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Résume

Le trés fort intérét porté a I'étude des nanostructures plasmoniques provient a la fois
de leurs comportements optiques remarquables a une échelle inférieure a la longueur
d'onde (plasmon de surface localisée: LSP; polariton de plasmon de surface: SPP) et de
leurs fonctionnalités améliorées ou nouvelles associées a d'autres especes
photoactives. En raison de leurs propriétés plasmoniques exceptionnelles, ces
nanostructures sont des briques élémentaires (multifonctionnelles) exploitées de nos
jours pour des applications dans les domaines de la nano-photonique, du
photovoltaique, ainsi que de la biologie et de la médecine, par exemple en tant que
nano-capteurs ou agents d'imagerie ou de traitement in vivo et in vitro.

Dans ce travail de these, j'ai abordé ce sujet du point de vue des nanostructures
unidimensionnelles (1D) avec un tres grand rapport de longueur permettant I'étude
des effets a base de SPP. Cette géométrie a été moins étudiée que celle des
nanoparticules OD. La plupart des études menées depuis plus d'une décennie
concernent les nanofils d'argent et d'or avec I'étude de la propagation du SPP.
Récemment, des comportements optiques originaux excitants ont été mis en évidence
lors de I'association de nanofils plasmoniques a une espece photoactive, favorisant des
effets fortement renforcés et des effets nouveaux basés notamment sur le couplage
plasmon-exciton.

Le développement et I'étude des propriétés électriques et optiques des nanofils et des
nanotubes est un sujet fort des 20 dernieres années au sein de I'équipe Physique des
matériaux et nanostructures (PMN) du Jean Rouxel Materials Institute (IMN). Apres
avoir étudié les effets de petites dimensions sur les propriétés électriques et
électrochromiques de nanofils de PEDOT, un polymere conjugué conducteur (these de
P. Rétho ; postdoctorats de Y. Long et Y. Zhao), les travaux de I'équipe ont davantage
porté sur |'étude et le controle du comportement de photoluminescence et des
propriétés photoconductrices de nanofils/nanotubes composés d'un ou plusieurs
polymeres m—conjugués semiconducteurs tels que PPV, P3HT, PFO et de
nanocomposites (travaux de these de F. Massuyeau, JM Lorcy, M. Mbarek, A. Garreau
et D. Khlaifia). Des nanofils coaxiaux a cceur magnétique et gaine fluorescente ont
également été développés pour permettre la manipulation magnétique de tels nano-
objets 1D (thése de JM Lorcy). Plus récemment, c'est le comportement photonique de
nanofils et nanotubes a base de polymeres conjugués ainsi que de nano-guides d'onde
de résine SUV et UV-210 (these de J. Bigeon) qui a été étudié en collaboration avec B.
Béche et N. Huby de I'Institut de Physique de Rennes. L'ensemble de ces travaux ont
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permis de développer |'expertise locale dans la synthese de nanostructures 1D
complexes par des stratégies de type template.

Ma these se situe dans ce contexte et dans le cadre du réseau international de
formation (Internatinal Training Network) Marie Sktodowska-Curie «Enabling
Excellence» coordonné par C. Ewels a I'IMN. Ainsi, j'ai bénéficié de différentes
formations sur des techniques avancées (en plus de celles proposées par I'ED 3M) ainsi
que des compétences disponibles dans ce consortium regroupant 7 partenaires. En
particulier, j'ai collaboré avec T. Batton et D. Winterauer de Renishaw, Inc (GB) pour la
mise en place sur notre spectrométre Raman InVia de divers équipements de pointe :
un dispositif porte-échantillon nano-piezoélectrique pour le positionnement et la
cartographie de nano-objets individuels, un protocole de réglage optique permettant
de positionner |'excitation laser et la collection du signal a quelques micromeétres I'un
de l'autre (géométrie « remote »), un dispositif permettant de mesurer en géométrie
réflexion le signal de diffusion Rayleigh de nano-objets individuels. J'ai également
collaboré avec R. Arenal et M. Pelaez pour la caractérisation avancée de mes nanofils
par microscopie électronique en transmission a haute résolution et par spectroscopie
de perte d'énergie électronique dans la gamme des basses énergies (LL-EELS-TEM).

Au cours de ma thése, je me suis concentré sur la conception de nouveaux types de
nanofils supportant les polaritons de plasmons de surface afin de réaliser une excitation
a distance médiée par ces plasmons polaritons de surface. Un premier objectif visait a
améliorer a la fois I'excitation SPP et |'efficacité des émissions lumineuses. Il a été réalisé
en transformant les pointes en nanofils d'or avec des traitements au laser optimisés. II
en résulte des nanofils comportant a leurs extrémités des protubérances d'or qui
doivent améliorer le couplage avec la lumiere d'excitation et augmenter la lumiere
diffusée a I'extrémité opposée.

Un deuxieme objectif visait a atteindre la détection a distance Raman médiée par le
plasmon promue par des nanofils coaxiaux. La spectroscopie Raman a distance est
basée sur la séparation par plusieurs micromeétres du point laser d'excitation sur une
extrémité du nanofil et de la détection Raman sur l'autre extrémité. La tres faible
efficacité de I'émission Raman le rend difficile. Des nanofils coaxiaux ont été synthétisés
pour la preuve de concept. Ces études constituent des approches alternatives pour la
télédétection de tres petites quantités d'especes et pour |'exploration de nanosources
1D et de nano-antennes pour des systemes photoniques et plasmoniques intégrés.

L'essentiel des travaux menés durant ma these sont reportés dans ce manuscrit
organisé en quatre chapitres.

Le premier chapitre est consacré a l'introduction des principales notions nécessaires
a la compréhension des propriétés physiques, en particulier plasmoniques étudiées
dans mon travail de these. Il est complété par une revue bibliographique des
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comportements plasmoniques de nanofils hybrides d'or ou d'argent associés a une
espece, en particulier fluorescente. Cela permet de préciser et justifier la stratégie
utilisée pour concevoir divers types de nanofils, ainsi que l'originalité des résultats
obtenus au cours de ma these.

Dans le deuxieme chapitre, la synthese et la caractérisation des différents nanofils
fabriqués au cours de ma these sont présentés. Le procédé de fabrication utilisé est la
méthode template, qui consiste a exploiter les nanopores cylindriques de membranes
poreuses d'alumine (dans mon cas) comme nano-réacteurs. A I'aide de procédés
électrochimiques, il est ainsi possible de synthétiser des nanofils ou nanotubes
cylindriques. En particulier, j'ai exploité un procédé permettant d'élargir de quelques
nanometres le diametre de pores par une attaque chimique douce et ce afin d'élaborer
des nanofils coaxiaux a cceur d'or et gaine de poly(3,4-éthylenedioxythiophéne). J'ai
été amené a contrdler la localisation du PEDOT a une des extrémités du nanofil
uniquement afin de mettre en évidence sans ambiguité un effet Raman propagé par
I'intermédiaire des plasmons de surface de I'or (chapitre 4). Enfin, j'ai développé un
protocole original de traitement thermique post-synthese des nanofils par
échauffement sous faisceau laser afin de créer des protubérances d’'or a I'une ou aux
deux extrémités des nanofils d'or. Les différents types de nanofils originaux que j'ai
synthétisés sont représentés schématiquement sur la Figure 1.

______________________________________________________________________________________________________________________________________________________

Figure 1 : a) nanofil d'or, b) « half-dog-bone »: nanofil d’or avec une protubérance
d’or a l'une de ses extrémités ; ¢) « dog-bone »: nanofil d’or avec une protubérance
d’'or a chacune des extrémités ; d) nanofil coaxial Au@PEDOT avec une gaine de
PEDOT (en vert) d'épaisseur quelques nanomeétres localisée a I'une de ses pointes
uniquement ; e) nanofil « half-dog-bone » décrit en (b) entouré de particules de
PEDOT sur la pointe du nanofil (en haut) et sur la protubérance d‘or (en bas), f)
nanofil « dog-bone » deécrit en (c) entouré de particules de PEDOT sur une des
protubérances dor.

Le troisieme chapitre est consacré a la caractérisation structurale moléculaire et
supramoléculaire du PEDOT dans les nanofils coaxiaux Au@PEDOT. Cela a été effectué
par une étude corrélant caractérisation chimique et morphologique par microscopie
électronique a balayage et a transmission et caractérisation par micro-spectroscopie

- Vii -
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Raman sur de méme nanofils individuels. L'étude par spectroscopie Raman a été
approfondie en utilisant différentes longueurs d'onde d'excitation (488, 514, 633 et 785
nm) et en faisant varier la polarisation lors de I'excitation et de la collecte. Cela a permis
de mettre en évidence l'effet sur la conjugaison des chaines de polymere de
I'électropolymérisation extrémement confinée du polymere conjugué autour du
nanofil d'or. En particulier, I'orientation préférentielle des segments m—conjugués
transversalement a l'axe des nanofils a été mise en évidence et un mécanisme de
croissance a été proposé. Les effets du diametre du nanofil et de I'emplacement du
PEDOT sur I'ordre supramoléculaire ont été déterminés.

Dans le dernier chapitre, deux études du comportement optique et plasmonique des
nanofils présentés précédemment sont reportées. Les méthodes permettant de
corréler spatialement ces études en utilisant un spectromeétre couplé a un microscope
optique, avec une caractérisation morphologique précise par microscopie
électronique, sont présentées au préalable. Dans la premiere étude effectuée en
configuration habituelle d’excitation et collection, la diffusion Rayleigh de nanofils
individuels par excitation laser et détection en géométrie réflectance a été mesurée
systématiquement avec des pas de 30 nm de maniere a obtenir des cartographies
détaillées. Les comportements des trois types de nanofils d'or présentés sur la figure
en (@), (b) et (c) ont ainsi pu étre comparés, mettant en évidence l'effet des
protubérances d'or et de la polarisation. Dans la deuxieme série de résultats, une
configuration « remote » a excitation déportée par rapport a la collecte du signal a été
utilisée. Ainsi, la mise en évidence sans ambiguité du signal Raman provenant du
PEDOT lorsque I'excitation est effectuée a I'extrémité opposée du nanofil distante de
plusieurs micromeétres, jusqu’'a 9 um, constitue un résultat majeur de ma these (Figure
2). Egalement, une étude exploratoire a été menée afin d'apprécier I'apport des
protubérances d'or dans les nanofils « dog-bone » et « half dog-bone » sur l'intensité
du signal détecté mesuré a distance.

- viii -
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Length: 9220 nm
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Figure 2: a) Superposition d'un cliché MEB et du signal Raman (en vert : intensité a
1447 cm™) d’un nanofil d’or couvert de PEDOT uniquement a l'extrémité droite. Les
croix repérent les positions d’excitation (X . indexées 1 a 4), la zone de collection du
signal Raman est repérée par O. b) Image au microscope optique (objectif x100, LF)
pour une excitation laser (785 nm) en position 4. C) Spectres Raman mesurés a la
zone 1 pour une excitation aux quatre positions X.

En conclusion, ce travail de these a permis de synthétiser de nouveaux types de nano-
objets unidimensionnels fonctionnels comportant un coeur plasmonique. Des
comportements plasmoniques originaux ont été mis en évidence. Dans la suite de mes
travaux, la détermination du comportement plasmonique par EELS-HRTEM apportera
des informations utiles pour une analyse complete des différents effets étudiés. Il sera
intéressant de préciser I'effet de I'excitation soit locale d'un nanofil plasmonique par
un faisceau d'électrons ou par une sonde laser sub-micrométrique, soit une excitation
du nanofil entier par un faisceau optique. Des études spectroscopiques dépendant du
temps sur de tels systemes seraient également pertinentes pour identifier le (s)
mécanisme(s) impliqué(s) dans le couplage entre le nanofil métallique « dog-bone » et
I'espece Raman. Le couplage de tels nanofils «dog-bone » avec des especes
photoluminescentes est un projet tres intéressant pour étudier le couplage faible et
fort entre plasmon et excitons. Il s'agit d'un domaine de recherche en pleine croissance
offrant de nouveaux effets fondamentaux qui pourraient avoir un impact significatif sur
les dispositifs nanophotoniques.
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General introduction

General introduction

The very strong interest in the study of plasmonic nanostructures stems from both
their remarkable optical behaviours at a sub-wavelength scale (localized surface
plasmon: LSP; surface plasmon polariton: SPP) and their enhanced or new
functionalities when coupled with other photoactive species. Due to these outstanding
plasmonic properties, such nanostructures are elementary (multi)functional bricks
exploited nowadays for applications in the fields of nano-photonics, photovoltaics, as
well as in biology and medicine, for example as nano-sensors or in-vitro and in-vivo
imaging or treatment agent.

In this thesis work, I approached this topic from the point of view of one-dimensional
(1D) nanostructures with a very high aspect ratio that permits the study of SPP based
effects. This geometry has been less investigated than the 0D nanoparticles case. Most
of the studies carried out for more than a decade concerns silver and gold nanowires
with the study of the SPP propagation. Recently, exciting original optical behaviours
were highlighted when associating plasmonic nanowires with a photoactive species,
promoting strongly enhanced effects and novel effects based notably on plasmon-
exciton coupling.

The development and study of the electrical and optical properties of nanowires and
nanotubes is a strong subject for 20 years within the Materials Physics and
Nanostructures (PMN) team at the Jean Rouxel Materials Institute (IMN). After studying
the electrical and electrochromic properties of conductive conjugated polymer
nanowires (thesis of P. Rétho, Y. Long postdoctoral researchers), the work focused on
the study and tuning of the photoluminescence and photoconductive properties of
nanowires / nanotubes composed of one or more photoluminescent polymers and
nanocomposites (thesis work of F. Massuyeau, JM Lorcy, M. Mbarek, A. Garreau, D.
Khlaifia) eventually coupled to a magnetic counterpart for magnetic manipulation
(thesis of J.M. Lorcy). More recently, the nanophotonic behaviour of such polymer-
based nanowires and nanotubes was investigated (thesis of J. Bigeon) in collaboration
with B. Béche and N. Huby at the Institute of Physics in Rennes. These studies exploited
and developed the local expertise in the synthesis of complex 1D nanostructures by
hard-template based strategies.

My thesis takes place in this context and in the framework of the International Training
Network (ITN) Marie Sktodowska-Curie “Enabling Excellence”. I benefited of different
trainings, advanced techniques and skills available in this consortium of 7 partners, in
particular high-resolution transmission electron microscopy and low energy electron
energy loss spectroscopy (EELS-TEM).
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During my thesis, I focused on the design of new kinds of nanowires that support
surface plasmon polaritons for achieving SPP-mediated remote excitation.

