, the challenge remains to achieve ideal anti-reflective properties over wide angles

of incidence and broad wavelength regimes for large-area gold films.

In 2005, Teperik and Popov theoretically calculated that a nanoporous metallic film could
exhibit total light absorption at plasma resonance when there is optimal coupling of the
plasmons in the voids to external light, and this can occur when the voids are buried at a
specific distance under the metal surface [29]. In porous metals, the lattice of voids beneath
the metal surface has two roles [30]. First, it forms a coupling element which diffracts
incident light into surface plasmon-polaritons. Secondly, localized Mie plasmons are excited
in the spherical voids. Since void plasmons are radiative excitations, they can couple to light
directly without any special coupling device. These localized void plasmons can also be
brought into resonant interaction with the propagating surface plasmon-polaritons (SPPs) by
tuning the structural parameters such as the diameter of the voids, and by filling them with

dielectric materials.
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It was further suggested that total omnidirectional absorption of light can be achieved in
nanostructured metal surfaces that sustain localized optical excitations [23]. These
nanoporous metal surfaces can simultaneously support delocalized SPPs and localized void
plasmons, where the localized void plasmons are responsible for the omnidirectional
absorption of light. It was demonstrated that almost total absorption of light can indeed be
achieved with a lattice of voids just beneath the surface, and theoretically predicted that
omnidirectional absorption is possible for a wide angle range (up to 40°). This range of angles
can be further increased if the voids were filled with a dielectric medium (e.g. silica) because
a dielectric medium can bring down the plasmon void energy to a region that it does not

interact with the delocalized SPPs.

A separate work by Bonod and Popov mentioned that total light absorption by buried metal
cavities can occur without the aid of surface plasmons under TM polarization due to the role
of cavity resonance [31]. It stated that while an opening of the cavity is required to couple
incident light into the cavity resonance, the opening has to be closed enough to sustain cavity

resonance.

In this chapter, we studied the optical properties of two types of textured gold surfaces,
templated and non templated gold surfaces fabricated by an electrodeposition process. The
study on the first type of gold surface (in section 3.2) involved fabricating a series of
nanostructured gold surfaces with a layer of buried closed packed voids/spheres to
experimentally investigate the effect of tuning the cavity size, the cavity medium as well as
the polarization of incident light on the phenomenon of omnidirectional total light absorption
on such surfaces. The study on the second type of surface (in section 3.3) involved fabricating
a series of randomly textured gold deposits by a simple, one step, non-templated
electrodeposition process onto a smooth gold surface. We investigated the effect of tuning the
applied electrodeposition voltage and time on the morphology and resulting reflectivity of the

gold surfaces.

3.2 TEMPLATED GOLD FILMS ELECTRODEPOSITED THROUGH A CLOSE-PACKED
MONOLAYER OF POLYSTYRENE BEADS

Self-assembled monolayers of polystyrene beads were first transferred onto a smooth gold
coated glass substrate in a method similar to that described in section 2 (details in Annex 2),
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and were then used as templates for the electrodeposition of gold into the porous space

between the PS beads. Exact experimental details can be found in Annex 4.

It has been reported that a prerequisite of total light absorption by nanostructured gold
surfaces is that the metal thickness must be adjusted in such a way that the radiative decay
rate of the localized plasmons equals the rate associated with its dissipation [23]. Previously,
we have described that it is easy for us to accurately control the thickness of a metallic deposit
in a colloidal template by following the local minima/maxima of the current density, which
can be attributed to the periodic variation of the electroactive surface area of the growth front

during the gold deposition. Figure 44 shows SEM side views of gold films of well-controlled

thickness, t, electrodeposited through a monolayer of polystyrene (PS) beads with a diameter,
D, of 260 nm, 430 nm or 595 nm.

Figure 44. SEM side views of the gold deposits with various thicknesses grown through a monolayer of 260
nm (left), 430 nm (middle) or 595 nm (right) polystyrene (PS) beads. Scale bar: 300 nm.

It can be seen that the deposits are uniform over large distances, illustrating the homogeneity

of the electrodeposition process. Another observed feature is that the film growth was slower
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near the edges in contact with the PS spheres, possibly due to diffusion constraints. This
results in ‘billowing’ of the metal film between the spheres, illustrated in Figure 45 (indicated

by arrows in Figure 44).

Figure 45. Sketch of the nanostructured gold surfaces, consisting of a monolayer of close-packed PS beads
or voids of diameter D infiltrated with gold to a thickness t.

Optical characterization of the gold films

The absorption (A=1-R) spectra of the nanostructured gold surfaces for normal incidence of
light are shown in Figure 46. Interestingly, the spectra exhibit multiple main peaks (up to 4
for the 595 nm PS template) with an intensity value higher than 90 %. These peaks
correspond to the high-order plasma resonances, which can be observed here because of the
reduction of their frequencies — which normally fall within the interband absorption spectra of
gold — due to the presence of the PS beads, as demonstrated theoretically by Teperik et al.
[29]. For D = 260 nm, almost total light absorption (ca. 98%) is observed at the wavelength of
the fundamental Mie plasmon mode, i.e. 850 nm for an optimum value of t, found to be equal
to 1.02 D. For the films prepared using the 430 nm (595 nm) PS spheres as template, 93 %
(95%) of light is absorbed at 1020 nm (1305nm) when t = 1.05 D. When the film thickness
exceeds the optimum value, the resonant absorption peak shifts towards lower wavelength and

decreases in intensity.

We have simulated the optical spectra of the gold structures by the FDTD method, taking into
account the billowing of the metal film between the PS beads (refer to Annex 4). Figure 46
shows a nice matching between the positions of the predicted (dashed lines) and measured
(solid lines) fundamental plasma resonance peaks, while the band intensities differ slightly,
probably due to a non-optimised design of the ellipsoidal caps which represent the billowing

of the metal between the PS spheres.
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Figure 46. Measured (solid lines) and calculated (dashed lines) absorption spectra of gold films of different
thicknesses grown through a monolayer of 260 nm (top), 430 nm (middle) or 595 nm (bottom) PS beads
under normal incidence.

After dissolution of the PS template, porous gold surfaces containing a lattice of
interconnected voids were obtained. Figure 47 shows SEM top views of the porous gold
films, evidencing their uniformity over large areas and the existence of an aperture on the top
of the films even when t is larger than D, which is a consequence of the ‘billowing’ of the

metal film between the spheres.
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Figure 47. SEM top views of the porous gold films with various thicknesses after the dissolution of the 260
nm (left), 430 nm (middle) or 595 nm (right) PS beads. Scale bar: 300 nm.
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Figure 48. Experimental absorption spectra under normal incidence (left column) and incidence-angle
dependence of absorption for p-polarized (center column) and s-polarized (right column) incident light of
porous gold films with various thicknesses after the dissolution of the 260 nm (top), 430 nm (middle) or
595 nm (bottom) PS beads.
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The optical spectra of the nanoporous gold films also exhibit a quasi total light absorption
(Figure 48). For instance, when D=260 nm, 97% of the incident light is absorbed at 600 nm
for t = 1.05 D, while 96 % of light is absorbed at 670 nm (840 nm) for t=1.08 D when D =
460 nm (595 nm). As previously, the absorption peak decreases in intensity and shifts towards
lower wavelength when t exceeds the optimum value. These results are in good agreement
with those obtained by Teperik et al. [23]. As theoretically predicted by these authors [23],
the near total light absorption of light by the nanoporous gold films persists over a large range
of angles of incidence (AOI) for both s- and p-polarized incident light, as shown in Figure 48.
For instance, more than 90% of the p-polarized incident light is absorbed for AOI values up to
45° when D=260 nm.
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Figure 49. Incidence-angle dependence of absorption of gold films of different thicknesses containing a
monolayer PS beads for p- (top) and s-polarized (bottom) incident light. D=260 nm (left), 460 nm (middle)
and 595 nm (right).

Teperik et al. also suggested that this range of AOI can be further extended by infiltrating the
voids with a dielectric medium so that the void plasmon is brought down in energy to a region
where it does not interact with the delocalized SPPs. Figure 49 shows that this statement is
experimentally verified for the gold films containing the PS beads, which absorb more than

90% of the p-polarized incident light for an AOI up to 65°, whatever the PS bead size.

To summarise, we have fabricated nanostructured gold films containing an embedded layer of

spherical PS beads or voids by electrodeposition. Near total absorption of light at normal
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incidence by gold films with an optimum thickness was experimentally and numerically
demonstrated. We have shown that the gold films containing a monolayer of PS beads show
light absorption larger than 90% for AOI values up to 65°, which makes the nanostructured

gold films good candidates for low cost, high-efficiency absorber materials.

3.3 NON-TEMPLATED ELECTRODEPOSITION OF MICRO/NANOTEXTURED GOLD FILMS

The gold layers were fabricated onto gold-coated glass slides by potentiostatic
electrodeposition (details in Annex 4). A commercially available plating solution containing
brightener was used for all of the experiments and a constant potential versus Ag/AgCl
reference electrode was applied in order to reduce the gold sulphite ions into metallic gold.

The intensity of the faradaic current was then measured as a function of time.
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Figure 50. Chronoamperometric curves corresponding to the electrodeposition of gold at various applied
potentials at room temperature.

In Figure 50, the chronoamperometric curves corresponding to the electrochemical growth of
gold deposits at various applied potentials are shown. We can observe a maximum current
density at the beginning, followed by a drastic fall until it reaches a plateau. This is a typical
diffusion-controlled nucleation and subsequent growth of metallic electrodeposits, well
described by Scharifker and Hills [32]. The maximum corresponds to the nucleation of
metallic sites on the surface which is followed by the reduction of current corresponding with
the three-dimensional growth of the films. The rise in current in each transient reflects the
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electroactive area increases because either each independent nucleus grows in size and/or the
number of nuclei increases. At this stage, a diffusion-controlled process directs the growth of
the deposit and then the current falls at the final stage.

Figure 51. SEM top views and side views of the electrodeposited gold films at: (a-b) -0.8V, (c-d) -0.9V, (e-f)
-1.0V, (g-h) -1.1V and (i) -1.2 V for 1200s.

Figure 51 shows that the morphology of the electrodeposited gold films is dependent on the
applied voltage. At -0.8 V and -0.9 V, plate-like and scale-like microstructures can be
observed, respectively. At -1.0 V, the surface appears rougher than before and grooves
between the individual microstructures start to appear. At -1.1 V, the film roughness increases
and some protrusions can be seen growing out randomly in all directions from the
microstructures. At -1.2 V, the resulting deposit is the roughest, each dendritic microstructure
resembling a bunch of Romanesco broccoli (see Figure 51). SEM side views show that both
the thickness and the structure of the gold films are uniform over their whole surface. The
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films’ thickness and their deposition rate have been deduced from the SEM side views. Figure
52 shows that the films grow linearly with time, whatever the applied voltage. More negative
the applied voltage, faster the deposition. It thus indicates that the formation of the dendrites

is favoured at high deposition rate, as previously reported [33].
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Figure 52 (left) Temporal evolution of the films’ thickness; (right) Dependence of the deposition rate of the
films on the applied voltage.
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Figure 53. Comparison of the specular reflectance as a function of wavelength for a flat gold film and the
textured gold films grown at various applied voltages for s- (solid symbols) and p-polarized (open
symbols) incident beams and for 8° off-normal incidence.

Figure 53 shows the reflectance spectra of the corresponding gold films for s- (solid symbols)
and p-polarized (open symbols) incident beams with an angle of incidence (AOI) of 8° off the

surface normal. The reflectivity from a smooth gold surface is also shown. All the

91



Chapter 3: Fabrication of nanostructured gold surfaces with unique optical properties by electrodeposition

nanostructured samples exhibit a reflectivity close to zero for both polarizations at the
wavelength range of 200-600 nm. However, the difference in electrodeposition voltage has a
noticeable effect on the reflectivity of the gold films for wavelengths extending into the infra
red (IR) regime. The more negative the applied voltage, lower the reflectivity. The sample
prepared at -1.2 V shows a reflectivity for near-normal incidence and both polarizations
below 1 % until 2500 nm.

As illustrated in Figure 54, the electrodeposition time has a significant effect on the
morphology of the gold deposits grown at -1.2 V vs Ag/AgCl. As already observed for the
production of amorphous hydrogenated carbon films by chemical vapor deposition [34], a
granular structure appears at short times with a characteristic length scale that grows in a

disorderly fashion with further deposition.

(a)

Figure 54. Optical photographs (insets) and SEM images of the electrodeposited gold films deposited at -
1.2 V for: (a) 30, (b) 120, (c) 240 and (d) 1200 s.

Figure 54 also shows that the electrodeposition time has also a significant effect on the
appearance of the gold deposits grown at -1.2 V. They become darker with time, which
corresponds to the fractal growth of the romanesco broccoli—like microstructures. A similar
trend was observed for gold films grown at other applied potentials. Figure 55 shows the
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optical images of the electrodeposited gold films at various potentials and two different

periods of time (600 s and 1200 s) for comparison.

—

Figure 55. Comparison of the appearance of gold films at different potentials and time. (From left to right)
Gold films electrodeposited at -0.8 V, -0.9 V, -1.0V, -1.1V and -1.2 V for (top) 600 s and (bottom) 1200 s.

50 pm

The blackening of the films with time is also evidenced by Figure 56, which shows the
influence of the electrodeposition time on the reflectance spectra of the gold films grown at -
1.2 V for s- and p-polarized incident beams. The reflectivity of the gold films decreases as a
function of time. It takes about 360s to reduce the reflectivity of the sample in the visible
region to below 2%. Electrodeposition for an additional 240s further reduces the reflectivity
of the sample for wavelengths up to 1600nm to below 5%. Samples electrodeposited for 900s
exhibited similar reflectance as the samples electrodeposited for 1200s, which probably
indicates the minimum reflectance that can be possibly attained by such a structure, as further

deposition does not lead to any significant decrease in reflectance.

In order to perform as a good anti-reflector, the structure must show low reflectance over a
wide range of AOI values, for both forms of light polarization. This is shown in Figure 57 for
a textured gold film grown at -1.2 V for 1200s. The specular reflectance remains below 1% at
AOI values between 8° and 65° off-normal for both s- and p-polarized light throughout the
UV-VIS-Near infrared (NIR) region. Similar behaviour was observed for films deposited at
lower applied voltages. The wide-angle and polarization independent anti-reflection
properties of the gold films are probably due to their highly random nature, which induces
multiple bounces of incident light on the fractal dendrites in all the directions of space.
Moreover, by considering their structure, the gold films should exhibit a smooth gradient
refractive-index profile made of multiple distinct regions, which has been reported to be a key

93



Chapter 3: Fabrication of nanostructured gold surfaces with unique optical properties by electrodeposition

parameter to allow excellent anti-reflection properties in similar nanostructured silicon
surfaces [35].
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Figure 56. Electrodeposition time influence on the specular reflectance of a gold film grown at -1.2 V for
an AOI of 8° and for (left) s- and (right) p-polarized incident beams, respectively.
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Figure 57. Specular reflectance of a gold film grown at -1.2 V for (top) s- and (bottom) p-polarized
incident beams and for four AOI values.

