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1 . Introduction

Metallic nanoparticles and their applications

Metallic structures with typical dimensions of the wavelength of light and below may
support optical resonances [Novotny and Hecht 2006]. The resonances can be
associated to i.e. colored materials when they appear in the visible range [Murray
and Barnes 2007]. This effect was noticed more than a century ago [Faraday 1857;
Zsigmondy 1905], though the unique optical properties of some metallic particles in
the visible range had already been used long before to colour glasses and ceramics
[LycurgusCup].

The optical properties of metallic nanoparticles, namely, their extinction spectra
(absorption and scattering), are associated to an electron-resonance phenomenon,
known as plasmons. Actually, the investigation of optical phenomena in connection to
the electromagnetic response of metals has been termed plasmonics, or

nanoplasmonics, and is a rapidly growing field [Novotny and Hecht 2006].

Plasmons

Free conduction electrons in a metal determine in great manner the optical response
of the material; that is, the interaction of the metal with the electromagnetic radiation
[Ashcroft and Mermin 1976; Novotny and Hecht 2006].

The dielectric function of the metals, a strongly frequency dependent quantity, is a
key point to describe these phenomena [Ashcroft and Mermin 1976; Novotny and
Hecht 2006], and can be estimated with simplified models, i.e., the Drude model.

The Drude model [Ashcroft and Mermin 1976] is an approximation that describes the
response of the metal in terms of these free electrons when driven by an external
oscillating field, and allows to calculate a dielectric function of the material. It
represents the response of the metal very well up to certain frequencies (usually in
the visible or UV part of the spectrum), where interband transitions set in and further
corrections are necessary [Ashcroft and Mermin 1976; Novotny and Hecht 2006]. In
this  model, the dielectric functions have the following form:
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Chapter 1 — Introduction

0)2

E e (@) =1 a)2+—ia)l“

Where @, = \/nez/meé‘o is the volume plasma frequency, e the charge of the

electron, and m, its effective mass; I' represents the damping term. These simple
approximations are very useful, since, as will be shown in the following, the dielectric
constants of the materials involved play a fundamental role determining the

occurrence of several phenomena.

Plane interfaces

Surface plasmon is a term used for naming the collective oscillations of the electrons
at a metal-dielectric interface [Knoll 1998; Homola 2006; Novotny and Hecht 2006].
Surface plasmons propagate along this interface; there, the electromagnetic fields,
energy and charges are highly localized to a scale of some hundred nanometers
[Knoll 1998], which translates in a high sensitivity of these modes to the properties of
the interface (both metal and dielectric). It is this property what makes them ideal as
sensing platform in the nanoscale [Knoll 1998; Homola 2006]. By solving Maxwells

equations with proper boundary conditions, a dispersion relation can be obtained:

£ E
kspp =k, ——m—d
E, TE,

where Kspp and ko are the wavevectors of the plasmon mode and in free space; ey

and g4 the dielectric functions of the metal and medium.

The excitation of surface plasmons in a metal dielectric interface can be achieved by
different approaches, i.e. via prism coupling or using gratings [Knoll 1998; Homola
2006]. The experimental approach for studying these modes consists of monitoring
the changes in reflectivity at the metal-dielectric interface when changing the local
dielectric environment, i.e., while studying biological binding reactions at the interface
[Knoll 1998] or simply changing the dielectric medium. Comprehensive reviews on all
the fundamental concepts and applications around the use surface plasmons
resonances (SPR) can be found in [Knoll 1998; Homola 2006].

12



Chapter 1 — Introduction

This technique has been widely explored and has been proven to be most adequate
for building sensing platforms; reaching the point of existing various successful
commercial applications around this.

Confined plasmon modes in particles, on the other hand, are not so widely spread
as the propagating modes in plane interfaces, though they present several interesting
potential applications. They can also be used as part of a sensing platform, or for
enhanced spectroscopies, but with slightly different technical approaches.

It is the interest of this work to explore plasmon resonances in metallic
nanoparticles, to understand their response, to quantify their environment sensitivity,
and to use the confined near fields associated to them to trigger other phenomena,

i.e. fluorescence processes.

In order to gain a general idea on basic phenomena associated to spectral
response, material properties and local environment sensing with metallic
nanoparticles, a simplified model introduced in the literature will be presented in the

following.
Plasmon resonances in metallic nanoparticles

When the free electrons are confined in three dimensions, as for nanoparticles,
specific particle-plasmon resonances can occur depending on the geometries and
the materials involved (medium and metal). These resonances can lead to large
charge accumulations, and highly localized, strongly enhanced near fields.

The simplest idealized geometry for a particle is a sphere. The response of a sphere to
an exiting electric field can be calculated solving Maxwell’s equations; the exact
analytical treatment of this problem was applied by Mie in the early 20" century to
study the scattering of light by these particles, and can be calculated for all wavelength
vs. diameter ratios [Bohren and Huffman 1983].

For small spherical particles, though, some approximations can be made regarding
the resonances, and their associated scattering and absorption.

13



Chapter 1 — Introduction

Small spherical particles — quasi static approximation

Qualitative understanding of some phenomena related to plasmon resonances in
nanoparticles can be gained if considering the case of very small spherical
nanoparticles (smaller than the skin depth of the metal), with no retardation effects.

Figure 1-1: sketch of a sphere in a given electric field (E;). The metal and the surrounding
medium are represented through &, and ¢,

If a small metallic sphere is placed in an electric field [Novotny and Hecht 2006],
then a dipole p can be induced by it. The dipole has the form p = & a(w) Eq, where

o(w) represets the polarizability, which has the form:

o) = dre,a® 0" & (@)-¢,

£ (w)+2e,
where, a represents the radius of the sphere, €1(w) the dielectric function of the
metal (which could be represented, i.e. via a corrected Drude model), and ¢, that of
the surrounding medium.
If the power radiated by the sphere’s dipole (u) is divided by the intensity of the
exciting wave, a scattering cross section can be determined [Bohren and Huffman
1983; Novotny and Hecht 2006].

In that case, the scattering cross section has the following form:

(@)’

4
o

scatt 2

67,

with k being the wavevector in the surrounding medium.

14



Chapter 1 — Introduction

There, it is already possible to recognize the role played by the dielectric functions of
the metal and medium in the scattering, through the polarizability. This value is
expected to increase drastically for a small denominator (when a resonance is met).
It is also very important to point out that, as the dielectric function of the metal is a
frequency-dependent quantitiy, the spectral occurrence of the resonance is directly
linked to the surrounding medium, a fact that is used as a local sensing properties of
the particles and has been applied in many contexts, from simple bulk experiments,
to the recognition of binding events on the surface of these nanoparticles
[Englebienne 1998; Frederix et al. 2003; Willets and Van Duyne 2007].

If a particle is irradiated with a wave, the power decrease is not only due to
scattering, but absorption can also play a significant role [Bohren and Huffman 1983;
Novotny and Hecht 2006]. The combination of both phenomena is usually referred to
as extinction. By using Poynting’s theorem [Bohren and Huffman 1983; Novotny and
Hecht 2006], the power absorbed by the particle can be easily estimated, rendering
an absorption cross section of the form:

IR )

With k being the wavevector in the surrounding medium.

If the expression for o is replaced in the last two equations (scattering and
absorption), it is possible to observe that the scattering scales with a° while the
absorption the a®, which explains that for large particles, extinction has mainly a
scattering component, while for small particles, the contribution to the extinction is

mostly dictated by absorption [Novotny and Hecht 2006].

This interplay of absorption and scattering is what determines the color of the noble
metal nanoparticles’ suspensions, or, i.e. the coloured glasses like that of the
Lycurgus Cup.

The combination of material properties, size and shape of the particles, as well as
their surrounding medium, determines the resonances in each particular case (for

comprehensive reviews on the subjects refer to [Mulvaney 1996; Novotny and Hecht

15



Chapter 1 — Introduction

2006; Murray and Barnes 2007; Willets and Van Duyne 2007]), and results in their
characteristic extinction spectra.

The case presented here is just a simplified example that provides a good qualitative
approach to more complex structures. For larger particles, or with complex shapes, in
general, full numerical calculations are necessary to describe the interaction with light
[Tavlove 1995]. The quality of these approximations relies not only on the capabilities
of the methods of calculation, but the proper description of the geometry and the
material parameters (namely, the dielectric functions of the metal and of the medium
in the nanoscale) play a fundamental role. As an example of this, usually, the
description of the materials is based on bulk measurements, and this does not
necessarily holds for small particles; as it is for a local description of the dielectric

media surrounding them.

Metal nanoparticles are particularly interesting for several reasons. Ranging from the
noble metal colloids and their distinctive colours used in ancient times to fabricate
glasses [LycurgusCup], through their environment-sensitivity and the corresponding
impact in chemo- and bio- sensing platforms [Englebienne 1998; Frederix et al. 2003;
Novotny and Hecht 2006; Novotny 2007; Willets and Van Duyne 2007], for enhanced
spectroscopies [Farahani et al. 2005; Anger et al. 2006; Biteen et al. 2006; Novotny
and Hecht 2006; Gerber et al. 2007; Ringler et al. 2008] , or even in the
metamaterials field [Pendry 2000; Linden et al. 2004; Smith et al. 2004; Enkrich et al.
2005; Pakizeh et al. 2006], the metallic particles have proven efficient to have a
broad spectrum of applications.

A key role in all the phenomena mentioned above is played by the near fields,
particularly when meeting a plasmon resonance [Novotny and Hecht 2006]. It is the
strength (or field enhancement factors) and the spatial confinement of the latter what
influences the capabilities of the particles in all of these applications. As introduced,
drastically enhanced optical near fields can result in i.e. both enhanced excitation of
a local absorber and enhanced emission of a local source which is located in this
region [Girard et al. 1995; Barnes 1998; Novotny and Hecht 2006], a property that
has been widely exploited for applications in enhanced spectroscopies. Also, the high
sensitivity of the spectral response to local changes in the dielectric environment in
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Chapter 1 — Introduction

the close surrounding makes them promising for chemical and biosensing
applications [Englebienne 1998; Haes, Zou et al. 2004; Whitney et al. 2005].

Many approaches to produce nanoparticles have been explored in the last years;
ranging from chemical methods based on colloid chemistry [Turkevich et al. 1951;
Mulvaney 1996; Boleininger et al. 2006], or by means of (conventional and non-
conventional) lithographic approches, like electron-beam [Krenn, Schider,
Rechberger, Lamprecht, Leitner and F.R. 2000; Linden et al. 2004], focused ion-
beam [Farahani et al. 2005] and nanosphere (or “natural”) lithography [Fischer and
Zingsheim 1981; Deckman and Dunsmuir 1982; Willets and Van Duyne 2007]. The
latter is a particularly versatile technique, which has been used to produce, in a
rather simple and parallel manner, several complex structures like discs [Hanarp, Kall
et al. 2003], truncated prisms [Haes et al. 2005], rings [Aizpurua, Hanarp, Sutherland,
Kall, Bryant and Garcia de Abajo 2003; Rochholz et al. 2007], metal-dielectric
sandwiches [Pakizeh et al. 2006], crescents [Shumaker-Parry et al. 2005], among
others.

Objective and main structure of this work

In this work, the fabrication, optical properties and applications (namely sensing) of
nanometer-sized metal particles produced via colloidal colloidal lithography are
explored experimentally. Two main geometrical configurations of metal nanoparticles

are used for such a purpose: the crescent-shaped and the ellipsoid-like ones.

The motivation behind exploring common phenomena for differing architectures is
associated to exploring the influence of shapes and materials in the resonances and,

from an application point of view, for their sensitivity.

The present work is divided in two main sections, one devoted to each family of
nanoparticle shapes. Each of these sections is structured in sub-sections presenting
results on two main subjects, namely: (a.) fabrication, tailoring and basic
understanding of the optical properties, and (b.), sensing capabilities of the
nanoparticles. For the nanocrescents, first results on resonance-mediated enhanced-

fluorescence are also included in the corresponding section.

17



Chapter 1 — Introduction

Since both parts of the work share a common structure and are oriented to the
investigation of the same fundamental problems, the general concepts behind each
subject are introduced mostly in the first part of this document, while referencing and
reviewing for each particular structure (crescents or discs/ellipsoids) is added in each

chapter.

The experimental techniques used for the sample fabrication and characterization
were based on standard procedures (i.e. scanning electron microscopy, transmission
spectroscopy, atomic force measurements); their description can be found in an
Appendix devoted to “Materials and Methods” included at the end of this work. Extra
(complementary/supporting) information related to each particular set of experiments
can also be found in this document, distributed in the different Appendices.

18
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Model System: Crescent-shaped nanoparticles






2 . Fabrication

Crescent shaped noble metal nanoparticles were introduced in 2005 [Rochholz
2005; Shumaker-Parry et al. 2005; Rochholz et al. 2007] as a novel model
nanoparticle system. These particles were fabricated using an approach combining
colloidal masks, oblique metal deposition and ion etching. This method, of simple
conception, great ease and reproducibility, gives rise to nanostructures that present
multiple plasmonic resonances in the near infrared part of the spectrum and can be
easily studied using conventional spectroscopic techniques [Rochholz et al. 2007].

The interesting geometry and optical properties of these particles have likely driven
many other groups to produce structures with comparable geometries, but making
use of somewhat more sophisticated techniques, i.e. e-beam lithography, obtaining
comparable results [Linden et al. 2004; Lu et al. 2005; Clark et al. 2007; Sheridan et
al. 2007; Li et al. 2008]. Compared to the latter, the nano crescents produced with
colloidal masks require minimum equipment and effort to be produced; resulting in
very reproducible large area (~ cm?) samples, which makes them ideal for potential

large scale production.
Fabrication

The general procedure to make crescent shaped nanoparticles using colloidal
masks is based on a simplified lithographic approach introduced early in the 80’s by
Fischer et. al. and, subsequently, by Deckman et al. [Fischer and Zingsheim 1981;
Deckman and Dunsmuir 1982]. The concept involving the use of colloids as masks
was further developed by other authors to produce, i.e. square micrometer sized
arrangements of triangular shaped particles. An interesting review on this subject is
given by Zhang. et. al. [Zhang et al. 2006]. Different names ranging from, i.e. “natural
lithography” in the early work of Deckman, “Fischer-patterns”- refering to the work of
Fischer et. al., to “nanosphere lithography” (NSL) - as introduced by the Van Duyne
group - have been assigned to the different versions of this technique, being this last

one the most commonly used nowadays.
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Chapter 2 — Fabrication

In this chapter, the general fabrication procedures and new approaches are
introduced for the crescent shaped nanoparticles. Section 2.1 introduces the
fabrication of single, isolated particles on flat substrates and new developments
around it. Section 2.2 deals with a novel approach to produce large ( several mm?)

areas covered with close-packed arrangements of nanocrescents.

Since all fabrication procedures give rise to bare structures, it is of interest for further
surface tailoring and sensing purposes to introduce specific chemical functionalities
on the surface of the particles, and on the substrates. These procedures are of
fundamental importance for further studies on the environment-sensing capabilities of

these particles.

In this context, section 2.3 deals with the chemical treatment of the samples, adding
silanes / thiols and studying the attachment of, i.e., thin polyelectrolyte layers as a
further fabrication/tailoring approach to control the morphology and optical properties

of the nanocrescents.

Section 2.4 presents a second approach for the surface tailoring procedures, that is,
the surface modification for the study of bio-recognition events. All chemical
treatments introduced in these sections have a general character and can be
extended directly to other noble metal nanoparticles attached to a surface.

22



Chapter 2 — Fabrication

2.1 Single, isolated nanocrescents on a flat substrate

2.1.1 Sample preparation

Polystyrene “PS” nanospheres (Polystyrene Nanobead: NIST, Polysciences,
Warrington, USA), were randomly dispersed on a piranha (H>SO4:H-.O,, 2.5:1)
cleaned glass (or, when preferred silicon) substrate (Objekttrdger Glas, Menzel
Glaeser, Germany). The colloid concentrations were tailored to obtain single, isolated
structures (1 — 2 particles/um?) [Rochholz 2005]. Typically, a 1:100 (v/v) dilution was
used for this purpose. A 20 — 40 nm thick gold film was evaporated (Auto 306,
Edwards, Sussex UK) on the colloid-covered substrates (t: thickness), the samples
being tilted by an angle 6; relative to the metal source. The maximum possible
thickness of the film is a function of the size of the colloids [Rochholz 2005], and can
be varied as desired, with a lower limit set by the quality of the films produced by the
deposition machine; in this case approximately 20 nm. Following the metal
deposition, the coated samples are exposed to an argon ion beam (RR-/ SQ76, Roth
& Rau, Wiistenbrand, Germany) inciding on the substrate with a given angle € (
usually perpendicularly, that is, € = 0), and etched. After the etching process, the
colloidal mask is removed mechanically by means of an adhesive tape (Scotch Magic
Tape 810: 19mm x 33m, 3M France) and a second ion-beam etching step is applied
in order to ensure the removal of any extra sputtered material from the surface. By
doing multiple metal depositions (which can be done at different 6,) , and rotating the
sample a given angle (¢;) in between deposition steps, it is possible to deliberately
close the gap between the tips of the resulting metal particles in a controlled manner.
Figure 2-1 a. through d. show schematically the steps of this process, from the colloid
dispersion on the surface to the removal of the mask, with all its main variables. By
doing multiple depositions, it is also possible to produce structures that look highly
symmetrical; i.e. rings. Figure 2-1 e. through h. present scanning electron
micrographs of structures produced using one (e.), two (f., g.) and three (h.) metal

deposition steps.
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Chapter 2 — Fabrication

100 nm

200 nm 100 nm

Figure 2-1: a. colloids’ deposition on a clean, flat (Si or glass) surface, b. oblique (6,) metal
deposition - this step can be done multiple times, combining different deposition angles (i.e. 6,
0)), rotation of the sample between depositions (¢) and different metal thicknesses (t); c. ion
etching of the surface (at a given angle, €), d. mechanical removal of the colloids. Structures
produced using 150 nm PS colloide. 1 deposition (¢ = 0), 2 depositions (f. ¢ = 140, g. ¢ = 180)
and 3 metal depositions (¢ = 0, 120, 240). All four samples were etched perpendicularly to the
substrate (e = 0).
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Chapter 2 — Fabrication

As the colloids are scattered on the surface, usually well separated (some hundred
nanometers) from another, the particles produced by this method appear also
generally well separated and randomly scattered on the surface. Another very
important characteristic is that all particles are oriented in the same direction on the
substrate. Since the metal is deposited in an equal manner for all colloids at the
same time, this can only result in all of them having the same final orientation (see,
i.e. Figure 2-1 e. and f.), which allows for simple ensemble spectroscopic

measurements.

2.1.2 Geometrical description

The general geometrical characteristics of the nanocrescents can be described by
means of the main process parameters, namely, colloid size (dcon), deposition angles
(6;), thickness (t) of the metal film deposited on the substrate, number of metal
depositions and rotation angle between them (¢;), and etching angle (¢). This last one
has been set to 0 for the examples analyzed throughout this work, meaning all
samples were etched perpendicularly to the substrate.

Figure 2-2 depicts an idealized geometry of a crescent structure as obtained by
double evaporation. In a single evaporation step, the crescent covers a circle
segment corresponding to an angle | This angle can be described with a simple
equation (see bellow). The maximum width (w) of the structure can also be described
using geometrical considerations [Rochholz 2005; Rochholz et al. 2007]. Both
sketches of the resulting (theoretical) structures and the description of the

parameters is presented bellow.

Ilm’p

Figure 2-2: Sketch of the particle geometry indicating the rotation angle ¢ for double
evaporation, the diameter d.,, of the masking colloid and a coordinate system to be referred to.
The angle o defines the circular segment ideally covered by the gold film in a single
evaporation step.
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a) tan(H)
COS(I 80 — Ej e cos(@)+sin(0)tan(6)

_de { . (l—sin(é?))}

2 cos(0)

For the 1= 30° case, these considerations yield a o = 211°. By double evaporation,
the circular segment covered by the structure is increased by the rotation angle (7.
The resulting opening angle [ is then obtained as (/)= 360° - [I- [|One examples for
these structures can be observed in Figure 2-1 f.

Deviations from the idealized geometry occur: real samples lack perfectly sharp tips,
or smooth surfaces. Particularly, for structures with almost closed gaps between tips,
i.e. Figure 2-1 f., certain dispersion in geometry can be observed with structures with
greater openings as predicted. Such effects can in principle be associated to, i.e.
slight displacements of the colloids during the metal depositions. Also granularity, as
it is commonly known for thermally evaporated metal films, is seen in the scanning
electron images, which translates into a not perfectly defined contour. Slight
thickness variations are also to be expected, since the metal evaporator does not

necessarilly produce perfect, homogeneous metal films.

2.1.3. Standard crescent shaped nanoparticles

Unless otherwise specified, one typical geometry was used throughout this work, for

sensing and enhanced spectroscopy studies. This configuration corresponds to that
obtained using 150 nm colloids ', one metal deposition of a 40 nm thick gold film at a
relative angle 6 of 30°. Following the metal deposition, the gold-coated samples were
etched using an argon ion beam inciding perpendicularly to the substrate (¢ = 0). This
configuration will be referred to throughout this work as standard crescent shaped
nanoparticles.

' 150 nm colloids, nominal diameter, were bought from NIST, Polysciences but scanning electron
micrographs revealed a size of 200 nm.
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2.2 Close-packed arrangements of nanocrescents

When the colloidal masks are no longer isolated particles but colloidal monolayers, a
wealth of complex structures can be produced using nanosphere lithography, i.e.
truncated pyramids [Haynes and Van Duyne 2001], arranges of discs [Zheng et al.
2008], rods [Kosiorek et al. 2005], dumbells or intricate nets of nanowires [Zhang et
al. 2007; Zhang et al. 2007].

In this work, an easy and versatile nanofabrication approach for large area arrays of
crescent shaped metal nanoparticles is demonstrated. Crescent shaped metal
nanoparticles are a particularly interesting system for their geometry and optical
properties [Shumaker-Parry et al. 2005; Rochholz et al. 2007].

These structures are very similar to split ring resonators [Pendry et al. 1999], which
makes them very promising candidates for the design of metamaterials [Linden et al.
2004; Smith et al. 2004], reason for which it is most interesting to produce large scale
arrangements of these particles.

The approach presented in this section to produce arrangements of nanocrescents
relies on the combination of nanosphere lithography [Deckman and Dunsmuir 1982],
the fabrication of large size, high quality colloidal monolayers [Retsch et al. 2008] and
their size reduction by means of plasma etching [Haginoya et al. 1997].

A general scheme describing the conceptual approach is presented in Figure 2-3.

Figure 2-3: sketch of a colloidal monolayer (a.) before and after (b.) the plasma etching. The
etched monolayer is the basic template for the crescent fabrication (c.), following the
conventional metal deposition and Ar ion etching of the surface.
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In the following, each of the preparation steps schematised Figure 2-3 will be
described in detail.

2.2.1 Fabrication of a mask of evenly spaced colloids

The PS colloid monolayers were produced by depositing a drop of a colloidal
dispersion on a clean substrate and floating the particles onto an air-water interface,
by slow immersion of the substrate in water, under a shallow angle. The PS particles
detach from the substrate at the substrate-water-air three-phase contact line and
remain afloat at the air-water interface. Subsequently, the floating layer of colloidal
particles is picked up by a second glass substrate [Retsch et al. 2008]. The quality
and size of these monolayers (which can be up to several square milimeters)

determines in great manner the final quality of the samples to be prepared.

The particles used for the monolayer fabrication step were prepared by an emulsifier
-free emulsion polymerization, and purified by several cycles of centrifugation and
redispersion in ultrapure (Milli-Q) water. All glass substrates were sonicated twice
with a 2 % aqueous solution of a comercial detergent (Hellmanex, Hellma GmbH,
Midhlheim, Germany) for 15 minutes, and extensively rinsed with ultrapure water and
ethanol. Plasma cleaning (10 % O2, 90 % Ar, 300 watt, 5 minutes) was used to
hydrophilize the substrates. Finally the substrates were silanized with N-
trimethoxysilylpropyl-N,N,N-trimethylammonium chloride according to a process
reported in the literature [Jonas 2002].