A first objective aimed to enhance both the SPP excitation and the light emission
efficiency. It has been realized by transforming the gold nanowire tips with optimized
laser treatments. It results in dog bones like nanowires, whose gold nanoparticles are
expected to improve the coupling with the excitation light and to increase the scattered
light at the opposite tip.

A second objective aimed to achieve the plasmon-mediated remote Raman sensing
promoted by coaxial nanowires. Remote Raman spectroscopy is based on the
separation by many micrometres of the excitation laser spot on one tip of the nanowire,
and the Raman detection at the other tip. The very weak efficiency of Raman emission
makes it challenging. Coaxial nanowires were synthesized for the proof-of-concept.

These studies constitute alternative approaches for the remote sensing of very small
quantities of species and for exploring 1D nanosources and nanoantennae for
integrated photonic and plasmonic systems.

This thesis report is composed of four Chapters.

The first Chapter is dedicated to the introduction of the main notions required to
understand the physical properties investigated in my thesis work. It is completed by
an up-to-date bibliographic review of the recent advances to evaluate the strategy
exploited to design our original nanowires, as well as to assess the novelty of the results
obtained during my thesis.

In the second Chapter, the synthesis and characterization of the different nanowires
fabricated during my thesis are reported. Principally two kinds of original nanowires
were synthesized:

- Coaxial nanowires with a gold core and a shell of poly(3,4-ethylenedioxythiophene)
(PEDOT), a conjugated polymer, with the control of the position of PEDOT along the
cylindrical core (all along, just at the tips or just at the top tip), a must requirement for
the remote studies

- Dog-bone and half dog-bone gold nanowires, i.e. gold nanowires modified by a
post-synthesis processes using laser heating, which produces gold nanoparticles at the
tip(s) of the nanowire.

In the third Chapter, the investigation of the molecular and supramolecular structure
of PEDOT in the coaxial Au@PEDOT nanowires is reported. A complete Raman
spectroscopy study of individual nanowires was made using different excitation
wavelengths and polarization at the excitation and the collection. It aimed to determine
the effect of the extremely confined electropolymerization of the conjugated polymer
around the gold nanocylinder, a unique geometry. The effects of the nanowire
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diameter and the location of the PEDOT on the supramolecular ordering were
determined.

In the last Chapter, the optical and plasmonic properties of single dog-bone and
coaxial nanowires were investigated by laser nano-reflectance and by remote Raman
spectroscopy. We present first the methods that permit to spatially correlate these
studies made by using an optical microscope coupled spectrometer, with a precise
morphological characterization by electron microscopy. It required some
developments of the experimental set-up to achieve - the measurements in the remote
configuration, which consists in a different location for the excitation laser and for the
collection area, and - the laser nano-reflectance mapping of individual nano-objects.
Then, the mapping in a direct mode of the laser nano-reflectance (i.e. at a given
wavelength) of gold nanowires with different morphologies is reported before
presenting their remote nano-reflectance. Finally, the remote Raman spectroscopy
study of the coaxial Au@PEDOT nanowires and of (half) dog-bones nanowires coupled
with PEDOT nanoparticles is proposed.
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L. State of the art and strategies

I. State of the art and strategies

This Chapter is dedicated to the introduction of the main notions required to
understand the studies reported therein. It is completed by an up-to-date bibliographic
review of the recent advances to evaluate the strategy exploited to design our original
nanowires, as well as to assess the novelty of the results obtained during my thesis.

In the Part 1, the two main plasmonic effects (localized surface plasmons (LSP) and
surface plasmon polaritons (SPP)) of metallic nanostructures are briefly introduced,
altogether with their broad exploitation for both fundamental progress and applied
goals when combined with other species located in a close environment. After general
considerations for nanoparticles, the review of previous studies on 1D-like geometry is
privileged, motivated by my work exploiting nanowires. The Part 2 is dedicated to a
review of the synthesis of advanced metal and polymer-based nanowires, mainly by
template strategies in direct relation with the original developments I achieved.

I.1. Plasmonics and related spectroscopy

I.1.1. Introduction to plasmonics

Plasmon is a quantum of collective oscillations of the free electron gas density in a
metal. Surface plasmons (SP) are confined at the metal-dielectric interface. The
requisite for a material to support surface plasmons is to have a dielectric constant with
a large negative real component and a small positive imaginary component, normally
metals. The atomic structure of metals can be roughly described as a lattice of positively
charged ions embedded in a cloud of delocalized free conduction electrons. When
these free electrons are excited by an electromagnetic field, they can collectively move
with respect to the cations lattice resulting in a plasmon oscillation analogously to a
mechanical oscillator. The incident electromagnetic field would act as sinusoidal driving
force and the Coulombic attraction from the cations lattice would act as restoring force.
In the case of subwavelength-sized structures, this effect is extremely confined,
resulting in new optoelectronic properties at the nanometre scale. The resonance
energy corresponds to the maximum of scattering and absorption by the plasmon,
called surface plasmon resonance (SPR). It is defined by the nanostructure nature, its
morphology and the medium surrounding it

First reports of plasmonic behaviours were made by Faraday in 1857 when he observed
the colours of different dispersions of gold nanoparticles that he prepared’, and by
Wood when he observed an uneven distribution of light in a diffraction grating®. In the
beginning of the XX Century, Siedentopf and Zsigmondy followed their work when
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they were capable to see “ultramicroscopic” (nhanometric) gold particles embedded in
a gold ruby glass.? J.C. Maxwell Garnett and later Mie explained the behaviour of these
“less than 0.1 um spherical” gold particles according to Maxwell equations.’®*2 Ritchie,
in 1957, following the work of Pines**> explained the “energy loss of electrons to
plasma oscillations” in thin metal foils (propagating surface plasmons).>¢ Since then,
the study of plasmonics has grown enormously and nowadays is one of the hot topics

in nanophotonics.2"~*?

The possibility of manipulating the light under the diffraction limit and the new

properties given by the plasmonic nanomaterials opens a new range of applications in

3,20,21 22,23 24-29

such diverse fields as medicine or trace

3,20

, photovoltaics*=“*, nanophotonics

sensing

30-34 4,5,35,36

These plasmons can be promoted by incident electrons or photons

The case of activating plasmons by electron bombardment, first reported in 1930 by
Rudberg® and furtherly studied in 1959 by Powell and Swan*’ and in 1967 by Teng
and Stern®, can be evidenced by techniques as the Scanning Tunnelling Microscopy
(STM)**39%0 " Scanning Electron Microscopy (SEM)*?, Cathodoluminescence (CL)**¥
Electron Energy Loss Spectroscopy (EELS)*®*337 or indirectly by X-ray photoelectron
spectroscopy (XPS)*

But the most common technique is irradiating these nanostructures with an
electromagnetic field, i.e. light. Due to its interaction with the confined free electrons
in the nanostructures, a plasmonic extinction (absorption + scattering) band appears
(Figure 1.1)** different to the bulk material, that is transduced in a colour
change.>>91943-0 The magnification of the electromagnetic field at the metal-dielectric
interface can be utilized to enhance by orders of magnitude the signal of closely packed
active materials. This enhancement can be tuned by designing rational plasmonic
nanostructures up to detect single molecules.>**™3 Different spectroscopic techniques
have been used to investigate or to exploit this phenomenon: refractive index
measurement> >, surface-enhanced Raman spectroscopy (SERS)***3°69 surface
enhanced infrared absorption  spectroscopy  (SEIRA)Y” and  enhanced
photoluminescence®®%-63,

-12 -
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Figure [1. Calculated spectra of the efficiency of absorption Qaps (red dashed),
scattering Qsca (black dotted), and extinction Qex: (green solid) for D = 80 nm gold
nanospheres.*

Two types of surface plasmons have been described (Figure 1.2). First, the localized
surface plasmon is confined in single nanostructures, whose size are smaller than the
wavelength of the excitation light. Second, the surface plasmon, are found normally in
thin metallic surfaces and in 1-dimensional (1D) nanostructures. Additionally, when a
photon interacts with a SP, it can create a SPP which propagates at the metal-dielectric

interface >>%46>

a) b)

Dielectric

NARIAI

Metal

Electric field

Figure [2. Schema illustrating a) a localized surface plasmon resonance and b) surface
plasmon. Adapted from Willets and Van Duyne.”
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I.1.2. Localized surface plasmon resonance
(LSPR)

When light interacts with a metal particle smaller than its wavelength (@ < A), the
surface plasmon is confined in the nanoparticle, this is called a localized surface
plasmon (Figure 1.2a). When the light frequency matches the eigenfrequency
(frequency of a system at which it would freely oscillate) of the NP plasmon, a
resonance (LSPR) phenomenon occurs. The LSPR enhanced strongly the surrounding
electromagnetic field up to 10000 times but it is confined very close to the metal
particle surface.?*4>®® The resonance frequency of a nanoparticle is influenced by
different parameters: its material#36768, gize!1124348 shape3336434889 gnd the dielectric
environment®7%73 Most frequently used materials are gold and silver due to their
strong LSPR in the visible and near-infrared (NIR) regions of the spectrum 143446874

, size

1.1.2.1. Nanoparticles: spheres and rods

Normally, small spherical particles only have a single and sharp absorption band
corresponding to their plasmon resonance. A dipole is excited in the nanoparticle by
the incident electromagnetic field and the whole cloud of free electrons oscillates at
that frequency.??%f%7> Different authors have refer to Mie theory to calculate the
extinction coefficient (y) for each wavelength (1) (Equation (I.1)), although it is
necessary to note that it is only valid for well dispersed spherical nanoparticles with a

small radius.%2066.76.77
24m2R3Ng3/? e
y = . - (11)
A (emr+2eq)2+e2,; '

where R is the radius of the nanoparticle, N is the number of particles per unit volume,
and &4, &nr and g,; are the dielectric constant of the medium surrounding the
nanoparticle, and the real part and imaginary part of the metal nanoparticle dielectric
constant, respectively. Other theories, such as the electrostatic approach, have also
been used in order to elucidate the plasmonic behaviour of these dispersed
nanoparticles.®

In the case of larger spherical particles, quadrupoles and multipoles are generated due
to the fact that different domains of free electrons inside the nanoparticle oscillate at
different resonance frequencies (Figure 1.3).1:36>7678
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Figure L3. UV-vis spectra (normalized) of Au nanoparticles of different particle sizes
in aqueous solution.”®

Non-spherical and anisotropic particles have other LSPR modes due to their unequal
dimensions between their main axes. Nanorods (aspect ratio <10-20) have certainly
been the most studied non-spherical nanoparticles (Figure 1.4). They normally present
a dipole plasmon resonance longitudinal to their main axis and another transversal one
that can be tuned by their aspect ratio and absolute dimensions.®436%77.79

a) Electric
field | G)
2 ATy
18 / \  Longitudinal
lasmonic band
Electron ! 16 | p
cloud . < 514
' s
4 g 1?7 |
Metal rod s 11 Transversal / ,
Longitudinal electrons oscillaton 'g o8 4 plasmonic band | ‘\
@ /
a
b) Electric = 06 - 4 |
field 04 —no ! /
N\ \ y \
02 - .

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Metal rod

/
Electron
cloud

Transversal electrons oscillation

Figure I4. Schema illustrating the a) longitudinal and b) transversal LSPR excitation
for gold nanorods and c¢) LSPR longitudinal and transversal absorption bands.
Adapted from Cao et al.””
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Gans proposed a theory to calculate the extinction coefficient for metallic nanorods
describing them as ellipsoidal nanoparticles.*° The plasmonic behaviour of both kinds
of nanoparticles should barely differ, appearing the two characteristics bands described
before.

In the case of larger and differently shaped nanoparticles, higher ordered resonances
appear, that are in general less intense than dipole ones.”> But some anisotropic
particles can have multipolar resonances with a large absorption.?®’8 Different particles
sizes and shapes, and their interactions with an incoming electromagnetic field, have
been theoretically and experimentally studied, giving similar results (Figure
1.5).2048788182 It should be noted that the two peaks found for the sphere correspond
to the dipole (the band closer to 400 nm) and to the quadrupole (the band closer to
350 nm) modes.”

a)
12 T l T I T I

10 Cube Pyramid

—l

Cylinder

@

Extinction Efficiency

1 1 : 1 .

400 500 600 700
Wavelength (nm)

I 20.0

I 20.0

10.0 10.0

. 0.0 I 0.0

Figure L5. a) Extinction efficiency (ratio of cross section to effective area) of silver
nanoparticles in vacuum having the indicated shapes. Each particle has the same
volume, taken to be that of a sphere with a radius of 50 nm. b) | E | ¢ contours (E is
electric field) for a sphere, cube, and pyramid, plotted for wavelengths corresponding
to the plasmon peak in (a), with peak | E | values of 54, 745, and 9770, respectively.
The corresponding polarizations were chosen for a maximum value of| E /. Adapted
from Haes et al?’