In summary, we have developed an easy, one-step and template-free electrochemical method
to fabricate nanostructured gold films with almost zero reflectance over the entire spectral
range from the ultraviolet to the NIR. We have shown that the very low reflectivity achieved
is slightly sensitive to the polarization and does not change significantly with the angle of
incidence. This kind of nanostructured gold films has great potential for low cost, large area

solar cell devices, photosensors or other technological applications which benefit from non-
reflective coatings.
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4, CONCLUSION

In this chapter, we have shown through the use of self-assembled colloidal templates that it is
possible to monitor and control the amount of gold deposited into the porous space, and hence
control the geometry of the electrodeposited gold structure to conform to that of the template
structure. Optical characterisations of the fabricated structures confirm the existence of the
omnidirectional absorption in gold thin films predicted by Teperik et al. [23]. This kind of
plasmonic nanostructures exhibiting almost perfect absorption could be used with hot electron
photodetectors to significantly enhance the hot electron transfer process [36]. Furthermore,
the integration of such structures on silicon or other high index materials by suitable
transferring methods, such as PDMS stamping, could also lead to the enhancement of the

efficiencies of photovoltaic and photocatalytic devices.

In addition, through a simple investigation into the template free electrodeposition of gold, we
have shown that by simply changing the deposition potential, we can induce a significant
change to the resulting morphology of the gold electrodeposited. It is possible to
electrodeposit smooth gold at small potentials and dramatically change the roughness by
using higher electrodeposition potentials which directly affects the resulting optical properties
of a gold surface. By optically characterising these gold surfaces, we discover that they
exhibit very low reflectivity which is broadband and omnidirectional.

The optical properties of both the fabricated gold surfaces described in this chapter
demonstrate the versatility of the electrodeposition technique to make structures of the same

material but with radically different structures and resulting optical properties.
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1. INTRODUCTION

Metallic nanostructures play an important role in many applications. In the emerging fields of
plasmonics and nanophotonics, the ability to engineer metals on nanometric scales allows the
fabrication of new devices and the study of exciting physics. Currently, gold and silver are the
most commonly used materials in the field of plasmonics due to their plasmon resonances in
the visible and near intra-red (NIR). In the case of silver, it exhibits the lowest losses of
current materials in both the visible and NIR [1]. However, it is susceptible to corrosion from
sulfur and chlorine species in the natural environment [2]. Gold is chemically stable in natural
environments and exhibits the second lowest losses after silver, hence making it very well
suited for plasmonic applications such as biosensors [3]. Other metals such as copper and
aluminum have also shown promise as plasmonic materials but they each have unique
advantages and disadvantages. Oxide-free copper displays plasmonic properties in the visible
range but the surface of copper is readily oxidized. Hence, in an environment not exposed to
air, copper could serve as a low cost alternative to gold as a plasmonic material [4].
Aluminum outperforms both gold and silver in the blue and UV regions as it displays a
negative real permittivity at wavelengths less than 200nm with relatively low losses in this
region. Gold and silver do not display the required negative real permittivity until

approximately 327 nm and 207 nm, respectively [1].

Metallic nanostructures offer the possibility of subwavelength control and the manipulation of
optical energy. While dielectric structures suffer from diffractive effects, metallic
nanostructures that support surface plasmon polaritons (SPPs) offer a solution. Today, most of
the fabrication techniques adopted to fabricate metallic nanostructures rely heavily on top
down approaches such as electron-beam lithography (‘write’), focused-ion-beam (FIB)
lithography (‘drill,” ‘cut,” and ‘solder’), nanoimprint (‘stamp’), nano-molding and scanning-

probe lithography (‘rearranging the atoms’) [5].

Tsai et al. fabricated arrays of gold nanopillars (Figure 58) and studied the effect of the size
and spacing of these arrays on the spectral response of a P3HT: PCBM bulk heterojunction
solar cell. They found that the patterned devices show a higher external quantum efficiency
and that the corresponding resonance involves both localized particle plasmon excitation and

multiple reflections/diffraction within the cavity formed by the electrodes [6].
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Figure 58. (left) Cross section schematic of nanopillar-patterned solar cell. (Right) SEM image of

nanopillar arrays on ITO surface [6].

Nakamoto et al. reported a nanoimprint technique to create well-ordered metallic arrays of
nanopillars in nanoholes which are made by fabricated magnetron sputtering into a plastic
nanohole array over a large area. They showed that by controlling the sputtering time and
initial hole design, they could adjust the pillar height and pillar-hole gap [7]. Hatab et al.
described a new configuration of elevated gold bowtie nanoanatenna arrays (Figure 59) with
optimized array periodicity made by electron beam lithography which demonstrated large

SERS enhancement factors exceeding 10 [8].

Figure 59. (a) Schematic illustration o elevated gold bowties on t ofsilicon post etched into a Si wafer.
(b) SEM image of a gold bowtie nanoantenna [8].

Chirumamilla et al. demonstrated that dimers of uniform, free-standing three dimensional
star-shaped gold nanostructures are applicable for single / few molecules detection by SERS
[9]. Cattoni et al. fabricated arrays of plasmonic nanocavities with very low volumes by soft
UV nanoimprint lithography and demonstrated nearly perfect omnidirectional absorption for
the fundamental mode of the cavity [10].
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While the resolution, control and precision of nanostructures fabricated by top down
approaches are of very high quality, the widespread use of such techniques are relatively
limited due mainly to the costs and equipment associated with most top down fabrication
techniques. Furthermore, due to the complexity of the equipment, the fabricated materials are

usually small lab scale samples.

An alternative to creating nanostructures from the top down is to rely on the bottom up
construction of these nanostructures. By using a combination of bottom-up and top down
techniques, O’Carroll et al. demonstrated a process to create metal-polymer-metal dipole
antennas that made use of template-directed sequential electrodeposition of gold and
polythiophene into nanoporous alumina and the subsequent thermal evaporation of gold into

the alumina template pores (Figure 60) [11].

Figure 60. Cross-sectional SEM images of vertically oriented gold—P3HT- gold nanoantenna arrays a) in
the alumina template and b) after alumina template removal (acquired at a 45 ° sample tilt). c,d): SEM
images of single nanoantennas with different segment lengths (on gold and silicon substrates, respectively)
[11].

Habouti et al. used home-made Si-supported anodized alumina thin film templates for the
electrodeposition of large area self-standing silver and gold nanorod arrays. They report that
both the nanorod spacing and morphology are responsible for the high electromagnetic
enhancements at the nanorod tips [12]. Wolfrum et al. described a method which combined an

imprint method with template-assisted electrodeposition to fabricate micro- and nanometer-
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sized arrays of gold nanopillars at predefined positions on a silicon substrate. Both
conventional photolithography and anisotropic silicon etching were used to prepare the
stamps used for the imprint procedure. The feature size of the stamp determined the size of
the nanopillar arrays [13]. Anandan et al. made use of electrodeposition to fabricate metallic
nanopillar array structures and studied their application as electrodes in electrochemical-based
biosensors. They report that the nanostructured electrode shows a 7-fold increase in sensitivity
when compared with a flat electrode [14].

In this chapter, we describe an entirely bottom-up process route to fabricate arrays of
plasmonic nanoantennas through the use of colloidal templating, electrodeposition and finally
the transfer of the final gold nanopillars onto a transparent medium, such as
polydimethylsiloxane (PDMS). We optically characterized the samples fabricated and
compared them with simulated results. We also investigated the effect of stretching on the

optical properties of the samples.
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Figure 61. Step-by-step schematic illustration of the entire fabrication process of a 2D array gold
nanopillars onto a transparent PDMS substrate.
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2. FABRICATION OF NANOPILLAR ARRAYS

2.1 MODIFICATION OF PORE SHAPE AND SIZE OF THE COLLOIDAL CRYSTAL
TEMPLATES

In Chapter 2, we have described the method to spread and self-assemble spherical polystyrene
(PS) particles on the surface of water and successfully transfer the close packed monolayers
onto a clean flat substrate. In this section, the same process was used to deposit the
monolayers onto a nickel coated substrate (refer to Annex 2 for details). However, unlike the
templates used in Chapters 2 and 3, the PS self-assembled monolayers in this work were
modified by a simple sintering process before they could used as templates for the subsequent
steps. Figure 62 shows how the shapes of the PS particles and the pore size between the
particles change when they are sintered for different times (from one to a few minutes) at a
temperature (110°C) which is just slightly above the glass transition temperature of
polystyrene of about 107°C [15].

100 nm 100 nm
— S

Figure 62 SEM views of a monolayer colloidal crystal. (Top, left to right) 260 nm PS beads after sintering
under air in an oven at 110°C for 60 s, 120 s and 180 s. (Middle, left to right) 430 nm PS beads after
sintering in an oven at 110°C for 330 s, 390 s and 450 s. (Bottom, left to right) 595 nm PS beads after
sintering in an oven at 110°C for 360 s, 420 s and 480 s.
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From the SEM images in Figure 62, we can observe that edges of the PS particles in contact
with each other begin to fuse together as the monolayers are left in the oven at 110°C over a
period of a few minutes. While this happens, the size of the pores are reduced and distinct
triangular channels (seen from the top) are formed. Eventually, when the PS particles are
exposed to the higher temperatures for a prolonged period of time, the contact area between
the PS particles become maximum and all the pores are sealed. This phenomena happens for
all the three bead sizes of PS particles tested. For the 260 nm, 430 nm and 595 nm PS
particles, it takes approximately about 180 s, 450 s and 480 s respectively for most of the
pores to fuse together at a temperature of 110°C. At this point, the PS monolayer cannot be

used as a template for the subsequent steps.

Table 8 lists an estimate of the measured length of the edges of the triangular pores formed

after sintering at 110°C for various sintering times.

Table 8 Edge length of triangular pores after sintering at 110 °C

. S Triangular pore edge Variation of edge
PS size (nm) Sintering time (s) length (nm) length (nm)

260 120 65 18

430 390 70 +10

595 420 83 +11
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2.2 ELECTRODEPOSITION OF GOLD NANOPILLAR ARRAYS

Hatab et al. demonstrated that a configuration of elevated gold bowtie nanoanatenna arrays
can show large SERS enhancement factors exceeding 10" [8]. In this part of the work, our
initial aim was to fabricate similar gold bowtie arrays using an electrodeposition process
through a sintered monolayer of PS particles, and subsequently investigate the SERS effect on
the fabricated samples. In Chapter 3, we have demonstrated that gold can be electrodeposited
uniformly into a colloidal PS monolayer template. Here, to fabricate nanopillar arrays, the
same electrodeposition technique is repeated on a sintered template with a narrower pore
channel. Figure 63 shows the SEM side view of the electrodeposition of gold into a non-

sintered and sintered monolayer template.

Figure 63. Cross sectional SEM images gold electrodeposited into a (left) non-sintered and (right) sintered
monolayer template consisting of 430 nm PS particles (sintering time: 390 s).

From Figure 63, we can clearly see that the morphology of the electrodeposited gold is
different due to the shape of pore channels before and after sintering. The prolonged sintering
increases the contact area between adjacent PS beads resulting in a narrower pore channel
available for the gold to be electrodeposited into. From the SEM image taken of the sintered
monolayer template, we can clearly distinguish the pillar-like shapes that are replicated by the
gold electrodeposited into it. Our aim here was to investigate if the changing of the distance
between the tips of the adjacent gold nanopillars would have any significant effect on the
SERS enhancement of the overall structure.
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2.2.1 TUNING THE INTER-DISTANCE BETWEEN TRIANGULAR TIPS OF PILLARS BY
CONTROLLING THE ELECTRODEPOSITION DEPTH.

By carefully estimating the relationship between deposition time and thickness, we could
attempt to engineer the triangular tips of the gold pillars such that they are as close to each
other as possible without contact. The interest in trying to reduce the inter-distance between
the triangular tips is because of the possible strong electromagnetic field enhancements that
could arise from the close proximity of the gold tips and thus to create “hot spots” [8]. Using
PS monolayer templates made of 430 nm PS particles (sintered for 390 s), we attempted to
demonstrate that it was possible to control inter-distance between the triangular tips by the
electrodeposition. Gold was electrodeposited into the PS colloidal template up to a calculated
desired thickness. Due to the nature of the shape of the pores, which are wider at the top and
bottom but narrower in the middle (due to each pore being surrounded by three sintered
pseudo-spherical PS particle), and the fact that the electrodeposited materials will conform
exactly to the pore shape, we expected that there would be a particular range of
electrodeposition depth that would allow for the triangular tips to be close but not touching.
Hence, a series of experiments were made to electrodeposit gold up to a certain desired depth
and the inter-distance between the tips was observed. Figure 64 shows the top down SEM
images that were obtained for this series of experiments.

It can be observed that as the gold is electrodeposited past the narrowest part of the pore
(corresponding to thickness = 0.5D), the gold triangles start to grow outwards. Due to the
shape of the pore channel, as more gold is electrodeposited, the surface area available for
electrodeposition increases. It can be seen that when the electrodeposited depth is between
0.57D and 0.7D, the gold triangles are not touching. However, when the depth reaches 0.75D,
we observe that the tips begin to touch and further electrodeposition beyond 0.75D is
pointless. Table 9 gives the observed inter-distance between the gold tips of the

electrodeposited gold.
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Figure 64. SEM top images showing the interdistance between the tips of the gold triangles at various
deposition depths of (top left to right) 0.57D, 0.62D, 0.65D and (bottom left to right) 0.7D, 0.75D and
0.85D. D is the diameter of the PS particle used in the colloidal templates (D= 430 nm).

Table 9. Observed inter-distance between gold triangular tips and respective depth of electrodeposition

Electrodeposited
Dot (0) 0.57 0.62 0.65 0.7 0.75 0.85
Inter-distance between | g, 6745 5345 3347 343 0
the tips (nm)

By plotting the data in Table 9, we can visualize the relationship between the
electrodeposition depth and the final inter-distance between the gold tips. Figure 65 shows the
resulting plot of Table 9. From Figure 65, we can see that there is a decrease in the inter-
distance between the gold tips as the electrodeposition thickness increases. This trend
corresponds to what was observed in the SEM images in Figure 64. Figure 65 allows us to
design nanostructures of gold with a desired inter-distance of the triangular tips.
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Figure 65. Relationship between electrodeposition thickness and inter-distance between the triangular
gold tips.

2.2.2 SURFACE ENHANCED RAMAN SIGNAL (SERS) MEASUREMENTS

Based on the observations on the observations in Figure 65, we fabricated one series of gold
nanopillar samples using a template consisting of 430 nm PS particles with a depth of 0.7D,
0.72D and 0.74D. This set of samples were investigated because we would like to determine
if there are any interesting SERS properties that could arise from the decreasing of the inter-
distance between the gold tips as we expected that such a decrease between the gold tips
could lead to an enhancement of the local electromagnetc field which would correspondingly
lead to an enhancement in the SERS effect [8]. The experiments were carried out in
collaboration with the “Molecular Spectroscopy” team of the Institute of Molecular Sciences

of Bordeaux and the following preliminary results were obtained.

The samples were immersed for 4 hours in a 10 mM ethanolic solution of benzenethiol, and
subsequently rinsed copiously with absolute ethanol to remove free benzenethiol molecules
that were not adsorbed on gold. Raman measurements were then made under irradiation at
568.2 nm, 647.0 nm and 752.0 nm. No signal could be detected at 568.2 nm, and the signal
detected at 752.0 nm was significantly lower than the one obtained at 647.0 nm. The results of

the Raman measurements are shown in Figure 66.
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Figure 66. Raman spectra measured for 0.7 D, 0.72 D and 0.74 D gold nanopillar samples under (left)
647.0 and (right) 752.0 nm irradiation after subtracting the background. The blue and red lines are
shifted along the y-axis for better viewing clarity.