2.2.2 Controlled particle size reduction

After the close-packed monolayer was deposited on the glass substrate, the mean
colloid size was reduced via plasma etching. This process was done in a plasma
reactor. The reactor is composed of a 30 cm long, 10 cm wide glass cylinder, 2
anular electrodes, a high frequency Generator (Eni) and a vacuum pump (Trivac
16BCS, Leybold). The pressure in the chamber reached 10 mbar. The etching gas
flow was controlled via a multigas controller (MKS, 647B). The samples were etched
with 5 SCCM Ar and 1 SCCM O, for 30 seconds, at 130 watts [Tamm 2008].
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Figure 2-4 (a.) presents a scanning electron micrograph of a template before the
ion etching process. The resulting template after the etching process can be seen in
(b.) from a top view, and in (c.), from a lateral one. Different domains form the
monolayers, with a slight missmatch in their orientations, which can be seen in Figure
2-3 (c.). It is evident from this last image that the etching process does not reduce the
colloids homogeneously, but rather strongly from the top, giving rise to ovoidal (or
microlens-like [Tan et al. 2004]) structures that are partially interconnected. This
factor can in principle affect the final shape of the metal nanostructures, as well as
the shadow produced by the neighbouring structures.

2.2.3 Fabrication of the crescent shaped structures

The fabrication of the crescent shaped nanoparticles, starting from this colloidal
mask, follows exactly the same procedure as for the isolated structures introduced in
the previous sections.

Figure 2-5 (a.) and (b.) present pictures (a. optical image, b. SEM image) of a
sample produced by this method. It is important to note that, depending on the quality
of the monolayers, it is possible to produce samples covering an area of several
square milimeters. This method represents clear advantages when compared to
conventional electron or focused ion beam lithography approaches, given its
simplicity and high throughput, and presents a way to produce high quality, easy to

handle macroscopic substrates for plasmonic applications.

The arrangement of the particles, though not completely perfect, extends over
several micrometers. In this scale, the particles are arranged in domains, resembling

grains in polycrystalline materials.

The ease of fabrication and the quality achieved by this method opens a way for
producing high quality substrates for plasmonic application, i.e. arrangements of
split-ring resonators for applications as metamaterials [Pendry et al. 1999; Linden et
al. 2004].
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180 nm PS nanoparticle monolayer before (a.) and after (b., ¢c.) plasma etching. The
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2.3 Surface tailoring I: Thin films on metal nanostructures

The methodology introduced so far deals with the fabrication of bare metal
nanoparticles on flat substrates. The use of compounds like silanes or thiols allows
for the chemical tailoring of both metal and glass surfaces adding functionalities to
the structure/substrate, and allowing for the further attachment of i.e. polymer
brushes, polyelectrolytes, fluorophores, or proteins.

In the following a series of simple surface tailoring procedures are introduced.

Firstly, two simple surface functionalization approaches are presented, combined
with the deposition of polyelectrolyte layers. The results of these procedures are
tested in terms of topology of the samples (via atomic force microscopy
measurements) and optical properties (via transmission spectroscopy).

Secondly, conventional thiol functionalization and streptavidin attachment
procedures are introduced. These procedures are finally aimed to study, in the
subsequent chapters, the sensing capabilities of these particles to a few recognition

events.

All of the methods presented in this section will be used throughout this work and
can be applied not only to the crescent shaped nanopatrticles, but also in principle to
any other noble metal nanoparticle bound to a glass substrate. The procedures
described here will be applied throughout this work and referred to when necessary.

2.3.1 Preparation of thin films and surfaces

The Layer-by-layer assembly of charged polymers is a standard method for growing
films with controlled thickness on the nanometer scale. This robust approach was
introduced by Decher et. al. in the early 90’s [Decher et al. 1992; Decher 1997,
Bertrand et al. 2000; Klitzing et al. 2004]. The method is based on the electrostatic
attraction between oppositely charged polyelectrolytes (PE) and is particularly

attractive because of its simplicity and versatility.
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In order to attach the PE to the structures/surfaces in a controlled manner, two
main surface functionalization approaches were tested. Thiols or silanes with chains
of two different functionalities were used to selectively functionalize the metal
nanoparticles or the glass substrate. The layer-by-layer deposition of thin
polyelectrolyte bilayers was carried out in the same manner for both approaches; the
resulting surface morphology was investigated by means of atomic force

measurements.

To this purpose, standard gold crescent-shaped nanoparticles were prepared on
glass substrates. The samples were exposed to different surface functionalization
agents and subsequently immersed alternating in cationic and anionic polyelectrolyte
solutions in order to build up nanometric layers on top of the nanostructures.

2.3.2 Surface functionalization

The samples were modified with either a thiol or a silane, which attach preferentially
to the gold or to the glass surface, respectively (Figure 2-6). After this, they were
immersed in the polyelectrolyte solutions as many times as required. In the following,
the surface functionalization procedures are described in detail.

2.3.2.1 Silanization with APTES

The samples were introduced in a clean glass container together with some drops
of 3-aminopropyltriethoxysilane (3-APTES) (Aldrich). The system was heated to 135
°C and the substrates were exposed to the vapor of the silane for 3 hours. After this
treatment, the samples were removed from the container and thoroughly rinsed with
ethanol, ultrapure (Milli-Q) water and dried with nitrogen.

2.3.2.2 Thiol functionalization with 3-MPA

The samples were immersed for 1 hour in a 3 mM aqueous solution of 3-
mercaptopropionic acid (3-MPA) (Sigma), rinsed thoroughly with ultrapure (Milli-Q)

water, and dried with nitrogen.

32



Chapter 2 — Fabrication

NH2

Nanocrescents
v b.
|\\\\\\\| [y LTI lww +\

I» Si 4/”
Glass /AT~
O o O S
3-APTES I n |
. P
NH;* CI
COOH S0y Ne”
Al U Suue - é PAH PSS
| |
S
3-MPA ——

Figure 2-6 (a.) Schematic drawing showing the attachment of silane and thiol monolayers on
the glass and gold surfaces (b) structures of PAH and PSS

2.3.3 Polyelectrolyte attachment

Polyelectrolyte layers were built on the samples using polyallylamine (PAH) and
polystyrene sulfonate (PSS) as polycation and polyanion. Polyallylamine
hydrochloride (PAH) (Aldrich, M,, = 15000) and polystyrene sulfonate (PSS) (Aldrich,
M,, = 70000) aqueous solutions were prepared for this purpose, and brought to pH ~3
via addition of HCI. Salts were added to adjust the ionic strength of the solutions,
following the general characteristics of a procedure described in the literature
[Vasilev 2004]. The concentration of the polyelectrolytes was 0.02 M (in monomer
units), 0.5 M for the MnCl, (PSS solution) and 2 M for NaBr (in the PAH solution).
After the silane and/or thiol treatments, the samples were immersed alternatingly in
the PSS and PAH solutions, building up the bilayers. For each bilayer cycle the
samples were immersed for 20 min in the polycation solution (PAH) and then rinsed
several times with ultrapure (Milli-Q) water. After this, they were dipped in the
polyanion (PSS) solution for another 20 min and rinsed again with ultrapure water.
Once the desired number of bilayers was reached, the samples were dried using a

stream of nitrogen.
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Characterization

Topography

The topography and phase of the surfaces upon the addition of functionalizing
agents and polyelectrolyte bilayers were investigated using atomic force microscopy
(AFM). The images of the samples were taken in air at room temperature with a
commercial AFM (Nanoscope Illa, Veeco) in tapping mode. Silicon cantilevers
(Olympus) 160 um long, 50 um wide and 4.6 um thick, with an integrated tip of a
nominal spring constant of 42 N/m and a resonance frequency of 300 kHz were
used. The tip was scanned at rates around 0.4 Hz for scan sizes ~2 microns, and

minimal applied forces were used when imaging.
UV-Vis/NIR transmission spectroscopy

Non-polarized light transmission spectra were recorded in an UV-Vis/NIR
spectrometer (Perkin Elmer, Lambda 900), both before and after the treatment with

the different materials, for each sample.

Results

Figure 2-7 presents topography and phase images of a typical sample, where the
crescent-shaped particles are easily recognized: a profile of these structures shows
their thickness, corresponding to the values expected from the metal deposition
conditions during the sample making process (~35 nm). The random distribution of
the particles on the surface and the fact of having the same orientation is typical for
their fabrication process.

3-MPA Thiol — functionalized samples

Figure 2-8 documents the evolution of the topography and in phase for samples
functionalized with 3-MPA (thiol with negative charge, used to attach positively
charged polyelectrolytes to the gold structures) and the addition of a different number
of polyelectrolyte (PE) bilayers (between 0 and 9). Both sets of images show that the
amount of material on the glass and nanoparticles increases with the number of
immersions of the samples in the polyelectrolyte solutions; these measurements
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show also the progressive loss of sharpness of the structures upon the addition of
the polymer.
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Figure 2-7 Tapping mode AFM topography (a) and phase (b) images of gold crescent shaped
nanoparticles on glass. A height profile of the nanoparticle and substrate (along the indicated
vertical line) is presented in the inset.

The topographic images reveal that the height of the polyelectrolytes goes up for the
nanoparticles and for the kind of circular islands the polyelectrolytes form on the
glass substrate upon the immersion in the PE solutions. These facts allow to
estimate the increase of thickness per bilayer, which is about 4 nm per PAH/PSS
cycle, up to 3 bilayers. The adhesion of material on sites not corresponding to the
particles themselves might be due to electrostatic interactions between a negatively
charged glass surface and the positively charged PAH, leading to the formation of
the growing polymer islands. For seven and more deposition cycles (Figure 2-8 d.
and Figure 2-8 e. ), the phase images reveal that the whole sample is fully covered
by the same material (polyelectrolytes), so that the localization of the nanopatrticles is
only possible by means of height measurements with the AFM.
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Figure 2-8 AFM topography and phase of samples with nanocrescent structures treated with 3-
MPA, as a function of the nhumber of times dipped in polyelectrolyte solutions (PAH+PSS): a) 0
bilayer; b) 1 bilayer; c) 3 bilayers; d) 7 bilayers; e) 9 bilayers. The vertical scale is 50 nm in all
cases. The insets present the phase image of the selected area from the topographic image.
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3-APTES silanized samples

After the silanization process of the samples, the APTES is covalently bond to the
glass forming a rather smooth monolayer on the substrate (RMS = 0.5 nm in the
areas without crescents). The APTES carries a positively charged amino function, on
which the negatively charged PSS can electrostatically attached, and subsequently
multiple bilayers, grown. When adding the bilayers, the height profile images (Figure
2-9) shows that the relative height of the nanostructures with respect to the surface is
not changed (always 35 nm approx.). By looking at the phase image of a sample only
treated with the silane (Figure 2-9a) and to other silanised samples with 2 and 4
polyelectrolyte bilayers (Figure 2-9 b and c, respectively), a change in the phase on
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the different components can be clearly noticed, which indicates that the PSS and

PAH system is attaching to the silanised glass as well as to the gold crescents.
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Figure 2-9 Tapping mode AFM phase images (top) and section profiles (bottom) for samples
treated with APTE and with 0 (a), 2 (b) and 4 (c) bilayers of polyelectrolytes. All the images have
the same z-scale. Their corresponding topographic images are presented in the insets.
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Figure 2-10: extinction spectra before (black) and after (grey) the attachment of 3-MPA (a.) and
of 3-APTES (b.) and 3 polyelectrolyte bilayers.

Figure 2-10 (a.) and (b.) present the extinction spectra of crescent shaped
nanoparticles before and after the surface functionalization and polyelectrolyte
attachment. The displacements of the resonances are comparable in both cases,
showing as indication that the attachment of the polyelectrolytes on the structures is
in both cases comparable. The topographies are, on the contrary, quite different. The
silanization procedure gives rise to a thorough, smooth coverage of the samples,
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while the thiol functionalization results in a coverage of the gold structures, but rather
appears to form agglomerations on the rest of the sample.

Since the optical response of the crescents is comparable in both cases, the use of
one or another functionalization approach will be determined by the application; i.e.
where a full coverage on the whole surface is needed, APTE will be the choice.

The thiol approach, faster and simpler than the silane one, will be the common

approach for following experiments involving PE attachment to the metallic

nanoparticles, unless otherwise specified.
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2.4 Surface tailoring Il: surface modification for the study of bio-
recognition events

A second approach to add chemical functionality to the samples was explored, in
this case, a conventional biotinylation procedure and further binding of streptavidin.
These procedures are of fundamental importance for further studies on the sensitivity
of the metal nanopatrticles to bio-recognition events.

In this section, the materials and procedures used for further bio-recognition test that

will be presented and used throughout this work are introduced.

2.4.1 Biotinylation

The Au and Ag nanocrescents supported on a glass slide were incubated
during 8-10 hours in an ethanolic solution containing a binary mixture of a
biotin-terminated thiol (12-mercaptododecanoic-(-8-biotinoylamido-3,6-
dioxaoctyl)Jamide) (Aldrich) and a  hydroxy-terminated thiol (11-
mercaptoundecanol) (Aldrich) in a 1:9 ratio. This particular composition
provides the optimum coverage of biotin centers for obtaining maximum
streptavidin (SAv) binding, as reported by Spinke et al [Spinke et al. 1993] and
Lopez and-coworkers [Pérez-Luna 1999F.

2.4.2 Streptavidin (SAv) attachment

The bioconjugation of SAv (Aldrich) was accomplished by placing the biotinylated
substrates in 1 [IM SAv (in 0.1 M phosphate buffered saline “PBS”) during 2 hours
followed by extensive rinsing with ultrapure (Milli-Q) water.

2.4.3 Bioconjugation of the SAv-modified Au nanoparticles (SAv-
AuNPs)

The glass-supported biotinylated Au and Ag nanocrescents were immersed
during 2 hours in a SAv-NP suspension (0,01 M phosphate buffered saline

% This procedure was optimized originally for gold surfaces, but will be applied here both for Au and Ag
nanoparticles
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(PBS), pH 7.2, 1% bovine serum albuminum (BSA), 20 % glycerol, 15 nM sodium
azide; ~2.5 Asz units/mF) commercially available from Sigma Aldrich. The size of
the Au NP was 10 + 2 nm. After the incubation in the SAv-NP solution the
samples were carefully rinsed with ultrapure (Milli-Q) water.

2.5 Summary

In the last two sections several simple and versatile surface treatments were
introduced, first, to build up thin polyelectrolyte layers on the metallic nanostructures

and the substrate, and second, to bind SAv-terminated species to the nanoparticles.

The different surface chemical functionalization to build the polyelectrolyte layers
gave comparable results in terms of optical properties; a further selection of a
method in particular will be based in the surface morphology desired for each

experiment.

The biotinylation and bio recognition schemes were briefly introduced as an

extension of the fabrication techniques / surface functionalization procedures.

All the methods presented here have a general character and can in principle be

applied to other nanoparticles bound to a substrate.

? Aszo corresponds to the absorption at 520 nm for a calibrated solution (Aldrich).No further data is
available on the product description available online to date.
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3 . Understanding resonances

Crescent-shaped metal structures show interesting resonances in the near infrared
part of the spectrum [Rochholz 2005]; which can be measured as strong extinction
peaks in conventional UV-Vis/NIR transmission spectroscopy [Shumaker-Parry et al.
2005]. In order to understand and control these optical resonances, a thorough study
on crescents with different geometrical characteristics was carried out [Rochholz et
al. 2007]

In this chapter, a brief summary on previous [Rochholz 2005] and new results on the
optical properties crescent shaped nanostructures is presented, along with a

qualitative interpretation of the measurements.

Section 3.1 deals with the optical response of isolated particles prepared on glass
substrates. Section 3.2 summarizes first results on close-packed arrangements of
nanocrescents. Finally, the conclusions extracted from both approaches are

presented.

3.1 Isolated particles

Crescent shaped nanoparticles can be described, in terms of geometry, via the
mask size (dcon), deposition angles (6)), rotation angles for multiple metal deposition
processes (¢ j), metal thickness (t) and ecthing angle (g).

Previous studies [Rochholz 2005] have shown that the crescents’ contour length
plays a fundamental role in the ocurrence of the different resonant modes. The latter
can be tailored by changing any of the geometrical parameters already introduced. In
order to study systematically the influence of the contour length of the nanocrescents
on their resonances, a simplified approach is presented. Structures produced with
the same colloidal masks (equal size) and varying opening angles (¢;) were

produced, leaving all other parameters constant ( t, €, 6, ).
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3.1.1 Varying ¢ structures
Sample preparation

The experiments presented in this first approach correspond to structures produced
using 200 nm colloids, gold as a material, 6 = 30° 0° < ¢; < 160 ° and 2 metal
depositions, 20 nm thick each. All samples were etched using with an Ar ion-beam

perpendicular to the substrate (e = 0).

Table 3-1 displays a summary of the cases presented in this work

(0] Structure
0 (1 metal deposition) Bocchio
40 (2 metal depositions)
50 Extracted from the PhD
thesis by H. Rochholz
80
Crescents [Rochholz 2005]
100 ©
120 “
140 “
160 ©
180 “ Asymmetrical rings
3 metal depositions _ . Bocchio
Symmetrical rings
at 0° 120°and 240°

Table 3-1: geometrical configurations of crescent shaped nanoparticles

Characterization

Extinction spectra of the particles produced on glass substrates were recorded in an
UV-Vis-NIR spectrometer equipped with polarization optics (Perkin-Elmer, Lambda
900) operating in transmission mode. Scanning electron micrographs were recorded
on a Leo Gemini electron microscope, model 1530.

Figure 3-1 presents a sketch of the paticles’ geometry, and their orientation relative
to the incident electric field component for polarized-light transmission

measurements. In the following, these excitation conditions will be referred to as “u”,
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when the light is polarized parallel to the symmetry plane of the particles, and “c” in
the perpendicular case. The structures can the be read as the letters “u” and “c” for

these two combinations.
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Figure 3-1: sketch of the “u” and “c” polarizations; the dashed arrow represents the electric
field

Results and discussion

Figure 3-2 presents the extinction spectra of samples with prepared ¢ = 0°, 40°, 60°,
80°, 100°, 120°, 140°, 160° and 180°, for both ¢ and u polarizations (a. and b.), and
for non-polarized light (c.). For easier understanding and visualization, Figure 3-3
presents scanning electron micrographs of some representative structures with ¢ =
0°,120°, 140°, and 180°.

A naming code for the strongest resonances is assigned based on the dataset
corresponding to [1 = 120° (see Figure 3-2). It is composed namely by the
polarization condition (¢ or u), and the order of occurrence of the peaks in the

spectrum (lower numbers for lower energy resonances).

As it is evident from the measurements, the particles exhibit completely different
extinction spectra upon illumination with light polarized parallel and perpendicular to
the symmetry plane of the structures. The discussion and interpretation of the data
will be focused on the strong, reproducible features like c1, c2, and ul1. Further
considerations on the weaker features (w1, w0, pp) will be done following the latter.

Structures with large gaps

Figure 3-2 presents polarized (a. and b.) and non-polarized (c.) extinction spectra of
crescent shaped samples prepared with two metal evaporations, [1 ranging from 0° to
180°. All samples measured with u polarization present one main peak that evolves
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from approximately 800 nm on into the infrared, for increasing [/ This resonance is
termed u1. A second resonance is present at roughly 550 nm, but it does not seem
to shift significantly.

For the c¢ polarization, 2 main peaks are detectable, which also red shift
systematically upon closing the gap in the structure. These considerations hold up to
1= 120° These resonances are termed c¢2 and c1. A third weak peak is also
detectable at about 500 nm that, as in the case of the u resonance, does not seem to
red shift significantively upon the gap closing of the nanostructures.

The non-polarized measurements (see Figure 3-2 c.) are a combination of the
results for the two main polarizations. Within experimental accuracy, the extinction
E([7) for an arbitrary angle & of the polarization of the incident light relative to the long

axis of the crescents follows:

BO)=E, sift(0)+E.cos(0)

with the extinctions Ey and E¢ as obtained for u and ¢ polarizations [Rochholz 2005].
This shows that the microscopic symmetry of the sample directly translates in a
macroscopic response and no further effects due to an imperfect sample preparation

or experimental artifacts are observed.

Structures with small gaps

The spectra measured for “small-gap” structures (9. > 120°) with ¢ poalrization
changes qualitatively from the “large-gap” cases. A new double peak structure
emerges around 1070 nm, and a peak appears around 1900 nm, which does not fit in
the progression of the increasingly red-shifted ¢ peaks. This behavior can be
interpreted as being due to the two tips starting to interact optically at 1= 140° ( see
Figure 3-3).
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Figure 3-2: Extinction spectra for varying crescent opening, produced by double evaporation

(¢) as indicated in Fig. 1. The diameter of the masking colloid and the film thickness were held
constant at d ;=200 nm and d,,=2x20 nm respectively. a), b) and ¢) show extinction spectra
recorded with u-polarized, c-polarized and non-polarized light, respectively.

45



Chapter 3 — Understanding resonances

¢ = 140° ¢ =180°

Figure 3-3: crescent shaped nanoparticles produced by multiple metal depositions, with
different ¢;, with exception of the first (¢ = 0, 1 deposition). The scale bar represents 200 nm.

Figure 3-4: Representative scanning electron micrographs of crescents prepared with (0: 140°.
(dcon: 200 nm, ta,: 20nm+20nm). The scale bar represents 500 nm.

The response obtained for ¢ =140°, where for perfect samples a very small gap is
expected, and for ¢ =160° (where the gap is expected be closed from geometrical
considerations) are similar, but do not fit in the continuous evolution of the structures
with large gap. For the symmetric structure obtained for ¢ = 180° again a

qualitatively different behavior is observed, where for each polarization one strong
peak is detected.
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Figure 3-4 presents a scanning electron micrograph of a ¢=140° sample. The
majority of the crescents still appear to have a small open gap but apparently
sufficiently close tips already interact, dominating the optical response of the entire
structure. No effect of gap closing is seen in the extinction spectra for u-illumination.
This can be understood based on the symmetry of both illumination conditions and
the crescents. Upon illumination with u-polarized light the tips of the structure are
equally charged at any time and at the gap no current flows. As a result, no drastic
effect on the resonances is observed and the spectra for ¢ = 160° are very similar to
the ones obtained for ¢= 140°. Scanning electron micrographs of these two samples

show in both cases a majority of ring-like structures that still exhibit a small gap.

For ¢ = 1809, closed structures with two symmetry planes are obtained. They exhibit
an optical response which is again qualitatively different from the ‘almost connected’
ring structures obtained with ¢ = 160° and ¢ = 140° Only one characteristic
resonance peak for each polarization is observed at 1419 nm for u and at 1377 nm
for ¢ polarizations, which resembles the response of ring-like structures [Aizpurua,
Hanarp, Sutherland, Kall, Bryant and de Abajo 2003]. The fact that both resonances
do not appear at the same wavelengths when excited in either the ¢ or u conditions
reflects the fact that by double evaporation still no rotational symmetry is obtained
(see Figure 3-3). An extra shoulder is observed in the 800 nm range for the u
polarization measurement performed on this sample, related most likely to the u1

resonance of the single crescents.

Structures that almost exhibit rotational symmetry are obtained when three metal
layers are deposited on top of the colloidal mask with equal angular spacing in
between deposition steps (¢ = 0°, 120%, 240°). Extinction spectra measured on such
structures for the two main polarizations and for non-polarized light are shown in
Figure 3-5. The higher symmetry of the particles gives rise to almost identical
spectra. When considering this structure, it is possible to identify this resonance with
the dipolar resonance on ring-shaped metal objects as discussed by Aizpurua et. al
[Aizpurua, Hanarp, Sutherland, Kall, Bryant and de Abajo 2003] with a charge
distribution as sketched in Figure 3-5 c). This resonance, the one with the lowest
order possible, allows in turn for an ordering of the other strong features, once these

are separated by means of polarization measurements.
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Figure 3-5: a) UV-Vis extinction for non-polarized, ¢ polarized and u polarized light of a
structure that was obtained by a triple evaporation routine with (¢ : 02, 1202, 2402, t,,=3 x 20
nm, d.,;=150 nm colloids); (b.) corresponding scanning electron micrograph
(c) Sketch of the structure as produced and of the proposed oscillating charge distribution of
the resonance
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Figure 3-6: influence of crescent contour length on the optical resonances. a) Resonance
wavelengths for a range of rotation angles ¢ as indicated in the graph. b) Resonance
wavelengths (A..s) normalized by the contour length (l.) of the crescent; see text for details.
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Data analysis

The peaks’ positions and widths can be determined from fitting Lorentzian curves to
the measured extinction spectra. This method has been proven the most suitable one
in terms of minimal error (see details in Appendix C and [Rochholz et al. 2007]). This
fact is particularly important because it implies that, in spite of investigating an
ensemble of particles, the major contribution to the finite width of the measured
maxima is due to the lifetime-limited line width of the resonances. These results imply
that the line widths as obtained from the fits are a true physical property of the

observed resonances.