Sharp irregularities act as antennas due to the crowding effect of the electric field lines,
this “lightning rod” effect increase the electromagnetic field in their surroundings.®>%%-
8 |SPR modes are also found in metal film nano-roughness, their optical properties
are similar to those of the corresponding solid particles of same size and shape.®>#¢8’
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Surface plasmons of nanoparticles in close proximity can also interact and yield new
resonances. In this case, the generated electric field can be extremely high and confined

‘to thls ”hot Spot11.43,45,65,88

1.1.2.2. Plasmonic nhanowires

1-dimensional high aspect ratio nanoparticles (>10), i.e. nanowires, are a special kind
of plasmonic entities. Their transversal size is smaller than the visible light wavelengths,
supporting LSPR as a nanorod. But its longitudinal dimension is normally much larger
and it can support multipolar LSPR and SPP. Furthermore, the sharpness of their tips
can induce a lightning rod effect, making these special kind of nanoparticles an
interesting subject of study with a broad field of potential applications.>””77989-91
Several research have been made in both single and arrays of nanowires. Different
lengths have been studied, reporting the existence of multi-order plasmonic modes for
longitudinal LSPR.>"#9%09293 polarized studies revealed that the transversal mode is
perpendicularly polarized and the longitudinal mode is parallel polarized.2>%°

Hot spots occurring between nanowires or between a nanowire and a substrate are
also investigated, notably for SERS or photoluminescence enhancement effect.”#888994

PTFE passivation

a)

/ Ag NW network

c) 110

= Strain 0% 50°C
100 | = Strain 10%
90 -_'Stl'“iﬂ 20%

o0, J
&. smn 20% 24°C

0 100 200 300 400 500 600
Time [sec]

Temperature ['C]
2

Figure L6. a) Schematic of a polytetrafluoroethylene (PTFE)/Ag NW hybrid electrode
on flexible polyethylene terephthalate (PET) or stretchable polyurethane (PU)
substrates.” b) Typical SEM image of a Ag nanowires network (nanowire diameter of
130 nm).*° ¢) Temperature profiles and IR images of a stretchable transparent thin
film heaters with PTFE/Ag NW electrodes as a function of strain while operating at 8
V of input voltage. Adapted from Lee et al”” and Bi et al*®

-17 -



I. State of the art and strategies

One of the most studied architectures involving nanowires and their LSPRs is the 2D
nanowires network (Figure 1.6a&b). This geometry allows the combination of the
plasmonic, electric and mechanical properties of billions of nanowires on a
macrosurface. Novel transparent and flexible devices sensitive to stretching, heat, light,
pressure or chemical species that exploit such metal nanowire arrays are under
investigation (Figure 1.6¢).”7% Alternatively, the plasmonic hot spots between silver
nanowires have also been exploited to generate a local welding in order to improve
the electrical percolation between nanowires. It results in an improved conductivity of
these 2D nanowires networks.?>%

But among of all the plasmonic properties of nanowires are their capacity to transmit
SPP along its main axis. We discuss this phenomena later in this Chapter, as it is a main
research axis of my thesis work.

1.1.2.3. Surface-enhanced Raman spectroscopy (SERS)

The enhanced and confined electromagnetic field that appears in close proximity of a
plasmonic nanoparticle due to a LSPR can couple with a Raman active species placed
in that region and increase its Raman spectroscopy signal (Figure 1.7). It was first
reported in 1974 by Fleischmann and collaborators when they observed the
enhancement of some Raman peaks of the pyridine when adsorbed on a silver
electrode.®® Although they did not explain the phenomena by a plasmonic behaviour,
Philpott in 1975'® and Albrecht and Creighton in 1977'% claimed that the
enhancement was due to the SPP on the silver electrode. But Moskovits in 1978%7 and
Creighton, Blatchford and Albrecht changing their first theory in 1979%, defended that
the SERS effect was caused by the LSPR due to the roughness of the metal surface.

Raman-active Enhanced EM

- +++++ +++++

= il il

TSI

Figure 17. Schema of the typical configuration for SERS effect within spherical
nanoparticles.
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Different studies have been made since then and nowadays the enhancement of
Raman signal by SERS effect is widely studied and exploited (Figure 1.8). In order to get
an optimal enhancement, the maximum of the extinction spectra of the Raman active
species and the plasmonic nanoparticle should superpose.®108-110

3000 -
2000 -

1000 +

0
25000 -

1545

1614

20000 -

15000 -+

10000 -

5000 - /J

0-
1750 1500 1250 1000 750 500 250
Wavenumber / cm™

Raman Intensity / Arb. Unit

Figure L8.Comparison of the resonance Raman spectrum of [Ru(dcbpy)(tmt)/s in
aqueous solution (A), and SERS spectrum in presence of functionalized gold
nanoparticles (B) Aexc = 532 nm). 109110

Two main mechanisms have been proposed to explain the SERS effect: the
electromagnetic enhancement and the chemical enhancement. Although most of the
authors support that both mechanisms coexists, the discussion comes from the relative
contribution of each mechanism to the enhancement >8108111

The electromagnetic theory is directly related to the plasmonic nanostructure, as it
describes the enhancement of the electromagnetic field (light) in its surroundings.
When a Raman active species is placed in this region, its Raman signal is enhanced

purely due to the increased light radiation that it receives.!%®11!

The chemical theory, in opposition, describes the behaviour of the Raman active
species. When this species can chemisorb to the plasmon active metal surface
(normally by a free pair of electrons), a charge transfer can be produced between them.
This charge transfer can provide the electrons for a resonant Raman transition, that in
a normal case would be avoided because of the HOMO and LUMO level positions of

the Raman active species. 108111112
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The combination of both phenomena produces a huge enhancement of the Raman
signal that directly depends on the nature and geometry of the substrate and the
analyte, and the excitation wavelength. This increase of the signal can be measured
through the enhancement factor (EF).?%!%1!1 The enhancement factor of the Raman
signal is directly related to the LSPR-generated confined electromagnetic field and
decreases quickly with the distance. The influence distance have been reported to be
from few nm up to 30 nm (Figure 19)320°6°98089 1n qorder to achieve large
enhancements, the morphology and the distribution of the nanostructures is finely
tuned. Arrays of coupled nanoparticles or sharp edges are used to generate “hot-spots”
where the Raman-active molecules should be placed. When the enhancement is very

strong, single molecule detection can be achieved.®80113
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Figure L9. a) Plot of SERS intensity (I) for 8.6 x 10~3 M benzene in water on a silver
roughened substrate coated with an alkanethiol as a function of increasing
alkanethiol chain length, illustrating the SERS interfacial distance dependence.
(exposure times: 240 s ; 647 nm excitation ; 30 mW).*° b) SERS signal distance
dependencies for Rhodamine-6G molecules obtained for Ag roughened substrates
with gradually increasing SiO spacer thicknesses across the surface. SERS spectrum
is shown in the inset. Excitation power is 10 uW at 532 nm and exposure time is 1 s.°°
Adapted from Kennedy et al>° and Kukushkin et al>®

Le Ru and co-workers published in 2007 a careful and detailed study about the EF for
colloidal dispersions and single molecule SERS samples. They defended that in order
to make a reproducible study and to give a clear EF, a non-SERS sample should be
prepared and measured under the same conditions of the SERS sample. This would
allow to get the same cross-section of the sample excited (the same quantity of analyte
that gives Raman scattering). The other option is to know exactly the cross-section for
each measured analyte. They compared and analysed their results and those from other
authors giving a clear image of up to ~10° enhancements for normal SERS and up to
~10'° for single molecule SERS.>®
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The big difference in the EF for colloidal samples and single molecules samples resides
in two causes. The main one originates from the uniformity distribution of the
plasmonic enhancement. A single molecule is placed in a hot-spot, taking the full LSPR
enhancement. While in a colloidal dispersion, the molecules are placed at different
positions and the final Raman signal is an average of different levels of LSPR
enhancements. Additionally, the non-strictly uniform shape of colloidal samples: while
in the single molecule test, the optimal conditions of coupling and polarization are
selected. In the colloidal sample the plasmonic particles have different orientations and
sizes, so with different optimal conditions for SERS effect.®® In that study they also
reported that an EF of 105 may be sufficient to detect single molecule by SERS.*®

The main application of SERS effect is for the detection of analytes in very low
concentration (trace sensing and single-molecule sensing).’®® Biological analysis and
chemical warfare agents are among the others most studied systems. It has also been
applied in spectroelectrochemistry, motivated by the presence of a plasmon-active
metal electrode.’* SERS effect has also been involved in the study of art works''> and,
recently, in the design of labels for anticounterfeiting'®!'’ and food safety'!® among
others.

1.1.2.4. Enhanced photoluminescence (PL)

When a photoluminescent species is in the vicinity of a nanoparticle, its emission can
couple with the LSPR to get enhancement up to 400 times (Figure 1.10)./1.80119-122

First theoretical studies about the behaviour of photoluminescent molecules in close
proximity to metal surfaces, including emission quenching or enhancement were made
during the 1970s by Kuhn'? and Philpott*?*1% In 1980, Glass'®* and Chen'?® reported
the enhanced luminescence of molecules adsorbed on noble metal particles. Several
groups focused their studies in this topic and 5 years later, Moskovits reviewed their

research.'?’
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Photoluminescent
specie

Emission ‘

Figure 110. Schema of the typical configuration for enhanced photoluminescence
effect within a spherical nanoparticle with the guenching distance and the maximum
enhanced djstance plotted.

The combination of a plasmonic nanostructure with a photoluminescent species forms
a very useful hybrid. While a metal nanoparticle normally shows almost no
photoluminescence, its optical extinction cross section is high, transforming a big
amount of that light into LSPR and enhancing the electromagnetic field in their
surroundings. In  opposition, photoluminescent species offer a strong
photoluminescent but a relative low extinction cross section compared to the metal
nanoparticles. Positioning a photoluminescent species in the electromagnetic field
enhanced volume produced by a plasmonic nanoparticle forms a hybrid that have both
high extinction and enhanced emission cross-section. In the other hand, if the emission
frequency of the PL species is in resonance with the LSPR of the plasmonic nanoparticle,
the enhanced emission observed will be caused by the radiation of light from the metal
at the same frequency due to elastic scattering through the LSPR. Because of this
extremely high PL signal in both cases, it is very sensitive to any changes in the
environment of the hybrid nanoparticle, offering a powerful tool for detection of
different species (Figure 1.11 & Figure 1.12).122
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Figure [11. Enhanced PL at plasmonic array/MoS2 heterostructures. PL intensity
comparison of each array. Inset shows the cross-section of the plasmonic/MoS2
heterostructure. Adapted from Butun et al**

It can be inferred that the maximum PL enhancement occurs when the overlap
between the plasmonic LSPR band of the nanoparticle and the extinction of
photoluminescent spectra of the PL species yields a maximum, similar to what we
exposed for the SERS effect (Figure 1.12).122128
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Figure [12. Qualitative extinction spectra of small Au@5i0., 40 nm nanoparticles
(light blue), large 100 nm Au@5iO; nanoparticles (dark blue) extinction (green) and
emission (red) spectra of crystal violet. The more overlapping between the LSPR band
of the nanoparticles and the extinction band of the crystal violet the stronger PL
enhancement will be achieved. In this study they were reported EF of 29 to 53 for the
small nanoparticles and 47 to 155 for the large ones. The higher EF were got when
the nanoparticles were forming aggregates. Adapted from Camacho et al*?
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A main difference with SERS effect is that a quenching effect of the PL is observed
when the emitter is in contact, or very close to the plasmonic nanoparticle. This is due
to a charge or an energy transfer between the metal and the PL species, resulting in a
non-radiative decay. When the metal-emitter distance is gradually increased to few
nanometres, a fast transition toward a maximum enhanced photoluminescence is
observed. Then, the enhanced photoluminescence starts to decrease, phenomenon
attributed to the decay in the enhanced field (Figure .10). The optimal separation to
maximize the photoluminescence enhancement has been both theoretically!?® and
experimentally*®® investigated (Figure 113), with some discrepancies between the
different studies, possibly due to the type of the plasmonic nanostructure and the PL
species 517637172120,122129.130 The gquenching distances reported vary from 1 nm®13! to
15 nm**? and the maximum PL enhancement distances ranges between 4 nm**! and 38
nm®2. Some authors have reported the plasmon enhanced photoluminescence
neglecting the quenching effect. In the case of a thick layer of PL species, the quenching
effect affects only a limited thickness. 9133
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Figure [13. a) Calculated fluorescence rate y,,, as a function of molecule-particle
separation for different particle diameters. y.,, are normalized with their
corresponding free-space values y2, (no nanoparticle z — ). The solid curves are
the result of multiple multipole calculations, whereas the dashed curves correspond
to the dipole approximation which fails for short distances z. (A = 650 nm; € =
—12.99 +i1.09 for gold). b) Fluorescence rate as a function of particle-surface
distance z for a vertically oriented molecule (solid curve: theory, dots: experiment).
The horizontal dashed line indicates the background level. (Aqy. = 637 nm). Adapted
from Anger et al*%

24 -



L. State of the art and strategies

The applications of plasmon enhanced photoluminescence have grown during the last
years, mainly thanks to the inclusion of weak emitters and its development in a broader
region of the electromagnetic spectrum.!?> Greater enhancements and novel
properties can be achieved by tuning the morphology at the nanoscale of both the

plasmonic nanostructure and the photoluminescent material.***

Up to now, the main areas of application are trace sensing*3*, bioimaging®*® and super-
resolution imaging®’. This enhanced PL effect also permits to study the dynamic
behaviour of single molecules by live tracking, such as in catalytic reactions*, DNA

hybridization'*® or electrochemical reactions**.

1.1.2.5. Other effects and applications

Other exploitations or other effects arise due to the enhancement of the
electromagnetic field in the surroundings of the metal particle and its coupling with a
target species. We should cite the sensing by refraction index variation,>*77141.142
enhanced photochemistry,}?2143144  selective and monitored catalysis,'*> or
hyperthermia,®>?! improved efficiency of light emission or of light absorption and
photoconversion in organic light-emitting diode (OLED)¥® or photovoltaics'®,

respectively.

Their straightforward application is for sensors based on the enhancement of the
electromagnetic field in the metal-target species interface. This allows the detection of
traces of species that bind to the metal surface using spectroscopic techniques as
described before. Both metallic thin films and particles arrays have been used as
plasmonic substrates, through excitation of SPP and LSPR respectively, monitoring the

signal change in real time >3°8°9113.147.148

Another SPR-based sensing technique is the colorimetry. These sensors allow the
detection of target species that induce an aggregation of plasmonic particles in
solution. The colour of the solution changes between non-aggregate and aggregate
state due to the coupling between the LSPR of the particles.>*°

1.1.3. Surface plasmon polaritons (SPP)

1.1.3.1. Generalities on SPP

The first observation of SPP on metal films was made by Wood in 19028, In 1907
Zennek, and 1909 Sommerfeld'*®®, predicted the propagation of electromagnetic
waves on flat metallic surfaces but did not give a plasmonic explanation. In 1930
Rudberg®® and during the 50s Pines and Bohm?!** I'>1 observed energy
losses of electrons in metal films. Pines in 1956 introduced the term “plasmon”.
Ritchie in 1957%¢ and Powell and Swan in 1959%’ gave the first theoretical descriptions

and Ferrel
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of surface plasmons. During the 60s and the 70s*!? there was a deeper research of
this effect, and in 1974, Cunningham used the term “surface plasmon polariton” for the

first time to explain this effect!>.