From the measurements, we observe that no significant differences could be identified
between the Raman spectra of the three samples 0.7D, 0.72D and 0.74D. Hence, this suggests
that the SERS effect is mainly due to gold nanostructures themselves and, contrary to our
expectation, it is not related to the progressive formation of hot spots when decreasing the gap
between the triangular tips of the nanostructures. One possible reason for not observing the
expected difference in SERS enhancements could be due to the fact that the gold nanopillars
were connected to each at the bottom. To address this issue and investigate this possibility, we
had to devise a method to ‘disconnect’ the individual pillars in the arrays. The option we
derived with was to first electrodeposit a sacrificial metal layer before electrodepositing the

gold and then subsequently dissolving the sacrificial layer to disconnect the gold nanopillars.

2.3 ELECTRODEPOSITION OF NICKEL AND GOLD INTO THE COLLOIDAL TEMPLATES

For the initial part of the work, we first investigated the process which relied on the sequential
electrodeposition of nickel (as a sacrificial layer) followed by gold, such that the gold
electrodeposited inside the porous space are symmetrical and positioned at a depth that is
close to half the initial diameter of the PS particles (i.e. in the middle of the monolayer).

There were two major challenges to overcome in this process. First, we had to verify that the
sequential electrodeposition of nickel and gold could be done uniformly into the colloidal
monolayer template without any significant problems (i.e. the layers have to be smooth and
even). Second, we had to devise a method or process that could reliably reproduce our

intended nanostructures via electrodeposition of the metals into the monolayer templates.
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The first challenge concerned the electrodeposition of nickel and gold into a colloidal
monolayer template. We have already demonstrated that we could electrodeposit gold
uniformly into the colloidal monolayer templates. However, some initial difficulties arose
when we tried to sequentially electrodeposit nickel and then gold into similar monolayer
templates. The first problem we encountered was that while we observed the electrodeposition
of nickel on the substrate, it did not penetrate the template, but instead remained under the
monolayer (Figure 67), resulting in the whole monolayer being pushed up as nickel was

electrodeposited on the substrate.

Figure 67. SEM cross sectional images showing two examples of nickel electrodeposited under a
monolayer of 430 nm PS beads sintered for one minute

From Figure 67, we can observe that nickel is electrodeposited evenly across the substrate
surface but under the polystyrene beads. We can also clearly see that the second layer of gold
electrodeposited on the nickel layer does not exhibit the same problem. The gold layer can be
clearly observed to penetrate the monolayer of PS beads, which is unlike the nickel layer.
After several electrodeposition attempts with various samples, we realized that this problem
was unique to samples that were only sintered for short durations of less than one minute. To
better understand the reason behind this, we needed to investigate the electrodeposition rates
for nickel and gold. Figure 68 shows an example of the electrodeposition curves of nickel and
gold separately electrodeposited into two similar substrates with a monolayer of 598 nm PS
beads up to a full depth of 1D (diameter of the PS particles).

From Figure 68, we can observe that the time taken for the electrodeposition of nickel and
gold up to the same thickness is about 85 s and 460 s respectively. Furthermore, the
electrodeposition current measured for nickel is about one order of magnitude larger than that
for gold under constant potential electrodeposition conditions. From this, we can infer that the

rate of nickel electrodeposition is a lot faster than that for gold, and the corresponding
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physical growth of the nickel film is faster than the gold film. Judging from the SEM cross
sectional views obtained (Figure 67), we can conclude that the rapid electrodeposition of
nickel causes the PS beads to be pushed outwards as nickel is electrodeposited onto the
substrate, while the slower electrodeposition rate of gold allows for the gradual
electrodeposition of gold into the available pore spaces. Hence, the physical stability (i.e.
adhesion) of the PS beads onto the substrate is crucial to determining whether the
electrodeposited metal layers grow under or into the colloidal templates. Thus, we concluded
that the templates have to be properly sintered before electrodeposition can be carried out.
Figure 69 shows two examples of samples that were successfully electrodeposited with nickel

and gold into the monolayer templates.
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Figure 68. Current-time (I-t) plots of nickel (left) and gold (right) electrodeposited under constant
potentials of -1.0 V and -0.7 V respectively into monolayer templates consisting of 598 nm PS beads
sintered for 420 s.

Figure 69. Sequential electrodeposition of nickel and gold into a monolayer of 430 nm PS beads sintered
for (left) five minutes and (right) six minutes. PS particles have been removed to allow for better viewing
of the electrodeposited metal layers under backscattered SEM.
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From Figure 69, it is shown that by properly sintering the beads, we can overcome the
problem of electrodepositing nickel under the entire monolayer. Furthermore, the difference
in the morphology of the gold nanostructure electrodeposited into templates sintered for
different durations can be distinctly observed between the different electrodeposited gold
layers. For the electrodeposition of nickel and gold into the 430 nm PS template sintered for
five minutes, no ‘pillar’ like structures are observed. On the other hand, for the
electrodeposition of nickel and gold into the 430 nm PS template sintered for six minutes, we
can readily see the distinct pillar like morphology that results from the shrinking of the pores
between the PS monolayer particles. Figure 70 shows SEM images of other samples grown in

sintered PS 430 nm monolayer templates after removal of the PS beads.

Figure 70. SEM images of nanopillar structures grwn from PS 430 nm templates that were sintered for
390 s. (a, b and c) Top down SEM images taken at different magnifications. (d) Tilted (45 °) SEM image.

To better illustrate this point, we electrodeposited a series of samples into 595 nm PS
monolayers sintered at different times to visualize the possible resultant morphologies of the
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pillars electrodeposited as the pores became narrower with increased sintering time. Figure 71

shows examples the SEM images obtained from these samples.

Figure 71. SEM images of electrodeposited gold nanopillar structures obtained by the sequential
electrodeposition of nickel and gold into templates consisting of 595 nm PS monolayer templates sintered
at 110°C for (left) six, (middle) seven and (right) eight minutes. The top and bottom rows are the samples
imaged at low and high magnifications respectively. PS particles have been removed to allow for better
viewing of the electrodeposited metal layers under backscattered SEM.

From Figure 71, we can see that nanopillars with a width as small as 15 nm can be obtained
by using templates sintered for eight minutes. We can also observe the absence of some gold
nanopillars on the surface which corresponds to the fused pores that can be observed on the

colloidal template after sintering for eight minutes (refer to Figure 62)

In Chapter 3 we described that there was an observable change in the current profile during
electrodeposition of a metal into a colloidal crystal template made of spherical particles. This
method works well for the electrodeposition of a single metal layer into the colloidal
monolayer template, and we can pretty accurately control the thickness of the electrodeposited
metal. For the electrodeposition of more than one layer of metals, a similar approach can be
adopted with slight adjustments to adapt to each desired configuration.

In order to have a relatively accurate control of the position of the electrodeposited nickel and
gold layers (i.e. thickness of electrodeposited metal layers) in a colloidal monolayer template,
it is necessary to first determine the time required to electrodeposit the metal to half the

diameter of the particles (i.e. the time required to reach the first minima, minimum current in
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absolute value, refer to chapter 3). Knowing the time it takes for the metal to be
electrodeposited to a height that is half the diameter of the particles, we can then back
calculate the time required for the electrodeposition of the metal to any desired depth. To

simplify the calculations, the following assumptions were made:

1. The electrodeposition process was uniform across the surface of the substrate
2. The rate of electrodeposition was constant as each metal grew into the template (i.e.

the change in deposition depth varied linearly with time)

From the cross sectional SEM images previously seen in Chapter 3, the first assumption can
be considered to hold true as overall the height of the electrodeposited metal was constant
across the samples with only slight discrepancies due to the billowing of the gold as it grows

through the narrowest part of the pores.

For this part of the work, our aim was to fabricate gold nanopillars that were 1/3, 1/4, 1/5
and 1/6 of the respective PS particle diameters and positioned symmetrically in the middle of
the colloidal template. By making use of the two assumptions above, the depth of the metal
deposited into the templates during the experiments can be estimated using the simple
calculation as listed in Table 10. Figure 72 shows an example of the current profile of nickel
and gold as they are electrodeposited sequentially into the colloidal templates at constant
potentials of -1.0 V and -0.7V respectively.

Table 10. Estimation of electrodeposition time for each metal

Desired height of | Time taken for Ni | Time taken for Au ]
) - . Calculated Ni Calculated Au
gold pillars as a electrodeposition | electrodeposition . o
] ] ) ) electrodeposition | electrodeposition
ratio of diameter | to reach first to reach first ) .
) o o time (s) time (s)
of particles (D) current minima (s) | current minima (S)
1/3 2 t - t
=X =X
37 AN 3" Tau
1/4 Experimentally Experimentally Zxty Xty
determined for determined for
1/5 each batch, t%Nl. each batch, t% A 3 X t%N < X t%Au
1/6 > !
g X t%Ni § X t%Au
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Figure 72. Electrodeposition current profiles of nickel and gold in a monolayer of 430 nm PS beads under
constant potential of -1.0 V and -0.7 V respectively vs Ag/AgCI (saturated KCI).
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Figure 73. Schematic cross sectional illustration of the sequential electrodeposition of nickel and gold into
a monolayer of PS beads to fabricate gold pillars symmetrically positioned in the middle of the PS
template.

It can be observed from Figure 72 that the overall shape of the current profile obtained by the
sequential electrodeposition of nickel and gold resembles that of the electrodeposition of a
single metal into the template (see Figure 1 of chapter 3). By carefully calculating and

adjusting the deposition time, it was possible to sequentially electrodeposit nickel and gold
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according to our requirements. Figure 73 shows an illustration of the process of sequential
electrodeposition of nickel and gold into a PS monolayer template to grow gold pillars of
precise heights that are symmetrically positioned at the middle of the beads. Figure 74 shows
an example of the cross sectional SEM images obtained of the electrodeposited structures

after template removal.

Figure 74. Sample cross sectional backscattered SEM images showing the morphology of the
electrodeposited nickel and gold nanostructures after PS monolayer template removal.

It can be seen from Figure 74 that the final electrodeposited structure corresponds very
closely with the illustrated sketch in Figure 73. We can observe that he electrodeposited
structure is a replicate of the porous sections of the original PS colloidal template. From the
backscattered SEM images, we can clearly distinguish the different nickel and gold
electrodeposited into the template. It is observed that the electrodeposition is very uniform
across the surface of the substrate and that the position of the gold electrodeposited is almost
perfectly in the middle (i.e. at a depth of half the diameter of the PS template particles). This
proves that it is valid to assume that the rate of electrodeposition of each metal was constant.
The position of the gold on nickel gives the gold pillars a roughly symmetrical shape with a
very regular spacing between them which conforms to the original arrangement of the pores
from the PS colloidal templates. Here, we have shown that the method used to calculate the
deposition time (shown in Table 10) is reliable and provides a good estimate and control for
this type of electrodeposition process. Figure 75 shows one example of the electrodeposited
structures obtained from each size of monolayer template.

121



Chapter 4: Bottom-up design of two dimensional plasmonic nanopillar arrays

Figure 75. Tilted (45°) backscattered SEM images of the sequential electrodeposition of nickel and gold
into (top) 260 nm, (middle) 430 nm and (bottom) 595 nm PS colloidal templates after template removal.
(Left) low magnification view of the nanopillars arrays. (Right) High magnification views of the
nanopillars arrays. The lighter coloured regions correspond to the electrodeposited gold and the darker
regions correspond to the electrodeposited nickel.

From the low magnification SEM images, it can also be observed that there are regions on the
electrodeposited samples where the gold pillars appear to be fused together. These regions
correspond to the defects/cracks that exist in the original PS colloidal templates. The defects
are a result of slight variations in the sizes of the PS particles, which causes tiny gaps to
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appear when some PS particles are larger or smaller than the surrounding particles.
Furthermore, the transfer of the monolayer of PS beads onto the substrate could result in
‘invisible’ cracks (to the naked eye). These defects tend to become evident only after the

electrodeposition process.

In addition, by using the same calculation principle to estimate the thickness of the nickel and
gold layers, it is also possible to adjust the positions of the gold layers along the pore channel
to obtain other interesting morphologies. Figure 76 shows some of the different possible
positions and morphologies of the electrodeposited gold layer that can be obtained by varying
the electrodeposition thickness of the nickel base layer across the different monolayer PS

templates.

#igure 76. SEM images of images of the electrodeposited gold nanostructures as a result of increasing the
electrodeposited nickel base layer. PS particles have been removed to allow for better viewing of the
electrodeposited metal layers under backscattered SEM.

2.4 TRANSFER OF ELECTRODEPOSITED GOLD PILLARS ONTO A TRANSPARENT
SUBSTRATE

Having successfully electrodeposited symmetrical gold nanopillar arrays onto a sacrificial
nickel layer in PS colloidal templates, we now had to remove the gold nanopillar array from
the conductive substrate and transfer it into a transparent medium to study their optical
properties. We selected polydimethylsiloxane (PDMS) which is a chemically inert and
durable transparent material. Briefly, the monomer and curing agent were mixed together and
spread over the electrodeposited substrate (after removal of the PS colloidal template). Next,
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the polymerization was initiated by heating the mixture and the sacrificial nickel layer was
then dissolved in acid to leave the gold pillars embedded in the transparent PDMS matrix. The
final PDMS samples with the gold nanopillars embedded are not only transparent and
flexible, they also exhibit a good adhesion to smooth surfaces. The experimental details of
this transfer step can be found in Annex 5. Figure 77 shows a photograph of an array of gold
nanopillars before and after transferring onto PDMS, as well as the corresponding SEM image
of the array in PDMS.

Figure 77. Photograph of an array of gold nanopillars (left) on a Ni coated gold substrate after
electrodeposition, and (middle) after being transferred onto PDMS. (Right) SEM image of the gold
nanopillar array in PDMS.

These transparent samples were then optically characterized. A series of corresponding
optical simulations were also calculated using the same MEEP program as described in
Chapter 3, with corresponding changes to the material parameters as described in the
following sections. Table 11 shows the list of the samples prepared by electrodeposition
before being transferred onto PDMS.

Table 11. List of electrodeposited samples transferred into PDMS

Particle size (nm) 260 430 595

Ni electrodeposited
depth (D) Ya 13l 1 %5 | o 1a | Y | 3g | %5 | 2z | Y3 | 3ls | U5 | °/12
First layer

Au electrodeposited
depth (D) Yol Y\ Vs | Y | Vs | Ya | Vs | Yo | Yo | Ya| Ys| Ye
Second layer

The measured transmission spectra obtained from the gold nanopillar arrays embedded in
PDMS are shown in Figure 78, Figure 79 and Figure 80. In addition, the corresponding
simulated spectra of these arrays are also represented next to the experimental spectra.
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Figure 78. Transmission spectra of gold nanopillar array with different heights (fabricated from 260 nm
PS colloidal template) embedded in PDMS. Experimental measurements (left) and simulated data (right).
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Figure 79. Transmission spectra of gold nanopillar array with different heights (fabricated from 430 nm
PS colloidal template) embedded in PDMS. Experimental measurements (left) and simulated data (right).
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Figure 80. Transmission spectra of gold nanopillar array with different heights (fabricated from 595 nm
PS colloidal template) embedded in PDMS. Experimental measurements (left) and simulated data (right).
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From the measured experimental data of the gold nanopillars in PDMS, we can observe that
for each particle size, as the gold nanopillars become longer, there is a blue shift in the main
absorption peaks. For gold nanopillars fabricated from the PS 260 nm templates, the
corresponding absorption peaks for the 1/6 D, 1/5 D, 1/4 D and 1/3 D samples are around 715
nm, 680 nm, 647 nm and 635 nm respectively. For gold nanopillars fabricated from the PS
430 nm templates, the corresponding absorption peaks for the 1/6 D, 1/5 D, 1/4 D and 1/3 D
samples are around 930 nm, 846 nm, 799 nm and 662 nm respectively. For gold nanopillars
fabricated from the PS 595 nm templates, the corresponding absorption peaks for the 1/6 D,
1/5 D, 1/4 D and 1/3 D samples are around 775 nm, 692 nm, 597 nm and 557 nm respectively.