Multiple resonances in nanocrescents — Interpretation

Peak positions as determined from fitting procedures for structures with large gaps
(@ =120°) are displayed in Figure 3-6 (a.). Apart from the pp resonance, all maxima
appear clearly red shifted with increasing rotation angles (¢) in between deposition

steps.

The simplest geometrical approximation for a crescent is a rectangular slab, a case
that has been thoroughly studied in the past [Krenn, Schider, Rechberger,
Lamprecht, Leitner, Aussenegg et al. 2000; Schider et al. 2003] The resonances
excited along the slab can be interpreted as standing waves along the structure,
formed by a superposition of a forward and a backward propagating mode of an
infinitely extended stripe. For narrow structures only one fundamental propagating
mode, analogous to the zero-order mode in dielectric waveguides is supported for a
specific wavelength. This phenomenon allows for the determination of the dispersion
relation of this mode by assigning the proper integer number of nodes for the
observed standing wave resonances [Puscasu et al. 2001; Schider et al. 2003].

In a simplified slab model, a resonance occurs whenever the resonance condition

is fulfilled, n being the order of the resonance, L the length of the supporting metal
structure and A the wavelength of the supported mode. Although the crescents

under investigation are clearly different from a rectangular slab since they are both
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bent and do not possess a constant width of the metal, comparison of these two
cases provides first physical understanding of the resonances. First evidence that the
description as slabs even provides quantitative information is rationalized by
normalizing the experimentally observed resonance wavelengths by the contour

length I; of a crescent, approximated by
d
le = 020” (a' | ¢)

where dqoy represents the diameter of the mask, o and ¢ are geometrical parameters
introduced in the prevoius sections. This quantity is identified with the length L of the
model slab. If the dispersion relation w(k) for the guided modes is linear in the
frequency regime under consideration, the quantity A/l is expected to be constant.
A detailed plot of this quantity for the measured resonances is shown in Figure 3-6
(b.). An approximately constant value for A.s/lc is seen for the u1 and ¢1 resonances,
while the short-wavelength resonance c¢2 shows a slight deviation from this
behaviour. The resonances at ¢=140° and beyond are not considered since here gap
closing, a clear topological change occurs. The pp resonance is included for
comparison. lts resonance wavelength is fairly independent of ¢; as a consequence,
the quantity A.s/lc exhibits a clear and regular decrease, according to the increase in

the particles’ contour length. A dispersion plot can be constructed calculating the

wave vector k and the angular frequency ®, as follows:

I = 2r _nw nw 2nzw

P [dw% (0+ a)} d,lp+a)

a)=27w=27£L

The order n of the resonances can be deduced from the observation that ul is
continuously transformed into the dipolar ring resonance upon gap closure. Thus, ui
is identified with the charge distribution corresponding to n = 2 as sketched in Figure
3-7. Then, ¢1 and ¢2 can be assigned to n = 1 and n = 3, respectively. In order to
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excite these resonances, the electrical field vector must be parallel to the net
polarization of the crescents in perfect agreement with the experimental observation.

n + py

U1 (9=160°) U1 (¢=0°) C1 C2

Figure 3-7: Sketch of charge distribution for the resonance on a closed ring and the three
strongest resonances of open crescents.

Using these values for n, the dispersion curve shown in Figure 3-8 is constructed.
The behaviour of ¢1 (n=1), ul (n=2) and ¢2 (n=3) is in good agreement with a
dispersion curve as it was discussed for the rectangular slab [Schider et al. 2003],

thus providing a very good description of the three strongest resonances.

While the slab model applied fails to describe the pp resonance, a simple
interpretation will be given based on the experimental data discussed below. It must
be noted that the description in terms of standing waves on a slab with two no
interacting ends is restricted to large-gap geometries (0°< @, <120°), it is neither
applicable for the ‘small gap’ (140°< ¢ <160°) nor for the fully symmetric structures (¢
=180°).

I I
0 5 10 15 20 25 3035x10°

k[1/nm]

Figure 3-8 : dispersion plot w(k) for five resonances. The dotted line indicates the limiting
frequency for surface plasmons on plane substrates.
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The weaker w0 and w1 resonances cannot be described in this simple picture.
These resonances would follow the same dispersion curve if the non-integer orders n
(w0) = 0.65 and n (w1) = 1.3 were assigned; remarkably these numbers differ by a

factor of two.

The structures with ¢; > 0 were all prepared in two evaporation steps. The resulting
strength of w0 is quite variable as can be seen in Figure 3-9. It is possible to note
furthermore that the strength of w1 is correlated with the one of w0. This may
suggest that wO and w1 are based on a physical effect that is somewhat different
from the effect leading to the other, stronger maxima, probably, colloid aggregation

and the resulting optical interaction of crescents plays some role for these features.

The weaker (w0 / c0) resonance - a colloid aggregation problem?
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Figure 3-9: Extinction spectra of two independent samples, prepared on the same manner, but
using two different concentrations of colloids for the mask

Figure 3-9 presents extinction spectra of standard gold crescent shaped
nanoparticles, made with the same geometrical characteristics, but using 2 different
colloidal masks concentrations (1:100 and 1:20, [v/v]), freshly prepared. The use of a
suspension with higher concentration of colloids gives rise to a significative increase
in the relative intensity of w0, which appears at roughly 2000 nm in the spectrum.
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This phenomenon is also polarization dependent and can only be observed for the ¢
condition (w0 can also be termed as c0 — see Appendix B for an example).

A simple explanation to this fact would be given by an agglomeration of colloids; the
use of freshly prepared, very diluted suspensions (i.e., 1:100), although reducing the
overall signal, would diminish the probability of agglomeration of the colloids and the
occurrence of this effect on the samples. Since this effect appears related to
preparation conditions more than being an intrinsic property of the samples, it is
considered to be an artifact in the measurements and having no physical relation to

true resonances of the crescent nanoparticles®.

3.1.2 Metal thickness (t)

It has been observed previously that the metal thickness does not seem to play a
fundamental role in this system, in terms of new resonances [Rochholz 2005] but it
rather contributes as a tailoring factor in terms of spectral occurrence of the main
modes. Thicker structures have been observed to give rise to more blue shifted
resonances in other systems [Willets and Van Duyne 2007]; a similar effect has also
been observed for the crescent shaped nanoparticles [Rochholz 2005; Rochholz et
al. 2007].

3.1.3 Colloidal size (dcon)

The overall size of the crescent shaped nanoparticles can be controlled by changing
the size of the colloids used as a mask. A thorough size-dependent study, for other
constant geometrical parameters (¢ = 0, 6 =30, 1 deposition, Au, 40 nm thickness)
has been carried out previously [Rochholz 2005]: The data has been reproduced
here for clearer understanding, see Figure 3-10. As an empirical trend, a linear
dependence of the peak wavelength on crescent diameter is observed [Rochholz
2005)°, the data appear to lie close to lines that intersect for decreasing crescent

* A similar contrast was observed for structures prepared with two metal depositions, and no rotation in
between steps ([Rochholz, H., N. Bocchio, et al. 2007] Rochholz, H., N. Bocchio, et al. (2007). "Tuning
resonances on crescent shaped noble metal nanoparticles " New Journal of Physics 9(53)., compared
to structures prepared with one metal deposition. In that case, no specific correlation with the colloid
concentration of the mask was studied, and the samples were prepared in separate batches, so an
effect of the thickness, colloid agregation or contamination in between metal deposition steps cannot
be directly ruled out from the measurements.

* The colloid size (dcoll) presented in these measurements corresponds to the nominal size provided
by the manufacturer (Polyscience). This data should only be used as a general indication of size,
since significative deviations can occur in reality (see Appendix C).
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diameters approximately at the particle plasmon wavelength (530 nm). In this case it
is not possible to collapse the resonance frequencies as obtained from crescents
with varying diameter on the same dispersion curve. This can be understood since
upon increasing deoi, both the contour length I and the width w of the crescent are
increased while variations in ¢ only change I while keeping a constant crescent
width. Normalization by the contour length Figure 3-10 c) suggests a decrease in the
wavelength of guided modes with increasing width w of the structures.
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Figure 3-10: (a) Peak positions as a function of colloid diameter. (b) Peak wavelength
normalised by I [Rochholz et al. 2007].
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Figure 3-11: a), b) pp resonance for d.o; = 400 nm and d.o; = 300 nm (c) Sketch of the
polarization of a resonance which is perpendicular to the rod for the two fundamental
polarizations [Rochholz et al. 2007].

Furthermore, an apparent shift of the pp resonance to longer wavelengths is noted
for increasing crescents’ diameters in the size range explored, the shift being more
pronounced for u than for ¢ polarization. This is most clearly seen for the largest
masks (deon = 300 nm, deoi = 400 nm); the corresponding extinction curves are
displayed in Figure 3-11. This observation points towards an interpretation for these
maxima.

Locally, the crescents behave similar to a rod that supports, in addition to the
standing waves along its long axis, resonances along its short axis. Such resonances
are excited on the crescents for u and ¢ polarizations predominantly at the positions
indicated in Figure 3-11 c¢). As a consequence, u light excitation corresponds to
resonances on a broader rod than c-light excitation, explaining the observed red shift
(compare to [Schider et al. 2001]). Upon excitation with ¢ polarized light only a weak
maximum is present in agreement with the observation that in this case the ¢ = 0°
crescent does not exhibit much portions where transverse resonances can be
excited. A reinvestigation of the effect of a variable ¢ shows that the strength of pp in

c-polarized extinction increases for increasing ¢. This is intuitively clear since for a
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more closed structure a longer portion can be described as a rod oriented
perpendicular to the exciting electrical field in ¢ — polarization. °

3.1.4 Metal deposition angle (6 ;)

In order to study the influence 6, in the optical properties of the nanocrescents,
standard crescent shaped nanoparticles were prepared with 3 different deposition
angles, 6, =20°, 30° and 40°. The deposition angle should influence the width of the
particles (see Chapter 2) considerably. According to the formula presented in
Chapter 2 to estimate w (width of the particles), the widths should increase in a 1.4
and 1.8 factor for 6, =30° and 40°, taking the 6, =20° as a reference, which should in
principle affect the u1 resonance. Figure 3-12 presents the results for samples with 6,
=20°, 30°and 40°.

No clear trend in peak position or width of the resonances is evident for this range of
0 explored. All samples were prepared on the same batch, reason for which the
influence of thickness variations in peak position/width is considered to be minimum.
Further atomic force (AFM) characterization” (see Figure 3-13) of these structures
shows no major geometrical differences among the structures, which explains the
similarity of the spectra.

These measurements indicate then that the geometrical model for the estimation of
the maximum width (w) does not fully describe the final shape of the structures, and
should only be taken as an estimation. A possible explanation for the deviation from
the model could be, i.e. extra sputtering from the etching step. This effect can be of
considerable magnitude and has already been used by other authors to produce
nanorings [Aizpurua, Hanarp, Sutherland, Kall, Bryant and Garcia de Abajo 2003].
For practical purposes then, and for this size range of the structures, a variation of 6,
does not play a fundamental role in the crescent’s shape, and as a consequence,
neither on the resonances’ position or width. Further studies are necessary for larger

masks and wider 6 ranges.

®General remark - all data concerning size of the colloids bought from Polyscience corresponds to the
nominal diameter provided by the manufacturer. These values should be taken only as a rough
reference; since SEM images have shown deviations from these values (see Appendix C for further
details).

" AFM measurements can have a lateral resolution in the 5 — 10 nm range, which, though low, should
be enough to detect differences of the order of 80% in 70 nm structures.
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Figure 3-12: extinction spectra of standard crescent shaped nanoparticles prepared with 9,

=20°, 30° and 40°. The curves have been displaced vertically for clarity.

Resonance
C. U, C,
Ap [NmM] V{\:g%h Ap [NnmM] V[\QS;T Ap [NmM] V[\QS;T
06=20° 714.4 60.6 868.8 71 1345 92
0=30° 692 78 830 67 1280 104
0=40° 755 83.3 900 86.2 1353.7 101

Table 3-2: peak position and width of the main resonances, as determined from lorentzian fits
to the measurements
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Figure 3-13: atomic force measurements, height AFM measurements of samples prepared with
06 =20°(a.), 30°(b.) and 40° (c.). The scale bar represents 100 hm.
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3.1.5 Etching angle (¢)

The etching was done perpendicularly to the surfaces in all cases presented here.
The use of a € # 0 influences the final width of the structures since the colloids act as
a mask protecting the metal behind them, if € >0 [Rochholz 2005]. Since all studies
were mostly focused on varying the contour length of the particles, this parameter
was not further explored.

3.1.6 Materials

All nanostructures presented so far were produced using gold. In order to study the
influence of a different material in the optical properties of the structires, standard
crescent shaped nanoparticles were prepared using silver as metal’. Figure 3-14
presents the extinction spectra of particles prepared with gold (a.) and silver (b.).

In general, both spectra look very similar at first sight; all main resonances appear in

similar spectral ranges.

Table 3-3 summarizes the information extracted from the extinction measurements
for both Ag and Au structures, namely, peak position and width of the main

resonances.

® It has been discussed that for large particles, the main parameters to tailor resonances are size and
shape [Murray, W. A. and W. L. Barnes 2007] Murray, W. A. and W. L. Barnes (2007). "Plasmonic
Materials." Adv. Mater. 19: 3771-3782.. The use of Ag is presented as an alternative to Au and the
limiting size tailoring to blue shift the resonances of the crescents.
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For the Ag nanostructures, peak positions for all resonances are blue-shifted with
respect to the Au structures (some 60 to 90 nm, depending on the resonance). The
width of the peaks does not follow the same trend, appearing in some cases broader

as for Au. This could be related to different factors, i.e. surface roughness, oxide
formation, etc.
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Figure 3-14: standard crescent shaped nanoparticles prepared using gold (a.) and silver (b.)

Resonance

C. U, C,

Ao [nm] [ Width [nm] | A, [nm] | Width [nm] | A, [nm] | Width [nm]

Au 721 56 859 74 1278 91

Ag 636 52 791 104 1210 113

Table 3-3: peak position and width of the main resonances for standard crescent shaped
nanoparticles produced using gold and silver.

The main drawback about the use of silver is that it is prone to be corroded and
requires extra care in handling and storage, reason for which its use has been
somewhat limited. Further studies should include the fabrication of nanocrescents
with multiple deposition, to study the influence of the oxide formation in the

fabrication process and the effect on the optical properties, a issue that remains an
open question [Rochholz 2005].
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3.2 Close-packed crescent shaped nanostructures

Metal nanostructures with small separation distances can show different optical
properties than the isolated particles, some of which have proven most interesting for
distance-sensing approaches [Sdnnichsen et al. 2005; Jain et al. 2007]. From a
practical point of view, substrates covered with a high density of particles on their
surfaces can provide a fundamental technical adavantage for applicantios, since, i.e.
higher absolute absorption/scattering could be achieved or chip strategies for
sensing platforms could be implemented. The same considerations hold when
thinking of arrangements of nanocrescents as basic building blocks for negative

refractive index / metamaterial applications.

All investigations presented so far on nanocrescents are based on particles well
separated from each other (some hundred nanometers in between them). No
systematic experimental data is available so far on coupled nanocrescents, save the
earlier work of Enkrich et al.[Enkrich et al. 2005] , producing arrangements of
nanosplit resonators via e-beam lithography. In this section, a model structure
consisting of close-packed arrangements of nanocrescents is compared to an
isolated particle case, in terms of their optical properties. General considerations
about the geometry of the particles, the fabrication method and the measurements
are introduced, along with a qualitative comparison to other coupled-particle cases

reported in the literature.

3.2.1 Experimental

In order to investigate the effect of small inter particle distances in crescent shaped
nanoparticles, close-packed arrangements of crescent shaped nanostructures were
prepared according to the method introduced in Chapter 2. A monolayer of 180 nm
polystyrene (PS) nanoparticles was built on a glass substrate, etched to a final
diameter of approximately 150 nm, and used as a mask for the crescents’ fabrication.
A second sample consisting of isolated particles was prepared using well-dispersed
145 nm PS colloids. All glass surface treatments (cleaning, silanization) and all

geometrical characteristics (one metal deposition, ¢ = 0°, 6 = 30°, 1 nm Cr, 40 nm
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Au, € = 0) were set equal for both experiments (see Chapter 2 for further details on

the fabrication process of these samples).

The samples were characterized via scanning electron microscopy (SEM) and UV-
Vis/NIR extinction spectroscopy.

3.2.2 Results and discussion

Figure 3-15 (a.) and (b.) present scanning electron micrographs of the isolated (a.)
and close-packed (b.) nanocrescent samples; figures (c.) and (d.) present the
corresponding extinction spectra, measured in transmission mode. In (a.) particles
appear scattered on the surface, with a mean interparticle distance of some tens of
nanometers, while in (b.), the close packed arrangement of crescents imposes a tip-
to-tip distance in the order of 10 nm. A surface coverage with metal nanoparticles in
the 30%-40% range can be estimated from the SEM images.

The corresponding spectrum for the isolated particles (c.) shows all characteristic
resonances described in the previous chapters. For the second case (d.), the
resonances are still easily recognizable, though they are considerably wider than in
the isolated particle case.

Table 3-4 summarizes the information extracted from the extinction spectra, by fitting
Lorentzian curves to the measurements in Figure 3-15 (c.) and (d.). The data shows
clearly the widening of the resonance, particularly c1, when the particles are
arranged close together.

An important effect expected for a coupled-particle system is the red-shifting of their
resonances [Reinhard et al. 2005; Sénnichsen et al. 2005; Jain et al. 2007]. This
effect is not directly evident from these experiments, at least not for all resonances
(see Table 3-4). Size and shape of the crescents can affect considerably the spectral
occurrence of the resonances [Rochholz et al. 2007]. In the case presented here,
both structures are comparable, but not exactly equal, a fact that might contribute to
these differences; i.e. the isolated crescents show considerably sharper tips than the

ones in the arrangements. Since the tips give rise to important field confinement in
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these structures, their shape modification could give rise to important displacements
in the spectra.

When analysing other relevant geometrical parameters, i.e. size, it is possible to
notice that the width of the resonances for isolated particles is not so strongly
affected by small size differences when compared to previous data [Rochholz et al.
2007]; the clear widening observed here for the u1 and ¢1° resonances should be
then related to a true physical effect, i.e. coupling of the resonances, or to the slight
shape differences.

It is very important to note, also, that the arrangement of crescents is not perfect (in
the 10 — 20 um?) scale, in the sense that the samples are composed of several
domains with different orientations (see sketch in
Figure 3-16), a result of the olloidal monolayer fabrication procedure. Assuming an
effective coupling between the structures, this factor could also play a significant role
in the resonances’ position and width, since different orientations would determine
different geometrical coupling points (see

Figure 3-16), which should in principle affect the way these particles would couple.

Since the measurements presented here correspond to the contribution of a large
area covered with particles (some square millimeters), it is to be expected that this
area is full with domains having different orientations. With this type of measurement,
it is not possible to separate the different contributions. An in-situ approach could
improve this matter, along with theoretical simulations for a coupled nanocrescent

system.

° The effect for the c2 resonance is somewhat argueable, considering that it is essentially weaker than
the other two and the simultaneous fitting procedures can lead to significative errors in this case.
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Figure 3-15: scanning electron micrographs for the isolated (a.) and close packed (b.) cases;
(c.) and (d.) present their corresponding transmission spectra. The jump observed at 860 nm in
the spectrum (d.) related to the spectrometer and has no physical meaning for the experiments.
The scale bar represents 200 nm.

Peak position (A,) [nm] Width [nm]
c2 ul cl c2 ul ci
Isolated 720.7 870.5 1274.9 66.8 86.5 102.9
Close packed 678 825.8 1316 30 125 358

Table 3-4: resonance position (A,) and width for the three main resonances (c2,u1 and c1) for
isolated and close-packed structures, as obtained from fitting Lorentzian curves to the non-
polarized light measurements (Rochholz, Bocchio et al. 2007).
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Figure 3-16: simplified sketch showing two domains with crescent arranged in different
patterns and corresponding SEM images of two different areas on a same sample. The red dots
in the sketch indicate possible different interaction points for the structures.

3.3 Summary and conclusions

Isolated nanoparticles

The influence of geometrical parameters on the optical properties of nanocrescents
was explored systematically for Au nanostructures. Significant shifts in resonance
position are observed when the size or the opening angle of the structures is varied,
allowing for a fine tuning of specific resonances to a desired wavelength range. For
the most prominent resonances, the response to a change in the crescents’ contour
length can be roughly described in terms of standing waves along the structure
formed by the fundamental and higher-order modes in a metal stripe as long as
interaction between the tips of the structure can be neglected. Fundamentally
different responses are seen for crescents that have clearly separated tips, tips
separated by only a small gap and overlapping tips. One additional peak in the visible
range is identified as the transverse resonance of a rod while two more weak
resonances are visible which are not fully understood and are highly sensitive to
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preparation conditions. The main resonances change upon variations in metal layer
thickness and diameter of the masking colloid in a way that is in qualitative

agreement with this interpretation.

Close packed arrangements of nanocrescents

The arrangement of crescents studied shows resonances that match spectrally
those of a comparable isolated nanoparticle system, with no detection of new modes.
No clear tendency for changes in the peak position of the main resonances is
identified from the measurements. The explanation for this could rely on several
geometrical factors like shape, thickness or relative arrangement of the structures.

A significant broadening for the u1 and c1 resonances was detected. Previous data
on isolated structures for different geometries; thicknesses or sizes do not explain
this effect. The widening is correlated to a possible coupling mechanism among the
resonances, a phenomenon that has been observed previously by other authors.

Further studies are necessary to fully describe the role of the relative orientations of

the particle domains, boundaries, etc. in the resonances’ position and width. Since
the production single domain colloidal monolayers (that would simplify greatly the
analysis of the experimental results) is not necesarilly a trivial issue, the
measurements should probably be accompanied by calculations that help
understanding the coupling mechanism of the different resonances, as well as the
role of orientation, crescents’ shape and inter-particle distance.
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4 Sensing with crescent shaped nanoparticles

4.1 Introduction

Several sensing techniques make use of the detuning of optical resonances in
systems containing noble metal films or particles, via the attachment of a layer of a
material with a refractive index that differs from the one of the subphase. The most
common approach is based on propagating surface plasmons on plane metal
surfaces, where a fraction of a monolayer is easily detectable. [J.G. Gordon 1977;
Knoll 1998; Homola 2006]

Similarly, the shift in the resonance wavelength of metallic nano particles in
response to changes in the environment can be used for sensing [Haes, Zou et al.
2004], [Englebienne 1998; Frederix et al. 2003] (see Figure 4-1 for a simplified
scheme). The conceptual advantage of this approach relies in the highly localized
sensing volume which allows for ultimately small amounts of analyte to be detected
[Adam D. McFarland 2003]. While the sensitivity of spherical particles to deposition of
a thin dielectric layer is limited, several more complex structures such as hollow
spheres [Raschke et al. 2003], triangular pyramids [Haes and Van Duyne 2002;
Haes, Stuart et al. 2004; Haes, Zou et al. 2004; Haes, Zou et al. 2004] and rings
[Larsson et al. 2007] have shown to be more sensitive.

Particle sensing until now has been limited mostly to geometries that support only
one resonance, while structures that support several resonances are known [J. R.
Krenn 2000; Shumaker-Parry et al. 2005]. A system with multiple resonances would
allow for the simultaneous determination of more than one material-parameter in only
one experiment; i.e., thickness and refractive index in conventional thin layer sensing
approaches [Knoll 1998]. These applications might be extended to study in a simple
experiment, and in a highly localized manner, more complex systems like the optical
properties of thin hydrogel films at different penetration depths [Beines et al. 2007],
the collapse of biological brushes [Lim et al. 2007] or bio-recognition events [Yonzon
et al. 2004; Kim et al. 2006; Larsson et al. 2007].