It is defined as the coupling between collective oscillations of electrons in the metal
(surface plasmons) and the resulting confined electromagnetic field (polariton). This
polariton is evanescently confined in the direction perpendicular to the interface. The
term polariton is used to define a field that is strongly coupled to a dipolar excitation,
i.e. electrons oscillations in the metal. The SPP are confined at the metal surface in the
perpendicular direction and they can propagate non-radiatively along the surface
(Figure 1.2b).1>* When they are excited and coupled with an incoming electromagnetic
field, they greatly enhance the optical near-field. These evanescent waves follow the
geometry of the interface and they can be manipulated under the light diffraction limit.
Their propagation length will depend on the dielectric constants of the metal and the
dielectric material (a material with a lower imaginary part of dielectric constant help to

reduce SPP losses)!®

) 5,18,64,154

and their geometry (flat interfaces give smaller SPP losses than
rough ones

A central point deals with the excitation of SPP. According to the conservation rule of
momentum, it is necessary that the momentum of the vector of the excitation light
(incident wave) be equal to the plasmon polariton mode one (kspp, propagative wave)

(Equation (1.2)),°*** a critical point as a mismatch is generally obtained (Figure
.144) 121864154156-158

kspp = B + iat 12)

where 8 and a are the propagation and attenuation constants, respectively. 9148155

In order to solve it and to excite the SPP in the interface, the Kretschmann
configuration (Figure 1.14b) uses a prism with a different dielectric constant than air,
normally glass, making the in-plane component of the light wavevector to match with
the SPP wavevector (Figure 1.14a) 121864154156-138 1 3 two-layer conformation (Figure
.14c¢), a dielectric layer is added between the prism and the metal and the light tunnels
through it, making possible to have different excitation angles.*'® In the Otto
configuration (Figure 1.14d), this dielectric layer is an air gap between the metal and
the prism.281% The light can also be introduced with the matched wavevector via a
fibre coupler!8160 161
(Figure L.14e) in order to excite directly the SPP. Alternatively, irregularities or gratings
in the metal-dielectric interface (Figure 1.14f&g) transform the momentum of the
incident wavevector into a distribution of new wavevectors, and some of them can
match the conservation rule.!818658387,162-166

or, by a scanning near-field optical microscope (SNOM) probe
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Figure 114. a) Dispersion relation for the momentum conservation Kretschmann
configuration in the attenuated total reflection (ATR) system which demonstrates
that SPP excited by ATR are leaky modes, which can reradiate in the glass and couple
to SPP at the air-metal interface. It is possible only for frequencies corresponding to
the SSP-curve confined between the air and the glass curves (dark grey area)**>> b)
Kretschmann geometry, ¢) two-layer Kretschmann geometry, d) Otto geometry, €)
excitation with a SNOM probe, 1) diffraction on a grating and g) diffraction on surface
features’® Adapted from Zia et al’>> Gaponenko’ and Zhang et al*®

Once the SPP is coupled on the metal-dielectric interface, it propagates up to a length
Lspp that depends on the dielectric constants of both the media and the excited light

wavelength A (Equation(l.3)):'8167:168

Emréd

LSPP = o e (1.3)

As analogy with Equation(l.1), €, is defined as the dielectric constant of the media
above the metal and ¢, and ¢, are the real and imaginary parts of the dielectric
constant of the metal, respectively. The Lgpp is the distance after which the SPP intensity

is 1/e of its initial value.18167.168

For that reason, it is important to consider the real and imaginary parts of the dielectric
constants of metals in order to predict their SPP behaviour (Figure 1.15). It can be
observed that there are notable differences in the dielectric constants of Au and Ag in

the visible/ultraviolet range. *41%°
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Figure L15. Negative real part of the dielectric function —&, (—&p, in the text) of a)
gold and b) silver in the niR/visible/UV spectral range. In a) Evaporated (EV),
template-stripped (TS), and single-crystal (SC) gold samples. For comparison, data
from Johnson and Christy’”’, Théye'”, Schulz'"#1”> Weaver et al*” and Blanchard
et all” are shown, as well as the dielectric function calculated for a Drude free-
electron metal with hw, = 8.5 eV andtp = 14 fs. Solid lines are guides for the eye.
Inset: Linear scale plot of —e; for 1.0 — 1.6 eV photon energy. In (b) three samples A
(red), B (green), and C (blue) prepared by the same method. Data from Leveque et
al’’® (squares) Winsemius et al’”’ (circles) Johnson and Christy’”° (triangle),
Schulz"*7 (inverted triangle), and Hagemann et al'”® (diamond) are shown for
comparison. Drude fit for sample C with hw, =89¢eV, t=18fs, and e, =5
(dashed) or ., = 1 (dotted line). Inset: Data near 3.8 eV shown in linear scale, where
—&,(w) transitions from positive to negative values due to the interband transition.
& (Emi In the text): imaginary part of dielectric function of ¢) gold and d) silver in the
niR/visible/UV spectral range. The references from the spectra in ¢) and d) are
analogous to the references from a) and b), respectively. Adapted from Olmon et al.
and Yang et al***%

Typical Lgpp values for metals such as gold and silver and aluminium at different
excitation wavelengths can be calculated and have been confirmed experimentally. For
Ag, it has been found to be 20 um at a wavelength of 500 nm and 1 mm for an infrared
excitation wavelength of 1550 nm.**” For aluminium, typical values have been found to
be 2 um for an excitation wavelength of 500 nm.**” In the case of Au, in the visible
range the propagation length is lower (around 0.3 pm for wavelength values around
500 nm)*”®, but it increases above (Figure I.16a). Values of 10 ym for A, = 600 nm and
up to 80 um for A, = 750 nm (Figure 1.16b) have been calculated and measured.'®
Other authors have reported experimental values of Lgpp above 10 mm for A, =

1060 nm, that agrees with the theoretical value Lgpp = 12.3 mm?*®,

New optoelectronic devices rely on trapping the electromagnetic field at
subwavelength dimensions. The SPP-coupled light is concentrated and localized in the
metal-dielectric interface even when changing dimensions or directions. This allows the

creation of subwavelength waveguides.®*#7182
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Figure [16. a) Characteristic theoretical SPP lengths on gold in vacuum as a function
of excitation wavelength and SPP enerqy.’”” b) SPP propagation length in air as a
function of wavelengths for three different samples The green dots are for single-
crystalline gold (x-Au) and the red and blue dots are for polycrystalline gold films
deposited at room temperature (poly-RT) and liquid-nitrogen temperature (poly-LN),
respectively. The solid lines are propagation lengths calculated from the dielectric
constants measured for the respective samples. Adapted from Kuttge et al**°

1.1.3.2. SPP in metal thin films

When an incident electromagnetic field interacts with a thin metal film-dielectric
interface, it can become trapped at this interface. It couples with the free conduction

electrons of the metal, normally by using a coupler, as it was reported above.>>148168

The coupled plasmonic wave propagates at the metal-dielectric interface in all
directions (Figure 1.17a). It can propagate along several micrometre distances in the
interface plane (x and y coordinates) depending on scattering by defects (grain
boundaries, roughness of the interface), until it reaches these distances or if the metal-
dielectric interface is interrupted.
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Figure [17. a) Schema of surface plasmon polariton and its propagation length.
Taking the electric field at the interface z=0, we see that the plasmon oscillates with
a wavelength Ay iasmon Which is close to the wavelength of light in the dielectric. The
surface wave continues to propagate and drops to 1/e of its original magnitude in a
characteristic distance Lgpp, which is typically tens to hundreds of um in the visible
part of the electromagnetic spectrum. b) Decay lengths of the evanescent field
perpendicular to the propagation direction. For a given value, the electric field
exponentially decays into the bulk of both media. The electric field decays with a
characteristic length approximately of the penetration depth in the metal (6,,). In
the dielectric, the decay is slower being closer to the wavelength of light (6,).
Adapted from Sanders.?

The corresponding evanescent field inside the metal and the dielectric media decays
exponentially in the normal z direction with typical values of one hundred nanometres

(Ometar @A Ogietecerics Tespectively) (Figure 117b, Equation (14) & Equation
(1.5)).15147.183 184

_ _c ’£d+£m
Smetal - 6m - Z 81211 (L4)
. _c ,sd+sm
Sdielectric - 6d - ; &2 (I.5)
d

where ¢g,, and g; are the dielectric constants of the metal and the dielectric media,
respectively. c is the speed of light, and w is the angular frequency of the wave.!

The physical features of the metal film, random roughness or ordered patterns, can
drastically change the SPP. They are used to tune the propagation and enhancement

of the electromagnetic field on the metallic surface in lithographic plasmonic devices
(Figure 1.18),5:86:87.181,185-187
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Figure [18. a) Schematic of a SPP waveguide device, both coupling and out-coupling
of the SPP are designed by an ordered pattern’®’ b) Plasmonic Y-splitter.
Topographical and SNOM images when a SPP is launched from the left by a laser at
Aoxe = 1600 nm. Adapted from Bozhevolnyi et al*®>

I.1.3.3. SPP in Nanowires

Nanowires are a special kind of SPP waveguides, as the plasmon is laterally confined
in two dimensions (Figure 119). The Maxwell equations were solved for these
nanostructures, discovering that this extreme confinement promotes a good plasmon
propagation.'8191 Importantly, their tips act as light-SPP couplers. When an incident
electromagnetic field interacts with a tip, a large number of new electric field vectors
are created. Some of them match with the metal nanowire SPP, promoting the
propagation. Once the SPP arrives to the opposite end of the nanowire, another
momentum matching is obtained, which results in photons emission, although the
reflection or backscattering of the SPP can also be produced. For that reason, kinks,
sharp points or other features can be used to couple the incoming electromagnetic
radiation with the SPP. Reciprocally, they act as radiative points and alter the

propagation of the Spp 1:2991.188191-195
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Figure [19. Schema of a nanowire supporting a SPP waveguide mode. The plasmon-
photon coupling occurs at both tips (promotion of SPP mode and emission of
photons).

First studies of wires supporting electromagnetic waves were made by Sommerfeld in
1899'% and Hondros in 1909'%, reporting the propagation of radio and micro-waves
in metallic wires. Although they did not relate this behaviour to a plasmonic effect, they
started the research in the interaction of electromagnetic waves with metallic
surfaces.'>1637152 1t was not until 1972 when Miziumski made an experimental study
about propagation on plasma waves in aluminium and silver microcylinders.> Ashley
and Emerson'® followed his work making the first theoretical study of surface
plasmons dispersion on 80 and 500 A radius Al cylinders according to the Maxwell
equation solutions'®®, A few months later, Pfeiffer, Economou and Ngai made a more
extended theoretical study on this topic, relating it to the previous experimental

results.'®

Negative Dielectric €
Dielectric
€

Negative Dielectric(ND) pin ND hole ND coaxial

ND tube ND parallel lines ND parallel holes

Figure [20. Coaxial nanowires designs proposed by Takahara in 1997. It should be
noted that it is mentioned “negative dielectric (ND) €, ” instead of metal. Adapted
from Takahara et al**’
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In 1994, Novotny and Hafner studied the SNOM probes by a plasmonic approach,
considering them as aluminium nanotubes with a dielectric core.?® In 1997, Takahara
designed different one dimensional dielectric-metal nanostructures and studied
theoretically the SPP propagation along their metallic cores (Figure 1.20).%° Weeber
made a theoretical design of the system to excite the SPP in nanowires using the
Kretschmann configuration.***?°* In 2000, Dickson and Lyon made one of the first
experimental reports of SPP propagation in Au and Ag nanowires.”’ Since then, many
theoretical and experimental studies have been made to explore and exploit this
particular confined SPP propagation,26:2%91,153154.158,194,195,.202-209

[.1.3.3.1. Isolated nanowires

The Maxwell equations can be solved for an isolated nanowire embedded in a
homogeneous dielectric media, which is excited by an electromagnetic field in one of
its tips. SPP-related electric and magnetic fields are obtained. Some authors have solve
the equations using orthogonal coordinates??!%1919 and others by cylindrical
coordinates!189:200202210-212 " o htaining similar results. The SPP-promoted electric and
magnetic field are in function of m, that is the order of the mode and acquires integers
values. They depend on the dielectric function of the metal and the surrounding
dielectric media, the excitation frequency and the interface geometry.26:29188.202

For understanding the experimental studies reported in this manuscript, it is
interesting to consider the first main modes of SPP in a nanowire. A horizontal nanowire
in orthogonal coordinates, whose tip is positioned in (0, 0, 0) is considered. Its
longitudinal axis is along z, it is perpendicular to both x and y axis and the plane yz is
considered as the horizontal plane.

The lower order, or fundamental mode (m = 0) corresponds to the transverse
magnetic mode TM,. The charges oscillate along the nanowire (z axis) and the field
intensity is axisymmetrically distributed on the surface of the wire (Figure 1.21 and first
row of Figure 1.22),26:29,189,202.212
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Figure [21. a) Schematic cross section of penetrating depths of SPP-generated
electric field |E| in a metal nanowire of radius a along the y axis in the xy plane for
the fundamental mode TMy and propagation in the z axis direction (perpendicular
to viewer). 64 & 6,, represent the penetration lengths of the SPP electric field in the
dielectric environment and the metal, respectively (penetration in the media for a
given value |E| at the interface)*?%? b) Normalized amplitude of the electric field
along y direction of a 200-nm-diameter Au nanowire lying on different substrates
(exc = 660 nm). Inset: coordinates on the cross section of the nanowire?%> Adapted
from Schréter and Dereux?” Sanders' and Wang et al*%

Two higher order degenerated modes (m = 1) are denoted as HEY and HE; and
correspond to charges oscillation in the transverse x and y axis, respectively. The
electric field intensity is distributed symmetrically from the z axis on the two sides of
the nanowire (second and third rows of Figure 1.22).2%189292212 Some authors prefer to
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consider HEY as HE_; (m = —1) as the excitation of HE{ and HE; modes by a vertical

incident beam is made by parallel and perpendicular polarization, respectively.?%%212213

Another higher mode has been described as HE, (m = 2) (not shown in Figure 1.22).
It is produced by antisymmetry with respect to z axis charges oscillation and
distribution in both x and y axis. The electric field intensity forms four symmetric lobes
along the z axis.**?
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Figure L22. Simulation via finite element method (FEM) of distributions of instant
charges and amplitude of electric field on the Ag NW surface for different plasmonic
modes. (diameter = 120 nm, section shown: 2 um long). In the simulation, the solved
principal eigenmodes (m = 0 and 1) for the cylindrical NW were directly used as the
excitation source of 633 nm at the left end via a perpendicular Gaussian beam with
its electric field parallel (first and second row) or perpendicular (third row) to the NW
main axis. The propagating SPP were perfectly absorbed with no reflection at the
right end. The zero phases were taken for TM, and HE{ when the electric field
reached the maximum along the positive direction of the x axis and for HE; when
the electric field reached the maximum along the positive direction of the y axis. Due
to the perfect absorption of the boundary, the distributions of the field amplitude
were uniform along the propagation. Adapted from Zhang et al?*? and Wei et al*’

New electric field distributions are expected along the nanowire when two or more
modes are combined. When the fundamental mode TM,, is combined with one of the
HE; modes, they interact constructively and destructively accumulating different
phases. The resulting electric field direction is the same as the HE; mode but its
intensity follows a zig-zag distribution (first and second rows of Figure 1.23). Combining
two HE; without phase difference will result in a mode with the same distribution of
HE,; but with a rotation.?>?'2
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Figure 123. Simulation via FEM of distributions of instant charges and amplitude of
electric field on the Ag NW surface for different superposed plasmonic modes from
the individual modes shown before (Figure L22). (diameter = 120 nm, section shown.
2 um long). In the simulation, the solved superposed eigenmodes for the cylindrical
NW were directly used as the excitation source of 633 nm at the left end, and the
propagating SPP were perfectly absorbed with no reflection at the right end. The
expressions in the left column denote the superposition of modes with relative phase
difference at the input port. The phase difference further accumulated during the
propagation. The distributions of the field amplitude showed zigzag (first and second
rows) and chiral (lowest row) shapes in contrast with the individual modes shown
before (Figure [.22). Adapted from Wei et al?’