We had initially expected to observe a red shift in the peak positions as the spacing between
the gold nanopillars increased as a result of using templates made of larger PS beads, which is
a typical observation. However, this was not observed in the case of our fabricated samples.
While the general positions of the peaks red shifted as size of the template particles increased
from 260 nm to 430 nm, the opposite trend was observed when the size of the template
particles increased further from 430 nm to 595 nm. In order to explain our measured data, we
looked towards the numerical simulations of the optical properties of our structures.

There were three main parameters investigated using the simulations, which were the size of
the template particles, the height of the gold nanopillars (as a function of the diameter, D, of
the PS particles) and the refractive index of the space between the gold nanopillars (i.e. the
filling fraction of the voids left after removing the PS particles by PDMS). The size of the
beads used in the simulations were the same size as the experiments, the length of the gold
nanopillars were set in the same ratio as the experiments (i.e. 1/6 D, 1/5 D, 1/4 D and 1/3 D).
The refractive index of the medium surrounding the gold nanopillar arrays were set at n = 1.0,
1.1, 1.2, 1.3 and 1.4, with n=1.0 corresponding to having no PDMS in the space around the
gold nanopillars (filling fraction=0) and with n=1.4 corresponding to the situation where the
space around the nanopillars is fully filled with PDMS (filling fraction=1).

By comparing the various sets of simulated data for each PS particle size consisting of the
four ratios of gold nanopillar length with a set refractive index, n, of between 1.0 and 1.4, we
found the best fit simulated set of spectra that matched very closely to our experimental
measured results (shown in Figure 78, Figure 79 and Figure 80). It was determined that the
main parameter that affected the absorption peak position was due to the refractive index of

the surrounding medium. Figure 81 below illustrates an example of the effect of the refractive
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index on the transmission spectra for one length (1/5 D) of gold nanopillar array fabricated

from one size of PS beads (430 nm).

100 -
90 -+
80 -
70~

60 -

Transmission (%)

50 +

40 T T T T T T T T T T i T j !
500 600 700 800 900 1000 1100 1200
Wavelength (nm)
Figure 81. Simulated transmission spectra of gold nanopillar arrays fabricated from 430 nm PS

monolayer template for a height of 1/5 D and for five different refractive indices of the surrounding
medium.

From Figure 81, we observe that as the refractive index increases from 1.0 to 1.4, there is a
significant red shift of the absorption peak from 679 nm to 863 nm. Based on the comparison
of the simulated data with the experimental results, we concluded that the for the gold
nanopillars fabricated from 260 nm, 430 nm and 595 nm PS templates, the best fit simulations
were obtained when the refractive index n was 1.0, 1.3 and 1.0 respectively. This finding
suggests that plausible explanation to explain the absorption peak position of the various
fabricated PDMS samples is that the samples fabricated using the 430 nm PS monolayer
templates were well filled with PDMS after bead removal, while 260 nm and 595 nm PS
beads were not filled properly with PDMS after bead removal. Thus, this good or bad filling
of the PDMS into the voids left after bead removal affects the effective refractive index of the

material and also the resulting optical transmission spectra as well.
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2.5 STRETCHING OF THE GOLD NANOPILLAR ARRAYS EMBEDDED IN PDMS

With the gold nanopillar arrays transferred into a PDMS layer, we wanted to investigate the
effect of stress on the optical properties of the PDMS samples. Millyard et al. had previously
reported that close packed monolayers of 20nm gold nanoparticles on elastic substrates
exhibit active and reversible tuning of their plasmonic properties, due to plasmonic coupling
effects at nanometer scale distances, which could potentially be used for developments of
stretchable optical color filters and molecular sensors [16]. In light of this work, we
performed a series of experiments to determine if there were any notable plasmonic effects
that could be measured by stretching out PDMS samples containing the gold nanopillar
arrays. For this investigation, one PDMS sample fabricated from PS particles of each size was
selected and tested (i.e. the PDMS samples containing gold nanopillars that had lengths of
1/5D). The PDMS samples were held firmly at two opposing ends using a homemade device
and very slowly stretched in one direction. The samples were stretched for up to a maximum
of 8 mm in one direction. The experimental optical transmission spectra of the stretched

PDMS samples are shown in Figure 82, Figure 83 and Figure 84.
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Figure 82. Transmission spectra of a PDMS sample containing a gold nanopillar array made from PS 260
nm particles under various stretching conditions.
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Figure 83. Transmission spectra of a PDMS sample containing a gold nanopillar array made from PS 430
nm particles under various stretching conditions.
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Figure 84. Transmission spectra of a PDMS sample containing a gold nanopillar array made from PS 595
nm particles under various stretching conditions.

From the measured transmission spectra of the samples, we can see that transmission
increases as the stretching increases, probably due to the thinning of the PDMS samples as
they are stretched. Nevertheless, from the raw measurements, it is hard to directly conclude if
there were any shifts in the peak position. Hence, we normalized the data and the results show
that there is no noticeable shift in the position of the absorption peaks that were observable by
stretching the samples. This result indicates that the original spacing between the gold

nanopillars were probably not sufficiently close enough to allow any plasmonic coupling
between the nanopillars.
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3. CONCLUSION

In this chapter, we set out to design an entirely bottom-up route to fabricate 2D arrays of
plasmonic nanoantennas made of gold. We have investigated several different parameters to
tune the template and control the shape of the gold nanopillars fabricated. The use of a simple
sintering process has been shown to be effective in enabling us to adjust the pore dimensions
of the colloidal template, regardless of the constituent PS particle size. We demonstrated that
electrodeposition can be performed homogeneously across the sample surface and that it is
possible to sequentially electrodeposit two different metals on top of one another and adjust
their deposition depth. We showed it is possible to control to a certain extent, the distance
between the triangular tips of the adjacent gold nanopillars, but this inter-tip distance has no
significant effect on the SERS enhancement, which is most likely due to the gold

nanostructures themselves.

By utilizing a sacrificial base metal layer of nickel, we have succeeded in transferring the gold
nanopillars onto a transparent and flexible medium which is PDMS. Optical characterizations
of the fabricated PDMS samples show that they exhibit absorption peaks that vary with the
nanopillar distribution as well as the length of the nanopillars. Preliminary measurements
taken after stretching the PDMS samples show that there is no noticeable shift in the peak
positions as the PDMS samples are stretched. However, more measurements should be done
with new samples to validate this further, and a better experimental set up should be

developed for this purpose.

Figure 85. Examples of SEM images of gold nanopillars obtained after PS (595 nm) template removal and
dissolution of the sacrificial nickel layer.
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Further experiments to measure the SERS enhancement effect of the disconnected nanopillar
arrays will be performed in the near future. In addition, possible future work can be done by
studying the optical properties of the individual gold nanopillars (Figure 85) that can be

obtained after the dissolution of the sacrificial nickel layer.
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1. INTRODUCTION

Negative index materials (NIM) are materials that exhibit a negative index. To date, there are
no known natural materials that exhibit the property of negative refraction. Hence, all known
negative index materials are currently artificially engineered and manmade, and are otherwise
known as metamaterials. Figure 86 illustrates how light travels through a material with a

negative refractive index.

Ordinary dielectric Negative-index material Ordinary dielectric

N 4
Internal focus \%
|
Object /mage

) N
Refracted light

Figure 86. Light waves (arrows) from an external source will, at the interface between two materials of
different refractive indices, bend towards or away from the normal to the interface (dotted arrows) but
never beyond the normal. This limitation is overcome if one of the materials has a negative refractive
index. The same thing happens at the second interface of the material, so it acts as a perfect lens,
reproducing an image of an object. A conventional lens, which requires a curved surface, can never
produce a perfect image because it will always fail to refocus the light that comes from the object in the
form of decaying (evanescent) waves. Thus the image will not contain the information about the object
carried by these waves [1].

The idea that a material can simultaneously have a negative permittivity and permeability
leading to a negative refractive index was first proposed by Veselago in 1968 [2]. Slightly
more than three decades later in 1999, Pendry et al. postulated that by creating ‘artificial
atoms’ (i.e. artificially engineered, subwavelength structures), it was possible to construct
artificial materials to exhibit an effective permittivity and permeability [3]. Shortly after, in
2001, Shelby et al. experimentally confirmed for the first time that a material can exhibit
negative refractive index in the microwave regime by creating a composite material consisting
of a two-dimensional array of repeated unit cells of copper strips and split ring resonators on
interlocking strips of standard circuit board material [4]. Today, the development of

metamaterials, is ranked as one of the top ten advances in materials science [5].

Negative index metamaterials (NIMs) are artificially tailored composites of dielectrics and
noble metals (e.g. gold or silver). While NIMs have been demonstrated in the microwave
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regime [4], it has been a challenge to design and engineer NIMs for optical frequencies. A
commonly studied geometry in the visible and near-infrared (NIR) wavelength range is the
fishnet structure which consists of a stack of metal-insulator-metal layers perforated by an
array of holes. We can imagine a fishnet structure as a combination of two parts that allows
the engineering of the permeability and permittivity separately [6]. The first part of the fishnet
metamaterial are thick metallic strips oriented along the direction of magnetic field of the
incoming light which are separated by a dielectric layer [Figure 87(a)]. This structure
functions as an inductor and capacitor resonator wherein antisymmetric currents are created in
the metal strips, giving rise to an induced magnetic polarization in the structure [Figure
87(e)]. This provides a magnetic response, or artificial permeability, that can achieve negative
values near resonance. The second part consists of thin metallic wires oriented in the direction
of the electric field of the incoming light [Figure 87(b)]. These wires function as a diluted
metal with decreased plasma frequency, providing a negative effective permittivity that can be
engineered separately from the permeability. The fishnet metamaterial is formed when both
parts are combined and the negative permeability and permittivity can be engineered at a

particular wavelength [Figure 87(c) and (d)].

(a) (b) (©)

= 4‘4;

k"v

Figure 87.Schematic of a fishnet (metal (grey)-dielectric (green)-metal (grey)) metamaterial. (a) and (b)
are schematics of the separate constituents of the metamaterial which provides the (a) magnetic and (b)
electric response. (c) The complete fishnet structure. (d) Unit cell geometry of a metamaterial. (e) shows
the inductor (L) - capacitor (C) circuit and current loop that form the magnetic response in the fishnet
metamaterial [6].

Mary et al. presented a theory of the negative refractive index (NRI) response of double-
fishnet structures by analyzing two very distinct frequency regimes. They describe double

fishnet structures as holey plasmonic metamaterials, and that their electric permittivity is

138



Chapter 5: Bottom-up design of fishnet metamaterials by colloidal lithography

governed by the cutoff frequency of the hole waveguide. They also state that the negative
values of the magnetic permeability are associated with the excitation of gap surface plasmon
polaritons (SPP) modes in the dielectric film [7].

By fabricating a single-negative negative index material (SNNIM) with a fishnet structure,
Xiao et al. reported for the first time a material that demonstrated yellow light negative
refractive index around the wavelength of 580 nm [8]. Other works have demonstrated
materials that have negative indices close to the visible regime. Dolling et al. demonstrated a
metamaterial with an effective real part of the index of refraction of —0.6 around 780 nm
wavelength [9]. Similarly, Chettiar et al. fabricated a dual-band NIM sample with a period of
300 nm in both directions that exhibited double-negative effective properties in a 20 nm
wavelength band around 810 nm [10]. Dolling et al. also investigated the propagation of
femtosecond laser pulses through a metamaterial that has a negative index of refraction for
wavelengths around 1.5 micrometers. They show that in direct pulse propagation experiments
on negative-index metamaterials, the phase velocity and group velocity can be negative
simultaneously [11]. Valentine et al. fabricated a three dimensional (3D) fishnet metamaterial
by using focused ion-beam milling (FIB) on a multilayer metal-dielectric stacked material.
They experimentally demonstrated the first (3D) optical NIM by directly measuring the angle

of refraction from a prism made of cascaded fishnet metamaterial [12].

While the works mentioned above are all significant in the advancements of the studies on the
physics of this field, a major drawback of most structures reported to date is that the
fabrication involves expensive and low-throughput lithography steps (e.g. e-beam
lithography, focused ion beam milling, etc.) which limits the potential usage of these
metamaterials in large-scale applications. In light of this, Lodewijks et al. reported an
alternative fabrication technique combining bottom up and top down approaches to create
fishnet metamaterials. Their technique relies on nanospheres lithography (a bottom up
process) and metal sputtering (a top down process) to create large-area double fishnet
metamaterials consisting of a metal-insulator-metal layer stack perforated by a hexagonal
array of holes (Figure 88) [13].
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Figure 88. Schematic illustrations and SEM images of a fishnet sample made by nanosphere lithography
[13].

In this chapter, we attempt to fabricate fishnet metamaterials consisting of two perforated
layers of gold separated by a layer of dielectric in between the layers. Figure 89 show

illustrations of the proposed design of the final fishnet metamaterial.

Figure 89. lllustration of the proposed fishnet design, where r is the radius of the spheres, t and s are the
thickness of the gold and spacer layer respectively. u and v are the lattice vectors of the unit cell of the
structure.

Our proposed fabrication route incorporates the techniques of self-assembly of colloidal

templates, nanosphere lithography and electrodeposition (illustrated in Figure 90).
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Figure 90. Schematic illustration of the process to fabricate metallic fishnet structures by a combination of
self-assembly, nanosphere lithography and electrodeposition.
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2. PREPARATION OF NON-CLOSED PACKED MONOLAYERS OF PS BEADS

Monolayers of polystyrene (PS) particles were prepared on conductive substrates in the same
procedure as described previously in Chapter 2 by the self-assembly of the PS particles on the
water surface. For this part of the work, we investigated the effects of oxygen plasma etching
on the size and positions of the PS particles. Figure 91 shows the SEM images of the PS

particles before and after oxygen plasma etching at 70W for 60 s and 90 s.
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Figure 91. SEM images of a closed packed monolayer of 430 nm PS particles after oxygen plasma etchng
at 70W. (Top) Closed packed monolayer before plasma etching, (middle) after 60 s, (bottom) after 90 s.
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Prior to the oxygen plasma etching step, the monolayers were sintered for 30 minutes at 90°C
to ensure that the PS particles do not move as they are ‘shrunk’ by the plasma. Figure 92
shows the dramatic effect of this sintering step on the difference in the positional order of the

PS particles after etching

Figure 92. Comparison of the positional order of the PS particles (left) with and (right) without the short
sintering step before plasma etching at 70W for 90 s.

It is clearly seen from Figure 92 that the monolayer that was sintered for 30 min at 90°C
before the oxygen plasma etching maintained the initial position of the beads even as the
beads were reduced in size. The monolayer sample that did not undergo the sintering step
before etching is very disorganized once the beads were etched. In this case, it can be
observed that the etched beads tend to roll into each other and group together in small random
clusters. Hence, the short sintering step is vital to maintaining the positional order of the

initial PS particles.