66



Chapter 4 — Sensing with nanocrescents

=
—
Extinction

7777777
substrate

n,>ny Wavelength

Figure 4-1: simplified scheme of a metal nanoparticle supported on a substrate, surrounded by
two different refractive index materials, and their spectra.

When studying the sensing capabilities of metal nanoparticle it is possible to find 3
main approaches, based on the same basic concept of changing their local
environment. These approaches consist mainly in (a.) changing the nanoparticles’
environment in a bulk experiment, by covering the particles with a material that has a
given refractive index (see sketch in Figure 4-1) [Rochholz 2005; Larsson et al.
2007; Rindzevicius et al. 2007; Ueno et al. 2007], (b.) adding thin layers of organic
materials or oxides [Haes and Van Duyne 2004; Murray et al. 2006] and (c.) testing
of bio-recognition events [Frederix et al. 2003; Haes and Van Duyne 2004].
Comparing the results obtained in these three approaches is not usually
straightforward, since these three cases, although relying on the same physical
phenomenon, are very different in practical terms (see Figure 4-2 for a simplified

scheme of these three cases).
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a. substrate

Figure 4-2: metal nanoparticles supported on a substrate, for three different sensing
approaches: (a.) immersed in a medium with a bulk refractive index n;, (b.) covered with a thin
layer of a material with a refractive index n,, immersed in a second medium of np,, (c.) immersed
in a given medium (n,,), and functionalized with a receptor for the analyte of interest.
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In the particular case of the crescent shaped nanoparticles, some previous work
introduces the response of these particles to different refractive index environments,
in a bulk approach [Rochholz 2005]. In the following, the sensing capabilities of these
particles are explored in the two main remaining contexts: Section 4.2 deals with the
response to thin layers of polyelectrolytes and Section 4.3., with streptavidin-biotin

recognition events for a simple bio-sensing approach.

4.2 Thin layer sensing with multipolar resonances

In order to test the sensitivity of the nanocrescents to thin films, standard crescent
shaped Au nanoparticles were prepared on clean glass substrates and thin polymeric
films composed of polyelectrolyte multilayers [Decher and Schmitt 1992] were
deposited on them. The extinction spectrum of each sample was measured before
and after the treatment, and compared. The general procedures involved in the
sample preparation and characterization for these experiments correspond to those

introduced in Chapter 2, and will only be brielfy mentioned in the following.
4.2.1 Sample preparation

The samples were functionalized with 3-mercaptopropionic acid, a thiol compound
that is expected to attach preferentially to gold and provide a site for electrostatic
attachment of polyelectrolyte layers. After rinsing with ultra pure water, alternating
layers of poly(allylamine) and poly(styrene sulfonate) were deposited on the samples
by immersion for 20 minutes in the corresponding polyelectrolyte solutions, starting
with polyallylamine [Decher and Schmitt 1992; Decher 1997; Vasilev 2004]. The
samples were rinsed thoroughly with ultra pure water after each immersion step,

dried under a stream of nitrogen, and stored for further measurement.
4.2.2 Characterization

The thickness of the added layers was determined for the first 3 bilayers using
atomic force microscopy (AFM, Nanoscope llla, Veeco). The measurements were
done by comparing the height of the structures before and after the attachment of the
bilayers, taking the clean glass surface as zero height. This method works properly in
the 1 to 3 bilayers regime; where still no full surface coverage takes place (for further
details on this subject see Chapter 2). A contribution of approximately 4 nm per
bilayer was determined in this regime. A thickness of 8.4 nm per bilayer was
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estimated from optical methods for a larger number of bilayers [Vasilev et al. 2004],
where the topology of the surface hinders a proper thickness determination by AFM
measurements. The irregular thickness profile for the multilayers is a phenomenon
known for the polyelectrolytes growth [Buron et al. 2007] and has been taken into
account in the present work via a simplified two-step growth model (for further details
on this subject see Appendix B). A sketch showing some typical dimensions of a
cross section of a polymer coated crescent is shown in Figure 4-3. Here, w = 65 nm
and h = 40 nm, where h represents the height and w the width of the crescent at the
cross-section. The layer thickness as a function of deposited bilayers that was used
in this work is presented in Figure 4-3 c.

The optical properties were studied with UV-Vis/NIR transmission spectroscopy.
Non-polarized light spectra were recorded with an UV-Vis-NIR spectrometer (Perkin-
Elmer, Lambda 900) operating in transmission mode, before and after the addition of

polyelectrolyte bilayers, sampling an area of the substrates of approximately 50 mm?.

Peak position and width of the resonances were estimated using a multipeak fitting
routine (Igor Pro version 5.02), adjusting Lorentzian curves in a 500 — 2500 nm range
[Rochholz et al. 2007]. Peak positions were determined for each sample before and
after polyelectrolyte deposition; yielding a displacement as their difference. The
occurrence of an increasing absorption background upon the addition of polymers
was taken into account in the fitting procedures by adding an extra Lorentzian-like
decay in the 400 — 800 nm range.

4.2.3 Results and discussion

Figure 4-4 presents non-polarized extinction spectra of the samples studied in these
experiment, before (black) and after (gray) the addition of the PE bilayers. The jump
observed in some of the measurements (i.e. the 18 bilayers sample) at around 860
nm corresponds to switching between detectors in the spectrometer and is not
related to the samples.
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Figure 4-5 displays the peak position and width of the resonances as extracted
from lorentzian fits to the measurements, summarizing the information extracted from
Figure 4-4. The data shows that, upon the addition of the dielectric coating, all
resonances progressively red shift. The displacements of the spectra are different for
each resonance. In addition to this, an increasing background in the 400 — 800 nm
range sets in upon the addition of polymer, which cannot be assigned to a resonance
of the crescents. Also, a clear widening is also detectable in the case of c1, but this
tendency is not so pronounced in the case of ul and c2 (see Appendix B for further

information).
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Figure 4-3:(a) scanning electron micrograph of a crescent-shaped particle; the scale bar
represents 200 nm (b) sketch of a cross section of a crescent covered with polyelectrolytes
along the dashed line in (a); d stands for the thickness of the film, h and w for the height and
width of the structure respectively, and PE for the polyelectrolyte film. (c) Film thickness as a
function of the number of bilayers. The vertical crosses (+) represent the AFM measurements,
the tilted ones (x) the literature values. The circle represents an estimated intermediate value
between these two regimes.
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Figure 4-4 : extinction spectra of the samples before (black) and after (grey) the addition of
polyelectrolyte bilayers. The corresponding number of bilayers is displayed on the right side of
the graph.
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Figure 4-5: peak position of the 4 main peaks (c1, ul, c2 and pp) before and after the addition
of the bilayers. The error bars represent the width (HWHM: half width at half maximum) of the
resonances, as determined from the fitting procedures
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Figure 4-6: peak displacement of the main resonances in the full (a.) and first layers (b.)
regimes. Resonance assignments are given in the graph. The dashed lines represent an
exponential fit to the data. The extra dark markers added to (a.) correspond to the displacement
obtained when immersing the samples in a n =1. 524 oil [Rochholz 2005]. For a thickness of
roughly 140 nm (18 bilayers), only the displacement corresponding to ¢1 can be determined
unequivocally, and is included in the overall fitting. The gray marker gives an indication for the
displacement of u1 for thick coatings, but this value is not included in further calculations.

Figure 4-6 displays the peak displacement as determined from the fitting for the c1,
ul and c2 resonances as function of the coating thickness in the many- (a) and few-
(b) layers regime. Each set of data points associated to a defined number of bilayers
corresponds to one independent sample, except for 1, 2 and 3 bilayers. For 1 and 3
bilayers, 2 independent samples were measured; for 2 bilayers the data is based on
3 samples. The data corresponding to d = 0 nm correspond to functionalization with
3-MPA only (see Appendix B - Supporting information for further details). The pp
mode was disregarded, since its displacement saturates rapidly — in the 5 to 10 nm
range. Added to this, the increasing amount of layers gives rise to an increasingly
growing background, which in turns makes also the precise fitting of pp difficult.
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The shifts increase rapidly in the first layers (1 to 5) regime; and saturate for further
increasing thickness. The shift at saturation can be compared to the shifts observed
when the crescents are surrounded by an infinitely thick medium with homogenous
refractive index; in analogy to an infinitely thick coating. Since deposition of infinitely
many multilayers is experimentally impossible and deposition of thick films leads to
additional interference effects [Murray et al. 2006; Rindzevicius et al. 2007] that
complicate the analysis, this comparison is to be made with the crescents response
when immersed in a liquid with a refractive index that equals the one of the
polyelectrolytes. The latter has been determined [Vasilev 2004; Vasilev et al. 2004] to
be n = 1.54 at A = 633 nm. Considering normal dispersion, a refractive index of n =
1.5 can be used as an approximate value at the longer wavelengths where the
crescents resonances occur. As a simple reference, a measurement with an n =
1.524 index oil [Rochholz 2005] is taken (see Figure 4-6 a.). This oil gives rise to
resonance displacements that are in reasonable agreement with the values obtained
for an approximately 150 nm thick layer, indicating that, for this bilayer thickness, the
saturation of the shifts is reached for all resonances. It is important to note that, given
the increasing background and broadening of the resonances upon the addition of
polymer, only the position of the c1 resonance was determined in a reliable manner
for such thick coating, and only that value was used in further analysis. An indication
of the behavior of u1 is included in Figure 4-6, but was not considered in further fitting
procedures.

The peak displacement, for each resonant mode (44) can be quantified by fitting

an exponential function of the form:

AL(d)=AA,, +(A4,, -A4,,, o

where Al ; represents the resonance-specific (/) saturation limit, d the thickness of

the layers, A4y ; the peak displacement at d = 0, and d, a typical decay length. The

index “” denotes the 3 main resonances (c1, ul and c2). The results of this

procedure are summarized in Figure 4-1. An apparent negative displacement for the
‘zero layer' (ALg;) resonances is observed. This effect could be both related to a

physical phenomenon like structure annealing or thiol binding [Duval Malinsky et al.
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2001], or simply be the result of the scatter in the measurements, which is of the

order of the observed displacements.

Fitted parameters
d(a1)
Al [nm] Ahgi [nm] d;i [nm]
dd) |,
C, 236.9 -9.95 26.2 9.4
U, 111.4 -17 17.2 7.4
C. 51.6 -17.7 8.5 8.1

Table 4-1: Fitted parameters, according to Equation(1), for the three main resonances

It must be stressed here that the choice of an exponential function is not based on
a physical model but represents an arbitrary and rather simple parameterization of a
typical decay length. Since the exponentials describe the data quite accurately given
the experimental scatter, the decay lengths as obtained from the fits can be used as

a basis for the comparison with theoretical models.

Both the displacements at saturation (44,;) and the decay lengths (dj; ) are
resonance-specific, as can be observed in Table 1. Higher order resonances (c2, ul)
show much more confined near fields than the fundamental mode (c1), which leads
to smaller decay lengths d,. The first 20 nm regime is most useful for sensing, since
there the relative displacements of the resonances upon the addition of layers of

polymer are most pronounced. If we consider the derivative d(A4, )/d(d) at d=0 from

the fitting (see Table 4-1) as an estimate to the sensitivity of the modes upon the
addition of the layers, we observe that c1 is the most sensitive, followed by c2 and
ul. It should be noted, though, that all values are within the same order of
magnitude, meaning that all resonances are comparable. A clear advantage of c1 is
its large extinction cross-section and spectral separation from the rest, which

simplifies the simultaneous multipeak fitting.

A second approach to a sensitivity measurement would consist in calculating the
figure of merit (FOM) of these resonances [Sherry et al. 2005].
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dE
FOM = —41”

- FWHM

Where E represents the peak position (in eV), n, the refractive index of the

medium, and the FWHM the full width at half maximum of the resonance (also in eV).

This approach has been mostly used to compare particles in different (bulk) index

media, while the work presented here focuses on the response to thin layers.

The study of the crescent shaped nanoparticles in different index media has
already been undertaken by Rochholz [Rochholz 2005], rendering FOM values in the
same order of magnitude than other particles presented in the literature (FOM: 3...5)
[Sherry et al. 2005; Larsson et al. 2007].

Penetration depths

Considering the results presented in Table 4-1 it is important to point out that, due
to their different penetration depths, the modes give independent information about
the surrounding environment. This is particularly important when considering that the
simultaneous use of n resonances allows for the determination of n parameters that
describe the film; for example with two resonances one may determine thickness and
refractive index simultaneously; a third resonance would allow in addition the
determination of another parameter like a refractive index gradient in the film. This
approach is much like the strategies that are used commonly in conventional sensing
with dielectric wave guide modes [Van Os et al. 1999] but here, the modal volume is
far below that determined by the order of magnitude of the wavelength of light, and

the modes are spatially confined.

When the resonances on the crescents are interpreted as being composed of
standing waves which are formed by the superposition of a forward and a backward
propagating wave along the crescents’ contour, an intimate connection between the
shift of the modes and their near field is directly evident.
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A full numerical description of the system under study would require extensive
numerical calculations, but good physical insight in the effect of different penetration
depths can be gained by considering two simple model systems where analytical
solutions for the field distributions of the eigenmodes are known; these models are
the plane interface and the cylindrical rod in vacuum [Buckman 1995; Unger 2008].

We consider a guided electromagnetic mode with known field distribution. A
change of the refractive index (4n) within the volume where the electric field (E) is not
vanishing will lead to a change 4k in the propagation constant k of this mode. This

change is in first approximation obtained by mode coupling theory [Buckman 1995]
2
Ak o< [aV|E[ A’

where the integral is to be taken over the entire space. If, as it is the case here, a
material with a fixed refractive index is added so that it occupies some volume in the
nearby area, and we furthermore realize that for a resonator with a given length (/) a

change in k will directly lead to a change in resonance wavelength, then

Ado< An*[ dV|E[

Where the integral is to be taken over the volume (Vo) that is occupied with the
high refractive index material. It should be stressed that this theory is only strictly
valid for real dielectrics or perfect metals, which is not the case for gold in the visible
range. Furthermore it is assumed that the perturbing change in the refractive index
only leads to infinitesimal changes of the field, which is only true for small dielectric
contrasts An. Despite these limitations, we use this theory for an approximate

description of the observed shifts.

a.

contour
I

Figure 4-7: simplified sketches of a crescent (a.), a plane interface (b.) and a rod (c.)
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One may compare the guided modes on the crescent with the ones on a plane
interface (see Figure 4-7 for a simplified sketch), as a first rough approximation. In

this case, the z-dependence of the electrical field is given as
E o g™
where k; is purely imaginary and is obtained for guided modes from
K2 +k =k

with kx and kg being the wave vector in the propagation direction and the modulus
of the wave vector of plane light waves, respectively. It is possible to estimate k, as

follows:
27 mrn
kx = =
A
‘mode contour

m being the order of the resonance and I.onour being the contour length of the
crescent, which is in turn identified with the size of the resonator. In order to estimate
lcontour W€ chose, from geometrical considerations [Rochholz et al. 2007]

[ =1d. o

contour coll
where o represents the angle expressed in radians, corresponding to an arc of
longitude Icontour and dcon the diameter of the colloids used to produce the crescents
(see Figure 4-7). For an ideal geometry o is 1.17xn. In this model, the peak position
displacement as a function of the thickness (d), 44(d), is obtained up to a prefactor,
allowing to calculate its value normalized to the displacement for an infinitely thick

coating, AAm.
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Which directly yields the decay depth djp;,

1
d py=——
M 2Imik,)

where the subscript Pl denotes the plane interface model.

Another model where field distributions are readily calculated analytically are
cylindrical rods. In this case, the radial electrical E; field outside the rod is given by

E o H, (k.r)

r

where H;") is a Hankel function of the first kind, and r the distance measured from
the center of the rod. The E;, component of the electrical field is the normal
component and dominant in the near field. This leads to
R+d
AA(d) o< [r
R

[H, (k.r)]*|dr

with R being the radius of the rod and d the thickness of the layer. We chose to
model the crescent as a rod with a R = 20 nm corresponding to half the height of the
crescents. The resulting normalized AAi(d) curves are displayed in Figure 4-8. A
typical decay length (d;s) was obtained in this approximation by solving the equation

A, ) =(1-e )AL, Admax being the shift for an infinitely thick coating.
L,rod max
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Figure 4-8: Normalized peak shift, as calculated from the rod model, as a function of the
distance to the rod’s surface.
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Table 4-2 summarizes the results for the plane interface model, the rod model and

the experiments.

Resonance Cq uq C»
Wavelength
] 1364 897 742
ke [ nm™] 0.00855 0.0171 0.02565
k. [ nm™] 0.0072 0.0156 0.0242
diexp[NM] 26.2 17.2 8.5
dip [nm] 70 32 20.6
droq [NM] 445 25.5 17.6

Table 4-2 : Decay lengths for the different modes according to the measurements (d, ;) and
the different models (d,pi, d|roq)

These very simple geometrical models reproduce qualitatively the experimentally
observed trend of a shrinking modal volume with increasing mode number. In
particular, the direct connection to a simple analytical field distribution allows for an
intuitive understanding of the observed effects. The expected field extensions d; for
c2 and ul are comparable for the two models, but higher than the experimental
results; the rod model appears as particularly suitable to describe the response of the
crescent structures. Several mechanisms may account for the quantitative difference
between the models and the experiments. Firstly, the geometrical simplifications
made when describing the crescents as rods/plane layers are significant, in
particular, at the corners of the crescents, where a high localisation of the field occurs
which is not reflected in the models and can lead to a reduced d,. Secondly, the mode
coupling theory itself is only an approximation. Finally, imperfections of the structures
and the coating may also play a role, particularly for the first layers.
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4.3 Testing the sensing capabilities of the nanocrescents for bio-
recognition events

In order to study a more realistic case for a biosensor application, that is, that of a
platform sensing a few binding events on its surface, a simple bio-recognition
scheme (biotin — streptavidin) was tested on both Ag and Au standard
nanocrescents. Streptavidin (Sav) is a protein with a very high affinity [Spinke et al.
1993] to biotin (Ka ~ 10" M), the reason for which it is the system of preference for

reference and comparative studies.

Figure 4-9 (a) and (b) display the structures of streptavidin and biotin.

b.
o)
HN J\NH
H H

”””/\/\COOH

Figure 4-9: a. streptavidin [Freitag; Sato 2006] and b. biotin

A second approach to study the sensitivity of these particles to a few recognition
events in their close environment was based on the use of SAv-modified Au-
nanoparticles (Sav Au-NPs). Previous work on enhancement of conventional SPR
sensitivity [Fang et al. 2006; Wark et al. 2007] have shown that the use of marked
gold colloids allows for ultimatively small amounts of analyte to be detected. It is of
interest, then, to explore whether the same effect can be used in a sensing scheme

based on the metallic nanocrescents.

Figure 4-10 shows a scheme of the different approaches tested in this section.
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Figure 4-10: scheme of the two sensing approaches tested on Au (a. and b.) and on Ag (c. and
d.) crescents

4.3.1 Sample preparation

Standard gold and silver crescent shaped nanoparticles were prepared on glass
substrates following the general procedure described Chapter 2. The PS colloids had
200 nm in diameter; in both cases ¢ = 0° (1 deposition process), 6 = 30° and € = 0°.
The metal thickness was set to 40 nm, both for Ag and Au. A 1 nm Cr layer was used
as an adhesion layer to glass in the case of the Ag crescents to minimize annealing
effects (see Appendix B for further details on this issue).

In order to functionalize the surface of the nanoparticles, all samples were first
exposed to a thiol mixture containing biotin-terminated and hydroxy-terminated thiols.
After this step, the samples were exposed either to SAv or SAv-AuNPs, for their
attachment to the surface.

All of these steps were done following the procedures introduced in Chapter 2
(Section 2.4.), where all products and processes are thoroughly described.

4.3.2 Characterization

The samples were characterized by UV-Vis/NIR extinction spectroscopy. The
measurements were done in transmission mode, before and after each of the surface
chemical treatments, sampling an area of approximately 50 mm?, in a non in-situ

approach.
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4.3.3 Results and discussion

Figure 4-11 and Figure 4-12 show the extinction spectra of 4 independent samples,
namely, their reference spectra (as prepared), and after biotinylation and
bioconjugation (with either SAv or SAv marked AuNPs). The measurements
correspond to Au and Ag nanocrescents. As a general remark, it is important to point
out that for all experiments neither new resonances nor strong spectral changes are
detected, appart from a red shifting and widening, as if it was the case for the
addition of a higher refractive index material on their surface.

The information extracted from these experiments is summarized in Figure 4-13.
The peak displacements presented there are calculated as the displacements taking
the biotinylation step as the reference.

Au nanocrescents

Figure 4-11 shows all the spectra before and after treatment for Au nanocrescents,
All these measurements look very similar at first sight; a closer insight to the main
resonance peak shows a small displacement both for the SAv and SAv-AuNPs.

For these nanostructures, none of the 2 approaches gives rise to significant
displacements in the spectra (see Figure 4-13). The shifts measured - 4 to 12 nm -
are in the same order of magnitude than the normal dispersion found within different
positions in a sample, or among different samples (see Appendix B for further
details). Since the samples were measured in a non in-situ approach, these values
are then not considered to be significative.

Assuming that the binding reactions proceeded optimally in both cases and that the
structures are covered by several (some hundred) protein molecules attached on
their surface, the measured peak displacements are still very small. If a simple layer
model was assumed, where all this conjugations events at the surface could be
modelled as thin (~ 5 nm thick) polymeric layer of n = 1.5, then, a shift of about 15 to
20 nm would be expected for such a layer (see Figure 4-6). This is only an
approximation, since no full surface coverage is to be expected. Still, this value lies
very close to the intrinsic dispersion within a single sample, or among a group of
them (see Appendix B), which agrees with the results of the experiments.

1% Estimated comparing the particle’s surface to a full coverage with ~5 nm spheres
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Ag nanocrescents

Figure 4-12 presents the results for the Ag nanocrescents. In this case, both for the
SAv and for the SAv-AuNPs recognition, clear displacements of the spectra are

easily recognizable.

The conjugation of Sav on the surface of Ag nanocrescents gives rise to spectral
shifts in the 10 — 35 nm range, for the different resonances (see Figure 4-13 for
details). Moreover, the use of SAv-modified Au-NPs amplifies the response
considerably, since displacements in a 25 — 50 nm range are detected.

Assuming that the binding of the species on the particles’ surface proceeded the
same way as in the case of Au, the use of Ag would represent a factor 3 in signal
amplification for SAv binding, and 3 — 5 for Sav-AuNPs. If the dispersion in
resonance position within one sample is assumed to be comparable to that of the Au
nanocrescents, then, these results become very significative (see Appendix B).

A statement on the relative higher sensitivity of the Ag crescents compared to the Au
structures would be based on the hypothesis that all steps (biotinylation, Sav
attachment or SAv-AuNPs attachment) are acting with equal efficiency for both
cases; that is, that the number/distribution of these on the surface of the particles is
comparable, and that no side reactions, i.e. oxidation of the metal is taking place on
the particles’ surface. This possibility remains an open issue that is also to be cleared
out with further reference experiments, i.e. annealing of the structures in solutions
containing all salts, BSA, PBS, etc. as available in the comercial products, without

the addition of the agents of interest (Sav and Sav-AuNPs).

Another important consideration for both approaches (Ag and Au nanocrescents) is
to be made. In this analysis, it is assumed that the BSA'" (bovine serum albuminum)
present in the streptavidin solution does not attach to the functionalized surfaces [van
Oss et al. 2003], so that the peak displacements are associated mainly to the linker

' BSA has a lower isoelectric point than the PH claimed by the producer of the solution (Aldrich),
reason for which it is considered that the sticking to the surfaces should be minimum. Reference
measurements are most important, since added salts can alter this significantly, and any material
added to the particles / in their close proximity can produce a displacement of the resonances,
hindering the phenomenon of interest.
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molecules (biotin-terminated thiol) and the to the SAv or Sav-AuNPs, respectively.
The actual amount / distribution of species attached to the surface remain also an
open question of fundamental importance, both for the Au and Ag nanocrescents.
The spectroscopic studies presented in this work are just a (necessary) first
approach to the problem; but further SEM / AFM characterization should be
conducted to validate these results and obtain significative numbers to estimate the
sensitivity of these particles to a few recognition events. An ultimative approach to
determine the sensitivity of these structures experimentally would consist of pushing
this experiment to a single particle level (i.e. combining confocal and atomic force
microscopies for such purpose; correlating spectra and material distribution on the

particles).