When a phase difference between both HE; modes is introduced and the fundamental
TM, is also present, a chiral helicoidal electric field is obtained (third row of Figure
1.23). The period and chirality of the helix is determined by the phase difference
between the first order modes. When the HE{ is phase-advanced respect to HE;, the
resulting electric field motion is anticlockwise (left-handed SPP). The opposite phase
distribution will result in a clockwise motion (righ-handed SPP). This effect allows the
transformation of linearly polarized electromagnetic fields in tuned circularly polarized
ones by the introduction of a nanowire in an optoelectronic device.?*?*

In order to excite the modes exposed before, the dielectric surrounding of the metal
nanowire must be homogeneous. Wei, Pan and Xu achieved this by immersing the
nanowire in an oil with the same refractive index as the substrate where it is
deposited.?

A vertical incident beam was focused in one of the tips of the nanowire in order to
excite the different SPP modes. When the input light is polarized parallel to the
longitudinal axis of the nanowire, both TM, and HE were excited resulting in the SPP

-37-



I. State of the art and strategies

distribution explained before (first row of Figure 1.23 and Figure 1.24a). When the
polarization is perpendicular to the nanowire, the excited modes are the HE; (third
row of Figure 1.22) and HE, (Figure 1.24b). When the polarization is in between both
cases, all the modes are excited with a phase difference given by the angle of
polarization. As explained before, the SPP follows a characteristically chiral helicoid
distribution, 22212214

E|?

max

0

Figure [.24. a—d) Simulation results by FEM for an Ag NW under excitation of different
polarizations indicated by the arrows. A Gaussian beam with a wavelength of 633 nm
and a waist of 400 nm is incident onto the top end of the Ag NW (radius = 65 nm,
length = 11.7 um). The NW is covered by a 10 nm-thick Al>2O3 shell (n = 1.62) and
then placed in a uniform environment (n = 1.5). The field is shown for the section
across the centre of the NW. But for the section inside the Al>O3 and the NW, the
outer surface of the Al>Os layer is used instead. So the field is shown for the combined
3D surface viewed along the incident direction of the Gaussian beam. The length of
the scale bar is 5 um. Adapted from Wei et al*’

[.1.3.3.2. Nanowires on a dielectric surface

The previous results corresponded to the simple case of a nanowire embedded in a
homogeneous dielectric environment. But, in most experimental cases, the nanowire is
deposited on a dielectric surface and the rest is surrounded by another dielectric media,
breaking the cylindrical symmetry. New modes that take into account the substrate
have to be introduced and superposed with the already discussed modes.??*3
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These new defined modes are englobed in bound and leaky modes. In bound modes,
the electric field is concentrated in the metal-substrate interface (third and fourth rows
of Figure 1.25) and in the case of leaky modes, it is in the air-metal interface (first and
second rows of Figure 1.25). This is because the effective refractive index for bound

modes is higher than that for the substrate and, inversely, is lower for leaky modes.
29,155,161,204,213

The new hybridized modes simulated by different authors are denoted as H,, H;, H,,
etc. Hy and H, are the main bound and leaky modes respectively that propagate when
the excitation polarization is parallel to the nanowire. H; and H; are the analogous for
a perpendicular polarization but the energy of H; mode leakage is so high that
normally it is not considered (Figure 1.25),2%91.161.213.215
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Figure [.25. Substrate-medliated surface plasmon hybridization. Schematic drawing of
how the different primary wire plasmon modes (Figure [22) interact through the
dielectric substrate to give the four lowest order hybrid modes and their field
amplitude distributions. (lexc = 633 nm, NW diameter = 320 nm covered with an
Al>0s3 shell of 30 nm (not present in the schematic part of the figure). Adapted from
Wei et al?’ and Zhang and Xu*¥

We consider important to note that all these simulations have been done considering
the nanowires as perfect cylinders and their tips as totally flat and perpendicular cross
section. In reality, the ends of the nanowires can acquire different shapes. Huang et al.
made a research in this field, revealing that the SPP coupling and transmission can
change with the shape of the nanowires tips.?®
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The SPP propagation of leaky modes is normally smaller than for bound modes, its
propagation constant £ is small enough to couple with the photons in the substrate
(Figure L.14a) and it results in radiation losses. The bound modes cannot couple to free
space photons and their losses are smaller, coming principally from resistive
heating. 115515

For both leaky and bound modes, the propagation length increases with the nanowire
diameter (Figure 1.26a).2?%*?13 In the case of bound modes, the first explanation for
this phenomenon is that the evanescent length of the decay of the field into the
dielectric environment increases with the diameter. Furthermore, as the field decay
length into the metal does not depend on the diameter, the SPP bound modes are less
confined at higher diameters. This is transduced in a lower amount of relative
electromagnetic field inside the nanowire thus, lower losses due to resistive heating.’*

Leaky modes are less confined at smaller diameters but their losses comes principally
from radiation to their environment and not from resistive heating. At small diameters,
the leaky modes couple strongly with the photonic modes of the substrate, having
huge losses by radiation and disappearing completely.¥148205

For the general case, that SPP propagation length is longer when the real part of the
dielectric constant of the metal is larger. For this reason, Ag nanowires propagate
better SPP than Au nanowires (Figure 1.15 & Figure 1.26b). This is also the reason
because SPP modes propagate further at higher wavelengths. Nevertheless, above a
critical wavelength, the SPP mode momentum is lower than that for the light in the
substrate and H, becomes leaky (Figure 1.14a & Figure 1.26).1°>2%4213217 A proof of
concept, it can be clearly observed that silver nanowires propagate a relative higher
quantity of radiation for longer wavelengths (Figure 1.26¢).*%%%/

Another important remark is the crystallinity of the noble metal conforming the
nanowire. A monocrystalline nanowire offers less SPP loses than a polycrystalline one,
where some plasmon propagation damping can happen at the grain

boundaries 25,154,207,218
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Figure [.26. a) Propagation length (um) in silver nanowires on SiO: in air for different
diameter. The propagation length is considered as the distance when the mode
power decays to 1/e.?%’b) Propagation length (um) comparison of silver and gold
nanowires for an excitation wavelength of 660 nm. The propagation length (Ln) is
defined as L., = [2Im(B)]~* where B is the propagation constant’’c) From top to
bottom: SEM image and optical micrographs of a ZnO-Ag nanowire coupler with
excitation polarized parallel to the Ag nanowire at 488, 532 and 650 nm laser and
white light from an halogen lamp.?” Adapted from Li and Qiu?** Wang et al*” and
Guo et al?*’

The dielectric constant of the substrate is also crucial in the propagation length and
loses of SPP in metallic nanowires. It was calculated, for single-mode plasmonic gold
nanowires, that the smaller the dielectric constant of the substrate, less electric field is
confined inside the nanowire, giving smaller propagation losses and higher
propagation lengths (Figure 1.21b & Figure 1.27).2%
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Figure [27. (a) Substrate index (nsus)-dependent propagation length (Lm) of the
plasmon mode and (b) propagation lengths (Lm) and losses (@) of Au nanowires on
different substrates, with a focus on D = 0 to 100 nm (right). (Aexc = 660 nm). Adapted
from Wang et al*”
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1.1.3.3.3. Characterization of plasmons in nanowires

In order to investigate the SPP propagation in a nanowire, an excitation source to
promote the SPP and a detector to quantify its propagation are required. Different
methods and configurations are briefly reviewed here (Figure 1.28).
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Figure L28. Schema of methods used to excite SPP in a nanowire excited using a) the
lens-focus coupling technique, b) the Kretschmann method, c) a photonic nanowire,
d) a surrounding exciton from a photoluminescent species?” e) a width decreasing
metal stripe’’’ and ) the excitation by electrons from a STM or an e-beam. Adapted
from Guo et al?® Akimov et al?*’ and Krenn et al??°

The simplest and most straightforward method of exciting a SPP in a nanowire is by
the lens-focus coupling, i.e. focusing light using an optical microscope objective on
one end of the nanowire (Figure 1.28a).2%1%>2% Byt the first studies were made by using
the Kretschmann method using a glass prism as coupler, by analogy with the more
reported SPP in metal thin films (Figure 1.28b).>>71°8220.221 Several couplers and coupling

methods have been developed in the past years: a photonic nanowire?!/:222223

ora
SNOM probe’®! can be used as a local coupler to the metal nanowire SPP (Figure 1.28c).
Excitons from a photoluminescent species can generate SPP in a nearby nanowire
(Figure 1.28d).219224229 A width-decreasing metal stripe can transform the SPP along it
to match the nanowire mode (Figure 1.28¢).22%2%0 Alternatively to photons, high and
low-energy electrons coming from a direct electron beam?!?32 in an electron
microscope or a tunnel current®?**=2% from a STM tip, respectively, can couple with

the nanowire SPP as they do in metal films (Figure 1.28f).
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Figure 1.29. a) Optical microscopy image without back light when focusing with a 785
nm laser on one end of a gold nanowire. b) SNOM images intensity of the surface
waves detected on a silver nanowire by bl) static excitation. the excitation probe is
on one end of the nanowire and the collection probe scans along the nanowire. b2)
dynamic excitation: the excitation probe scans along the nanowire and the excitation
probe rests in one end of the nanowire. Light is only polarized at the excitation probe.
Ag nanowire average diameter = 250 nm. A, = 671 nm. Scale bars are 1 um long.
Adapted from Liu et al*%*

In order to investigate the SPP propagation, several methods have been reported. The
simplest way is observing directly the light propagated from the excited tip under an
optical microscope (Figure 1.29a). The SPP bound modes propagation can be estimated
by directly measuring the light intensity on the other end of the nanowire or the signal
emitted by an active species located along the nanowire or at the tip.2>9193208237 gome
authors measured this SPP propagation by quantifying the degree of degradation by
bleach-imaged plasmon propagation (BIIPP) of a species located along the
nanowire.?>?1>238239 A more advanced technique, the transient absorption microscopy
(TAM) uses an additional laser probe to monitor the transient absorption signal in the
nanowire created by the hot electrons from the SPP.51295240-242 Other methods are
described in the literature, as analysing both the real and Fourier spaces images to
extract the leaky modes of the nanowires.?22%2%7 Alternatively, the intensity of the
hybrid SPP modes have been analysed separately by a fine tuning of the polarization
and detection with a SNOM probe (Figure 1.29b) or an optical fibre. These techniques

allowed to measure quantitatively the SPP decay along the nanowires (Figure
1‘30).91,161,243
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Figure 1.30. a) Measured pentagonal Ag NW tip emission intensity (red dots) plotted
as a function of the propagation distance. Blue and orange curves are the attenuation
curves of the Hp and Hi; modes, respectively, deconvoluted from the experimental
data. The Ag NW was 160 nm in diameter. The incident light had a wavelength A of
532 nm?#% b) Intensity profile of surface waves on Ag NW. The red solid line is
intensity profile of surface waves along the blue dashed cut line in (Figure L29b1&b2)
The black (purple) solid lines are the calculated result fitted with the SPP modes active
for each polarization (normalized with an intensity offset of -0.2). Ag nanowire
average diameter of 250 nm. A4, = 671 nm.*%! ¢) SPP propagation in a Au nanobar
by TAM. The pump beam is spatially fixed on the end of the nanobar. Transient
absorption line profiles with pump excitation parallel (top) and perpendicular
(bottom) to the long axis of the Au nanobar. Note that the intensities are on a
logarithmic scale. Bar dimensions were 450 nm x 250 nm x 15 um. Mgy, = 800 nm.?*®
Adapted from Kim et al?® Liu et al*** and Yu et al*>

The term hot electrons refers to electrons that have highly increased their kinetic
energy to a level high enough to be ejected from their lattice (E = hv). Being h the
Planck’s constant and v their frequency.?****> They can be injected and trapped in
zones of the material normally forbidden due to that high kinetic energy, for instance
injected from a plasmonic nanostructure into a molecular electronic device or in a
catalytic chemical reaction.?**2*® Hot electrons can be created when dephasing of SPP
by non-radiative relaxation.?*?> They cause a transient absorption signal that can be
measured via a visible laser. The intensity of that absorption grows with the number of
hot electrons, that will be higher for more intense SPPs.%*?*° This phenomena can also
be achieved using a STM probe.?**
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I.1.4. Exploitation of plasmonic nanowires with
surrounding species

Plasmonic nanowires and nanotubes are attracting huge fundamental and applicative
interests as they combine two main advantages of plasmonics over photonics: the
concentration of optical fields far beyond the diffraction limit of light and the
propagation of optical waves along nanometre-scale waveguides. Most of the previous
studies concentrated on the simplest type of 1D plasmonic nanostructures, i.e. metallic
nanowires (gold or silver, mainly). However, while the coupling of plasmonic 0D-like
nanoparticles and nanorods (aspect ratio smaller than 10, typically) with other species
has been tremendously studied and exploited for surface-enhanced Raman scattering
and plasmon-enhanced photoluminescence, the coupling between plasmonic
nanowires and surrounding species is getting a lot of attention nowadays. It is precisely
one goal of the present thesis to explore the optical and spectroscopic properties of
such hybrid nanowires. We should remark that we do not have found any literature
where in a single hybrid nanowire were combined the initial coupling, the propagation
and the final remote coupling with a perfectly placed Raman or photoluminescent
active species.’® We found an interesting study from Prymaczek et al. where, after
dispersion of the nanowires, they could exactly deposit a photoactive species on one
of their tips.?°

In the recent literature, the plasmon-exciton coupling in hybrid nanostructures has
particularly been reported for studying the weak and strong coupling regimes. These
notions are introduced below.