Having established the procedure to prepare the PS monolayers for oxygen plasma etching,
three oxygen plasma etching conditions were investigated for four different etching times for
the monolayers made of 430 nm PS particles. Figure 93 shows the results obtained for the
average particle diameter after etching at 30 W, 50 W and 70 W for 30 s, 60 s, 90 s and 120 s.
We can observe that the higher the power applied during the oxygen plasma etching process,
the faster the PS particles are reduced in size. This is expected as the increase in plasma
power increases the intensity of the oxygen plasma and therefore increases the rate of the
etching process. We can also observe that as the duration of the etching time increases, the
slope of the plots (which corresponds to the etching rate) also increases. This can be attributed
to the change in temperature during the etching process and the particular equipment used for

this step. Oxygen plasma etching generates heat that increases the temperature as the duration
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of the etching process is increased. Furthermore, the equipment used for this oxygen plasma
etching process does not have any component that can regulate the temperature inside the
etching chamber during the entire process. Hence, the temperature during the etching process
is not specifically regulated, and this increase in temperature as the process proceeds could
result in the increased etching rates observed. This effect is not as pronounced at 30W, but is
pretty evident at 70W (observing the change in the slope of the plots over time). The
increased etching power results in an increase in the corresponding rate of the chamber

heating up, which results in a faster rate of etching.
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Figure 93. Evolution of PS particle size under three different etching conditions and four different
periods of time (Scale bar = 100 nm).

With this series of experiments, we have established the relationship between etching power,
time and the final size of the particles. This allows us to be able to estimate and fine tune the
size of the non-close packed etched PS particles according to what we desire.
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3. SEQUENTIAL ELECTRODEPOSITION OF METALS

Here, we will once again demonstrate the versatility of using electrodeposition to
electrodeposit gold and nickel to our desired amounts. The process of electrodeposition is
similar to what has been described in the previous chapters (Chapter 3 and 4). By monitoring
change in current as the electrodeposition proceeds, we can accurately estimate the depth of
the electrodeposited metal. The aim of this part of the work was to create a gold-nickel-gold
structure that resembled a fishnet, and having the nickel layer positioned at a depth that is half

the PS particle diameter.

We estimated the depth of electrodeposition of each metal in the same way as we did in
Chapter 4. The only difference is that the templates are modified in a different way and that
we intend to sequentially electrodeposit multiple layers of each metal into one single
template, where as in Chapter 4, we only electrodeposited one layer of nickel followed by one
layer of gold.

Here, we will electrodeposit one layer of nickel followed by one layer of gold and then
another nickel layer of nickel followed by another layer of gold, to obtain a fishnet-like
structure, with the position of the second nickel layer electrodeposited at a depth close to the
middle of the PS particles (half D). The other requirement for electrodeposition is that the
electrodeposited gold layers should be of similar thickness. This can be done by
electrodepositing the gold layers for the same duration.

Hence, the main variable that is left to adjust is the thickness of the first nickel layer. This is
the most important variable to determine as experimentally, this is the first electrodeposition
step, and any mistake in the calculations of the thickness of this layer will affect all the
subsequent layers to be electrodeposited, and definitely the final structure that is obtained.
Figure 94 illustrates how the cross section of the samples should appear after
electrodeposition. Figure 95 shows examples of samples electrodeposited with different

number of layers (with similar thickness) of nickel and gold.
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A
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Figure 94 Illustration of the cross section of an electrodeposited sample

Figure 95. SEM images of (top) nickel-gold and (bottom) nickel-gold-nickel-gold deposited into a colloidal
monolayer made of 430 nm PS beads with a similar thickness for each layer.

Using Figure 94 as a guide, and having experimentally determined the time required to
electrodeposit each metal to a depth of half D, we can use the formulas listed in Table 12 to
estimate the time required to electrodeposit each layer of metal. ty; o5 and t4,, o 5 refer to the
experimentally determined duration for the thickness of each metal to reach half D (obtained

from the calibration step).
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Table 12. General estimation of electrodeposition (ED) duration for each metal layer to a desired depth

First Ni layer First Au layer Second Ni layer Second Au layer
Desired
X z
thickness (nm) Y Y
Estimated time | p — 2y — 2 y z y
for ED (s) T X tyios 5 X 2tAu,O.S 5 X 2tAu,O.S B X 2tAu,O.S

Note* D (nm) = 2x + 2y + z

Applying a similar methodology as described previously in Chapter 4, we first
electrodeposited nickel and gold separately into the templates to figure out the time required

for both metals to be electrodeposited to half the bead diameter.
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Figure 96. Electrodeposition current-time plots of (left) nickel and (right) gold into similar templates
during the same session

From the experimental information obtained in Figure 96, we will demonstrate the feasibility
of the using the calculations in Table 12 to fabricate a Ni-Au-Ni-Au structure with the
following estimated proportions of 0.3D:0.15D:0.1D:0.15D (where D = 430 nm). Using
tnios =325 and ty, 05 = 244 s, along with the y and z values of 0.15D and 0.1D
respectively, we estimate the time required for the electrodeposition of the first layer to be 20
s, the first gold layer to be 71 s, the second nickel layer to be 6s and the second gold layer to
be 71s (same as the first gold layer). Figure 97 shows the current-time plots of the

electrodeposition of nickel and gold in sequential order.
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Figure 97.Profile of current change during the electrodeposition of Ni and Au over time in a monolayer of
430 nm PS beads at a fixed voltage of -1.0 V and -0.7 V respectively.

From Figure 97, we can observe that the current-time plots resemble the shape of the curve
obtained when we electrodeposit only one metal through a template of spherical particles. We
see that initially the current decrease (in absolute values) as the first nickel layer is
electrodeposited through the template. This corresponds to the decrease in available surface
for electrodeposition as nickel is electrodeposited into the template made of spherical
particles. This trend continues with the first layer of gold, and we can observe the current
minimum at the end of the electrodeposition of the first layer of gold at about 75 s. A current
minimum is also observed in the short 6 s electrodeposition of the second layer of nickel. The
subsequent plot for the second layer of gold show an increase in current (in absolute values)
corresponding to the increase in surface area available for gold to be electrodeposited into the

template, as it is now above a depth of half D.

To verify the predictions that the nickel and gold metal layers are being electrodeposited as
we had expected, multiple samples were fabricated. Figure 98 shows the cross sectional SEM

images obtained after each step of the electrodeposition process.

From Figure 98, we can clearly distinguish the different layers of nickel and gold
electrodeposited into the templates under backscattered SEM. It can be observed that the
metals fill up the pores evenly across the electrodeposited surface. The actual positions of

each layers corresponds very well to our intended positions for each layer. This is especially
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true for the positioning of the second ‘middle’ nickel layer. For Figure 98 (c) and (d), we can
see that the second nickel layer lies exactly in the middle at the half D, which can be clearly
deduced by the contact spots between the PS particles. In addition from Figure 98 (d), we can
also see that the thickness of the two electrodeposited gold layers are comparable with each
other, which is what we had expected based on their equal electrodeposition time. For this
series of samples, the thickness of the first Ni, first Au, second Ni and second Au layers are
about 110 nm, 90 nm, 37 nm, and 90 nm respectively.

Figure 98. Backscattered SEM cross section images of the samples showing the different electrodeposited
layers of Ni (dark) and Au (bright) into a 430 nm PS monolayer at the different stages. (a) After
electrodeposition of the first Ni layer at -1.0 V (vs Ag/AgCl) for 20 s. (b) After electrodeposition of the first
Au layer at -0.7 V (vs Ag/AgCI) for 71 s. (c) After electrodeposition of the second Ni layer at -1.0 V (vs
Ag/AgCl) for 6 s. (d) After electrodeposition of the second Au layer at -0.7 V (vs Ag/AgCI) for 71 s. (e)
Enlarged view of the final structure.
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It is obvious that this set of samples were made with close-packed PS particle templates that
were not etched. To verify that this method is applicable to etched non-close-packed PS
particle templates, a similar process was repeated with etched templates. Figure 99 shows the

SEM images obtained for two such samples fabricated.

Figure 99. Sequential electrodeposition of nickel-gold-nickel-gold into non-close-packed etched PS
template (D = 340 nm). (Top) gold-nickel-gold layers with thickness of 76 nm, 15 nm, 76 nm respectively.
(Bottom) gold-nickel-gold layers with thickness of 25 nm, 10 nm, 25 nm respectively (Left) Enlarged and
(right) close up view of the respective samples.

From Figure 99, we observe that we are still able to control the position of the different layers
very accurately as we electrodeposit nickel and gold through the etched templates. This is
evidenced particularly by the position of the second ‘sandwiched’ nickel layer which sits very
close to height of half D (diameter of the template etched PS particle). Furthermore, the
thickness of the gold layers can also be seen to be very similar in thickness. This proves that
the method to estimate the thickness of the electrodeposited metal layers is transferrable
between etched and non-etched templates as long as the building block (i.e. PS particles) are

spherical in shape. In addition, from this set of SEM images (Figure 99), we observe the
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electrodeposited layers are uniform across the electrodeposited area and we demonstrate that
we can vary the thickness of the gold and nickel layers independently, which creates the
possibility of making structures with tunable thicknesses at each layer level. We are able to
electrodeposit just a very thin layer of nickel sandwiched between the two gold layers, as
evidenced by the successful electrodeposition of an extremely thin nickel layer of about 10

nm over the active surface area, sandwiched between the two gold layers (Figure 99, bottom).

4, DISSOLUTION OF SACRIFICIAL NICKEL LAYERS

For the next step, our objective was to remove the sacrificial nickel layers from the
electrodeposited nickel-gold-nickel-gold structure. 16 weight% HNO3 (nitric acid) was used
to dissolve the nickel layer. The sample was left in the acid for up to a few days (depends on
the sample size) to ensure complete nickel dissolution.

To verify that the sandwiched nickel layer was completely removed, we first fabricated a
simple gold-nickel-gold structure on a basic template and attempted to dissolve the
‘sandwiched’ nickel layer. Figure 100 shows the SEM cross section of a sample before and

after nickel dissolution.

Figure 100. Back scattered SEM cross sectional images of an electrodeposited gold-nickel-gold structure
(right) before and (left) after nickel dissolution.

Figure 100 shows very clearly that nickel is dissolved without any other noticeable effects on
the gold layers or the particles. All the nickel in the sandwiched layer is totally removed as far
as it was observed under the SEM. Figure 101 shows an enlarged view of the cross section

after nickel dissolution.
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Figure 101 Cross section SEM view of electrodeposited gold-nickel-gold structure after nickel dissolution

Similar to the previous tests, once we have identified the feasibility of this nickel dissolution
process, we proceeded to work with the actual samples containing electrodeposited nickel and

gold in the etched PS templates.

Figure 102. Gold-air-gold fishnet structures obtained after dissolution of nickel. Electrodeposited gold of
increasing layer thickness of (a) 22 nm, (b) 56 nm and (c) 84 nm. All three samples have a spacer layer of
about 10 nm between the gold layers. (d) enlarged view of (c).
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From the results obtained in Figure 102, we can observe that the first nickel layer is
completely dissolved, exposing the outlines of the PS particles at the back which can be
clearly seen. We also observe that the structural integrity of the gold layers remain regardless
of their thickness. Hence, we speculate that the PS particles serve as supports to these gold

layers, preventing them from collapsing onto each other or onto the substrate.

S, TRANSFERRING THE FISHNET ONTO A TRANSPARENT SUBSTRATE

Thus far, all the previous procedures from the oxygen plasma etching step to the
electrodeposition step and the subsequent nickel dissolution steps have all been conducted on
conductive gold coated glass substrates. We have successfully demonstrated that up till this
point, the fabrication process is entirely feasible with possibilities of tuning PS particle size,
electrodeposition thickness and the simple step to dissolve of nickel. For a fishnet
metamaterial to be useful in a practical sense, our next challenge was to devise a method to
transfer the fishnet structure we have fabricated from the conductive gold coated glass
substrate, onto a transparent substrate that could allow us to investigate the optical properties.
To attempt this transfer, the following trials were made:

1) Transferring the fishnet onto PDMS (similar to the method used in Chapter 4 for the
gold nanopillar arrays)

2) Transfer the fishnet onto water and re-scoop it up on a piece of glass

5.1 TRANSFER OF FISHNET STRUCTURES ONTO PDMS

The procedure for this trial was similar to the one used to transfer the gold nanopillar arrays
described in chapter 4. The details of the procedure for the application of PDMS onto the
substrates are the same as that described in Annex 5 for the nanopillar structures. Certain
slight modifications had to be made to the conductive substrate to prepare for this transfer step
at the end. Briefly, the entire process can be described as follow. First, a thin smooth nickel
layer was electrodeposited over the entire gold coated glass substrate before any PS particles
were transferred onto it. We call this the nickel plating step. Once the gold substrates were
nickel plated, PS monolayers were transferred onto them and etched accordingly followed by
electrodeposition of the nickel-gold-nickel-gold layers. When the electrodeposition was
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complete, the entire sample was left in Tetrahydrofuran (THF) to remove the PS particles
completely. Once the PS particles were completely removed, PDMS was applied to the top
surface of the substrate. The assumption here is that the PDMS will completely infiltrate all
the available spaces left behind after the PS particles were removed (i.e. they act as the new
supports for the eventual gold layers after nickel dissolution). Once the PDMS infiltration is
complete, the nickel layers are dissolved and the fishnet structures will be transferred onto the
PDMS layers. Figure 103 shows the SEM image of a gold-air-gold fishnet transferred onto
PDMS.

1st gold
layer.

2nd gold
layer

10 um

Figure 103. SEM images of the transferred gold layers onto PDMS. ( Inset) Close up SEM image showing
clearly the first gold layer in contact with PDMS and the second layer siting abouve the first layer but it is
‘crumpled’.

From Figure 103, we can clearly see two layers of perforated gold films lying one on top of
the other. It is observed that the top layer is folded in some regions and appear more
‘crumpled’ than the bottom layer which is flat spreads out very evenly. The top layer
corresponds to the first electrodeposited gold layer while the bottom layer corresponds to the
second electrodeposited gold layer (refer to Figure 94 for clarifications). This is because the
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PDMS is applied onto the top of the electrodeposited sample before nickel is dissolved; hence
the orientation of the gold layers are now inverted. However, since the gold layers are
supposed to be symmetrical, there should be no difference if either one is on top or below.
The main issue here is that the bottom gold layer spreads out very well due to the fact that it is
completely in contact with the PDMS on one side. However, the top gold layer is only
supported by the PDMS that infiltrated the pores which makes it very fragile, and easily
disturbed and detached from the surface (as can be clearly observed in Figure 103 inset).

From Figure 103 inset, we can clearly see the pores in the gold films that correspond to the
etched PS particles that were originally there. We can observe a good and regular ordering of
the particles from these inverse images left in the perforated gold films. There are some tears
that can be seen in the bottom gold layers which can attribute to the mechanical stress that the
PDMS substrate is subjected to when it is peeled off the conductive substrate. This peeling off
of the PDMS from the original conductive substrate is probably the main reason for the tears
in the bottom gold layer as well as the detachment and subsequent folding for the top gold
layer. These images suggests that we still need to devise a gentler and more refined technique
to remove the fishnet structures that could better preserve the overall integrity of the fishnet
structure during the transfer process. Nonetheless, with the fishnet transferred onto PDMS, we
performed optical characterizations on them and the preliminary results are in the following

section.