Since these first results presented here appear most interesting, these very same
approaches were tested on other silver particles of different shape and size,
obtaining qualitatively comparable results, which will be thoroughly described in
Chapter 7.
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Figure 4-11: Extinction spectra of Au crescents after biotinylation and streptavidin attachment
(a.) and biotinylation and streptavidin modified Au NPs bioconjugation (b.). Reference (black
solid line), biotinylation step (dashed line), and bioconjugation (gray). The inset corresponds to
the strongest resonance at 1300 nm (c1).
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Figure 4-12: Extinction spectra of Ag crescents after biotinylation and streptavidin attachment
(a.), and biotinylation and streptavidin modified Au NPs bioconjugation (b.). Reference (black
solid line), biotinylation (dashed line), and after bioconjugation(gray solid line). The inset
corresponds to the strongest resonance at 1300 nm (c1).
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Figure 4-13: peak displacement of the 3 main resonances upon the addition of Sav and Sav-
modified Au NPs for Ag (a.) and Au (b.) crescents.

4.4 Conclusions

Thin layer sensing

A measurement of the optical response of crescent shaped nanoparticles to the
successive attachment of thin polymer layers was presented. These experiments
resulted in a clear mode-dependent red shift of the multiple crescents’ resonances

upon layer growth.

Typical decay lengths were extracted from exponential fits and used as estimate for
the near field confinement. In terms of sensitivity, the response of all modes was
found to be comparable. The introduction of two simple physical models — the plane
interface and the rod - gave estimations to the field confinements comparable to the
experiments. Since it is possible to monitor several resonances in one single
experiment, simultaneous determination of multiple material parameters should be
possible in ultimately small modal volumes, which would represent a major

advantage for sensing applications.
Sensing of bio-recognition events

The results show that the use of Au crescent shaped nanoparticles is very limited
when it comes to the sensing of a few recognition events on their surface. The use of

SAv-functionalized Au-NPs does not lead to significative improvements.
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Since the peak displacements can not be considered significative due to the
experimental approach itself, a simple solution to extract more accurate information
from this type of experiment would consist in changing the approach to an in-situ
one, which would eliminate the dispersion in the measurement of the peak positions.
A second approach to solve this problem would consist in producing samples with
narrower dispersions (improving the fabrication process). These considerations hold

both for the Au as for the Ag crescents.

Silver crescents show greater peak displacements (at least a 3 x factor) upon the
same chemical treatments than the Au crescents. The exposure to Sav-modified Au-
NPs amplifies the measured peak displacement and could be considered for a simple
approach to improve the quality of the measurements. Further tests, i.e. controlled
exposure to all chemical agents save the binding species, AFM and SEM imaging
are necessary to validate these first results.

In order to validate any statement about the relative higher sensitivity of the Ag
nanocrescents with respect to the Au ones, it would necessary to do the thin film
sensing experiments also on the Ag nanoparticles. It is important to note, though,
that the thin films cannot be built using exactly the same procedure as introduced in
Chapter 2, because the particles would be corroded in the acid solutions. The
polyelectrolyte solutions should be properly tailored not to damage the
nanocrescents, and to give rise to homogeneous thin films. All determinations of film
thickness (via AFM and optical methods), refractive index, etc. should be repeated in
this case. Only then a quantitative comparison on sensitivity would be meaningful.
This last issue remains an open area for further studies on the sensitivity of the

particles.
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5 . Fluorophores close to crescent shaped
nanoparticles

Tailored nanometric antennas can be used to match the absorption or emission
spectrum of molecules [Novotny and Hecht 2006; Chen et al. 2007; Gerber et al.
2007; Rogobete et al. 2007], atoms [Gerber et al. 2007] or quantum dots [Farahani et
al. 2005]. Changes in the electromagnetic environment the molecules sense can alter
properties like their spectrum [Le Ru et al. 2007; Ringler et al. 2008], lifetime [Anger
et al. 2006; Kihn et al. 2006] or even emission direction [Mertens et al. 2006;
Taminiau et al. 2008].

In this chapter, gold nanocrescents were studied in their role as nanoantennas,
modifying the emission of fluorescent species in their local environment. This type of
study has usually been focused in the role of plasmon modes (through the near fields
associated to them) modifying the emission/absorption of dyes (or other emitting
species) in a one-photon approach. Non-linear processes (i.e., two-photon
processes), as such, are particularly sensitive to field enhancements [Bouhelier et al.
2003; Imura et al. 2004; Ueno, Juodkazis, Mizeikis et al. 2008; Ueno, Juodkazis,
Shibuya et al. 2008]; meeting plasmon resonances in a nanoparticle should then be
provide ideal conditions for this type of phenomena to take place.

The nanocrescents explored in this work exhibit resonances in the near infrared part
of the spectrum [Rochholz et al. 2007], which should affect the emission/absorption
of i.e., dyes emitting/absorbing also in the near infrared. Fluorescence studies in this
wavelength range imply several technical drawbacks, which could be easily
overcome when working in the visible part of the spectrum.

When compared to the latter, two photon processes present several advantages; i.e.
they are more sensitive to field enhancements and would allow for the study of
plasmon-mediated enhancement using the nanocrescents as platform, but working in

the visible range.
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In the following, a brief introduction to two-photon processes is presented, along with
a detailed description of the experimental approach to fluorescence enhancement

studies, and the corresponding results.

5.1 Two-photon excitation

Two-photon processes rely on the simultaneous absorption of two-photons of lower
energy than the necessary to produce a transition from a ground to an excited state
[Goeppert-Mayer 1930; Valeur 2002] . This is only possible in presence of a high
photon flux, so that the probability of a two photon absorption process becomes
significant [Goeppert-Mayer 1930; So et al. 2000; Valeur 2002].

When a single light source is used for excitation, the two photons have the same
wavelength. When two different light sources are used (A, and As), then the

wavelength corresponding to the excited transition (A4) can be estimated

as I/, = 1 I/ . The first process (2 photons of equal ener is usually termed
/11 @* @ p (2 p q ay) y

simply as a two-photon process, while the second is usually referred to as a two-

colour one [Valeur 2002] (see Figure 5-1 for a simplified scheme).
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Figure 5-1: scheme of a simplified two level system, comparing one- and two-photon
excitation.

In this work, first studies on the fluorescence of a green emitting dye (Alexa 488,
Invitrogen) placed close to the crescent structures are presented. The crescents
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have interesting resonances in the near infrared domain, which makes them ideal
candidates to study resonance-mediated fluorescence phenomena in a two-photon

approach.

Several factors can trigger changes in the emission of dyes; the environment they
sense plays the key role [Valeur 2002; Novotny and Hecht 2006]; i.e. the distance to
which the fluorophores are placed from the structures is fundamental [Kihn et al.
2006; Novotny and Hecht 2006; Gerber et al. 2007]. The emission of dyes placed too
close to metal (some nanometers) could be easily quenched [Knoll 1998], while
placing them too far away from the structures could hinder any near field mediated
interaction with the fluorescent species.

In the following experiments, green fluorescent dyes were placed at controlled
distances to the nanocrescents using polyelectrolyte bilayers. The bilayers can be
attached to the particles in a controlled and easy manner (see Chapter 2 —
Fabrication), and provide simultaneously a spacer and an anchor for the dyes. Like
this, distance-dependent fluorescence studies on the dye-structure interaction, can
be easily carried out.

5.2 Experimental

5.2.1 Sample preparation

Standard crescent shaped nanoparticles were prepared on thin glass coverslips
(Menzel Glaser #1), to obtain mostly single, isolated structures in a square
micrometer area, which allows for single particle identification when imaging in a
confocal microscope. The samples were treated with 3-aminopropyltrietoxysilane (3-
APTES, Aldrich) in gas phase, in an oven at 150 °C, for three hours (all details for
this treatment can be found in Chapter 2 — Fabrication). After proper rinsing and
drying, the samples were summerged alternatingly in polyelectrolyte solutions
(polyallylamine, “PAH” and polystyrene sulfonate, “PSS”) in order to build 1, 3 and 5
bilayers, respectively. This procedure gives rise to substrates covered
homogeneously by the bilayers (see Chapter 2). One extra sample was kept as a
reference after the exposure to 3-APTES to investigate the fluorescence emission of
the structures without spacers.
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Fluorophores (Alexa 488, succinimidyl ester, Invitrogen Inc.) were diluted in
dimethylsulfoxide (DMSO) to an approximately 1 uM concentration. A drop of the dye
was dropped on the amine-terminated polyelectrolyte layer, and left for approximately
1 min. After this, the sample was rinsed with DMSO and blown-dried with nitrogen.
Figure 5-2 presents the structure and fluorescence spectrum of this dye, and a
simplified sketch of a sample, indicating the particle, the polyelectrolyte spacers and
the fluorophores. The latter were attached covalently to the surface via the amino-
terminated chains of PAH. The attachment of the dye proceeded just before the
measurements for the samples with 3 and 5 bilayers, while the measurements for the
1 bilayer case corresponds to a sample prepared 2 weeks in advance and stored. It
is assumed that, after the preparation, a comparable amount of fluorophores

attaches to each sample.

5.2.2 Characterization

UV-Vis transmission spectroscopy

Non-polarized transmission spectra of the samples before and after the
polyelectrolytes’ attachment were measured in a conventional spectrometer (Lambda
900, Perkin Elmer) in order to follow the resonances’ position upon the addition of

polymer.

Confocal Microscopy

A commercial confocal laser scanning (or “CLS”) microscope (Carl Zeiss, Jena,
Germany) consisting of the module LSM 510 and an inverted microscope model
Axiovert 200 was used in these experiments. A water-immersion objective was used
(C-Apochromat 40x/1.2 W Corr with numerical aperture (NA) of 1.2, (Carl Zeiss,
Jena, Germany). One-photon CLS imaging of the sample was done via excitation
with an Ar laser at 488 nm. The two photon excitation was achieved using a titanium:
sapphire laser (Ti:Sa) (Mai Tai, Spectra Physics Inc., USA) coupled to the confocal
microscope. The Mai Tai laser is tunable in the range 780-920 nm and provides ~100
fs pulses at a repetition rate of 80 MHz. For the two-photon excitation, all images
were recorded in a 512 x 512 pixel definition, at 8-bits/pixel resolution, integrating

'2 The complete data set can be found in Appendix B
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either 1.6us/pixel or 2.51us/pixel. The data extracted from the microscope’s software
(Zeiss) is presented in a gray scale and does not correspond to real photon counts,
but to normalized data. The exact extraction of photon counts from these
measurements is not a straightforward matters, but the information provided by the
company (Zeiss) indicates a proportionality to real photon counts from the gray scale
data. The fluorescence images were recorded using two polarization conditions at
excitation (either ¢ or u, see Chapter 3). The two-excitation conditions were achieved
rotating the sample mechanically. The intensity of the excitation beam was measured
for different wavelengths at the objective’s position, without the objective being
placed in the beam path. An approximate ™ calibration curve was built for these
experiments and can be found in Appendix B. All other relevant parameter settings

were left constant throughout these experiments (detector gain, pinholes, etc.).

Absorption
Fluorescence emission

2 Ll+

T T T T T

350 400 450 500 550 600 650
Wavelength (nm)

Polyelectrolytes
dye

S

i |
I |
Au as

Nanocrescent

Figure 5-2: (a) structure of Alexa Fluor 488 carboxylic acid, succinimidyl ester
(Ca5H5LiaN3043S,); (b.) fluorescence spectrum of Alexa Fluor 488 dye-labeled
oligonucleotide/H,0 [Invitrogen] (c.) sketch of a cross section of typical sample (d: thickness
of the polyelectroly bilayers).

 The software provided by Zeiss to run the confocal microscope expresses intensities as procentual
values, with no indication of real power being irradiated on the sample — Calibration curve to be found
Appendix B

94



Chapter 5 — Fluorophores close to crescents shaped nanoparticles

5.3 Results and discussion

Samples with nanocrescents, polyelectrolytes and no dyes

Rough metal films and nanoparticles are known to give rise to strong
photoluminescence [Mooradian 1969; Boyd et al. 1986; Beverslius et al. 2003;
Bouhelier et al. 2003; Imura et al. 2004; Bouhelier et al. 2005]. In order to collect
reference measurements of the polymer-coated samples and quantify the possible
contribution of both particles and polyelectrolytes, fluorescence images were
recorded using the Ti:Sa laser as excitation before the addition of the fluorophores.
Figure 5-3 (a.) and (b.) present fluorescence measurements on samples covered
with crescents and only with polyelectrolytes (PE), no dyes added. The first image
corresponds to a sample covered with 3 bilayers (app. 12 nm of polymer) and shows
a homogeneous, relatively low background contribution. The second image
corresponds to a 5 bilayer sample, also with no dyes added. There, single spots are
easily recognizable, along with a homogeneous background, comparable to that of
the 3 bilayer case. The spots reach a contrast of approximately 50 — 70, while the
background stays in a level below 20. This effect could be related both to fluorescent
contamination in the polymers, or to emission from the particles. As will be shown

later, this spots can be identified with the positions where a particle sits.
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Figure 5-3: fluorescence image, excitation: 920 nm, samples before the addition of
fluorophores (a.) 3 bilayers, (b.) 5 bilayers. Intensity = 5 %. The dotted line represents the line
profile depicted below each measurement.
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Figure 5-4 presents a fluorescence image recorded using 850 nm (i =1,1 %) as
excitation of a sample covered with standard Au nanocrescents, and treated with 3-

APTES (see Chapter 2 for details on fabrication procedures).

1 250
— 200
— 150
100

Figure 5-4: fluorescence image recorded on a Au nanocrescents sample treated with 3-APTES.
Excitation: 850 nm, i= 1,1 %.. The scale bar represents 50 um.

This image shows a large area of a sample covered with nanocrescents with no
further treatment but a silanization. It is interesting to note that the bright spots,
identified with the nanoparticles, show considerable emission, which can also be
bleached (or the particles, destroyed). This is opposite to i.e. the sample presented in
Figure 5-3 (a.), where the particles are covered with polyelectrolyte layers and a very
low contrast is detectable. It is important to point out that these samples were
prepared in different batches, although following the same fabrication procedures,
which calls for further reference measurements of untreated and treated samples to
quantify the emission from the bare crescents and the effect of the chemical
treatments on them.

The references for the next experiments (crescents, spacers and dyes under two-
photon excitation) are linked to Figure 5-3, since they were measured on the same

samples, under the same conditions, but before the addition of any fluorophores.

Samples with nanocrescents, polyelectrolytes and Alexa 488

After exposing the samples to the solution of the green fluorophore, fluorescence

images were recorded exciting the sample at 488 nm (one-photon process) and at
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920 nm (pulsed excitation with Ti:Sa laser). The results are summarized in Figure 5-5
(a.) and (b.).

A bright, homogeneous background with dark spots can be seen in (a.), and
precisely the opposite situation can be identified in (b.). The background in (a.) can
be associated to the dyes excited at 488 nm (one photon process); being the dark
spots identified with the positions of the nanopatrticles. From this image it is possible
to observe, also, the homogeneity of the dye coverage on the sample surface.

The bright spots in (b.) can be associated with the positions where particles sit.
Since the sample is completely and homogeneously covered by the green emitting
dye, the brighter spots identified in (b.) can be associated to enhancement events
occurring for dyes close to the crescents (Figure 5-3 shows that the background
counts are lower than those corresponding to Figure 5-5 (b.)).

250 250
200 200
150 150
100 100
50 50
0 0

Figure 5-5: CLS image of a sample covered with PE and Alexa 488. (a.) Excitation: 488nm (b.)
excitation at 920 nm. The scale bar represents 5 um.

These enhancement events can be associated to a two-photon process taking place
in the close proximity of the nanocrescents, and are the main subject of this study.

This last figure (b.) also shows partially darkened spots. This phenomenon could be
explained by melting particles or simply photobleaching. Further electron microscope
imaging or single particle scattering measurements would be necessary to validate
this hypothesis.
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Further reference measurements (i.e. bleaching tests) were also carried out in order
to test the response of the samples to intense / prolonged exposure to illumination.
Figure 5-6 presents two images of such tests; the first one (a.) at 488 nm (intensity =

= 7 %, one photon excitation) and the second one (b.) at 920 nm (pulsed
excitation).

The first image (a.) can be directly explained by bleaching of the fluorophores
attached to the polymers; the second one (b., pulsed excitation), where the high
contrast spots (associated to the position of the nanocrescents) disappear after
scanning, could be both related to bleaching or partial destruction (i.e. melting) of the
nanoparticles. The information presented in

Figure 5-6 (b.) is not concluding in this respect, but it is useful to set a threshold for

the maximum excitation intensities for further measurements.
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Figure 5-6: fluorescence images showing bleached spots. In (a.) the spots (and measurement)
were done using a 488nm laser; in (b.), 920 nm. In both cases, the integration time/pixel is 1.6
us, the pinhole has 72 um. The scale bar represents 50 um.

Nanocrescents with controlled thickness spacers, and dyes: two photon
excitation experiments

In the following experiments, green fluorescent dyes were placed at controlled
distances to the nanocrescents using polyelectrolyte bilayers. The fluorescence
emission of the crescents with polyelectrolytes and dyes is investigated when
exciting the samples with a pulsed laser emitting in the near infrared.

Figure 5-7 b. through d. present schemes of the different geometrical combinations
explored of sample and spacing (1, 3 and 5 bilayers), along with the extinction
spectra of the samples analysed, with the fitted contributions of the ¢ and u modes;
Figure 5-7 (a.) depicts the significance of these particular spacings: there, a typical
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peak displacement vs. bilayer thickness curve is displaced for the c2 and u1
resonances. From this type of curve it is possible to estimate decay lengths
associated to each mode, which in turn play a fundamental role in the excitation of
the fluorophores placed close to the nanocrescents. A saturating displacement curve
for a given spacer thickness and resonance is an indication for, i.e. a negligible
contribution of the near fields to the excitation of the fluorophores. In this
experiments, three main conditions are explored: (1.) fluorophores very close to the
structures (app. 4 nm), well embedded in these near fields; (2.) fluorophores placed
with an intermediate spacing (app. 12 nm), and (3.) fluorophores placed at a
thickness where the contribution of one of the modes is expected to be negligible
(c2).

Figure 5-8 through

Figure 5-10 present the results on fluorescence measurements of standard gold
nanocrescents, covered with 1, 3 and 5 polyelectrolyte bilayers and decorated with
Alexa 488, respectively. The measurements were done at mainly two different
wavelengths (800 or 850 nm, and 920 nm), and at two different polarization
combinations for the excitation (u and ¢, achieved via mechanical rotation of the
sample holder). Combining different polarizations and wavelengths it is expected to
meet different resonances of the nanocrescents, which should affect the emission of
the fluorophores placed in their local environment. The corresponding extinction
measurements of each sample, as well as the fitted contributions for each resonance

of interest (c2 and u4) are to be found in Figure 5-7.

In the following, a description of the results for each given spacer thickness is

presented.
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Figure 5-7: (a.) peak displacement as a function of the overlayer thickness (see Chapter 4),
exemplifying the penetration depths of the u1 and c2 modes, and the positions of the different
sample configurations used in these experiments (1, 3 and 5 bilayers); (b., ¢c. and d.)
transmission spectra of the samples used in the experiments, along with the fitted
contributions of each mode (c2, blue, u1, orange) and a sketch of the final geometry of the
samples.
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Crescents, 1 bilayer and fluorophores

Figure 5-8 presents fluorescence measurements of a standard Au nanocrescents
sample covered with 1 polyelectrolyte bilayer and green emitting fluorophores. The
bilayer was approximately 4 nm thick and should help (at least partially) preventing
the complete quenching of fluorescence by the metallic structure, while also helping
to place the fluorophores close enough to them so that they sit within the typical
decay lengths of the near fields (approximately 10 and 20 nm for the ¢, and u4

resonances, respectively).

This set of images was recorded at two different wavelengths (800 and 920 nm) and
two main polarization conditions (obtained by mechanical rotation of the sample). A
simple division of measurements is made then for these cases; in (a.) the 800 nm
measurements are presented, while (b.) introduces the 920 nm ones. The
polarization at excitation is presented in two different rows, as ¢ and u. The different
excitation intensities™ used for the experiments are signalized in each image. Each
image is usually presented accompanied by a line profile to make clearer the results
expressed in the color code and make more straightforward comparisons. The color
scale next to the images indicates a quantity that should be proportional to the real
counts collected/pixel.

When exciting at 800 nm (section (a.) Figure 5-8) and considering any polarization /
intensity combination, it is possible to observe that scanned area is covered by spots
with significantly higher counts (at least a 2x factor difference for the u polarization,
but significantly higher for ¢) than the fairly even background (which lies for all cases
in the 20 counts range). When exciting with ¢ polarization, a high contrast in the
spots is detected with relatively low excitation intensities (i = 2%). The rotation of the
sample to a u configuration gives rise to essentially weaker spots, even for higher
excitation intensities, which would correlate to a polarization (mode) dependent

enhancement.

' These are referred to as percentage, as obtained from the driving software of the microscope. A
corresponding calibration curve is present in Appendix B.
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When exciting at 920 nm (section b.), the contrasts for the different polarizations are
even stronger. For c-polarized excitation, i = 2% already gives rise to a contrast of
fairly 200.

Bleaching, as a drawback for this type of experiment, is already observable for, i.e.
the 920 nm, ¢, | = 2% combination, where on the right side of the image weaker
spots are imaged after a previous scan with the laser. This issue is of fundamental
importance, since bleaching of the fluorophores hinders any real quantification of the
enhancement processes behind these experiments.

For u excitation, almost no signal is detected for i =2 %. When i = 5%, a weak
increase is detected.

From these set of 7 measurements, a clear point is to be observed, that is, a strong
polarization character of the fluorescence intensities measured in these spots, both
for the measurements at 800 and 920 nm.

If a correlation is made to the information presented in Figure 5-7 about the
resonances (extinction spectra of the corresponding sample, presented in Figure 5-7
(b.)), the assignation of the strongest resonances and the enhancement events is
inverted; i.e. at 920 nm the u component is the strongest, while the fluorescence
images show the weakest spots.

A similar situation is observed for the 800 nm measurement, but the contrast is not

so dramatic as for A = 920 nm.
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Figure 5-8: fluorescence for pulsed excitation at 800 and 920 nm, for a sample covered with 1
bilayer and Alexa 488. The scale bar represents 5 um.
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Crescents, 3 bilayers and green fluorophores

Figure 5-9 presents fluorescence measurements, of a sample covered with a thicker

spacing (approximately 20 nm). Within this thickness range, the ¢2 component is
expected to be saturated, while the u4 still presents a non-negligible component to
the near field (see Figure 5-7 a., case “2”).

Figure 5-9 (a.) presents measurements for the 850 nm at excitation. For the ¢
polarization, a clear contrast is detected upon increasing the intensity from 1 to 2 %,
evolving from an almost homogeneous background (app. 20 counts) with no spots, to
a condition where bright spots (at app. 100 — 150 in the scale) are clearly

detectable.

For the u polarization, partially saturated spots are already detected even at so low
intensities as 1 % at excitation. This effect correlates to a stronger u component in
the spectrum (see Figure 5-7 for details) at that wavelength, indicating possibly an

increased excitation condition.

When exciting with A = 920 nm (Figure 5-9 (b.)) and ¢ polarization, a weak increase
(less than a factor 2) of the contrast with respect to the background at some spots is
detectable for i = 2%. The increase to 5% on the intensity gives rise to, in some

cases, a 3 — 4 factor increase on the spots compared to the background.

For the same wavelength, and u polarization, a comparable effect is seen, but the 3
— 4 factor increase is correlated to a change of only 1% to 2 % in the excitation
(compared to a 1 to 5 % for the ¢ case). At this wavelength, the u polarization should
play a significant role in the excitation process see Figure 5-7 (c.) for details), since
the near field associated with it should not be saturated in this case, and the

orientation of the sample should be optimum for a plasmon-mediated phenomenon.
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Figure 5-9: fluorescence measurements, 2-photon excitation at 850 and 920 nm, for a sample
covered with 3 bilayers and Alexa 488. The scale bar represents 5 um.
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Crescents, 5 bilayers and fluorophores

Figure 5-10 presents the results for a standard nanocrescent sample covered with 5
polyelectrolyte bilayers and fluorophores. All experimental parameters are equal to
the previous (3 bilayers) experiment.