1.1.4.1. Plasmon-exciton coupling: weak and strong
coupling regime

Weak and strong coupling are two regimes of interaction between quantum systems,
which are related to slow and fast energy transfer rate from a donor to an acceptor. In
the weak coupling regime, the slow transfer rate from donor to acceptor is smaller than
the relaxation rate of the acceptor. Thus, after the energy is transferred to the acceptor,
a back transfer to the donor is improbable before the acceptor decays. Within this so-
called weak regime, the interaction between the two systems can be treated within
perturbation theory.”! On the contrary, in the strong coupling regime, the interaction
energy is large enough to make possible a fast back transfer to the donor before the
acceptor decays. Thus, the excitation becomes delocalized over the donor and acceptor
resulting in Rabi oscillations.?>? The system is considered as hybridized, with an energy
level splitting (Rabi splitting) which increases with the coupling strength. These strong
and weak coupling regimes between plasmon and exciton are much investigated
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nowadays and are exploited for example in metal nanoparticle arrays for emerging
applications such as nanoscale lasing, solid-state lighting, and optical devices.?>*

1.1.4.1.1. Strong coupling regime.

For an ensemble of N dipoles, the mechanism of cooperative emission relies on the
photon exchange between the N emitters that gives rise to superradiant states with
enhanced radiative decay rate NI'o, where I'o is the decay rate of an isolated dipole. In
2009, a cooperative emission similar to superradiance of an ensemble of dipoles in the
vicinity of a metallic nanosphere has been described theoretically.** Experimentally,
the coherence of spatially remote emitters induced by hybridization with the
propagating SPP of a silver film has been shown.?>> The strong-coupling regime has
been reported in various hybridized systems of SPP with semiconductor quantum
dots?**2°8 and with disordered organic materials®>>?°°?%! It is important to note that
for these studies, the SPP results from a planar metallic surface, not from nanowires.

1.1.4.1.2. Weak coupling regime

Only few studies have investigated weak plasmon-exciton coupling in hybrid
nanowires or nanotubes. CdSe nanocrystals grafted on Ag nanowires exhibit enhanced
and spectrally modified spontaneous emission compared to isolated CdSe nanocrystals
(Figure 1.31).2** These effects were attributed to the weak coupling of the nanocrystal
excitons to the SPP cavity modes of the metallic nanowires.

Silver nanotubes containing a CdS nanowire have also been studied.?®® The resonant
excitation of the non-propagating whispering-gallery modes of the silver nanotubes
produces a strong field enhancement in the hollow cavity. It results in an enlarged
spontaneous emission rate of the semiconducting CdS. Other photoluminescent
species such as MoS;??® or quantum dots?®> have also been reported to couple with
the SPP of silver nanowires.
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Figure [31. a) Microphotoluminescence image of the 635 nm CdSe nanocrystals
emission for a 7.5 um long multishell Ag nanowire with a SiO> shell of 22 nm. b) The
same for a hollow CdSe nanocrystals-SiO- shell system of ~4 um length after
dissolving the inner Ag core. ¢) & d) The spatially resolved emission intensity
measured along the nanowire axis with ¢) and without d) Ag core. The inset of c)
shows the ratio of the emission intensity measured for the nanowire end and midd/e
partlona/Lnia as a function of SiO> shell thickness d. Apymp = 532 nm, pump power
60 mW, spot size 30 um, T = 300 K. Adapted from Fedutik et al***

An original study related to the plasmon-exciton coupling in nanowires was made by
Park et al. in 2010.%%® They synthetized barcode nanowires including different
photoluminescent and non-photoluminescent polymers and a Cu coating that
enhanced their PL and protected them against oxidation (Figure 1.32).

b)

Fresh P3BT-PEDOT/Cu
barcode NW /

V4
—

Figure 132 a) Schematic illustration of a poly(3-butylthiophene-2,5-dliyl) - poly(3,4-
ethylenedioxythiophene) / Cu light-emitting colour barcode nanowire (P3BT-
PEDOT/Cu LECB-NW). b) Luminescence colour of charge-coupled device (CCD)
camera image of an isolated single strand of a fresh P3BT-PEDOT/Cu LECB-NW.
Adapted from Park et al*%
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1.1.4.2. Nanowires for remote sensing

A very promising application for these SPP waveguides deals with remote
nanosensing. Delicate analytes can undergo photodegradation when making
spectroscopic analysis directly on them. In solid heterogeneous samples, most of the
radiation that is focused on the analyte is not transduced in signal but in heat which
can degrade such analyte. By introducing a plasmonic waveguide, the analyte can be
excited remotely and it minimizes that useless but harmful radiation. Furthermore, it is
a way to transmit information at the nanoscale,!93208:219.224,228,229,237,264,265

The remote sensing mediated by nanowires consists basically in exciting one tip of a
nanowire with a light source (normally a laser), and collecting the signal given by the
analyte that is located on the opposite tip.282%82%4 1t is important to note that most of
the research groups deposit a thin layer of the analyte on the sample, so it covers the
whole length of the nanowire. This method can result in an ambiguous interpretation
of the results, as the signal can partly come from other region of the sample but the

tlp of the nanowire.25'193'216'224'227'237'266

The most common spectroscopic techniques that have been developed for these
plasmonic-mediated remote nanosensors are the Raman spectroscopy and
photoluminescence.

[.1.4.2.1. Remote Raman spectroscopy

Firstly reported in 20092372, different systems have been proposed to excite remotely
Raman species by nanowires. Only a few authors studied the single nanowire based
system, mostly due to its lower signal intensity because of the lack of signal
amplification.?%8216267 This drawback was addressed mainly by using the antenna effect
of nanoparticles that we present in the next section. So, the nanowire-nanoparticle
configuration have been the most studied case (Figure 1.33).237:266268-271 Other reported
systems are nanowire-nanowire because of the electromagnetic field concentration at

269272 or pundles of nanowires as collective signal collectors®®*.

25,82,193,209,273,274

their intersection,
Several reviews have been made about this topic until the date.
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Figure 1.33. Schema of a nanowire-nanoparticle system excited by light at one of its
tips. Local SERS signal collected directly from the excitation point and remote SERS
signal from the junction. Adapted from Huang et al**?

An unusual remote configuration exploited a nanowire array with all-aligned
nanowires in a porous template with the analyte located only at the upper side of the
tips. (Figure 1.34). The excitation and collection took place at the bottom tips of the
nanowires and the SPP is transmitted back and forth. The excitation beam arrived to
the bottom tips, being transmitted to the top tips via SPP. Then it excited the Raman
active species and their Raman signal was transmitted via the SPP along 3.3 pm.?%*

A more challenging development is the use of nanowires mounted on
nanolithography movable probing tips, as remote TERS couplers. It was first developed
by Berweger et al. in 2010, he used a monolithic Au conical tip (with a grating on its
top part for the photon-SPP coupling) to get remote TERS effect from IR-125 and
malachite green dies deposited on gold substrates.?”> He still did not use nanowires as
remote TERS probes but in 2014, Lu et al. mounted a silver nanowire-nanoparticle
system on a tungsten tip and were able to obtain remote Raman signals from a Hela
cell (Figure 1.35).2”° The main drawback of their system was the impossibility to exactly
locate on the nanowire the nanoparticle that acted as nanoantenna. In 2016, Fujita et
al. developed a dielectrophoresis-based method that allowed them to exactly position
gold nanoparticles onto the silver nanowire probe. They succeeded in the remote TERS

characterization of a benzenethiol covered Au surface.?’!

- 49 -



I. State of the art and strategies

Direct mode

A
spectrometer l

AGNW

PAO template

index matching
adhesive

~—Jlass

. 4 " _,._..'
“‘”‘*‘E

Remote mode

Figure 134. Schema of the SERS sensor by remote plasmon. Both direct and remote
(back and forth) modes are represented. Adapted from Huang et al%*

We considered that a step forward could be taken in this field if the tip of the
nanowires were covered with a sensitive species, such as a polymer, possibly a
molecular imprinted polymer, that would react with some specific analytes which could
be trace detected by Raman.

Regarding the literature exposed before, it can be inferred that most of the authors
use silver nanowires instead of gold. This choice seems motivated by the lower SPP
propagation of Au in the visible range, as we exposed before. Nevertheless, a few
authors, due to the higher robustness and chemical stability of gold decided to
optimize their systems in order to use this material in their SPP remote Raman
systems.208'216'275

The analytes used to give proof of the different remote Raman experiments are the
typical species used in Raman spectroscopy. Sulphur-containing species such as
benzenethiol?’!, 4-aminothiophenol (PATP)?37:264268.276 ‘mg3|achite green isothiocyanate
(MGITC)?*6%%¢ or poly(3,4-ethylenedioxythiophene) (PEDOT)?® have been widely used
due to their affinity to noble metals. But non-sulphur-containing analytes with
characteristics Raman signals are also great indicators for this remote Raman

experi ments.267'269'272'275'277'278
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Figure L35. a) Schematic illustration of plasmonic waveguide SERS endoscopy using
a silver nanowire (Ag NW) — silver nanoparticle (Ag NP) probe in direct remote
excitation mode. Raman signals are detected at hotspots inside the cell that are
excited by the propagating SPP. b) SEM image of a typical tungsten tip with Ag NW
attached and glued with conductive epoxy for endoscopic probing. ¢) Magnified
image of the Ag NW probe tip showing a single nanowire at the end of a nanowire
bundle. d) Remotely excited SERS (RESERS) endoscopy of a live Hela cell by a Ag NW
probe. Combination of optical transmission and remote excitation SERS imaging and
e) remote excitation SERS only. ) A remote excitation SERS spectrum from the
nucleus of the live Hela cell. Adapted from Lu et al*”’

The future applications of this technique in live non-damaging nanobiomedicine and
nanoimaging are very promising. The use of these nanoprobes on movable stages
allows the spatial nanocharacterization of microscopic samples in real time without
radiating directly the sensitive areas with a laser beam. In order to achieve a more
robust and reproducible technique, it is necessary to optimize their production and
mounting process and use more endurable materials, such as gold. The use of Au over
Ag is also recommended when probing living cells due to the antiseptic characteristics
of silver.?”® Another possibility would be covering the nanowire probes by a non-
fluorescent biocompatible layer, such as PEDOT.280281
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1.1.4.2.2. Remote photoluminescence

Explored before the remote Raman effect, 219224265282 the remote photoluminescence
via nanowires studies the coupling between the SPP and a photoluminescent species.
A first approach, referred as nanosensors, is analogous to the remote Raman effect: the
incoming SPP from the nanowire couples and excites a photoluminescent species
placed in its surroundings, which decays radiatively (Figure 1.36a).2622>228:229.250283 The
second approach is related to the exciton-SPP coupling introduced before: an exciton
from a photoluminescent species is excited in the surroundings of a SPP-supporting
nanowire, then the exciton couples with the SPP which propagates until the other tip
where it is emitted radiatively (Figure 1.36b).?19:224-229,250.265,283,284

Similarly, a metallic nanowire was exploited to support long-range plasmon assisted
229,283,285

energy transfer between two fluorescent emitters.

Figure L36. a) Schema of a photoluminescence-plasmonic remote nanosensor. The
laser-coupled SPP propagates along a Ag nanowire and couples with the excitons in
the MoS> layer. Inset: optical microscopy images when focusing the laser on the left
tip of the Ag nanowire. b) Schema of a photoluminescence-plasmonic remote
nanosource. The excitons from the MoS> generated by the laser, couple with the SPP
that propagates to the tip of the Ag nanowire that emits radiation. Inset: optical
microscopy images when focusing the laser on the left Ag-MoS; interface.®

The first approach, has been mostly studied as a proof-of-concept of the SPP
propagation and coupling with photoluminescent species, in order to study the
nanosource or the energy transfer configuration in the same systems 22>228229.250 [t hag
also been demonstrated that this configuration promote two-photons remote
photoluminescence.?° This nanosensor configuration could have great applications in
non-destructive nanobiosensors for nanobiomedicine, analogous to the remote
Raman nanosensors. Yan et al. reported in 2012 the use of SnO, nanowires as

nanowaveguides for live single-cell endoscopy.?®® We consider the replacement of
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these non-plasmonic by plasmonic nanowires would allow the live study of several
properties of the cell in a remote configuration (photoluminescence, Raman, index of
refraction, conductivities).
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Figure 137. a) Schema of the photonic-plasmonic routing device showing a Ag
nanowire/SnO> nanoribbon cross-junction structure suspended between two SiOz/Si
wafers. Light scattered at junction was coupled into surface plasmon modes of the
Ag nanowire, which then propagate along the wire and finally scattered back into
free space photon at the two distal ends. A coupled photoluminescent species can
either spontaneously emit into free space or into the guided surface plasmons of the
nanowire?Y b) SEM image showing the SnO> waveguide and the Ag nanowire in the
actual photonic-plasmonic routing device illustrated in (a). ¢) Optical microscope
image of the same device in (b). The large bright spot is the metal-dielectric junction
where the photons in the SnO> nanoribbon couple into SPPs of the Ag nanowire
wavequide. d) Dependence of Ag nanowire wavequide spectra on the propagation
distance. Emission spectra of the Ag nanowire positioned with the micromanipulator
in such way to get different propagation distances, and the PL spectrum of the SnO-
ribbon (input signal, excited with low laser power) used in the experiment.*?® Adapted
from Akimov et al?* and Yan et al?*®

The second approach describes an interesting way of coupling SPP into nanowires. An
optical emitter located in the proximity of a noble metal nanowire can have three
different emission decay channels: classical optical emission to the space; non-radiative
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damping due to quenching as we explained before, and exciton-coupling of the
spontaneous radiation into the SPP of the nanowire (Figure 1.37). By finely tuning the
emitter and nanowire materials and their location, this decay channel can be
enormously enhanced and far exceed the classic radiative and non-radiative

mod es.219'224'265

Important studies have been made in the nanosources field revealing the tuning of
the emission spectra of the nanowire tip by changing the SPP travelled distance (Figure
137).2%227 The SPP propagation length from metal nanowires is larger for wider
wavelengths, due to the fact that the real part of the metal dielectric constant is more
negative (Figure 1.15a&b). This produces a higher damping for the shorter wavelengths
as the SPP travelled distance is increased. For long distances, a red photoluminescence
is observed in opposition of the broad/bluer from the short ones.??6%?’