Optical Characterizations

With the structures transferred onto PDMS, we did preliminary optical measurements on them
by taking their transmission spectra. Figure 104 shows the results of the measurements for
three samples transferred onto PDMS with 30 nm, 60 nm and 90 nm gold layers each

separated by a gap of about 15 nm.

From Figure 104, we can see that for the sample with the thickest gold layer (90 nm), it is
almost opaque except for a small transmission peak centered at 504 nm. This transmission
peak can be observed to be present for all the three samples measured, and is probably due to
the positioning of the pores that exist in the gold films. The same etched 430 nm PS
monolayer was used as the template during electrodeposition. When the thicknesses of the

gold layers are reduced to 60 nm, we observe that a second transmission peak emerges around
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785 nm and the overall transmission increases. Further reduction in the layer thickness of gold
to 30 nm shows a further increase in overall transmission for all wavelengths and also the
shifting of the second transmission peak to 801 nm and the emergence of a third peak
(observed as a small shoulder at 714 nm). The overall increase in transmission as the gold
layers become thinner is expected as more light is able to pass through the gold layers when
they are thinner. However, to better understand our results, it is necessary to perform some
simulations which will have to be done in the future.

80 - ——30nm/15nm/30 nm
——60nm /15 nm /60 nm
—— 90 nm /15 nm /90 nm

Transmission (%)

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 104. Transmission spectra of fabricated fishnet structures transferred onto PDMS with different
gold layer thicknesses.

5.2 TRANSFER OF FISHNET STRUCTURES ONTO WATER AND RE-SCOOPING THEM OUT

The alternate idea to transfer the fishnet structure was to attempt to float the fishnet structure
(after nickel dissolution) on a water surface. This procedure for this idea is similar to the
previous method involving PDMS up until the electrodeposition of the gold and nickel layers.
Instead of dissolving the PS particles, the PS particles are kept and all the nickel layers are
dissolved. The entire substrate is submerged in just enough nitric acid to dissolve the nickel
layers. Once the nickel has been dissolved, additional water is added into the beaker to
increase the volume of the liquid and dilute the nitric acid at the same time. The challenge
here is to very carefully bring the substrate up to the air water interface and attempt to

separate the PS particles with the gold layers from the substrate they were sitting on. The idea
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behind this approach was the expectations that the very thin gold films would float and the

perforated gold films should hold the PS particles in position.

Unfortunately, successive attempts at using this approach have not been successful. It appears
that after nickel dissolution, there is still a very strong physical adhesion force of the fishnet
structure to original substrate. Only little flakes of the gold films have been re-scooped out

onto glass substrates.

6. CONCLUSION

In this chapter, we have shown that it is possible to use a combination of colloidal templating,
nanosphere lithography and electrodeposition to fabricate metal nanostructures with tunable
configurations of particle spacing and layer thickness. These techniques are all very versatile
and provides a very good level of control of the fabrication parameters. Particle of pore
spacing can be easily configure by choosing PS particles of the appropriate size. Individual
particle or pore size of the non-close packed templates can be easily adjusted by controlling
the etching process by varying the etching power and time under oxygen plasma etching. We
have demonstrated the effectiveness of electrodeposition in terms of the control that can be
achieved by using it to electrodeposit gold and nickel layers with tunable thickness and very
fine control. By using a simple calculation method, we are able to estimate the thickness of
the electrodeposition process very accurately, and this has been shown by the consistent
positioning of the electrodeposited ‘sandwiched’ nickel layer around the depth of half D
(diameter of the template PS particles). Next, we have also demonstrated that the acid
dissolution of nickel has no effect on the structural integrity of the remaining fishnet structure.
The gold layers and PS particles are not adversely affected by the removal of nickel. The
resulting structure after nickel dissolution is simply the same structure before nickel

dissolution but without the nickel.

However, we have encountered difficulties in successfully transferring the entire fishnet
structure onto an alternative transparent substrate without damaging it. As discussed, attempts
using both approaches (transfer on PDMS and water) have not been entirely successful in
preserving the overall structural integrity of the entire fishnet structure. While parts of the
fishnet structure are maintained when it is transferred onto PDMS, obvious tears and folding

of the gold layers can still be readily observed on other parts of the samples. In this aspect,
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more work has to be done to investigate other possibilities and alternatives that could be used
to transfer our fishnet structures. Certainly, this will not be the only challenge that needs to be
tackled. Even with the successful transfer of the structures, we would still have to investigate
and tune the resulting optical properties of the materials by re-evaluating the entire process

again.
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OVERALL CONCLUSION AND PERSPECTIVES

Through the course of the work done in this PhD thesis, we have attempted to design and
fabricate several types of nanostructured materials through the use of bottom-up self-
assembled colloidal crystals. The work has been most challenging at figuring out the process
parameters to control and fine-tune the nanostructures, but it has also been equally rewarding

when we successfully obtained the final product envisioned at the start of each process.

In Chapter 1, we have made a brief review of the general concepts related to the work
discussed in this thesis, the idea and theory of photonics and plasmonics, as well as the
general reported methodology of fabricating such devices from top-down and, especially on,
bottom-up self-assembly approaches.

In Chapter 2, we attempted to incorporate a photonic crystal (an inverse opal TiO; layer) into
a solid state dye sensitized solar cell (DSSC) in a controlled manner to enhance light trapping
and improve the cell efficiency. We have successfully demonstrated that by stacking
individual monolayers of the polystyrene (PS), we can control the exact thickness of the
opaline layer and consequently, the thickness of the inverse opal (10). We have shown that
the bandgap can be tuned by changing the size of the particles used, and that it is important to
ensure that the bandgap of the inverse opal matches the absorption of the dye used. We also
determined that there is an optimum layer thickness of the inverse opal layer that results in the
best cell efficiency. More work can be done to investigate other configurations of the 10
coupled with different dyes, and to determine the best combination of dye and IO structure

that could produce the best cell efficiency.

In Chapter 3, we showed that we could electrodeposit gold very accurately through a single
monolayer of close-packed polystyrene beads up to a certain depth by adjusting the
electrodeposition time. The depth of gold electrodeposited can be adjusted to a point where
we were able to demonstrate omnidirectional absorption of light for different particle sizes.
We have shown that when the beads were replaced with voids, the absorption was blue shifted
and the intensity was slightly lowered. We have also elaborated the electrodeposition of gold
on a planar gold substrate without any templates. By simply changing the electrodeposition
voltage and keeping the other parameters constant, we have shown that a very rough textured

gold surface can be fabricated which exhibits almost no specular reflection across the
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wavelength range of 250 nm to 2500 nm. The next step for these gold nanostructures would
be to incorporate them into suitable devices that can utilize their unique optical properties. In
the near future, we have plans to attempt transferring these nanostructures by PDMS stamping

onto suitable devices / materials (e.g. silicon) for testing.

In Chapter 4, we made use of sintered close-packed PS beads to electrodeposit and fabricate
gold nanopillars. We were able to control the distance between the triangular tips of the
adjacent pillars by adjusting the electrodeposition time. However, the distance between the
tips of the pillars did not have any noticeable difference in the SERS effect measured between
different samples. We also made use of the electrodeposition of a sacrificial nickel layer to
electrodeposit symmetrical gold pillars which could be transferred onto a transparent material
such as polydimethylsiloxane (PDMS). The embedded gold pillars in PDMS were then
optically characterized and further subjected to stress by stretching the PDMS samples along
one direction. It was observed that the different pillar geometries exhibited different
plasmonic absorption peaks. Increasing the height of the pillars induced a blue shift of the
absorption peaks. Furthermore, the peaks are also dependent on the spatial positioning of the
gold nanopillars (i.e. the use of different size PS templates). The trend in the change of
intensity and shift of the absorption peaks corresponded well with simulated data. More work
can be done to optimize the individual parameters at each step of the fabrication process to
achieve a higher level of control that could allow us to tune the shape, size and homogeneity

of the entire nanostructured array.

In Chapter 5, we have attempted to fabricate a fishnet structured metamaterial by making use
of bottom-up techniques. Preliminary images have shown that the method is feasible and
works very well up until the electrodeposition of the different layers of metals. However, the
most challenging hurdle that still remains is to devise a new method to remove or replace the
sacrificial metal layers without damaging the inherent gold layers that have already been

electrodeposited.

In summary, we have successfully studied the effect of adding individual layers of inverse
opal structures on the efficiency of a solid state DSSC, demonstrated that electrodeposition of
gold can be used to fabricate optically unique nanostructured surfaces and designed a process
pathway to fabricate large area arrays of plasmonic gold nanopillars. While, we have met
some of the initial objectives we set at the beginning, in light of the work that has been

accomplished, more questions have arisen, and more work is still left to be done. The work
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described here is just the tip of an iceberg of a myriad of possibilities to explore in the field of

nanofabrication utilizing colloidal self-assembly and lithography.

“Learn from yesterday, live for today, hope for tomorrow. The important thing is to not stop

questioning.”

— Albert Einstein, Relativity: The Special and the General Theory
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Annex 1. Synthesis of silica and polystyrene beads

ANNEX 1. SYNTHESIS OF SILICA AND POLYSTYRENE BEADS

A. SYNTHESIS OF SILICA BEADS BY THE STOBER PROCESS

The Stéber process was used to synthesis silica nanoparticles fundamentally because of the ease and
reproducibility of the process [1]-[3]. For silica nanoparticles between 100 nm to 400 nm, a one-
step synthesis process is sufficient to obtain particles within this size range. For silica nanoparticles
larger than 400 nm, a two-step process, which makes use of the silica nanoparticles synthesized in
the one step process as seeds, enlarges the particles by a calculated chemical controlled growth

process.

TEMPERATURE DEPENDENT ONE STEP SYNTHESIS OF SILICA NANOPARTICLES

A series of experiments (listed in Table 13) were carried out to determine the relationship between
the reaction temperature and size of silica particles synthesized (while maintaining all other reaction
parameter constant). Since the main aim of this part of the project was not to study the kinetics and
growth of silica nanoparticles but rather to produce enough batches of monodisperse nanoparticles
for the colloidal templating, the impact of the other various reaction conditions on the synthesis

process were not investigated.

The procedure to synthesize the silica particles are as follows. First, the required amounts of
distilled water, absolute ethanol (VWR Chemicals) and ammonia (30 % solution, Carlo Erba) were
mixed together (using a magnetic stirrer) in a three neck round bottom flask kept in an oil bath at
the desired temperature. The main neck of the flask was connected to a condenser cooled by
flowing tap water, and the side necks were capped with a rubber caps to prevent evaporation of the
solvents. After 30 minutes of equilibrating the temperature of the mixture, the required amount of
tetraethylorthosilicate (TEOS, 98 % Aldrich) was added to the mixture in the flask. A cloudy white
suspension can be observed after the addition of TEOS, and the reaction was left overnight to
ensure that all the TEOS had been consumed by the reaction. The final suspensions was then kept in

plastic bottles in their current forms without additional treatment.

Transmission electron microscopy was used to determine the final sizes of the silica particles
obtained. Figure 105 shows some of the TEM images of the monodisperse particles obtained from

the one step synthesis.
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Table 13. Summary of the experimental conditions and final particle size of the monodisperse particles obtained.

Annex 1. Synthesis of silica and polystyrene beads

TEM
Ammonia TEOS* Temperature Average
Batch Ethanol (ml) | Water (ml) (ml) (ml) °C) Particle
size (nm)
T25 25 480 + 12
T27 27 425+ 11
T28 28 3527
T30 30 352+8
T35 35 293+6
T36 100 18 > 75 36 285+ 7
T37 37 246 £ 10
T40 40 190+ 8
T45 45 1937
T65 65 181+9

*TEOS: Tetraethylorthosilicate

Referring back to Table 13, it can be observed that the reaction temperature has a very significant
impact on the size of the silica nanoparticles obtained. The data was re-plotted in Figure 106 to

illustrate the relationship between reaction temperature and the final particle size.

Figure 105. TEM images of monodisperse, spherical Silica beads synthesized at (top, left to right) 25 °C, 27 °C,
28 °C, 30°C, (bottom, left to right) 35 °C, 36 °C, 37 °C and 40°C.
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Figure 106. Effect of temperature on the size of silica beads synthesized

From Figure 106, it can be clearly seen that there is a decrease in the size of the silica nanoparticles
synthesized as reaction temperature is increased (while keeping other reaction conditions constant).
A general methodology for synthesizing monodisperse spherical silica nanoparticles up to about

480 nm was thus developed.

SEEDED GROWTH OF SILICA NANOPARTICLES

In the previous section, the procedure to synthesize silica nanoparticles from a single step process
was described. If silica nanoparticles larger than 500 nm are desired, the silica nanoparticles
obtained in the single step reaction can serve as seeds in a second growth step. By knowing the
initial size and concentration of the seed particles, and the targeted size of the final particle, the
amount of additional TEOS required to grow the silica seeds can be back calculated and estimated

for the second growth step [4].

Assuming that the reaction kinetics is fast and the conversion of TEOS into silica is very fast and
complete, we can write the relationship between the total volume of TEOS to be added and the

volume of silica desired as follows,

Me:
Vsio, = ( 5102 ) X (p TEOS) X Vrgos = 0.122 X Vrgos
Mrgos Psio,

M and p refer to the molar mass and density respectively, and their corresponding values are given
in Table 14.
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Table 14. Standard values of molar mass and density of TEOS and silica.

MSiOZ (g/mOI) MTEOS (g/mOI) pSiOZ (g/mB) pTEOS (g/mS)

60 208.3 2.2 x 10° 0.83 x 10°

If we consider that at each instant, there are n number of particles and each particle has a volume of

V,, with a radius of rp, we can then write the following relationships,

4 3
Ve = gnrp
and
Vsio
Vo = 2
P n
Hence,

r=|—X

3 0122 x VTE05]1/3
41 n

With this relationship, we can easily estimate the additional amount of TEOS required to be added
to grow the silica particles to our desired sizes. This method allows for a relatively good control and
estimation of the final silica particle size provided the size and concentration of the silica seeds are
known. The growth step is simple and is done at 25 £ 1 °C. TEOS is added very slowly at a rate of

8 ml/h using a syringe pump.

Using this method and calculation; silica beads up to 1 pum have been successfully synthesized.
Figure 107 shows the SEM pictures taken of the 1 um sized beads grown from 480 nm seed
particles.

Once the silica particles are prepared, an additional step was required to functionalize them for use

in the Langmuir-Blodgett technique.
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Figure 107 SEM photo of 1 um monodisperse silica hanoparticles after the second growth step.

The synthesized silica suspensions that are obtained immediately after synthesis (either through the
one step or two step synthesis) are left in the flask and excess APTES (Aminopropyltriethoxysilane,
99 % Aldrich) is added to the suspension in the flask at a ratio of about 20 APTES molecules per
mm? of silica particle surface [4]. This new mixture is then left for two hours in an 80 °C oil bath.
After two hours, the silica beads are cleaned by six cycles of centrifugation and redispersion in
distilled water and are kept in distilled water for storage.
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B. SYNTHESIS OF POLYSTYRENE BEADS BY EMULSION POLYMERIZATION

Emulsion polymerization is probably the most standard method used to synthesize polystyrene
(latex) particles. First reported by Harkins [5] in 1947, this method has since been studied and
revised extensively [6]-[8]. Figure 108 shows a schematic illustration of the micelle nucleation

model for emulsion polymerization.