The first point to notice in these measurements (for both 850 and 920 nm, that is

Figure 5-10 (a.) and (b.)) is that the overall contrast of the bright spots (when
detectable) is in all cases significantly smaller than in the previous 2 experiments. For
the 850 nm excitation and c polarization, some weak bright spots are detectable for i =
2 % (compare to the results on Figure 5-9). When increasing the excitation to 5%, the

contrast increases in an almost x 3 - 4 factor (see

Figure 5-10 for details). The bleaching effects are also present in these
measurements, one of the reasons for which only a qualitative description of the

phenomenon can be made.

For the u polarization, some weak (50 — 100 in the color scale) spots are detectable
at i = 2% (compare to the same measurement, but on Figure 5-9, where for i =1%
and same conditions, an average doubled contrast is evident).

When A = 920 nm (section (b.)) and ¢ polarization, only weakly enhanced spots are
present for i = 5 % (compare for the experiments with 3 bilayers in Figure 5-9, where
almost twice as intense spots are detectable for similar excitations). The contrast for
the u polarization at this wavelength is significantly stronger than that for ¢, but still
comparable to the results of the 3-bilayer experiment (see Figure 5-9).
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Figure 5-10: fluorescence measurements, 2-photon excitation at 850 and 920 nm, for a sample
covered with 5 bilayers and Alexa 488. The scale bar represents 5 um.
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5.4 Summary and conclusions

Standard nanocrescents with resonances in the near infrared were prepared on
glass and decorated with different amounts of polyelectrolyte layers (spacers), and
fluorophores emitting in the green part of the spectrum. The samples were
investigated using confocal fluorescence microscopy, to a single particle level, when
excited with a Ti:Sa laser working in the 780-920 nm range. The combination of
excitation and fluorophores should favour a two-photon process.

Several questions were addressed in these experiments, but namely the focus was
set on role of the resonances on the particles — tested via polarization changes -, the
role of the excitation intensity, and the effect of placing fluorophores at significatively
different distances to the particles (and prove the interaction of the near field of each
mode with the fluorophores). Assuming that, i.e. the amount of fluorophores is
comparable in all samples, etc. the measurements would show that, upon greater
spacer thicknesses, the enhancement events are drastically reduced, as expected for
decaying near fields.

The polarization effect (meeting the u or ¢ resonances, respectively) is also present,
obtaining usually stronger contrast when meeting one resonance in wavelength and
polarization conditions. This is observable for both the 3 and 5 bilayer cases, though
not so clear in the 1 bilayer case (for fluorophores placed to a 4 nm distance to the

crescents).

In order to do a real estimation for the enhancement events, it is of fundamental
important to access the actual counts from the fluorescence measurements, as well
as establishing a proper calibration for the excitation intensity. Without this
information, all comparison made holds a qualitative character.

An important point to solve also in this respect is that of the strong bleaching (which
is present and easily noticeable during the measurements), and of the possible
destruction of the nanocrescents at high excitation powers. The measurements
presented in this work, though suggestive, should be considered only as proof of
principle and first approach to the problem; further experiments under controlled
conditions are necessary to build a fully quantitative view of the phenomenon.
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6 . Fabrication of discs and ellipsoid-like noble

metal nanoparticles

6.1 Introduction and motivation

Nanosphere (or “natural”) lithography, as introduced in Chapter 2, has proven to be
a powerful technique to fabricate with great ease a wide range of structures using
colloids as a masks, i.e. from simple disc-like structures [Hanarp 2003], to more
complex nanotriangles [Willets and Van Duyne 2007], nanorings [Aizpurua, Hanarp,
Sutherland, Kaéll, Bryant and Garcia de Abajo 2003] or nanocrescents [Shumaker-
Parry et al. 2005].

In general, all of these structures can be tunned spectrally by changing their size,
material, or modifying slightly their shape [Willets and Van Duyne 2007]. For the
nanocrescents, in particular, this is done with relative ease in the near infrared part of
the spectrum, as has been presented throughout Chapters 3 and 4. Shifting the main
resonances to higher energies requires the fabrication of essentially smaller
nanocrescents. From a technical point of view, this process is limited to some 60 —
80 nm particles [Rochholz 2005]. These (gold) particles have resonances that lye, at
most, in the 700 nm range [Rochholz 2005].

From technical considerations, it is most desirable to be able to work in the visible
part of the spectrum, since there a wide range of comercial products (detectors,
spectrometers, etc.) are readily available. Based on all the information collected so
far for the nanocrescents, an intrinsic barrier is present in the near infrared.

It is of interest, then, to explore new shapes and materials to mimic the polarization-
dependent nature of the resonances of the crescents, and to push the spectra into

the visible.

In this chapter, nanosphere lithography is applied to produce silver and gold
ellipsoid-like, flat nanoparticles. Previous work on gold flat ellipsoidal nanoparticles
produced with conventional electron beam lithography has shown that these
structures possess a wide spectral tuneability and a polarization-dependent response
[Grand et al. 2006]. While the fabrication of metallic nanodiscs using nanosphere
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Chapter 6 — Fabrication of ellipsoid-like noble metal nanoparticles

lithography is already known from the literature [Hanarp 2003; Hanarp, Kall et al.
2003; Hanarp, Sutherland et al. 2003]; the technique can be easily extended to
produce nanoellipsoids. For this purpose, a slight modification to the general
approach for producing nanodiscs is introduced.

Section 6.2 deals with the fabrication procedures for both nanodiscs and
nanoellipsoids, using nanosphere lithography. The optical properties of both discs
and ellipsoids are explored in Section 6.3, where a wide range of sizes and shapes
(ellipticities) were explored in order to study the spectral tuneability of these systems.

6.2 Fabrication
6.2.1 General methodology

The basic fabrication procedure for the nanoellipse/nanodiscs consists of dispersing
the colloidal mask on a thin metal layer previously deposited on a flat substrate, and
etching the material not protected by the colloidal mask with an ion beam. When the
etching proceeds perpendicularly to the substrate, the resulting structures are
nanodiscs; otherwise, the projeciton of the mask describes an ellipse on the
substrate, with a given ellipticity determined by the etching angle (€). After the etching
procedure is finished, the mask is removed mechanically using a tape, leaving
metallic shadows behind, which are finally the nanostructures of interest.

Figure 6-1 depicts schematically the fabrication process. The simplest structures
occur for € = 0, resulting in nanodiscs. For € > 0, the resulting structures are expected
be flat ellipsoids. The long axis of the ellipses can be estimated to be dco/cos(e),
being € the angle of the beam relative to the surface normal. The short axis can be

roughly estimated as dgoj.

a. b. C.
. &
PS collm{ \0{5\00 @\ .
\\ . f (90-¢)
Metal—p,7777777777777777777. 77777777777777777777. Sl ////7////7)
Glass l

" d,,/cos(e)

Figure 6-1. simplified scheme of the fabrication procedure for the nanoellipsoids - a) colloid
dispersion on the surface of a metal-covered glass substrate b). ion etching c). (ideal)
geometrical description of the particles according to its fabrication: the minor axis of the
ellipse correspond to the colloids’ diameter; the long axis can be estimated as d..,/cos(g).
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The main variables, then, to tailor the geometry of the particles are reduced in this
case when compared to the nanocrescents (see Chapter 2); here, in principle, only

the size of the colloidal mask (deor) and the etching angle (¢) plays a significative role.

Figure 6-2 presents a sketch of the geometries expected for an ideal process,

using different etching angles (e = 0°, 30°, 45°and 65°).

&= 30° & = 45° g=65°

Figure 6-2: sketch of the different geometries expected for different etching angles (¢ = 0°, 30°,
45°and 65°)

For this picture to be valid, it is assumed that the ion beam is homogeneous and
non-divergent, and that the colloids remain unetched or non-deformed. The last two
factors are, at best, an approximation; but this still represents fairly well the shape of
the resulting structures, as will se shown in the following.

Any drastic deviation from this model should lead to important distortions in the final

shape of the particles, particularly, the ellipsoids.

When compared to the procedures to fabricate nanocrescents (see Chapter 2), it is
possible to observe that this methodology is essentially simpler than to produce
nanocrescents. Still, and as it will be shown in this and the following chapters, the
particles produced by this method are very versatile plasmonic structures that can be

used for sensing and enhanced spectroscopies.

6.2.2 Sample preparation

Ag and Au nanoellipse

A 40 nm thick silver (or gold) film was evaporated (Auto 306, Edwards, Sussex UK)
on detergent (Hellmanex, Hellma GmbH) cleaned glass substrates (Objekttrdger

Glas, Menzel Gldser, Germany). Polystyrene “PS” nanospheres (Polystyrene
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Nanobead: NIST, Polysciences, Warrington USA) of different nominal diameters
were randomly dispersed on top of the films, on a submonolayer coverage level. The
samples were then exposed to an argon ion beam (RR-I SQ76, Roth & Rau,
Wiistenbrand, Germany) inciding on the surface at different angles (e), and etched.
The colloids, acting as protecting mask, prevented the removal of the material behind
them. After the etching process, the colloidal mask was removed mechanically by
means of an adhesive tape (Scotch Magic Tape 810: 19mm x 33m, 3M France). The
remaining metallic objects (“shadows” of the colloidal masks) constitute the metallic

nanoparticles.

6.3. Characterization

The samples were characterized using conventional UV-VIS-NIR transmission
spectroscopy (Perkin-Elmer, Lambda 900). The device was equipped with
polarization optics.

Scanning electron micrographs of representative samples were recorded with a
scanning electron microscope (LEO Gemini 1530).

The photographs of the samples presented in this work were made with a
conventional digital camera (Fuji).

6.3 Results and discussion

6.3.1 Nanodiscs (€ =0°)

Ag nanodiscs

Figure 6-3 shows pictures of a some square centimetres sample covered with 100
nm Ag discs (a.) and (b.), and its corresponding scanning electron micrograph (c.).
The sample shown in Figure 6-3 is very colourful, “reflecting” (scattering) green light
and “transmitting” the red. This can be related to a plasmonic resonance occurring in
the visible part of the spectrum; the fact of being so easily detectable with the eye is
also related to the high surface coverage™ (several particles per um? - see Figure
6-3 c. for a SEM image of the same sample, where the metallic discs on the
substrate are easily recognizable).

!5 Samples prepared with more diluted masks (less than 1 particle / umz) appear transparent to the
naked eye.
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Figure 6-3: 100 nm Ag discs. White light illumination, (a.) dark background (“reflected light”)
and (b.) white background (“transmitted light”); (c.) SEM micrograph of the same sample (100
nm Ag discs). The scale bars represents 2 um.

Figure 6-4 (a) presents the spectra corresponding to silver discs of different
nominal diameters (80, 100, 125, 150 and 300 nm)®. The spectra, recorded in a
wavelength range from 350 to 2000 nm, show the evolution of one strong peak as
from 500 nm into the near infrared. As expected, this resonance becomes also
significantly broader for larger particles. Both the peak position and width of this main
resonance are extracted from the measurements by fitting lorentzian curves to the
data'. The results are presented in Figure 6-4 (b.) and (c.). The evolution of the peak
position is fairly a linear relationship to the size of the colloids (slope: 3.2), as it also

'® These sizes correspond to the nominal diameters provided by the manufacturer (Polyscience), and
should only be taken as a reference, since deviations are found (see Appendix C for the data
available). In particular, the greatest deviation is found for the 150 nm colloids, with a 200 nm
diameter.

A comparison on the results for Lorentzian, Gaussian and Voigt curves can be found in Appendix C.
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is that of the width (slope: 2). The smallest particles produced (80 nm discs) do not

seem to follow this tendency; further measurements on smaller discs would be

necessary to determine whether there is an intrinsic limit for this size range.

Apart from the main resonance considered so far, weaker peaks are detectable at

longer wavelengths for almost all samples. The latter are considered to be an artifact

resulting from colloid agglomeration during fabrication and will be discussed later in

detail. For the largest discs produced in this work (deor > 200 nm) a second peak is

also detectable at higher energies than that of the main resonance, approximately at

400 nm. This resonance is not considered to be an artifact; a possible interpretation

for these measurements could be related to a higher order resonance of the

particles.
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Figure 6-4: (a.) Extinction spectra of Ag nanodiscs, (b.) and (c.) Peak positions and width, as
determined from fitting Lorentzian functions to the extinction measurements.
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A general consideration is to be made related to the intensity of the peaks measured
for the different samples (both for Ag and Au). The absolute values not to be
compared, since no normalization procedure was carried out for these
measurements. An approximation to the intrinsic cross-sections of these particles
would require, in principle, a good approximation to the surface density on the
samples. This information is not available for all samples, reason for which no

normalization procedures were carried out in these spectra.
Gold nanodiscs
Figure 6-5 presents photographs of 100 nm Au discs sample; in this case the

“reflected” (scattered) (a.) light is in the red part of the visible spectrum, appearing
blue when faced to a white background (“transmitted” light).

Figure 6-5: 100 nm Au discs. White light illumination, (a.) dark background (“reflected light”)
and (b.) white background (“transmitted light™)

Figure 6-6 (a.) shows the spectra of gold nanodiscs (including those in the previous
Figure), produced using different mask sizes (60, 100, 125 and 150* nm)™. In this
case, as for the Ag nanodiscs, a strong, main resonance peak is easily recognizable
from the spectra, evolving from app. 570 nm for the 60 nm discs into the red for
increasing sizes. Lower energy resonances are also detectable in most samples; but

these are most likely related to an artifact of the production process.

'® For these samples, an extra 1 nm Cr layer was used as adhesion promoter to the glass substrate

117



Chapter 6 — Fabrication of ellipsoid-like noble metal nanoparticles

A rather broad extinction peak appears for the larger discs at roughly 400 nm, but
this effect is not so evident as it is for the Ag nanodiscs (see Figure 6-4).

Figure 6-6 (b.) and (c.) display a summary of the results for the peak position and
width of the resonances as obtained from fitting Lorentzian curves to the

measurements'.
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Figure 6-6: (a.) Extinction spectra of 60, 100, 125, and 150 nm gold nanodiscs. All curves have
been displaced vertically for clarity. Peak position (b) and widths (c.) of the resonances, as
obtained from fitting Lorentzian functions to the spectra. No data normalization has been
carried out.

' A comparison of different curves to fit the data is presented in Appendix C.
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The resonances evolve into the infrared with increasing size, as expected, and so
do their widths (see Figure 6-6). Both quantities evolve linearly as from 100 nm on.
The data obtained for the smaller discs (60 nm in diameter) appears as if a plateau in
this size range had been reached. A similar consideration has already been made for

the Ag nanodiscs, also for structures of comparable size.

Interpretation

The main peak in the extinction spectra can be associated to a dipole-like
response, the simplest resonant mode that a structure could support [Kreibig et al.
1987; Aizpurua, Hanarp, Sutherland, Kall, Bryant and Garcia de Abajo 2003; Hanarp
2003].

Lower energy resonances

Longer wavelength resonances could be interpreted as an artifact of the fabrication
process. In order to support this hypothesis, Figure 6-7 displays the results obtained
for 200 nm Au discs produced with two different colloidal mask concentrations. The
measurement indicated as (A) corresponds to a sample produced using a colloidal
mask with a concentration 5 times higher as for (B). The increasing amount of
colloids on the surface leads most likely to the formation of aggregates that, once
being the sample etched, would contribute to the overall extinction at longer

wavelengths.
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Figure 6-7: 200 nm Au discs, prepared from a Cr: 1.5 nm, Au: 25 nm film, using two different
concentrations of the colloids’ suspension (A: 1:100, B: 1:20)*

% The measurements also show that an adequate tailoring of the process can lead to almost artifact-
free samples. Surface functionalization can lead to comparable results (see Hanarp et.al.). In this
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Higher energy resonances

The detection of a higher energy resonance than the dipole-like for large (dcon > 200
nm) silver discs (see Figure 6-8), could in principle be related to a higher order mode
resonance. Such possibility has already been investigated by Kreibig et. al. [Kreibig
and Vollmer; Kreibig et al. 1987] for metallic spheres, for the same size ranges and

materials.
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Figure 6-8: 125, 150* and 300 nm Ag discs on glass.

In this case, though not dealing with spheres, these should be a qualitatively

representative approximation to the discs.

No extensive studies have been found, though, for metallic nanodiscs of large (> 200
nm in diameter) size to compare further the results presented here, which should be
confirmed by further full numerical calculations or measurements (i.e. near field

scattering [Keilmann and Hillenbrand 2004]).

work, no chemical treatments were applied to the metal surfaces before the spreading of the mask on
them.
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6.3.2 Ellipsoids (¢ > 0)

Figure 6-9: SEM micrographs of (a.) Au ellipsoids produced used 80 nm PS colloids. The size
dispersion of the particles on this sample can be related to the quality of the colloidal mask
used for these samples (see Appendix C for details) (b.) Ag ellipsoids, produced using 1um PS
colloids. The scale bars represent 400 nm (a.) and 2 um (b.).

Figure 6-9 presents scanning electron micrographs of samples prepared with 80 nm
(a.) and 1um (b.) colloids, and etched at ¢ = 65° The micrographs show the
ellipsoidal shape of the particles produced when the samples are etched not
perpendicularly to the surface. The smaller particles Figure 6-9 (a.) show strong
deviations from the ideal morphology; still, the general ellipsoidal shapes are easily
recognizable. Figure 6-9 (b.) shows a micrograph of comparatively larger structures
(in the micrometer range) that look, though not perfect, much better defined than in
the case presented in (a.). The etching/deformation of the colloids when exposed to
the ion beam is probably much smaller for these big PS particles as for the 80 nm

ones.

Silver ellipsoids

Figure 6-10 presents the spectra of ellipsoids produced namely 80 and 100 nm
colloids, measured with light polarized along their major and minor axis of symmetry.
The samples were prepared using different etching angles (e = 30°, 45° and 65°) (see
also Figure 6-2 for a sketch of the different geometries). The resonances for the two
main polarizations clearly separate for larger € , as expected from the final symmetry
of the particles, remaining that of the short axis of symmetry in fairly the same
position, while the second peak red-shiftes for larger € - as would be expected for

larger structures.
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Figure 6-10: extinction spectra of Ag ellipse-like particles measured with light polarized along
their minor (gray) and major (black) axis of symmetry. The structures were produced with € =
30° (a.), 45° (b.) and 65° (c.). The jump in the spectra at 860 nm is related to the spectrometer
and has no physical meaning for the particles. Some of the spectra have been displaced
vertically for clarity.

Figure 6-11 summarizes the information extracted from these measurements (peak

position and width), by fitting Lorentzian curves to the data, for all combinations of

etching angles and sizes, both along the shprt and long axis of symmetry.
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Figure 6-11: peak position and width (error bars) of the resonances for structures etched at 30°
(a.), 45° (b.) and 65°(c.). The gray markers correspond to measurements along the short axis of
symmetry, while black markers correspond to the long one.
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Figure 6-12: sketch of an ellipsoidal structure and the different polarizations.
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It is important to note that geometrical deviations from this simplified model can
occur. A non-homogeneous etching beam or a deforming/etching colloid can lead to
significant distortions, i.e. egg-like shape (see Figure 3-10 (a.)). The measurements
show that in all cases studied the polarization dependent resonances are still easily

identifiable.

Gold ellipsoids

Figure 6-13 displays the spectra measured for particles produced using 80 and 100
nm colloids and etched at 65°. The measurements were done with the use of

polarization optics, along the major and minor axis of symmetry of the ellipsoids.
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Figure 6-13: Au ellipsoids produced using 80 and 100 nm colloids. The samples were etched at
65°. The spectra measured with light polarized along the short axis of symmetry appear in
gray; for the long axis, in black.

As in the case of the Ag ellipses, the two main resonances are easy to detect and
separate by means of polarization optics. The resonance corresponding to the short
axis polarization resembles that of the discs of similar size (compare with Figure 6-6).
The longer axis resonance broadens considerably and shiftes into the red. The
broadening and slight shape distortion is most likely a combinantion of an intrinsic
property of the resonance, and possible misalignments during fabrication /

measurement. If the data for peak positions presented in Figure 6-6 is extrapolated to
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the 1000 nm regime, the resonances for the major axis of the particles presented in
Figure 6-13 are comparable to discs in the 200 — 300 nm range, and in turn, to the
simple approximation of d.o/cos(65°) corresponding to the length of the major axis of
the ellipsoids.

6.4 Conclusions

Flat metallic nanodiscs and nanoellipses of different sizes and materials were
produced by means of nanosphere lithography, expanding the available range of
structures fabricated with this method. The fabrication of metallic nanoellipses was
achieved by a very simple extension of the procedure for the nanodiscs, giving rise to
structures with multiple, polarization-dependent resonances in the visible and near
infrared regions of the spectrum. The introduction of particles with multiple
resonances can be particularly interesting for sensing applications, as for the
nanocrescents, where more information can in principle be extracted from the
independent modes in one single, simple experiment. These systems are also
interesting from a technical point of view for studying plasmon mediated phenomena,
i.e. fluorescence, since they are highly tunable in the visible range, allowing for the
use of all standard optical elements and commercially available dyes.

From the fabrication point of view, the easy tunability of the sizes of the
nanostructures is intrinsic to the process itself. Structures ranging from 60 nm up to 1
um were produced in a simple manner, in a large scale and in a parallel way, which
is not easily achievable neither with chemical nor conventional lithographic methods.

The exploration of a broader size range for the nanodiscs has proven most important
in the case of the silver particles, where a second resonance appearing at shorter
wavelengths has been detected. A hypothesis based on previous calculations on
spherical particles suggest that this could be a higher order mode [Kreibig and
Vollmer; Kreibig et al. 1987]. Further measurements, i.e. of the same particles in
different refractive index media, and full numerical modeling of the structures are
necessary to validate this last point.

This effect is not evident from the measurements for the Au nanodiscs in the size

range explored.
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7 . Sensing with metallic nanodiscs

The ellipsoid-like nanoparticles produced by means of nanosphere (or natural)
lithography are probably, along with the holes in metallic films [Deckman and
Dunsmuir 1982; Rindzevicius et al. 2005], the simplest structures that can be
produced by this method. Both the holes in films and the metallic nanodiscs have
been studied previously in terms of their sensing capabilities, namely their response
to different dielectric environments, in biosensing schemes [Rindzevicius et al. 2005]
and, more recently, even as platforms for recognition of structural/electronic changes
upon gas absorption [Langhammer et al. 2007].

Limited experimental information is available, though, on their sensitivity to single
recognition events, to thin films, or on other relevant parameters, i.e. field decay
lengths around these structures.

In this work, the sensitivity of metallic nanodiscs to thin polymeric layers was studied

with a simple approach based on the sequential deposition of polyelectrolyte layers
and the optical characterization of the resulting capped nanoparticles. This
methodology, already introduced in Chapter 4 to study the response of different
resonant modes on crescent shaped nanoparticles, was extended here for the
metallic nanodiscs. This method proved to be a powerful tool to estimate not only
sensitivities, but also typical decay lengths of the field around these structures. Both
these quantities are of fundamental importance, since they give a rough indication for
the feasibility of building a sensor based on local changes to their environment, and
the sensing ranges they are confined to.

Section 7.1 deals with the optical reponse of discs to thin films on their surface.
Since these nanoparticles are very versatile and particularly simple to fabricate, it is
of interest to study their sensing capabilities to a few bio recognition events on their
surface. Section 7.2 is focused on testing the potential of the nanodiscs for
biosensing, using a conventional biotin-streptavidin recognition approach. As in the
case of the nanocrescents, the use of a species marked with Au nanoparticles is also

explored as an approach for signal amplification.
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7.1 Thin film sensing with Au nanodiscs

As introduced, the study of the optical properties of nanoparticles covered with thin
layers of a dielectric material, i.e. resonance displacements upon layer attachment,
can render valuable information like sensitivity and field extension around the
nanoparticles.

In order to test the response of the metallic nanodiscs to thin polymeric films,
polyelectrolyte multilayers [Decher and Schmitt 1992; Decher 1997] were deposited
on the surface of the particles. This approach is particularly interesting because of its
simplicity and ease of thickness control with a nanometer precision.