1.1.4.3. Other nanowire-SPP related applications and
effects

Novel effects with new possible applications are being discovered in the last years.
Ultimate nanosources could be plasmonic nanowire lasers. Their principle is similar to
a normal laser but the gain media stimulates the emission of SPP instead of
photons.®*?87-2%0 We noted that the architecture of these nanolasers varies from one
author to another. We discuss about the gain media and amplified emission in the next
section. It has also been proposed the use of SPP in quantum cascade lasers but they

are normal lasers where the SPP mode only plays a role as guiding mode.?*

It has been demonstrated that nanowires can perform as nanooptoelectronic
2529292293 qch as logic gates by finely tuning the position of branched
nanowires and nanoparticles?** (Figure 1.38a). Tuning the input polarization and the
exact beam coupling, thus changing the coupling phase angle for a branched nanowire,

circuits,

it was demonstrated that the SPP could be selectively transmitted only to one of the

branches of the nanowire (Figure 1.38b).?142%3

Another exploitation of the remote configuration is the possibility to perform and
monitor catalytic reactions at the opposite tip of nanowires. We already reported the
monitoring of catalytic reactions by LSPR, which was performed on Ag roughened
substrates.'* It has also been demonstrated that a species that is positioned on the
surrounding of a SPP waveguide can perform a catalytic reaction, if the conditions are
met, due to the energy given by the incoming SPp.?68273.276
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Figure 138 a) All-optical logic operations based on nanowires networks. The
terminals labelled with a red number are inputs and blue are outputs, control
terminals require the input to be ON. Empty terminals are unused?** b) From top-
left to top-right: Optical images of Y-shaped gold NW network and scattering images
when the Y-shaped NW network is under linearly polarized illumination. The
polarization of the incident light is marked by the arrows. From bottom-left to
bottom-right: simulation results for the distribution of the electric field intensity in
the Y-shaped NW network. The distributions are on the horizontal plane across the
centre of the NW. The polarization of the excitation light is marked by the arrows.
The length of the main wire is 3.4 um The scale bars are 1 um, and also apply to the
same row images.**’

1.1.5. Improving the SPP propagation

As reported before, plasmonic nanowires could be an alternative to nanophotonic
waveguides for the information technology chips and sensors exploiting light rather
than electrons. But plasmons can propagate only up to a few tens of micrometres, that
is much shorter than the propagation lengths of light within dielectric nanowires, which
reach millimetric values.**?**?% A promising approach to tackle this point consists in
the improvement of the SPP propagation length by the coupling with a gain material
surrounding the metal. Another important challenge deals with the efficiency of both
the SPP excitation and the resulting emission of the system supporting the SPP. The
use of nanoantennae to improve the light-SPP coupling is currently investigated by
some groups to address this challenge. These two approaches are briefly reviewed in
this part. The later one has been explored in my thesis project, as reported in Chapter
Iv.
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1.1.5.1. Gain materials for SPP

Independently of defects, the short propagation of SPP comes mainly because of the
high propagative losses, either by radiation into the surrounding dielectric media, or
by resistive heating due to the electromagnetic field confinement.®*%*?% The study of
gain materials for SPP is recent. During the last 15 years, theoretical?!1:287.2942%6297 5

-303

experimental?®829.297303 st dies in configurations and pump materials for “loss

compensation” have been developed with promising results (Figure 1.39). One of the
milestones dates from 2003, when Bergman and Stockman proposed theoretically the
Surface Plasmon Amplification by Stimulated Emission of Radiation (SPASER). It
consists in an optically-active medium composed by two-level emitters, which should
act as a laser cavity but with a surface plasmon resonance.?®’

1. Optical fibre
2. Au stripe

3. Pump (laser)
4. Gain material
5. Substrate

a. Light to SPP excitation
b. SPP propagation

c. SPP amplification

d. SPP to light emission

Figure 1.39. Representative schema of a SPP amplifier. The pump (laser) is normally
polarized along the gold stripe main axis. Adapted from Berini and De Leon®’

Different gain materials have been proposed, most of them are semiconductor
compounds such as CdS?°, CdSe?®?’ Zn03*? quantum dots®®®, doped Inp?%830%,
GaAs®*® or InGaAs**®3%, Some organic dies have also been studied.?83%

We should note that the architectures proposed by different authors not always follow
the geometry of plasmonic nanowire/nanostripe deposited on a dielectric substrate
and surrounded by the gain material. Some of them have followed that
geometry,?11:290294296.297.300 |, 1t others have been proposed. The most popular is the
gain material nanowire deposited on a metal film covered by a thin dielectric
layer.9392 Nanoparticles protected by a dielectric layer with an outer shell that
contains an organic gain-dye have performed well.?®® The encapsulation of doped
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semiconductors by the metal forming pillars has also been reported.?*®3%! Recently, the
inclusion of a GaAs nanowire in an Au nanogroove performed well as nanolaser.3%
Several reviews including information about this gain materials for SPP have been

made in the recent years 84194289292

1.1.5.2. Antenna-coupled SPP

A coupler is required to get momentum matching for initiating the SPP propagation
in metal films. The tips of a simple nanowire behave as nanoantennae, because they
act as a surface discontinuity but their coupling efficiency is not controlled in
general 1>4164304305 Different systems have been proposed to improve this coupling by
increasing the electromagnetic field at the tip. It consists in the introduction of a LSPR-
supporting nanostructure, like a nanoparticle?®831>4163.165166.237.266,268,270.271,306 (Fjgre
1.40), or lithographed antennae (Figure 1.41) in the “coupling location” close to the tip

of the nanowire 36>164307

a)

Figure 140. Steady-state simulation image of electromagnetic near-field along a
nanowire. a) An image of a free (uncapped) nanowire under the in-coupling light
excitation (6328 nm Gaussian source with the beam diameter of ~300 nm and
linearly polarized along the long axis of the nanowire) focused on the left end of the
nanowire. b) Case of a nanowire with a nanoparticle closely located to the tjp under
the same excitation conditions. (NW: 100 nm diameter, 5 um length; NP: 200 nm
diameter, attached to the NW the tip). Presumably, the black scale bars represent 1
um). Adapted from Kenens et al*>

Both theoreticaI83,85,87,162,164—166,306,308 and eXperirnenta|29,83,85,154,163—166,220,237,266,268,270,271

studies of antenna-coupled nanowaveguides have been made during the last years
with promising results. Most of them have been focused on the use of nanoparticles
or lithographic bow-tie-alike nanostructures as nanoantennae.
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Figure I41. a) Schema of a bowtie antenna-wire optical nanocircuit. The Ag nanowire
is located at the feed gaps of both receiving and emitting bowtie antenna pairs. b)
Finite difference time-domain (FDTD) simulated electric field distribution of the
antenna-wire nanocircuit. ) SNOM image for the plasmon propagation along the

nanowire and emission. Adapted from Fang et al.*%*

Other original configurations have been also taken into account, in the theoretical
study from Huang et al. where they proposed a two-wires SPP waveguide ended in
antennas.?® Krenn proposed in 2007 a width-decreasing metal stripe coupled with a
nanowire (Figure 1.28e). In this configuration, a fundamental plasmon mode upcoming
from a wide metal stripe adapted and propagated into the nano-stripe. This would
allow the implement of nanowires in macrodevices.?2%2%°

Hao and Nordlander in 2006 made a theoretical study about the plasmon coupling
between a metal nanowire and a metal nanoparticle, and they already introduced the
concept of using this system as antenna-SPP propagation.3® It was in 2007 when
Knight et al. made the first experimental demonstration of how the nanoparticles could
act as nanoantennae for the SPP coupling in nanowires.'®®* Once that effect was

validated, some authors considered their use for remote Raman sensing as we reported
before 237.266.268,270,271,276
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I.2. Synthesis of advanced 1D
nanostructures for plasmonics

In order to achieve the plasmonic systems described before, it is necessary to produce

3,5,48,71,81 and

reproducible and controlled nanostructures. Among them, nanoparticles
thin films, with or without a lithography process, 886152168310 haye heen produced and
investigated. We restrain this short review to the one-dimensional nanostructures case,

in agreement with our studies and with the results presented in this report.

I.2.1. Synthesis of 1D Nanostructures

In comparison to OD nanoparticles, the bottom-up synthesis of 1D metallic
nanostructures can be considered more challenging because it requires an anisotropic
growth, while metal structures adopt mainly cubic structures. The research in the
fabrication of nanowires developed rapidly in the 90s and their study became very
intensive. The different approaches that have been taken depend mainly in the material
of the nanowires and their desired properties.3'3!2 Here, after a short description of
the main strategies and mechanisms involved in the synthesis of 1D nanostructures, a
focus is proposed on the hard-template method exploited during my thesis project.
The choice of this technique was motivated by the opportunity to design, with this
method in a controlled and reproducible manner, the targeted morphologies (length,
diameter) for long metallic nanowires and coaxial nanowires with a metallic core. A
smooth nanowire surface and a good crystallinity of the metal core are other important
features required to get long propagation length of SPP.

1.2.1.1. Main strategies

Nanolithography techniques referred as top-down approach have been widely used
to fabricate nanowires. These techniques are generally classified depending on the
parallel or serial processing that can be done. The serial ones, such as e-beam or ion-
beam lithography, process micro- and nanostructures one-by-one. The in-parallel
strategies allow to fabricate in the same process a big amount of micro- and
nanostructures with very similar morphologies>!* Among the various top-down
methods, the most used ones are the electron-beam (e-beam)***’313, focused ion-
beam (FIB)*** and UV lithography®>3!, but stamping (embossing) technique is also
attractive because of its lower cost. Near-field derivate techniques are particularly
attractive to prepare nanowires with very small diameters, ultimately down to the
atomic scale for the atomic manipulation by near-field microscopy.

Nanowires in-the-plane or perpendicular to the substrate can be achieved. However,
it is important to note that the common cylindrical shape of a nanowire can be
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processed for the case of etching perpendicular to the substrate, while nano-stripes
with a non-circular cross-section are most usually obtained for a processing parallel to
the substrate. Such a difference in the morphology can induce significant differences
in their optical or magnetic behaviour.3*?° A foremost advantage of many top-down
techniques is the direct integration of the fabricated nanostructures into devices, while
an assembly process is required to integrate nanowires synthesized by a chemical or
an electrochemical bottom-up method.3!%3%2

The bottom-up routes in liquid phase, or by chemical vapour deposition (CVD)
exploiting vapour-solid or vapour-liquid-solid mechanism, offer a lower synthesis cost,
a higher volume of material and even novel structures that are more difficult or

eventually impossible to get by top-down approaches ?'*323
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Figure [42. Schema of the six main bottom-up approaches described in the literature
for the synthesis of 1D nanostructures. a) Dictation by the anisotropic
crystallographic structure of a solid. b) Confinement by a liquid droplet in the vapour-
liquid-solid interface. c) Direction through the use of a hard template. d) Direction
through the use of a soft template. e) Chain self-assembly of nanostructures. F) Size
reduction of a 1D structure’*
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The bottom-up methods described in the literature can be englobed in six main
approaches.>3!! The anisotropy of a crystalline structure can dictate the preferential
growth of a nanostructure (Figure 1.42a) 8215324326 1n 3 vapour-phase process (mainly
chemical vapour deposition and derived techniques), the use, or not, of a metal catalyst
nanoparticle can promote the growth of nanowires by vapour-solid or vapour-liquid-
solid mechanism. (Figure 142b).324327329 Ajternatively, a hard template can act as a
growth confiner and enforce the nascent nanostructure to acquire a nanowire shape
structure (Figure 1.42¢).>2%33033% A soft template, i.e. a self-assembly of organic or
biological molecules in solution can also enforce the growing nanostructure in a 1D
shape (Figure 1.42d).>33>33¢ The self-assembly of pre-formed nanostructures can result
in a chain-shape conformation, exploiting either the molecular design of the
nanoparticle surface, or their physical interactions (electrostatic, magnetic) eventually
under an electromagnetic field (electrophoresis, magnetophoresis) (Figure 1.42e).337-34
The size reduction or uniaxial elongation of a structure, such as extrusion, can drive its

transformation into a micro- or nanoscale wire (Figure 1.42f) 34134/

These described methods can be combined between them in order to optimize the

synthesis of certain required nanostructures.>33®

1.2.1.2. Hard-template method and filling strategies

The hard-template method offers high versatility, reproducibility and time economy.
It relies in a prefabricated nanostructured material that directs the distribution of
building blocks, which can range from atoms and molecules (templated synthesis) to
small nanostructures (templated assembly). This spatial restriction is achieved
physically by the pores of a membrane and the growth is unforced to take place in a
specific geometry.” In the case of nanowires or nanotubes, the standard templates used
are formed by cylindrical nanopores (Figure 1.43a&b).32334

The nanowires template method was first developed by Possin in 1970 using an etched
mica template to produce “metal wires with diameters as small as 400 A and about 15
um long” by electrodeposition.**® Continued by Williams and Giordano in 1984 that

refined his method,**°

and finally stablished by Penner and Martin during the 80s who
started using track-etched polycarbonate membranes with micropores and nanopores
oriented in direction perpendicular to the membrane surface, as promoted by the ion
beam irradiation of the polymer film in a cyclotron (Figure 1.43¢)*3%**%3>! It can be
noted that many developments have been done to improve the quality of the
nanopores in polycarbonate membranes (angular distribution, pore surface roughness,
pore shape) and to partly control their location, which is intrinsically random, as each

pore results from an ion track 3°%33
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Figure 143. Scanning electron micrographs of a) top view of an AAO membrane, b)
side view of an AAO membrane®* ¢) polypyrrole nanowires obtained after
dissolution of Nuclepore membrane of 1 um pore diameter.>>° White scale bars are
100 nm in (a) and 500 nm in (b).