Interval I : Nucleation of monomer-swollen micelles

Latex particles Monomer droplets
Interval III : Consumption of residual monomer

Initiator molecule
Initiator radical
Surfactant molecule
Monomer molecule
Polymer chain

TEZO¥

Figure 108. Schematic representation of the micelle nucleation model for emulsion polymerization. [6]

Typically an emulsion polymerization formulation consists of the monomer, surfactant, water and
water soluble initiator. At the start of the reaction, the surfactant enables emulsified monomer
droplets to be dispersed in the continuous aqueous phase. There exists only a very small fraction of
the hydrophobic monomers dissolved in the aqueous phase or in micelles (if critical micelle
concentration is exceeded). The majority of the monomers are contained within monomer droplets
which act as monomer reservoirs. The addition of an initiator starts the polymerization process.
According to the micelle nucleation model, the micelles which have an extremely large oil-water
interfacial area captures the free radicals generated and this results in the generation of sub-micron
latex particles. Monomer droplets in comparison have a small surface area and hence are not

effective in capturing the free radicals when compared with the micelles.
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Free radicals generates in the aqueous first will first polymerize monomer molecules also dissolved
in the aqueous phase, which increases the hydrophobicity of the resultant oligomeric radical. Upon
reaching a critical chain length, these radicals will become hydrophobic enough to strongly favor
entering a micelle. Once inside the micelle, the radicals will polymerize with the monomers within
eventually transforming the micelle into a particle nuclei. These nuclei continue grow with by
reacting with monomers from the monomer droplets or other micelles. There is an increased
demand for surfactant as particle nuclei grow, and micelles that do not contribute to particle
nucleation will disband to supply the surfactant required, in order to maintain sufficient colloidal
stability. In addition, surfactant molecules can also desorb from the monomer droplets and diffuse
across the aqueous phase to the particle surface. The polymerization reaction continues until all the

monomers are consumed.

Emulsion polymerization was used to synthesize all the PS particles used in work mentioned in this
thesis. The components required to synthesize the PS beads were styrene (99 %, Fluka), distilled
water, sodium bicarbonate (NaHCO3; 99.5 %, Prolabo), potassium persulphate (KPS, 98 %,
Prolabo), and sodium sulfonate (SSNa, Aldrich). All the reactions were carried out at 70°C (using
an oil bath).

The procedure to synthesize the PS particles was adapted from [8] and slightly modified as follows.
First, styrene, water, NaHCO3; and SSNa were mixed together in a three neck round bottom flask
that was placed in an oil bath maintained at 70°C. Rubber caps were used to seal the two side necks
and the main neck of the flask was connected to a condenser cooled by flowing tap water. Then,
nitrogen gas was bubbled through the mixture (using a syringe needle) for a minimum of thirty
minutes or until the temperature appeared to have stabilized. After nitrogen bubbling, the initiator,
KPS (dissolved in a 10 ml of water) was then added into the mixture to start the polymerization
process. During the polymerization process, the tip of the syringe needle with nitrogen gas flow was
positioned just above the surface of the mixture to maintain the nitrogen atmosphere. After about
six hours, the initial colorless solution will have become a cloudy white suspension with a thin layer
of transparent liquid siting on the surface. This final suspension is allowed to cool down and the PS
particles are cleaned six times by repeated centrifugation and redispersion with distilled water.
Table 15 shows the list of the PS particles synthesized and varying amounts of each reagent added.

Figure 109 shows some of the TEM images of the synthesized PS particles.
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Table 15. List of PS particles synthesized

Average
Batch Styrene (ml) | Water (ml) | NaHCO; (@) KPS SSNa particle size
(9) (9) (nm)
1 0.20 595+15
2 27 225 0.25 0.25 0.025 460+12
3 0.40 260+7
. i
* . 2um

Figure 109. TEM images of the PS particles synthesized using different amounts of the initiator KPS: (left to
right) 0.40 g, 0.25 g and 0.20 g of KPS.
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ANNEX 2. PREPARATION OF COLLOIDAL CRYSTALS

A. VERTICAL DEPOSITION TECHNIQUE

Glass, gold-coated glass and fluorine-doped tin oxide (FTO) glass substrates used for vertical
deposition were cleaned by ultrasound for 20 minutes each in acetone followed by ethanol
and then in isopropanol. After the three rounds of ultrasound, the substrates were dried
quickly by blowing air over the surface. Prior to using the glass substrates, they were treated

with UV-ozone for 20 minutes.

Polystyrene (PS) suspensions of the desired concentrations (0.01 wt%, 0.02 wt%, 0.05 wt%,
0.08 wt%, 0.10 wt%, 0.20 wt%) were first prepared by mixing a known concentration of PS
suspension with water. Next, 10 ml of the PS suspensions prepared was poured into a 22 ml
cylindrical container. The clean glass substrates were then hanged vertically and partially

submerged in the PS suspensions. These samples were subsequently placed in an oven set at

45°C (with 70% humidity) for at least four days before the samples were taken out.

Figure 110. (Left) Photograph to demonstrate how the glass slides were vertically supported. (Right)
Photograph of a substrate coated with 595 nm PS beads after the vertical deposition process.

After four or more days, most or all of the water in the PS suspensions will have evaporated,
and the glass substrates with the colloidal crystal layers can be removed from the glass
containers. Figure 110 shows an example of the vertical deposition set up as well as a glass

substrate with an opal layer deposited at the end of the vertical deposition process.
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B. SELF-ASSEMBLY OF CLOSED PACKED MONOLAYER ON WATER SURFACE

Glass, gold-coated glass and fluorine-doped tin oxide (FTO) glass substrates were treated in
the same way as described in the previous section (i.e. 20 minutes of ultrasound each in

acetone, ethanol and isopropanol followed by 20 minutes of UV-0zone).

PS suspensions to be used for spreading are prepared by first determining the concentration
of PS particles in distilled water (the synthesized PS particles are all stored in water). Next, a
desired amount of the PS suspensions are diluted to between 10 to 15 wt% in distilled water.
Once the diluted PS suspensions is water are prepared, an equal volume of ethanol was added
to the PS suspensions so that the PS particles are suspended in a 1:1 mixture of water and

ethanol.

For the self-assembly of monolayers of PS beads on water, a glass beaker was first
thoroughly cleaned to ensure that there are no foreign particles in it. Next, about 400 ml of
distilled water was poured into the container, and a piece of cleaned glass slide was inserted
into the water at a 45° angle and stuck to the edge of the glass container using scotch tape.
This glass slide is used as the surface for spreading the PS suspension onto the water surface.
The container was left to stand for a while until there is minimal movement on the water
surface. Next some surfactant solution (1 wt% sodium dodecyl sulfate, SDS, Fluka) was
added onto the surface of the water (Note: The amount of surfactant added varied slightly
with each experiment so it is difficult to state precisely the exact amount required. In
addition, after each transfer of a monolayer onto a substrate, the surfactant concentration
changes and needs to be corrected accordingly to the situation. Hence, hands-on experience is

the key to mastering this procedure).

Once the surfactant concentration is adjusted properly (this is done by observing how small
amounts of PS suspension spreads on the water surface, and slowly adding more surfactant
until the PS suspensions spreads in a orderly manner), 15 pl of PS suspension is spread on the
inclined glass slide using a micropipette. This procedure has to be done very slowly and
steadily to ensure that the particles spread evenly onto the water surface. If the spreading is
too fast, many tiny clusters of monolayers will form, and PS suspension will also dive into
the water subphase at the glass-air-water interface (a cloudy white ‘explosion’ of PS
suspension into water can be seen). On the other hand, if the spreading is too slow, the PS
suspension could dry up before it reaches the glass-water interface which creates white
clusters on the glass slide that could affect subsequent spreading using the same glass slide.
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Figure 111 shows an example of how the self-assembled monolayers look like after spreading

(Note: the diffraction of light can be clearly observed in the photograph).

Figure 111. Self-assembled monolayers of PS particles on the water surface.

Once the monolayers are on the water surface and are large enough in surface area, a clean
substrate is immersed into the water using a pair of tweezers (at a region where the water
surface is clean, i.e. no particles floating on the surface), and it is carefully positioned under
the self-assembled monolayer of interest. Then, very slowly and steadily, the substrate is
lifted out of the water surface at an angle. If formed properly, the self-assembled PS
monolayers will ‘stick’ onto the surface of the substrate like a form of coating. Once the
substrate is removed, it is left to stand at an angles to allow for the excess water to dry off.
Figure 112 shows examples of the substrates drying after the monolayers are transferred onto
them. This process can also be repeated on the same samples to stack multiple PS
monolayers.

Figure 112. Pictures of transferred monolayers consisting of 430 nm PS beads on substrates.
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C. LANGMUIR-BLODGETT TECHNIQUE

Amino-functionalized silica particles are first transferred from water into absolute ethanol via
three cycles of centrifugation and redispersion. Just prior to spreading, chloroform (VWR
Chemicals) is added to the ethanol particle suspensions to achieve a final ratio of 1:4 (ethanol

: chloroform)

Using a plastic pipette, the silica suspension is dropped randomly across the entire trough
surface. The physical packing of the silica particles on the water surface is then performed by
two mobile barriers. The surface pressure is carefully monitored throughout this process, and
it will slowly increase as the mobile barriers gradually move closer and closer together
(reducing the surface area available for the silica particles). Once the surface pressure reaches
a predetermined value, typically between six to ten mN/m, the transfer of the close packed

monolayer of silica beads onto solid substrates is performed as follows.

Glass, gold-coated glass and fluorine-doped tin oxide (FTO) glass substrates were treated in
the same way as described in the previous section (i.e. 20 minutes of ultrasound each in
acetone, ethanol and isopropanol followed by 20 minutes of UV-ozone). For the gold-coated
glass substrates, an additional step of immersing the substrates in 1 mM cysteamine solution
overnight was required (to increase their hydrophilicity) before they could be used.

Substrates are attached to a mobile arm positioned vertically on top of the middle of the
trough. The substrates are quickly inserted vertically (down-stroke) into the water until about
four fifths of the substrate is submerged. Then the substrates is very slowly lifted (up-stroke)
out of the Langmuir trough. During the whole transfer cycle, the surface pressure is kept
constant by the enslaved displacement of the barriers. Each cycle results in the transfer of a
single monolayer of silica particles onto the exposed surfaces of the substrate (i.e. both sides).
By repeating the process, multiple layers of silica beads can be deposited as desired on the

substrate. Figure 113 shows a schematic illustration of the process.
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Figure 113. Schematic Illustration of the Langmuir Blodgett Technique. (1-2) Silica beads are spread on
the water surface. (3-4) A mobile barrier is used to pack the floating beads on the water surface. (5) A
solid substrate is immersed vertically into the trough. (6) The substrate is slowly removed vertically from
the trough and a single layer of beads is transferred onto the surface of the substrate
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ANNEX 3. FABRICATION OF SOLID STATE DSSCs

A.  PREPARATION OF FLUORINE-DOPED TIN OXIDE (FTO) GLASS SLIDES

Fluorine doped tin oxide (FTO) glass pieces of 1.5 cm by 1.5 cm were cut and used as
starting substrates for the fabrication of the solid state DSSCs. A piece of scotch tape was
then wrapped around the FTO substrates leaving an area of 0.5 cm by 1.5 cm (from one of the
edges) exposed. Next, the ‘wrapped’ FTO pieces were placed with the conductive side facing
up and zinc powder (98 %, Aldrich) was applied to cover the exposed surface. Once the
exposed surface was completely covered with Zn powder, concentrated hydrochloric acid
(HCI, Alfa Aesar) was dropped onto the Zn powder to etch away the exposed part of the FTO
surface. This reaction was very fast and took no longer than a minute. When the reaction
ended, the etched FTO slides were rinsed in water to remove the excess acid and grey
residue. Subsequently, the scotch tape was removed, and the etched surface can now be
clearly distinguished from the surface protected with tape. These etched FTO slides are then
cleaned by a placing them in acetone, then in ethanol and then in isopropanol for 20 minutes
each under ultrasound. Once completed, the substrates were dried by an air gun and placed
under UV ozone for another 20 minutes to prepare them for the subsequent spin coating step.

B. PREPARATION OF COMPACT T10, LAYER

A commercial anatase nanoparticle paste (Dyesol 18NR-T) was diluted with anhydrous
terpineol to a concentration of 0.05 M. 60 ul of this mixture was then spread over the
conductive surface of a FTO substrate and spincoated onto it at 1000 rpm for 60s. After
spincoating, the samples are heated at 450 °C on a heating plated for 30 minutes followed by
70 °C for 20 minutes. Next, 220 ul of TiCl, (Aldrich) was added to 100ml of distilled water
and allowed to mix at 70 °C for 5 minutes. Once ready, the spincoated FTO substrates are
immersed in the TiCl, solution for 30 minutes at 70 °C. After 30 minutes, the FTO substrates
are removed from the solution and rinsed with water and blown dry. They are then placed on

a heating plate set at 450 °C for 20 minutes and after that, at 70 °C for 20 minutes.
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C. PREPARATION OF POROUS T1O, LAYER

The Titania paste required for the spincoating of the porous layer is prepared as follows: for
every 1 g of Ti-nanoxide (SOLARONIX), 1.52 ml of absolute ethanol (VWR Chemicals) is
used to mix with it. The amount of Ti-nanoxide used is calculated based on the number of
samples that will be prepared. After adding the appropriate amount of ethanol to the Ti-

nanoxide, the container is sealed and left overnight under stirring.

Before beginning the spincoating of the titania paste onto the FTO substrates (previously
coated with the compact layer of TiO,), the substrates are first dried again at 450 °C for 5
minutes then left to rest at 70 °C (to remove the moisture content in the substrates). Then, for
each substrate, 80 pl of the titania paste (Ti-nanoxide in ethanol) is spread on top of the

compact layer of TiO,, and spincoated at 1000 rpm for 60 s.

After spincoating, the substrates are placed on the heating plate set at 250 °C for 5 minutes,
then at 350 °C for 5 minutes, 450 °C for 15 minutes and finally 500°C for 15 minutes, before

lowering to 70 °C for 20 minutes. Figure 114 shows how the appearance of the substrates

change as the temperature is increased.

q—j‘

‘

Figure 114. Changes in substrate appearance at (from left to right) 250 °C, 350 °C, 450 °C and 500 °C

The substrates were then immersed in a solution of 220 ul of TiCl, in 100 ml of water at 70
°C for 30 minutes (prepared in a similar way as described in the previous section). After 30
minutes, the substrates were rinsed with water and then blown dry and left on a hot plate at
450 °C for 20 minutes and then cooled to 70 °C for another 20 minutes before cooling down

to room temperature.
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D. FABRICATION OF INVERSE OPAL T10, BY THE VACUUM INFILTRATION
METHOD

Self-assembled polystyrene (PS) monolayers were transferred onto the layer of nanoporous
TiO, coated substrates via the transfer of the monolayers from the water surface (refer to
Annex 2B). This process was repeated depending on how many monolayers we wanted to
stack together. Figure 115 shows some photos of the substrates after stacking four

monolayers of 595 nm PS beads on the substrates.

Figure 115 Photos of opal templates deposited on TiO, coated (screen printed) FTO via the stacking of
four monolayers of 595 nm PS beads (viewed from various angles).