The extinction spectra of the samples were measured first as bare particles, and
then after a definite number of bilayers. The peak displacements extracted from the
reference and final spectra were in turn linked to the thickness of the material added
on the surface of the particles. As introduced previously in Chapter 4 for the
nanocrescents, this simple approach allows for a good estimation of the sensitivity of
these particles to the thin films and the determination of an effective distance working
range for these nanosensors.

The experimental details in this section will be described briefly, since they are
almost identical to those introduced in Chapter 6 for the fabrication of the nanodiscs,
and to those in Chapter 2 for the polymer films on the metallic nanostructures.
General concepts on sensing with metallic nanoparticles and an example for the data

analysis used in this section can be found in Chapter 4.

7.1.1 Experimental

Gold nanodiscs were prepared on conventional borosilicate glass substrates,
following the procedure introduced in Chapter 6. All materials, machines and
methods correspond to the ones presented there. A inm Cr and a 40 nm Au films
were used for producing the discs in these experiments. Three different sizes for the
colloidal masks were used, namely 60, 125 and 150%' nm colloids.

After the fabrication of the discs, polyallylamine (PA) and polystyrene sulfonate
(PSS) layers were deposited alternatively on the samples, in order to build up thin

bilayers on top of the structures A ‘bilayer’ is constituted by a layer of PA and one of

' Nominal diameters, as given by the producer (Polyscience). The 150 nm colloids correspond to a
200 nm in diameter (see Appendix C).
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PSS; the average bilayer thickness is estimated to be 4 nm, in the 1 to 3 bilayers
regime, and 8,4 nm further on (see Chapter 4 for further details on this subject).

7.1.2 Characterization

The samples were characterized by means of UV-VIS/NIR transmission
measurements. In these experiments, and differing from the approach used for the
crescents in Chapter 4, only one sample of each disc size is sequentially measured
and treated with polyelectrolytes, meaning that each measurement is related to only

one reference measurement (bare particles).

7.1.3 Results and discussion

Figure 7-1 presents transmission spectra® for (a.) 60 nm, (b.) 125 nm and (c.) 150*
nm discs, upon the addition of polyelectrolyte bilayers. It is possible to observe in this
figure that all spectra progressively red-shift upon the deposition of polymer on the
samples; a significant widening of the resonances is also evident from the
measurements. For the largest discs (200 nm in diameter) a double peak structure is
recognizable from the measurements. This distortion becomes more evident with
increasing amount of polymer on the sample. This effect is not so clear for the other
nanoparticles; a more comprehensive comment about this effect will be presented at
the end of this section.

Peak position and width (HWHM: half width at half maximum) of the resonances
were extracted from the extinction measurements by fitting Lorentzian curves (see
Appendix A) to the data sets. All data treatment was done using Igor Pro v. 5.0. The
information extracted from the fitting procedures is summarized in Figure 7-2, where
the peak displacements for each disc size are presented. In all three cases, the
displacements upon increasing polymer thickness evolve in an exponential-like
saturating form. This saturation is clear in the case of the 60 and 125 nm discs, but
does not seem to be fully reached for the 200 nm discs. This information, as in the

case of the crescents, is approximated by a function of the form:

2 The jump in the spectra at approximately 860 nm corresponds to a feature of the spectrometer and
does not have a physical meaning.
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Figure 7-1: extinction spectra of Au nanodiscs of 60 (a.), 125 (b.) and 150 nm (nominal) (c.)

upon the attachment of an increasing number of polyelectrolyte bilayers.
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AL(d)=A4,, +(A4,, -A4,, )e‘%u

where A4, ; represents the saturation limit, d the thickness of the layers, 44y, the

peak displacement at d = 0, and d), a typical decay length. The index “” refers to

each type of sample (disc size) used in the experiments.

A simple estimation of the sensitivity of the particles to the addition of the bilayers is

represented by M .
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Figure 7-2: Peak displacements as a function of the amount of added polymer, for the three
sample sizes explored in this work. The dashed lines represent exponential fits to the data.

All parameters extracted from the exponential fits, including the typical decay lengths

e A . .
(d) and sensitivities (d( A) ) are summarized in Table 7-1.
d(d) |,
d(AA)
Ahm [nm] | di[nm] | Ako[nm] | — %
d(d)|,_,
60 nm particles 29.6 14 -5 2.46
125 nm particles 107.5 23.6 -4.6 4.7
200 nm particles 163.3 40.8 1.7 4

Table 7-1: results from fitting exponential saturating functions to the calculated peak
displacements in the bilayer experiment, for the three different sizes explored (corresponding
to curves A, B and C in Figure 2.a.)
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The data presented in Table 7-1 shows that the decay lengths scale with the size
of the discs (a linear fit on d, versus diameter gives a slope of 0.19).

The slope of the exponential fits for d = 0 show that, for thin film sensing, larger
particles are more sensitive than smaller ones (almost a factor 2 to 1, for the 60 and
125 nm discs). The sensitivities for the 125 and 150* nm discs appear, despite the
size differences, somewhat comparable. Further measurements for other particle
sizes should be carried out to validate these results and analyse size/sensitivity
relationships.

Comparing these results on nanodiscs to those for the nanocrescents in Chapter 4,
it is evident that, for similar sizes, the crescents possess higher sensitivities (on
average, a factor 2) and more confined near fields than the discs. This comparison
should only be taken as an indication, since the shapes and near field distributions
expected for these particles are very different. A better approach to compare the
sensitivities should probably be done analyzing the form of merit (FOM) of these
structures [Sherry et al. 2005] versus the ones of the nanocrescents [Rochholz 2005]
(see also Chapter 4).

Shape distortion of the extinction spectra

Rindzevicius et. al. [Rindzevicius et al. 2007] have recently tested the sensing
capabilities of nanodiscs with an approach comparable to the one presented in this
section. The authors present results on Langmuir-Blodgett multilayers of 22-
tricosenoic acid built on nanodiscs, but extend the analysis to greater overlayer
thicknesses. Their result on peak displacement versus overlayer thickness presents
an oscillatory character (red and blue shifting of the resonances upon increasing
layer thickness), which is explained with an image-dipole model. This oscillatory
behavior has not been observed in the measurements presented in this section; a
reason for this may lie on the narrower thickness ranges explored here. A second
feature observed by these authors is an anomalous broadening of the spectra upon
the addition of the multilayers. This distortion could probably also be explained by the
model proposed by Rindzevicius et. al., but it remains an open question, since it is
not clearly observable for the other particle sizes.
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7.2 Sensing of bio-recognition events with nanodiscs

Metallic nanodiscs/ellipsoids are an interesting approach for a sensing platform
based on nanoparticles. They are particularly simple to produce and measure; and
present a sensitive response to thin polymeric films. In this section, the sensing
capabilities of metallic nanodiscs to a few recognition events on their surface are
tested via a conventional biotin-streptavidin recognition system. As in the case of the
nanocrescents (see Chapter 4), the possibility of signal amplification by using SAv-
marked Au nanoparticles is also explored and quantified, both for Au and Ag discs.

7.2.1 Experimental

Sample preparation

Metallic (Ag and Au) nanodiscs were prepared following the procedures introduced
in Chapter 6. A 40 nm thick film (either Ag or Au) was evaporated on the substrates
to prepare the nanodiscs. For the Ag samples, an extra 0.8 nm Cr film was used as
an adhesion promoter. All procedures, products and equipment used for these
experiments correspond to those introduced in Chapters 2 and 6.

In order to functionalize the surface of the nanoparticles, all samples were first
exposed to a thiol mixture containing biotin-terminated and hydroxy-terminated thiols.
After this step, they were exposed either to SAv or SAv-AuNPs, for their attachment
to the surface. All of these steps were done following the procedures introduced in
Chapter 2 (Section 2.4.), where all products and processes are thoroughly described.

Characterization

The samples were characterized using conventional UV-Vis/NIR transmission
spectroscopy, before and after the chemical treatments.

7.2.2 Results and discussion

Au nanodiscs

Figure 7-3 (a.) and (b.) present the extinction spectra of discs as bare patrticles, after
biotinylation and after either Sav (a., c.) or Sav-AuNPs attachment (b.). It is important
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to note that these samples present a great amount of aggregates, which can be
noticed in the intensity of the peak appearing at roughly 750 nm, an artifact of the
fabrication. This effect is related to the quality of the colloidal mask used for the
experiments.

A higher quality (low agglomeration, see Appendix C) colloidal suspension of 125
nm PS spheres was applied in (c.), which was used to check the quality and
reproducibilty of these measurements. The results correspond to SAv recongnition

events in 125 nm Au discs. In these samples, no agglomeration effects are detected.

A O O @
a O U O
| ] ] |

L ]

Extinction (x1 0®

w
&,
]

Extinction (x10°)
1N
o
|

N W
o O
| |

500 750 1000
Wavelength [nm]

3
Extinction (x10 7)

= N W A OO N 0 ©

o o O O O o o o o

I N I I SO IO B

500 750 1000
Wavelength [nm]

Figure 7-3: 80 nm Au nanodiscs after the attachment of Sav (a.) amd Sav-AuNPs (b.); 125 nm
Au nanodiscs after the attachment of Sav (c.). The solid, black line corresponds to the
reference measurements, the dashed line, to biotinylation and the grey one, after either Sav or
Sav-AuNPs attachment.
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Ba_lre Biotin Biotin + Biotin+ SAv- | A\, [nm]
particles SAv AuNPs
80 nm Au Ap [NmM] 578.7 579.3 590.8 121
discs | Width [nm] 40.7 44.3 455 '
80 nm Au | A [nm] 582.1 582 587 i
discs [ Width[nm] 38.1 47.4 46.3 '
125 nm Ap[nm] 700.9 705.7 712
Au discs 11.1
) Width[nm] 94.2 98.3 101.2
125 nm Aplnm] 699.8 705.7 703
Au discs 3.2
) Width[nm] 91.4 94.3 98

Table 7-2: peak position (A;) and width (HWHM: half width at half maximum) for the Au
nanodiscs samples, before and after the functionalization and Sav/Sav-AuNPs attachment. All
peak displacements are calculated taking the peak position after biotinylation as a reference.

Both for the 80 and 125 nm Au nanodiscs, no major peak displacements upon
biotinylation or SAv/SAv-AuNPs attachment are evident from the measurements.
Peak position and width of the main resonance were extracted by fitting multiple —
when necessary — lorentzian curves to the extinction spectra.
The information extracted from the fitting procedures in Figure 7-3 is summarized in
Table 7-2:. The data presented in
Table 7-2: shows that the displacements measured for the 80 nm discs are
approximately 5 nm for the SAv case, and 12 nm for the SAv-AuNPs one. The
measurements on Sav binding detected on two samples of 125 nm discs show
displacements of 3 and 11 nm, respectively. Considering the dispersion detected for
the 125 nm discs (3 and 11 nm displacements), it is clear that further tests are

necessary to carry out proper statistics and validate these results.

Ag nanodiscs

Ag nanodiscs, 80 nm in diameter, were biotinylated and decorated with SAv and
SAv-AuNPs, as in the case of the gold discs. Figure 6-4 summarizes the extinction
spectra after each of these experiments. In both cases, all spectra displace upon

each chemical treatment (biotinylation, bio-recognition). In the case of Sav, a small,
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negative displacement is detected after biotinylation. For the Sav-AuNPs
functionalized nanodiscs, the main resonance displaces considerably after after bio-
recognition (see Figure 6-4 (b.)). No new resonances or significative spectral
distortions are detected in any of the experiments, save a red-shifting and widening

of the peaks.
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Figure 7-4: 80 nm Ag nanodiscs after the attachment of Sav (a.) amd Sav-AuNPs (b.). The solid,
black line corresponds to the reference measurement, the dashed line — after biotinylation and
the grey line, after either Sav (a.) or Sav-AuNPs (overnight) (b.). All peak displacements are
calculated taking the peak position after biotinylation as a reference.

Table 7-3 summarizes the data extracted from fitting Lorentzian curves to the
measurements presented in Table 7-3. The relative peak displacements are
calculated, in all cases, taking the measurements after biotinylation as reference.

In the case of the Ag nanodiscs, the sensitivity to SAv attachment appears
misleading; a relative negative shift is detected (-1 nm) after the exposure to SAv.
For the SAv-AuNPs case, an approximately 6 nm shift is detected after 5 hs of
treatment, and some 20 nm after an overnight exposure.

The interpretation of the results of these experiments is not a trivial task. On the one
hand, Au nanodiscs show limited response to all surface treatments. If the species
attached to the surface of the nanoparticles could be modelled as a thin layer (~
5nm) of a material with n = 1.5, then, a peak displacement of roughly 10 nm could be
expected (see Figure 7-2 ), which falls in the dispersion associated to these samples.
It is important to point out, also, that this result is comparable in that respect to the
behaviour of the Au nanocrescents (see Chapter 4). On the other hand, gold
structures are less affected by solvent-annealing (see Appendix B for further details),
an effect that could certainly hinder the detection of the attachment of a few species
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on the surface of the nanoparticles, i.e. a blue shift caused by solvent annealing,
combined with the detection of species on the surface of the particles could lead to a

non-significative net displacement of the resonances.

Biotin
. + Sav-AuNPs
E::ﬁcles + Biotin f'gzc 5hs Overnight | A\, [nm]
exposure exposure
80nm |2, [nm] | 4989 |513.3 519.2 |534 5 hs: 5.9
Ag dises |\ my| 57 50.2 491 |55.1 Overnight: 20.7
80 nm |, [nm] |534.4 552.9 |551.9 1
Ag discs | Width [nm] | 79.8 73.3 69

Table 7-3 peak position () and width (HWHM: half width at half maximum) for 2 Ag-nanodiscs

samples,

before and

after

the

functionalization

and Sav-AuNPs/SAv attachment,

correspondingly. All peak displacements are calculated taking the peak position after
biotinylation as a reference.

The Ag nanodiscs present a very limited response to the attachment of SAv (after
biotinylation), and a time-dependent response for the exposure to SAv-AuNPs (see
Table 7-3). The latter lead to a 6 nm shift after 5 hs of treatment, and to a 20 nm one
after an overnight exposure. These results are comparable to the values obtained for
the Ag nanocrescents (see Chapter 4).

A number of experimental details have to be considered for any of these
experiments, which can hinder a proper interpretation of the results. First, as in the
case of the nanocrescents, if a non-in-situ approach for the measurements is applied,
a proper statistical evaluation of the dispersion of peak position / widths of the
resonances for one sample, and for different batches of samples, is of extreme

importance to validate the results of any of the measurements.

Second, and in particular for Ag nanostructures, annealing effects on the
nanoparticles when exposed to solutions can be of considerable magnitude [Willets
and Van Duyne 2007] and make the detection of any effect produced by the binding
of a species on the surface a difficult task (see Appendix B for details on annealing
control tests). A Cr layer (approximately 1 nm thick) was added as an adhesion agent
for the nanoparticles to the glass substrates, a method commonly used for metal
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films on flat surfaces. Still, the effectivity / reproducibility of this approach for
nanoparticles is somewhat arguable, since no thorough quantification is available.
This means that slightly different Cr layers could lead to different peak displacements
upon solvent-annealing, making the effective detection of any event on the surface of
the discs a very difficult task®.

Third, all considerations about a relative higher sensitivity of the Ag nanodiscs when
compared to similar Au structures are based on the assumption that all surface
binding mechanisms / functionalization procedures work in the same way for Au as

for Ag, which can be, at best a good approximation.

A final consideration has to be made for all of the chemical treatments applied to the
structures. These procedures might lead to side reactions on the surface of the silver
particles. The results on Ag discs for the SAv-AuNPs treatment are particularly
suggestive in this regard, since the measured peak displacements increase
considerably when comparing a 5 hs exposure to an overnight one. One explanation
for this could be related to further attachment of material on the surface or close
enough to the nanopatrticles (i.e. not only SAV-AuNPs, but also BSA, etc., see AFM
images of a treated surface in Appendix C); a second view to the effect could
suggest that unwanted reactions may have taken place (i.e. oxidation of the surface
of the nanoparticles). A thorough, stepwise AFM characterization and a controlled
exposure to all chemicals involved in these procedures should help clarifying these
issues and validating the results of these first experiments, as it was the case for the
nanocrescents presented in Chapter 4.

7.3 Conclusions

Thin layer sensing

The main resonance of these particles shifts upon the addition of polyelectrolyte
bilayers. The measured displacements, represented as a function of the bilayers
thickness, can be approximated via an exponentially saturating function. From this

approximation, information like typical decay lengths and sensitivity can be easily

2 It is important to note that the use of Cr alters the shape of the resonances producing a slight red-
shift and widening of the main peak (see Figure 7-4 or Appendix B for an example).
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extracted. The extension of the near field for the 60, 125 and 150* nm discs was
estimated to be 14, 23 and 41 nm. The sensitivity of the 150* nm metallic nanodiscs
is, as expected, essentially smaller than that of the crescents of the same nominal
size (roughly a x2 factor).

Even when the multipolar nature and the interesting sensitivity of the nanocrescents
is lost for these small discs, the advantage for their use relies on the fact of an even
simpler and faster fabrication method, and also on the relative ease to tailor these
structures into the visible range, which makes measurements more simple and

accessible, using standard spectrometers and conventional optics.

Bio-recognition events

The experiments have shown that the Au nanodiscs give rise to negligible
resonance displacements upon biotinylation and attachment of either SAv or SAv-
AuNPs. Ag nanodiscs, on the other side, present significative displacements when
functionalized and exposed to SAv-AuNPs, but a rather misleading effect when
exposed only to SAv. Both solvent annealing effects and possible chemical side
reactions on the surface of the Ag nanodiscs may be playing a significant role,
hindering a proper quantification of the sensitivity of the nanodiscs to a few
recognition events on their surface. The results on the use of SAv-AuNPs as a to
amplify the measured peak displacements are a first, necessary step for the study on
the potential use of the nanodiscs as sensors, but further reference studies on the
effect of the different chemicals and surface characterization, along with a thorough
statistical analysis are of fundamental importance to validate the significance of these

first results.

As introduced in Chapter 4, a real comparison on the sensitivity of Ag and Au
structures should be made, i.e. repeating the thin film experiments for the Ag
structures, but tailoring the polyelectrolyte solutions not to corrode the nanoparticles,
and giving rise to films of comparable characteristics. This point remains an open

question for further comparative studies.
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8 . Tailoring plasmon resonances - Dblue

shifting

8.1 Introduction

Plasmon resonances in metallic nanoparticles can be red-shifted with relative ease
and control when increasing the refractive index of the surrounding environment.
Given a certain local environment, blue shifting implies, in many cases, changing
intrinsic characteristics of the particle, like the size, or the shape (i.e. annealing
effects [Haes and Van Duyne 2004; Willets and Van Duyne 2007])

In the case of metallic sols, it has been observed that electrochemical processes
occurring at the particles’ surface can alter their plasmonic properties. In particular,
the addition of a second metal on the surface, even on a sub-monolayer coverage
level, can have this effect [Mulvaney 1996]. In the case of small ( 2 — 10 nm colloids),
and depending on the metals involved, blue shifting of the resonances have already
been observed [Mulvaney 1996]. More recently, this has been seen for other
particles that the addition of a second metal, i.e. silver on gold nanorods, can lead to
both a blue-shift and narrowing of the resonances, a phenomenon that has been

termed by the authors as “plasmonic focusing” [Becker et al. 2008].

In the following, an approach exploiting controlled metal deposition via
electrochemistry is applied to substrate-supported Au nanodiscs. This approach is
based on a technique known as Under Potential Deposition (UPD), which has been
applied now for some decades to deposit certain metals on given substrates, in a

controlled manner, and in a sub-monolayer coverage level.
Under Potential Deposition (UPD)
Metal adatoms and other adsorbates on a submonolayer coverage level are

believed to have different electronic properties than those of the bulk material, and

could alter those of the substrate material itself [Herrero et al. 2001].
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The electrochemical deposition of a metal A on an electrode B in the sub-monolayer
regime occurs at more positive potentials as compared to the Nernst potential if the
interaction of A with B is thermodynamically more advantageous than that of A with
A.

This phenomenon allows for controlled surface coverage, and therefore, the study of
coverage dependent properties [Herrero et al. 2001].

In the following set of experiments, 200 nm Au nanodiscs prepared on indium-tin
oxide (ITO) covered glass substrates are subject to UPD of Ag on them, and the
optical properties of the system are studied before and after such treatment.

8.2 Experimental

8.2.1 Sample preparation

Gold nano discs were prepared on a detergent-cleaned, ITO-covered glass
substrates (Fern Universitdt Hagen) using a nano-sphere lithography approach
[Hanarp 2003; Hanarp, Kall et al. 2003] . Thin chromium (1.2 nm) and gold (40 nm)
films were deposited on the substrates (in that order), and subsequently 200 nm and
100 nm polysterene (PS) colloids were dispersed on their surface (on different
substrates). An Ar-ion etching procedure was applied perpendicularly to the surface,
removing the metal not protected by the colloids. Finally, the colloids were removed
mechanically with an adhesive tape. The remaining metal bellow the colloids are the
nano discs, of approximately 200 and 100 nm in diameter, in each case. All
procedures, products, machines, etc. are identical to those introduced in Chapter 6,
save the use of an ITO-sputtered glass substrate instead of glass.

Under potential deposition (UPD) of Ag on Au nanostructures

The hybrid Ag/Au surface was voltammetrically prepared by Ag-UPD on the Au
nanostructures supported on ITO from 5.10* Ag2SO4 + 1M H2SO4. The electrode
was polarized during a few seconds (nearly 5 s) at 0.3 V (vs. Ag*/Ag) and then rinsed
with ultrapure (Milli-Q) water. Voltammetric runs were made in a glass-made
electrochemical cell containing three electrodes. A large graphite electrode was used
as a counterelectrode and an Ag wire was used as reference electrode for Ag UPD

experiments.
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Control test

The nanostructures supported on ITO were exposed to a 5.10* Na,SO, + 1M HSO,
solution. The electrode was polarized during a few seconds (nearly 5 s.) at 0.3 V (vs.
Ag*/Ag) and then rinsed with ultra pure water. All other details are equal to those

applied for the Ag-UPD treated samples.
Voltammetric runs on flat metal surfaces versus discs on ITO

Figure 8-1 presents voltammetric measurements performed on a flat gold film
deposited on glass (a.) and on an ITO sample presenting Au nanodiscs on its surface
(b.). The curves in (a.) present mainly three peaks. These peaks show the
deposition/dissolution of the Ag adatoms from the surface. Consequently, cathodic
(negative) and anodic (positive) currents represent the deposition and dissolution of
Ag adatoms, respectively. The shape of the voltammetric response differs from the
well-known Ag UPD peaks observed on single crystalline Au(111) surfaces due to
the polycrystalline nature of our substrates, including the Au nanodiscs. Moreover,
Figure 8-1 also shows significant changes in the double layer capacitance when the
voltammetric response of evaporated flat gold and Au nanodiscs-covered ITO
electrodes are compared. This can be attributed to the differences in conductivities
displayed by both substrates (ITO and Au).

From these measurements, and previous experiments on flat single-crystalline
surfaces [Herrero et al. 2001] 0.3 V is the chosen potential for the controlled

deposition of Ag on the Au nanodiscs.

8.2.2 Characterization

UV-Vis/NIR extinction spectra were recorded in a conventional spectrometer
(Lambda 900, Perkin Elmer), operating in transmission mode, in a 400 nm — 1200 nm
range. An ITO covered glass substrate was used as reference to subtract the
background contribution. Complementary measurements for ITO can be found as

supporting information in Appendix B.
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Figure 8-1: a. reference measurement on a gold electrode, using a Ag,SO, solution; b. Au discs
onlITO

8.3 Results and discussion

Figure 8-2 presents the transmission spectra of a control sample (a.) and a sample
with Ag deposition (b.) The peak centered at approximately 900 nm corresponds to
the resonance of the Au nanodiscs. The absorbing background measured on both
samples corresponds to ITO*, which strongly absorbs in the visible (see Appendix B

for further details).
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Figure 8-2: Control treatment (a.) and after Ag -UPD (b.) for 200 nm discs. Reference curves
are displayed in black, and the resulting extinctions after treatment in gray, in both cases.