Infiltration of the opaline templates was done by first clipping a clean glass slide on the top of
the opal template and then it was partially dipped into the titania precursor solution (which
consisted of 3.2 ml of trifluoroacetic acid (TFA, 99 % Sigma), 0.8 ml of hydrochloric acid
(HCI, Alfa Aesar) and 4.0 ml of titanium (IV) isopropoxide (97 %, Aldrich) according to [9])
and the precursor would fill the pores very quickly by capillary action (the viscosity of the
solution can be adjusted by adding some ethanol). The infiltrated samples were then left to
dry overnight and the cover slides were removed the next day. Figure 116 shows the photos
of the infiltrated samples left to dry overnight and the substrates after removal of the covering
glass slide. The dry infiltrated substrates were then placed in the oven at 450°C for 3h to
remove the PS beads and calcine the TiO, to an anatase phase (which was confirmed by X-
ray diffraction).
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Figure 116 (left) Infiltrated opals clamped with a glass slide and left to dry overnight. (Right) Infiltrated
substrates before PS bead removal

E. INCORPORATION OF DYE AND HOLE TRANSPORT LAYER

The dye, D102, was used for sensitization of the device. 0.6 mg of the dye powder was
required for every 5 ml of the dye solvent which was a 1:1 mixture of tert-butanol and
acetonitrile. Depending the total volume of dye required, the corresponding amounts of dye
powder and solvents were calculated. The mixture was mixed for 5 hours in a bottle wrapped

with aluminum foil before it was used.

Prior to soaking the substrates in the dye, the substrates were again heated to 450 °C for 10
minutes and then kept at 70 °C for about 20 minutes before they were soaked in the dye
solution for one hour (Figure 117). The substrates and dye were in petri dish covered by

aluminum during the soaking process.
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Figure 117. (Left) Soaking of substrates in dye D102. (Right) Substrates after removal from dye solution.
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In the meantime, as the substrates were left in the dye, ‘spiro’ solution (which would become
the hole conducting layer after spin coating) was prepared. The components of this mixture
was in the ratio of 20 mg of spiro-MeOTAD : 100 pl of chlorobenzene : 5.18 pl Li salt : 2.45
pl of tert- butylpyridine. About 40 pl of this solution was needed for each substrate. Hence,

the corresponding amount to prepare depended on the number cells intended for fabrication.

After one hour of soaking the substrates in the dye, the substrates are ready for the
spincoating of the hole transport layer (i.e. spiro solution). About 40 ul of the spiro solution
was spread over the surface of a substrate, and it was left to stand for 60 s in normal
atmosphere on the spincoater. At the end of 60 s, the spincoater was started, and it was

spincoated at 3500 rpm for 20 s.

F. COMPLETING THE SOLID STATE DSSC

Using a mask, metal contacts made of 50 nm of silver followed by 50 nm of gold were then
deposited on the surface to complete the device. Figure 118 shows an illustration and a

photograph of the complete fabricated device
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Figure 118. (Top) Sketch of the different layers in a completed solid state DSSC incorporating the inverse
opal TiO, structure. (*Note: not to scale. Layers are separated for better clarity). (Bottom) Photo of an
actual completed solid state DSSC.
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ANNEX 4. ELECTRODEPOSITION OF METALS

The electrodeposition set-up (Figure 119) consisted of a three electrode cell (consisting of a
working electrode (WE), a (2 cm x 2 cm x 0.4 cm) glassy flat carbon counter electrode (CE)
and a AgQ/AgCIl (saturated KCI) reference electrode (RE)) connected to a potentiostat
(Autolab PGSTAT-20). A home-made design for the electrode holders were used to ensure
consistency and reproducibility of the results. The home-made design consisted of a Teflon
cap with three holes and two customized metal electrode holders that could fit snuggly into
the holes. All the electrodeposition processes was carried out in a water bath set at 25+1°C.
The intensity of the faradaic current generated during the electrodeposition processes were
measured using an Autolab PGSTAT 20 potentiostat (EcoChemie) system monitored by a PC
running the GPES 4.9 software.

Figure 119 (left) Sketch of the electrodeposition set up and (right) picture of the experimental set up

A. PREPARATION OF SUBSTRATES

Generally, gold coated glass slides (with a 150£10 nm layer of gold) purchased commercially
(AMC, France) were used as the substrates for electrodeposition (i.e. the working electrode,
WE). These gold substrates were originally 5 cm by 2.5 cm and were usually cut to the size
of 2.5 cm by 1.25 cm for the experiments. For the nickel plated gold-coated glass substrates
mentioned in Chapter 4 and 5, they were basically these commercially bought gold-coated
glass substrates with a layer of about 100 to 200 nm of nickel electrodeposited on them
(nickel plating for 60s at -1.0 V' vs Ag/AgCl).
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For the non-templated electrodeposition of gold (described in Chapter 3), the gold substrates
were used directly after cleaning in 20 minutes of ultrasound each in acetone, ethanol and

isopropanol followed by 20 minutes of UV-ozone.

Templated gold substrates or nickel-plated gold substrates were prepared either by the
Langmuir-Blodgett technique (for silica particles, refer to Annex 2C) or the water surface
transfer technique (for polystyrene particles, refer to Annex 2B). After the transfer of the self-
assembled layers onto the gold substrates, a short sintering step of 30 minutes at 90 °C was
performed on the templated gold substrates with PS particles to fix the particles in place,
otherwise the electrodeposition of the metals would occur under the particles and not through

the template. For the templates with silica particles, this step was not necessary.

Prior to electrodeposition, transparent nail varnish was used to mark out the area for
electrodeposition. Figure 120 shows an example of how the nail varnish was used to
designate the electrodeposition area. It must be noted that not only the top surface, but the
narrow sides have to be varnished as well to ensure that electrodeposition only occurs on the
exposed surface. After varnishing the samples, they are left to dry for about five minutes
before they can be put in the electrodeposition baths for the subsequent electrodeposition

steps.

Figure 120. Preparation of templated substrates using nail varnish to designate the electrodeposition
area. Photographs of (top left) before and (top right) after applying nail varnish onto the templated
nickel-plated gold samples. (Bottom) Measurement of the size of the electrodeposition area on a
templated gold sample.
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B. ELECTRODEPOSITION OF GOLD (AU)

The electrodeposition of gold was done using a cyanide-free gold plating bath purchased
from Metalor (ECF-63; gold concentration 10 g/L). The constant potential electrodeposition
of gold was performed at -0.7 V (vs saturated Ag/AgCl (saturated KCI)), unless otherwise
stated.

C. ELECTRODEPOSITION OF NICKEL (N1)

The electrodeposition of nickel was done using a nickel plating bath purchased from

Coventya. The constant potential electrodeposition of nickel was performed at -1.0 V (vs

Ag/AgCI).
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ANNEX 5. FABRICATION OF GOLD NANOPILLAR

STRUCTURES IN PDMS

Self-assembled monolayers of PS particles of various sizes (260 nm, 430 nm and 595 nm)
were first transferred onto nickel plated gold-coated glass substrates (as described in Annex
2B). Next, the templates were sintered at the various conditions (90 °C, 95 °C, 100 °C, 105
°C, 110 °C, 115 °C for durations ranging from 30 s up to 10 minutes) to determine the

optimum conditions that could adjust the pore size into one that is suitable for pillar growth.

Next electrodeposition of a sacrificial nickel layer was made followed by the
electrodeposition of gold so that symmetrical gold pillar structures could be formed close to
the middle of the template (i.e. the electrodeposited gold is centered at a depth of about half
the diameter (D) of the PS particles). This is done by first using two templated samples to
electrodeposit gold and nickel individually to figure out the time taken for gold, t4,, 05, and
nickel, ty; .5, to reach the first current minimum (in absolute values) which corresponds to a
electrodeposited depth of half D. With this experimentally derived time to reach a depth of
half D, we can figure out the rate of electrodeposition and use it to calculate the estimated
time required for the electrodeposition of the sacrificial nickel layer and the gold pillar layers

for the actual structures.

For example, if we want the thickness of the gold layer to be one third of the diameter (D) of

the PS particles, then the time required for the electrodeposition of gold should be about:

2

t X
Au,0.5 3

To position the gold layer such that it is centered at a depth of half D, the thickness of the
nickel layer will then be one third of D. Hence, the time required for the electrodeposition of

the sacrificial base nickel layer would be:

2

tyiosg X
Nl,0.5 3
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Therefore, to fabricate the a symmetrical gold nanopillar structure by electrodeposition

through the template, nickel is first electrodeposited for ty; s x% followed by gold for
2
tau,05 X 3 -

After the electrodeposition of the first nickel layer, the substrate is thoroughly rinsed with
distilled water and thoroughly dried by blowing with air before it is used for the subsequent
electrodeposition of gold. This rinsing and drying step is very important to prevent
contamination between the two electrolytic baths. Furthermore, the rinsing also washes away
excess bath solution that sticks onto the surface of the samples after removal from the
electrolytic bath. If the excess bath solutions are not rinsed away, when it dries, crystalline
salts from the respective bath solutions will form which will affect the integrity of the

electrodeposited structures as well as the quality of the subsequent electrodeposition steps.

After completing the electrodeposition steps of nickel followed by gold, the samples are

thoroughly rinsed with distilled water and dried.

Once dry, the samples are soaked in tetrahydrofuran (THF) for at least three hours to
completely remove the PS particles as well as the nail varnish that was applied on the
templates. After the PS template and varnish are removed from THF, the samples are

thoroughly rinsed in ethanol to wash away all the residues, and then dried.

To prepare the PDMS, first the monomer and curing agent are mixed in the ratio of 10:1.
Usually about 35 g of monomer and 3.5 g of curing agent is more than sufficient to cover a
glass petri dish of 10 cm in diameter. Once the curing agent is added to the monomer in a
beaker, it is thoroughly mixed using a spatula and the initially transparent mixture will
become cloudy and white due to the presence of bubbles that get trapped during the mixing
process. Next, the air bubbles in this viscous bubbly mixture is removed by placing the
beaker in a desiccator connected to a vacuum pump. The mixture is left in the desiccator for
about one hour to remove the air bubbles. After the removal of the air bubbles, the mixture
will become transparent again and it will resemble a very viscous transparent liquid and it is

now ready to be poured onto the electrodeposited substrates (after template removal).

The substrates are placed on a petri dish and spaced out evenly. Next, the viscous transparent
mixture of monomer and curing agent is gently poured onto the substrates and eventually

cover the entire surface of the petri dish. During this process, there will be some air bubbles
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that get trapped in between the viscous liquid, the substrates and the petri dish. To remove
these air bubbles and to ensure that the infiltration of the viscous liquid is as complete as

possible, the petri dish is put into the desiccator for another one hour.

After one hour, the petri dish is visually inspected for any air bubbles. If none can be seen,
the petri dish is then placed in an oven set at 70 °C for 90 minutes to start polymerisation
process. At the end of 90 minutes, the petri dish is removed from the oven and a solid layer of

PDMS is now formed over the substrates.

Once the PDMS is formed on top of the substrates, small cuts are made on the PDMS to
expose a little corner of the nickel plated region of each sample (Figure 121). Then, to each
of these exposed regions, a few milliliters of 16 weight% of nitric acid (HNO3) are dropped
onto them using a plastic pipette. The nitric acid will slowly dissolve the sacrificial nickel
layers which would leave the gold pillars embedded in the PDMS layer and no longer
connected to the original gold coated glass substrate (Figure 122). This process takes about a
week because only a very small part of nickel is exposed to the acid, and the acid has to
slowly eat its way through the nickel layer buried under the PDMS layer. It is a totally
diffusion dependent process, and it becomes harder to dissolve the nickel under the PDMS

that is further away from the exposed site.

Figure 121. Photograph of the cuts made into PDMS to expose the nickel layers for acid dissolution.
Nitric acid is then added to these exposed sites to dissolve the nickel layers without damaging the gold
pillar arrays on the substrates.
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Figure 122. Photograph of a sample as nickel is being dissolved by nitric acid.

Once the nickel is dissolved, the original gold coated surface of the substrate can be observed
very clearly (Figure 122). The petri dish is now thoroughly rinsed in distilled water to remove
the nitric acid and the PDMS covering the substrates are very gently and carefully removed.

Figure 123 shows the final samples that are obtained at the end of the entire process.

Figure 123. Photographs of gold nanopillar arrays after transferring onto PDMS
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ANNEX 6. CHARACTERIZATION OF FABRICATED SAMPLES

All the UV-vis—NIR spectra presented in this thesis were recorded under normal incidence
using a CRAIG 2020 microspectrophotometer for the wavelength range of 300-1600 nm.

All the incidence-angle dependence of the UV-vis-NIR reflection spectra were measured with
Lambda 950 Perkin-Elmer spectrophotometer equipped with the Universal Reflectance
Accessory (URA) for the wavelength of 200-2500 nm.

Unless otherwise stated, scanning electron microscopy images were taken with a JEOL
6700F microscope operating normally operated at 5 kV. For the SEM images in Chapter 3
section 3.3, they were taken with a Hitachi S2500 microscope operating at 25 kV. Gold
conductive coatings were applied for all cross sectional images, as well as top down images
that involved imaging silica or polystyrene particles. The SEM images of the electrodeposited
nanostructures after the removal of the templates were taken without the application of any

conductive coatings.

A Hitachi H600 transmission electron microscope (TEM) was used to image the silica and

polystyrene particles synthesized.
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“What we call the beginning is often the end. And to make an end is to make a beginning. The
end is where we start from”

— Thomas Stearns Eliot
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Title: Design and bottom-up fabrication of nanostructured
photonic / plasmonic materials

Abstract:

The bottom-up self-assembly of colloidal particles is a versatile technique that allows
the fabrication of large areas of colloidal crystals. The purpose of the present study is to
develop highly reliable and reproducible process routes to fabricate nanostructured
photonic and plasmonic materials that can be incorporated into different devices.
Titania inverse opals with precise control of the layer thickness have been successfully
incorporated into solid state DSSCs which showed improved performance of up to 105
%. Nanostructured gold surfaces that exhibited omnidirectional total light absorption
have been fabricated by controlled electrodeposition of gold through colloidal
monolayers of polystyrene beads. In addition, very rough gold surfaces that showed
anti-reflective properties were also made. By tuning the pore size of the colloidal
monolayer, plasmonic gold nanopillars with different lengths were fabricated by a
sequential electrodeposition process. Using a non close-packed monolayer of PS beads
combined with electrodeposition, fishnet metamaterials were fabricated.

Keywords: self assembly, colloidal crystals, inverse opal, dye sensitized solar cells,
electrodeposition, gold, photonics, plasmonics, metamaterial

Résumé:

L’auto-assemblage de particules colloidales est une technique polyvalente qui permet la
fabrication de cristaux colloidaux a de grandes échelles. Le but de notre étude est de
développer des processus fiables et reproductibles pour fabriquer des matériaux photoniques
et plasmoniques pouvant étre incorporés au sein de différents dispositifs. Des opales inverses
en dioxyde de titane composées d’un nombre précis de couches ont été intégrées au sein de
cellules solaires a colorant «tout solide », ce qui a entrainé une amélioration des
performances allant jusqu'a 105%. Des surfaces d'or nanostructurées présentant une
absorption omnidirectionnelle et totale de la lumiere ont été fabriquées par dépot
électrolytique d'or a travers une monocouche de particules de polystyréne. En outre, des
surfaces d'or trés rugueuses présentant des propriétes anti-réfléchissantes ont également éeté
élaborées. En modulant la taille des interstices entre les particules de polystyrene, il a été
possible de fabriquer par electrodéposition séquentielle des nanopiliers d’or de différentes
longueurs. Enfin, l'utilisation d'une monocouche non compacte de particules comme moule a
permis la réalisation de métamatériaux de type fishnet.

Mots clés: auto-assemblage, cristal colloidal, opale inverse, cellules solaires a colorant,
électrodéposition, or, photonique, plasmonique, métamatériau