» The use of ITO on the glass substrate also alters the spectral position of the resonances slightly,
with respect to glass. Further details on this can be found in Appendix B.
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Before treatment [nm]

After treatment [nm]

Amo[nm] Width[nm] Amnm] Width[nm)]
Control test 868.5 155.9 887.9 170.8
Ag-UPD 904.3 191.08 811 187.2

Table 8-1: peak position and width of the discs’ resonance for a control test and Ag-UPD
deposition, before and after the electrochemical treatment. The width corresponds to the half
width at half maximum (HWHM) of the peak.

The control experiment was carried out in a solution of same ionic concentrations as
the one for the Ag-UPD deposition, but exchanging Ag* by Na* ions. This has been
done to avoid the Ag deposition and check any possible solvent annealing effects
[Willets and Van Duyne 2007] (see also Appendix B). The result of the control
experiment shows no major changes in the resonance position or width of the discs;
as an indication of no major surface- or morphological changes in the nanodiscs.

In the case of the Ag-UPD modified samples (Figure 8-2 (b.)), a considerable blue
shift (app. 90 nm) is detected. Precise determination of the width of the resonance
can be a non-trivial task, given the strong absorptive contribution of the ITO sputtered
substrates.

The information extracted from the measurements, for both control and actual
sample, are summarized in

Table 8-1. The data shows a significant blue shift (~ 90 nm) of the main resonance
after the Ag-UPD treatment. The changes in the resonance’s width are, though, not
so pronounced and are not considered to be significative.

The same experiment was carried out using Au nanodiscs which were 100 nm in
diameter, thus obtaining a blue shift of 70 nm.

Figure 8-3 presents the results of this experiment; the information extracted from the
measurements is summarized in

Table 8-2. The narrowing of the resonance in this case is also negligible as in the
case of the 200 nm discs, though the blue shift of the main peak is very clear.
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Figure 8-3: 100 nm Au discs on ITO before (black) and after (gray) Ag-UPD

Reference After Ag-UPD
treatment
Ap [NnmM] 692 622
Width [nm] 66 64

Table 8-2: the data extracted from the measurements on the 100 nm Au nanodiscs before and
after the Ag-UPD treatment.

The surface coverage with Ag is estimated for flat substrates to be approximately 30
- 50 %, on an atomic monolayer level [Herrero et al. 2001]. This estimation is used as
a first guess for the Ag coverage in the Au nanodiscs.

8.4 Conclusions

This very simple electrochemical approach appears as a powerful method to blue
shift plasmon resonances, without necessarily introducing major changes in
materials, size or form of the particles. The blue shift of the plasmon resonance
should have a direct impact on the figure of merit (as a measure of the sensitivity) of
the particles.

This processes can be, in principle, applied to a variety of metallic nanoparticles,
considering the vast range of UPD metal pairs combining different substrates and
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metal adsorbates [Herrero et al. 2001]. The case of Au and Ag is just an example

and, in principle, it could be also extended to other metals, i.e. Cu.

The simplicity of these experiments should also open a clear way to study
fundamental material properties of metal particles with adsorbed species on their
surface in the nanoscale regime, or even surface alloying processes [Mulvaney 1996;
Herrero et al. 2001] on metallic nanoparticles, via conventional spectroscopy, in a

very simple and straightforward manner.
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9.1 Crescent shaped nanoparticles

In this work, crescent shaped nanoparticles were studied in terms of their optical
properties, and their potential application in sensing and enhanced spectroscopy
schemes. The general preparation procedures introduced early in 2005 by
Shumaker-Parry et al. were extended to give rise to more complex (isolated)
structures. The optical properties of such structures were studied with transmission
spectroscopy and a simple multipole model for their response was proposed.

The introduction of evenly spaced monolayers of colloids as masks allowed for the
fabrication of large arrays (~cm?) of crescents. This represents a major technical
advance for its simplicity, and large output. The procedure could be easily extended
to other structures, i.e. discs, to produce arrays of nanoparticles for plasmonic
applications. These first experiments also show that the ordered crescents present all
the same resonances as the isolated particles; no new extinction peaks were
identified from the measurements. The main difference observed in the optical
response of isolated and ordered particles relies in the width of the peaks, which is
for all resonances significantly higher than that of the isolated particles. Further
studies in this field would include a thorough investigation of the distance-dependent
coupling phenomenon, the exploration of new geometries and the investigation of the
potential applications of this platform for building multilayered structures.

The fabrication methods presented in this work were extended not only to new
shapes or arrangements of particles, but included also a targeted surface tailoring of
the substrates and the structures, using different thiol and silane compounds as
linkers for further attachment of polyelectrolyte layers. These procedures allow for a
controlled tailoring of the nanoenvironment of the crescents, and set the experimental
frame for further tests, i.e. for thin layer sensing or distance-controlled attachment of
fluorophores. The same techniques should also be applicable when attempting a
targeted surface decoration using i.e., proteins, antibodies/antigens, etc. which would
be most relevant for bio-sensing applications.
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When exploring the application of the crescents for sensing, two main approaches
were tested, namely thin film sensing, and the binding of a few recognition events on
the surface of the particles. In the case of the thin polymeric films, it was found that
the crescents present an interesting mode-dependent sensitivity and spatial
extention. Parallel to this, the penetrations depths were modelled with two simplified
schemes, that of a plane interface and of a rod, obtaining good agreement in spite of
the simplifications. The multiple modes of the particles with their characteristic decay
lengths and sensitivities open the possibility for determining multiple parameters
(refractive index, thickness) by making simultaneous use of the resonances.

The bio-recognition experiments show, on the contrary, that the use of the crescents
in the scheme presented here is rather limited, since the measured peak
displacements are in the same order of magnitude than the typical uncertainties
associated to a sample, or a group of them. The use of an in-situ approach, or even
single particle measurements could improve this and allow for the extraction of useful
information from the experiments. A similar effect is observed for the detection of

streptavidin-functionalized Au nanopatrticles.

It is important to note, though, that the use of Ag nanocrescents, in particular for the
sensing of colloidal Au-marked species, has given rise to greater peak displacements
than any of the previous approaches. Further experiments are needed in this sense
to validate the use of Ag nanocrescents as effective bio-sensors, and to make
reasonable comparisons of their sensing capabilities, i.e. thin film sensing and AFM
studies that allow quantifying the actual amount of material on their surface.

As introduced, these particles were also studied in terms of their capabilities to alter
the emission properties of fluorophores placed close to them. In this work, green
emitting fluorophores were placed close to the structures, using polyelectrolyte
bilayers as a controlled spacer, fluorescence images of the samples were recorded
on a confocal microscope, using a pulsed laser emitting in the NIR as excitation
source. These first results show clear fluorescence enhancement events on the
positions where the nanoparticles are located. Since the structures were tailored to
match the excitation source spectrally in terms of resonances, it is expected that
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strong near fields are found close to them, which would favor any plasmon-mediated

phenomenon, i.e. fluorescence enhancement.

This approach for studying plasmon-mediated fluorescence enhancement is
particularly interesting, because it allows to perform experiments in the visible range
and, i.e. exploit these capabilities for sensing of fluorescently labeled species.
Further experiments (i.e. intensity dependence, spectral and lifetime modifications)
are needed to study the process in detail and quantify the real enhancement factors,
but the first results presented in this work support the feasibility of the use of these
structures as antennas for fluorophores emitting in the visible. Further applications
could include sensing of fluorescently-labeled bio-species down to very confined

excitation volumes, and applications in fluorescence correlation spectroscopy.

9.2 Ellipsoid-like nanoparticles

An even simpler and faster approach to produce plasmonic structures than that for
the crescents was tested. Metallic nanodiscs were produced by means of
nanosphere lithography following a procedure introduced earlier in the literature. The
major advantage of these particles is that, though simpler, for sizes comparable to or
bellow 100 nm, their main resonance lies in the visible range, both for Ag and Au.
This represents an important advantage from a technical point of view, since most of
the commonly available optical instruments are designed to work in this range.

The standard fabrication process for these particles was extended to different
materials and sizes, allowing for collecting first evidence on higher order resonances
on disk-like structures. Also, from the fabrication approach, tailoring geometrical
parameters in the process allowed for the production of ellipsoid-like nanopatrticles,
which, just like the crescents, show a polarization-dependent character.

The main advantage of the ellipsoids relies, as in the case of the discs, on the ease
of fabrication and on the resonances being in the visible part of the spectrum. The
resonances of the silver nanoellipsoids are particularly simple to tailor and can be
tuned with ease across the spectrum.

Since this approach offers some advantages compared to the crescents, it was

interesting to investigate if it can offer as many interesting optical properties as the
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latter do. The sensing capabilities of the metallic nanodiscs were explored in the
same manner as for the nanocrescents. Their response to thin layers and to a few
recognition events on their surface was studied. The sensitivity of these particles to
thin films proved to be lower than that of the crescents, but in the same order of
magnitude (roughly a 2 factor as a difference). Experimental information about the
near field extension for the Au nanodiscs of different sizes was also extracted from

these measurements.

The smaller nanodiscs (diameters below 100 nm) showing a narrower resonance in
the visible range, lack of a multipolar character that could allow for the determination
of multiple material parameters (refractive index, thickness, etc.) in one single
experiment. Still, the discs are particularly simple to make, measure and analyse. A
second resonance could be introduced in the system by switching to the ellipsoids,
and still work in the visible range.

When it comes to the sensitivity of these particles to a few recognition events on
their surface, the results are not 100 % conclusive in any of the cases tested. For the
Au nanodiscs, rather small displacements were measured upon the attachment of
either streptavidin or streptavidin-modified Au nanoparticles. These results could only
be considered significative with either further statistics, or an in-situ approach for the
measurements. For the Ag nanodiscs, although significative peak displacements
were detected for both streptavidin and streptavidin-modified Au nanoparticles
attachment to the surface, further reference tests are necessary to quantify annealing
effects, possible chemical side reactions or uncontrolled attachment of other species
on the surface, and validate these results.

A third issue explored using nanodiscs was the tailoring of the plasmonic
resonances using under potential deposition of Ag on ITO-supported Au nanodiscs.
With this very simple technique, it is possible in principle to deposit a metal on a
second one (for given pairs of materials) in a controlled manner, to a submonolayer
coverage level. The process of depositing Ag on Au nanodiscs lead to peak
displacements of several tens of nanometers, making this technique a very
interesting approach to tailor resonances, without necessarily change the core
material of the particles or their size/shape. This procedure should then be, in
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principle, applicable to Au nanocrescents to, i.e. push their resonances into the
visible. This technique is not only interesting for this purpose, but also because it
would allow to study more fundamental questions regarding the effect of surface
modifications on metals, and how this affects, i.e. their dielectric constants, etc.

A number of interesting questions remanin open about the use of
nanodiscs/nanoellipses for studying plasmon-mediated fluorescence processes or
other enhanced spectroscopies. These structures, as shown througout Chapters 6
and 7, show resonances in the visible range, which makes them ideal from a
technical point of view. Also, more information on typical field decay lengths (in turn,
effective interaction lengths) are now available. The combination of all these factors
and the fabrication strategies presented (surface modification, passivation, controlled
polyelectrolyte attachment) provide an ideal basis for carrying out fundamental work
like distance-dependence fluorescence enhancement / quenching, distance-
dependent two photon excitation of dyes mediated by the structures, field

confinement effects, and others.
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Appendix A

Materials and Methods

UV-Vis/NIR transmission spectroscopy

Polarized and non-polarized light spectra of particles produced on glass substrates
were recorded in a conventional UV-Vis-NIR spectrometer equipped with polarization

optics (Perkin-Elmer, Lambda 900) operating in transmission mode.

Light
source |——Pp»

Detector

Sample l

Polarizer

Appendix A 1: schematic representation of the spectrometer used for these experiments

Transmission =T = I_ x100%
0

Absorbance=A =— log( % j
0

The term “absorbance” can also be found commonly as extinction, with the same

definition (extinction = scattering + absorption).

Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy beam of electrons in a
raster scan pattern. As a result of this interaction, electrons (secondary and
backscattered) can be collected, as well as X-rays, and an image of counts and

positions can be built.

The device used in the experiments presented in this work is a Leo Gemini electron

microscope model 1530, with acceleration voltages between 0.4 and 3 kV.
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Confocal microscopy

Confocal microscopy is an optical imaging technique used to increase micrograph
contrast and/or to reconstruct three-dimensional images by using a pinhole to
eliminate out-of-focus light or flare in specimens that are thicker than the focal plane
(Confocal)

Marvin Minsky introduced the confocal principle in 1957. In a conventional
fluorescence microscope, the entire specimen is illuminated. In contrast, a confocal
microscope uses point illumination and a pinhole in an optically conjugate plane in
front of the detector to eliminate out-of-focus information. Only the light within the
focal plane can be detected, so the image quality is much better than that of wide-
field images.

In the recent past years this technique, particularly when combined with
spectroscopy and photon-counting devices - has been used quite frequently to do
single particle investigations (scattering and fluorescence — see i.e. (Stefani 2004;
Novotny and Hecht 2006)).

Confocal microscopy is applied in this work to do particle-fluorophore interaction
studies on a single particle level, for two photon proceses.

A commercial confocal laser scanning (or “CLS”) microscope (Carl Zeiss, Jena,
Germany) consisting of the module LSM 510 and an inverted microscope model
Axiovert 200 was used in these experiments, with a water-immersion objective (C-
Apochromat 40x/1.2 W Corr with numerical aperture (NA) of 1.2, (Carl Zeiss, Jena,
Germany). The two photon excitation was achieved using a titanium: sapphire laser
(Ti:Sa) (Mai Tai, Spectra Physics Inc., USA) coupled to the confocal microscope
setup. The Mai Tai laser is tunable in the range 780-920 nm and provides ~100 fs
pulses at a repetition rate of 80 MHz.
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Atomic Force Microscopy (AFM)

The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to
scan a specimen’s surface. When the tip is brought into proximity of a sample
surface, forces between the tip and the sample lead to a deflection of the cantilever.
Typically, the deflection is measured using a laser spot reflected from the top of the
cantilever into an array of photodiodes. It allows for imaging the topograhy of a

sample with nanometer precission.

For this work (namely, nanocrescents’ characterization), a commercial AFM
(Nanoscope llla, Veeco) was used, working in tapping mode. Silicon cantilevers
(Olympus) 160 um long, 50 um wide and 4.6 um thick, with an integrated tip of a
nominal spring constant of 42 N/m and a resonance frequency of 300 kHz were
used. The tip was typically scanned on the samples at rates around 0.4 Hz for scan

sizes of ~2 microns, and minimal applied forces were used when imaging.
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Data analysis

Lorentzian function

A Lorentzian function is a function of the form (when normalized):
1

yur

2

+(157)

where xq is the center position, and T" represents its full width at half maximum

y(%)=l
4 (x_xo)2

(FWHM). It is commonly used in spectroscopy, and also because it represents the
solution to the equations of a forced oscillator.

Gaussian function

A Gaussian function is a function of the form:

1 —(x—p)* i
f(x)= e Af

O~ 27

being u the center value and ¢ the dispersion.

Voigt function

The Voigt function is a convolution of a Lorentz profile and a Gaussian one.

Vix,0,7)= IG(X', o)L(x—x',7)dx'
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Appendix B

Au crescents

Peak position of the different resonances — dispersion among different
samples

200 nm collids, 40 nm thick Au, 1 deposition (¢ =0°), 6 = 30°

Peak position for the c1, u1 and c2 resonances, as determined for lorentzian fits

from 11 samples —
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Appendix B 1: peak position for the c2 (triangles), u1 (crosses) and c1 (black dots) resonances,
for 11 independent samples

Resonance Average peak position [nm] Std. Deviation [nm]
Ci 1342 21
U1 881.1 11.3
C2 730 10.8

Appendix B 2: average peak position and standard deviation for the c1, u1 and c2 resonances

150 nm in nominal diameter, as provided by Polyscience
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Appendix B 3: peak position for the c2 (triangles), u1 (crosses) and c1 (black dots) resonances,
for 11 independent samples. The width corresponds to the half width at half maximum (HWHM)
of the peaks.

Resonance Average width [nm] Std. Deviation [nm]
C1 89.7 1.8
U1 79.5 4.9
Cc2 53.5 10.7

Appendix B 4: average width and standard deviation for the c1, u1 and c2 resonances

Peak position of the different resonances — dispersion within one sample, measured at
different positions
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Appendix B 5: extinction spectra of one Au crescent sample, measured in two different spots
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C1 U1 C2
Resonance Ap[nm] | W[nm] | A, [nm] | W[nm] | A, [nm] | W [nm]
Sample 1 1261 100.3 823 69 676.2 40.2
Sample 2 1273.7 97 830 47 677 24

Appendix B 6: peak position and width (HWHM) for measurements on a same Au
nanocrescents’ sample
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Ag crescents

Peak position of the different resonances — dispersion between different
samples

200 nm collids, 40 nm thick Ag, 1 deposition (¢ =0°), 6 =30°
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Appendix B 7: extinction spectra of two independent Ag nanocrescent samples

C1 U1 Cc2
Resonance Ap[nm] | W[nm] | A, [nm] | W[nm] | A, [nm] | W [nm]
Sample 1 1211.8 119.2 790.9 101.6 637.5 53.2
Sample 2 1231 113.2 787.5 109.2 631.9 70.6

Appendix B 8: peak position and width for the main resonances for two independent Ag

nanocrescent samples
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Thin layer sensing experiments - Supporting information

Thickness profiles, influence on the decay lengths

The correct determination of the thickness profile used for the thin film sensing
experiments with nanocrescents (Chapter 4) or nanodiscs (Chapter 7) is of
fundamental importance, since it determines, in turn, the quality of the method.

The results presented in Chapter 4 correspond to the thicknesses determined via
atomic force microscopy images (AFM) of the samples, for a few polyelectrolyte
layers, and optical (light scattering and SPR) for larger thicknesses (Vasilev K 2004;
Vasilev K 2004). The determination of the thickness in of the first layers is a crucial
issue, since the estimations on sensitivity and decay lengths are linked directly to

these values.

Here, a chart summarizing different (fictitious) scenarios for polymer thicknesses is
presented, and their influence on the decay lengths estimated from them, analysed.

A

thickness

Number of biIayerg

Appendix C 1: scheme of the thickness profile for the film sensing experiments in Chapter 4.

Estimated decay lengths [nm]
c1 U1 Cc2
B1 =4,b2=8 20.3 11.4 5.8
B1 =4.5,b2=75 26.5 16.6 6
B1=3,b2=85 17.2 8 8

Appendix C 2: estimation of different scenarios for the decay lengths based on different film
thicknesses
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The c2 resonance appears as the one less affected for the different (fictitious)
thickness profiles tested; the variations lie in a 2 nm range. Thinner first layers
influence strongly the decays estimated for u1 and c1. Still, for all cases, the decay
lengths would remain roughly in a 20 — 30 nm range for ¢1, 10 — 20 foru1,and ina 5

to 10 nm for c2.

First layers

Spectra for the first layers deposited on the crescents

a. 3-MPA b. 1 bilayer
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Appendix C 3: extinction spectra of several indepemdemt standard Au nanocrescents (Ch. 4)
after functionalization with 3-MPA (a.), and the attachment of 1,2 and 3 bilayers (b., c., and d.).
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Annealing of Ag nanoparticles exposed to PBS buffer solutions

— Reference
70 — -5 hs in buffer

-3

Extinction x10
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Wavelength [nm]

Appendix B 9: 80 nm Ag nanodiscs (without Cr as adhesive layer to glass) before (black) and
after (gray) 5 hs of immersion in a PBS buffer

Reference After annealing

A [NM] 485.5 457.2
Width [nm] 40.7 54

Appendix B 10: Peak position and width of the main resonance, before and after solution
annealing

Ag particles are very sensitive to solvent annealing (Duval Malinsky, Lance Kelly et
al. 2001). Leaving samples immersed in conventional PBS buffer can lead to a blue
shift of the resonance of the order of 30 nm, which then convolutes with the
displacements associated to the attachment on the surface of species to be detected.
In order to solve this, a 1 nm Cr adhesion layer is added between the Ag film and the
glass, which should prevent the particles from changing shape/deattaching from the
surface. The addition of this Cr layer induces minimum changes to the spectra
(namely, a red shift and a slight widening of the main peak), as can be observed in
Appendix B 11.
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Appendix B 11 : 80 nm Ag discs,with (gray) and without (black) a ~1nm Cr adhesion layer

W/o Cr W/Cr
Ap [nm] 485.8 498.4
Width [nm] 38.8 49.5

Appendix B 12: peak position and width of the main resonance of 80 nm Ag discs, prepared

with and without Cr as adhesion

layer
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Two photon experiments - Supporting Data

Spectra of all samples before and after the polyelectrolyte attachment
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Appendix B 13: transmission spectra of the nanocrescents before (orange) and after (black) the
deposition of 1, 3 and 5 bilayers

Intensity calibration

Appendix B 14 presents an intensity calibration curve for the Mai Tai laser coupled
to the confocal microscope (LSM 510, Zeiss). The intensities are measured at the
objective’s position, without the objective (meaning, the real excitation power on the
sample is still modified by the presence of the objective, though this effect is
supposedly minimized by the use of highly corrected optics, as it is the case here).
These values are, therefore, only a rough indication of the power irradiated on the

sample.
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Appendix B 14: Intensity calibration for the LSM 510 (Zeiss). Intensity measured at the
objective’s position, without the objective in place.
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Ag-UPD experiments - Complementary experiment on 100 nm Au

discs
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Appendix B 15: (a.) ITO on glass vs air (base: air); (b.) treated Au discs on ITO, vs. ITO (base:
air), (c.) treated discs on ITO vs. air (base: air), (d.) addition of (a.) and (b.), (e.) sample before
(black) and after (gray) the Ag-UPD deposition (100 nm Au discs)
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Appendix C

Colloidal masks

Products from Polyscience -

Polyscience — PS nanobeads Observed from
- EMim
Nominal size sD oo stetetie)
80 75 1.9 35-75nm
100 104 4.1 80 — 105 nm
125 130 2.6 80—-125nm
150 155 1.5 140 — 220 nm
200 205.6 +2.6 6.3 180 — 195 nm
300 285.6 £ 3.6 19.5 230 — 260 nm
500 491.3+£6.2 14.4 465 — 525 nm

Appendix C 4: summary of the product information provided by the company and size
estimation with SEM measurements

A drop of each colloidal suspension (as bought) was spread on a clean silicon
substrate and studied by SEM. The images show that the sizes of the particles differ
considerably to the information given by the company. Some particles were
measured to gain a rough idea of the range of sizes for each case; a thorough
statistical studied is to be carried out to determine a real mean value and the
corresponding dispersion in sizes for these colloids.

The quality of the colloidal mask is of fundamental importance, since it determines
that of the crescents / discs / ellipses produced with this material.

In the following, a brief collection of SEM images of the masks is presented to
support the information presented in Appendix C 4, particularly, of the most disperse
material (80 nm colloids). The products most affected in terms of size dispersion
were the smallest colloids (80, 100, 125 nm). This dispersion in the masks call for
new tests on crescents, discs and ellipses produced with low dispersion materials,
and for comparison with calculated spectra.
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80 nm colloids

Appendix C 5: 80 nm colloids, as bought from Polyscience. Scales: (a.) 200 nm, (b.) 100 nm
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Fitting Lorentzian, Gaussian and Voigt curves

Crescents
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Appendix C 6: Simultaneous peak fitting (thin black lines) of a extinction spectrum (gray) of a
standard crescent shaped nanoparticle sample using (a.) Gaussian curves and (b.) Lorentzian
curves (c.) Voigt curves. Lorentzian fits (b.) give rise to the smallest residuals of all 3 options.
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Discs
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Appendix C 7: fitting gaussiam (a.), lorentzian (b.) and Voigt curves (c.) on extinction spectra of
metallic nanodiscs on glass.
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Ag nanodiscs and SAv-AuNPs — AFM imaging
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Height and phase measurements on a sample prepared with Ag nanodiscs and SAv-AuNPs.
The surface appears rough, covered with several agglomerations, most likely due to the
attachment of BSA and SAv-Au NPs to the glass substrate. The height measurements also
reveal the presence of colloids from the mask that haven’t been thoroughly removed from the
surface by stripping. Proper surface analysis of material attaching only to the discs should be
done most likely using previous surface passivation of the glass.
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