Dealing with anodic aluminium oxide (AAO) membranes, it has been reviewed first by
Diggle, Downie and Goulding in 1969°>*. But it was not until 1990 that Liang and Martin
used these AAO membranes to synthetize polyacetylene fibrils**. Following their work,
Wu and Bein,**® and Al-Mawlawi, Liu and Moskovits**® standardized the use of AAO
membranes for template synthesis of nanowires. Nowadays, several groups exploit this
method in order to fabricate reproducible organic and inorganic

nanowi res‘.24,27,208,323,?’>?’>4,357—359

[.2.1.2.1. Electrochemical method

The combination of the template method with an electrochemical
deposition/electropolymerization for the production of metal, semiconductor and
polymer nanowires and nanotubes occurred since its first beginning. It requires the
deposition of an electrode on one side of the template from which the nanostructures
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will grow to fill the nanopores (Figure 1.44)3303493% 1t allows a fine control of the
nanowire structure and consequently of their physical properties by changing the
electrochemical reaction time and conditions. The electrode can be deleted or kept to
act as a support for the self-standing nanowires after template removal. This allows to
create an environment free of surfactants and another pollutants, making this method
an excellent candidate for the synthesis of plasmonic  metallic

nanowires526:27,208,323,332,357,360
appm et 7 T —
bio e
T Potentiostat / /" _-“h‘"“w.\
0 —— - electrochemical cell
P BN T e
= counter electrode
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porous membrane > ' I l
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Figure [44. Schematic of confined electrochemistry within a nanoporous
membrane.?’

The first use of an AAO membrane as template for nanowires production was not
combined with electrochemistry, but they were directly polymerized on the pore walls
that were previously impregnated with a catalyst (electroless method).**! The same
author reported the use of AAO membranes in a templated electrochemical
synthesis.3®* The group of Moskovits soon joined to the use of this alternative

nanofabrication method.3>¢362

[.2.1.2.1.1. Noble metals

The synthesis of noble metal nanowires by the templated electrochemical method was
one of the first synthesis reported because of its simplicity.>** They can be deposited

on the working electrode inside the pores by reduction of their salts.36336*

An important interest of noble metals is their plasmonic properties in the visible range
and their high stability and robustness relative to chemical and oxidation degradation.
Ag have been mostly used because of its lower cost and its better SPP propagation in
the visible range (Figure 126b). 434467157365 Byt it presents an important drawback
against Au and Pt, as it oxidizes and degrades in air.6”1>*1°8279360 Ag nanowires must
then be coated in order to protect them from environmental corrosion for a longer
time scale *3°367:363364 £ rthermore, Ag is a bit less thermally stable than Au, something
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possibly critical in its use in nanodevices or sensing applications.3®® However, silver
nanowires are much exploited for plasmonic studies. They are also a main alternative

to indium tin oxide (ITO) as transparent conductive electrodes for photovoltaic devices
| 95-104

and displays, where they are arranged in a percolating networ

Figure L45. SEM images of isolated a) Ag nanowires, b) Au nanowires, ¢) Pt nanotubes
after template removal. The white bar corresponds to 2 um and all the images are at
the same scale”®

It has been reported that the direct electrodeposition of Au in a nanoporous template
drives to the formation of Au nanowires under most electrochemical conditions (Figure
[45b), due to the stronger interaction between the reagent-product molecules (ions
and native metal) themselves when they form the Au nanowires, than between the
reagent molecules and the template pore walls, although under certain
electrodeposition conditions they can form Au nanotubes®®’. This is analogous for Ag
nanowires (Figure 145a), but Pt has shown to form nanotubes due to a stronger
interaction between its molecules and the pore walls (Figure 1.45c¢). It can be noted that
these experiments used the hard-template mounted between the two halves of a U-
tube cell. In one half, they introduced the metal salt solution as in the conventional
method but in the other half, instead of placing the cathode, they introduced a
reductive agent and let the electrochemical reaction for a given time.3*°

Au nanowires have been synthetized by almost all the different methods that we
introduced in the previous section: by top-down approaches such as electron-beam
(e-beam),**~7313 focused ion-beam (FIB),** UV lithography®®® and stamping,**” and by
bottom-up techniques: anisotropic crystallographic growth (Figure 1.42a)321>325326
hard template (Figure 1.42c),>208332333349 5oft template (Figure 1.42d),>3%2%° chain self-
assembly of nanostructures (Figure 142e)337349370 and uniaxial size reduction (Figure
I.42f)311'341'342.

Two important features in order to minimize the SPP losses are the crystalline structure
of nanowires and the smoothness of their outer surface.”>™ Another important
challenge deals with the synthesis of hybrid nanostructures including a plasmonic
part81* The templated electrochemical method proposes a good compromise.
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Hybrid nanowires with different properties can be synthetized and the resulting Au has
low polycrystallinity (few and big crystallites) with a smooth outer surface, thus
acceptable for SPP propagation purposes,?6208323360367371

It is now quite common to use the chloroauric acid as a greener source of Au(Ill) for
gold electrodeposition. Indeed, it cannot release toxic agents such as CN™ and it is
readily soluble in aqueous solution.?%8363364367371 The chloroauric acid is a strong acid
and it deprotonates in aqueous media, giving rise to the stable and electroactive
[AuCls]” complex. The cathodic reaction is as follows:53364

[AuCl,]” + 3e~ — Au® + 4Cl~ (L6)

1.2.1.2.1.2. Conjugated polymers

A brief description of conjugated conductive polymers nanowires is proposed here,
because hybrid metal-conjugated polymer nanowires have been synthesized and
characterized, as reported later. Their synthesis is analogous to the metal nanowires,
although the electropolymerization is normally oxidative. Among others,
polythiophenes, polypyrroles and polyanilines nanowires have been synthesized
(Figure 1.46),146361372-377

Figure 146. SEM images of a bundle of 150 nm diameter PEDOT nanofibers
(synthesis: 400 s at +0.80 V).>™*

The first electropolymerization was reported in 1862 by Letheby, although he did not
attribute the new substance produced to an electropolymerization process.?’® Since,
then, the electropolymerization process has been widely studied for different polymers
and under different conditions. It offers a fine tuning of the characteristics of the final

polymer, their morphology, their structure and their doping level.*7>37%-38

The first synthesis of polymer nanowires in a hard-template was reported by Penner
and Martin in 1986.3°° Their pioneer studies inspired other authors to use this technique
to prepare polymer nanofibers. Nowadays this field is very active, due to the interesting
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properties of conducting polymer nanofibers. Novel original structures with cutting-
edge properties have also been studied and synthetized.>311:323361373.375,377

Among the  different electropolymerizable  polymers, the  poly(34-
ethylenedioxythiophene) (PEDOT) (Figure 1.47) stands out because of its high stability,
and its electronic and optical properties.®® In addition, PEDOT thin films®*’ and
nanowires®’437>38389 alactropolymerized in aqueous medium have been extensively
studied at the IMN in early 2000s. First synthetized by Jonas and Schrader®**° and
commercialized under the trade name Baytron®, it is one of the most exploited
polymers nowadays. It is involved in applications for conductive and antistatic coatings,
biomedical devices, capacitors, and, combined with polystyrene sulfonate (PSS), in
organic light-emitting diodes (OLED) and photovoltaic cells.280-281:383391

- - Nn

Figure L47. Poly(34-ethylenedioxythiophene) structural formula with the C in a and
B to the S emphasised.

PEDOT has a very characteristic Raman signal (Figure 1.48b) that can be studied at
different wavelengths. Its fluorescence is quenched due to the presence of the aliphatic
cycle containing two O. This structure also forces the polymerization only at the o C,
behaving as electron donors with a stabilized oxidized form.%%3753%1

The optical properties of PEDOT can be changed by tuning its oxidation level (Figure
148a&b). Regarding the optical absorption spectra, a band at 595 nm dominates for
the more neutral states. It is attributed to the m-m* transition (gap of 1.6 eV). When
increasing the doping level, the m-t* band vanishes and another band at 880 nm comes
into view, related to the polarons in the polymer. For higher oxidation levels, a wide
band situated over 1350 nm arises, assigned to the bipolarons 34375392
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Figure 148 Spectroelectrochemical study of PEDOT: a) absorption spectra and b)
Raman spectra of a PEDOT film after application of a given voltage (vs SCE). Adapted
from Retho?”

The modification of the Raman signal by the doping level was also studied at IMN
(Figure 1.48b). At higher oxidation levels, the band at 1434 cm™ attributed to the C=C
symmetric stretching shifts to 1451 cm™, while the C=C antisymmetric stretching band
at 1520 cm™ is replaced by two new bands at 1499 cm™ and 1537 cm™374375:392

Another interesting polymer that we briefly exploited during my thesis work for
coupling photoluminescence with plasmonic nanowires was the poly(3-
hexylthiophene-2,5-diyl) (P3HT). This choice was motivated by its ability to form
nanostructures and by its absorption and fluorescence properties 2046377

I.2.1.3. Core@shell nanowires

Beyond nanowires made of a single material, there is a huge interest for
heterogeneous nanowires, as it permits to add different functionalities and/or to
eventually promote original optoelectronic properties due to coupling or interaction
at the interface between the different counterparts. However, lithography and
conventional synthesis techniques meet constraints which limit their fabrication. Three
kinds of multi-components organisation can be distinguished: (i) nanocomposite
nanowires, where one of the species is randomly distributed in the matrix of another
material, (ii) bi- or multi-segmented nanowires, with two (or more) species deposited
alternatively along the wire axis, (iii) coaxial nanowires. The notation using the "@"
symbol in A@B denotes A as core and B as shell. For instance, a metallic core allows
the nanowire to behave as a SPP propagator, and an optical active shells permits the
exploitation of that plasmonic behaviour for novel optical or optoelectronic
applications.>?%®323 This coaxial morphology has been privileged in my thesis work.
After a brief review of the general methods used for core@shell nanoparticles, the main
strategies to synthesize coaxial nanowires with a metallic core are reported.
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1.2.1.3.1. Main strategies for core@shell nanostructures

The synthesis and the study of core@shell nanostructures is quite recent, but already
very extensive. Among the most reliable systems, one can mention core@shell
quantum dots with highly tuneable photoluminescence properties and nanoparticles
grafted with functional groups. Here, we just briefly mention the strategies developed
for the synthesis of the metal-containing nanostructures due to their plasmonic
properties.

In the literature, the general approach for the production of core@shell nanostructures
is the construction of the shell around an already synthetized core, at least one of them
being a metal.>?/3%:3% Their synthetic approach normally relies in the shell deposition
by a chemical reaction that selectively occurs on the core surface: direct chemical

1,39 % thermal decomposition,*’ radiolytic,3%,

d 143,400

reaction,”®® sol-ge
| 208399

hydrotherma

electrochemica or plasmon-mediate

More rarely, it is described the one-step production of core@shell nanostructures in
special conditions, such as in the organic-aqueous interface.3264%

1.2.1.3.2. Hard template method

A well-adapted method for the synthesis of core@shell nanowires due to its high
versatility, production and reproducibility is the hard template method. It is normally
proceeded by electrochemistry, in order to finely control the morphology of the coaxial

nanowire. 27,120,208,323,333,402,403

The first reports were made in the group of C. R. Martin during the late 90s.4%%4% They
described the synthesis of different core@shell hybrid nanowires. Although each
material was deposited inside the nanopores by a different reaction, the methodology
was similar: first, they produced nanotubules of the outer material, normally by
electroless plating, direct electropolymerization or CVD on the pore walls. The next
step, to produce the core, involved the application of an external potential, performing
an electropolymerization or electrodeposition.

Beyond this quite straightforward method, more complex strategies termed as coaxial
lithography (COAL)*** have been extended, notably by the group of C. A. Mirkin and
nowadays COAL has been used to produce exotic 1D nanostructures with all their

dimensions controlled (Figure 1.49),208323:333

Some groups reported a first step consisting in the deposition of the core?*2%8333:376

and some others first produced the shell*®>™% The use of a hard template allows this
steps inversion.
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Figure 149. a) Scheme illustrating the geometrical and compositional parameters that
can be controlled by COAL: diameters (d, d and d": from 20 nm to 400 nm), segment
lengths (s, s' and s": from 8 nm to a few micrometres) and compositions (c, c, c’,
polymers; metals, inorganic semiconductors. b) Synthetic steps of COAL:
electrochemical deposition within the AAO membrane of a metal segment (yellow),
followed by deposition and shrinking of a polymer segment (blue) under vacuum.
Deposition of a multi-segmented shell (Au, yellow; Ni, grey) around the polymer
segment. Control of the shell diameter via pore widening. This allows for synthesis
of core/shell/shell nanowires, as shown by the scanning transmission electron
microscopy (STEM) images in SE (secondary electrons) and ZC (z-contrast) modes of
a polyaniline (PANI) core/Au ring/Ni shell nanowire composed of segments that have
three different diameters after dissolution of the AAO template. Scale bar on SEM
images corresponds to 250 nm. Adapted from Ozel et al>*?

As an example of first deposition of the shell an electroless method was used to plate
gold on the pore walls and faces of the membrane.*®® First, a “sensitiser” (Sn**) was
adsorbed to the substrate surface. Then, the membrane was thoroughly rinsed with
methanol. The next step was an activation by immersion in an aqueous ammoniacal
solution of AgNOs resulting in the formation of nanoscopic Ag particles on the pore
walls and membrane faces.*” The membrane was then again thoroughly rinsed twice
with methanol and with water. Finally, the Ag-coated membrane was immersed into a
gold plating solution and Au nanotubes were obtained.

The fine control of the nanowire dimensions is achieved by introducing additional
steps, such as the polymer shrinking under vacuum or hydrophobic collapse>*333376408
(in the case of polymer cores) and the pore widening,*¢2%83334%8 in order to create a
space for the shell around the core. We exploited the later method to synthesize our
coaxial nanowires.

The pore widening of AAO membranes consists basically in the wet-chemical etching
of the pore walls of porous anodic aluminium oxide membranes, normally with
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H3P04.%% When this process takes places, a gap is created around the core (Figure
1.49b) where the shell will be deposited.®** The selective etching of the pore walls
among the rest of the AAO membrane is believed to happen mainly because of the
higher concentration of anionic impurities present in this part (Figure 1.50a8b).3>%41° By
tuning the etching time, different pore openings can be obtained®°% (Figure 1.50c) in
order to produce thinner or thicker shells* (Figure 1.50d).

Anion contaminated i«
pore wall bj . ..— ‘

f.i= 60 Min

Figure L50. a) Schema illustrating the duplex structure of pore walls of porous AAO:
vertical (left) and transverse (right) cross-sections.>> b) TEM plane view of AAO
anodized with H3:PO; and the corresponding X-ray maps of the elements:
phosphorus (red), oxygen (yellow), and aluminium (green).**° ¢) SEM micrographs
showing the morphological evolution of top surface of AAO as a function of etching
times (tewer) in 5 wt % H3POs at 29 + 0.2 °C. Scale bars are 200 nm.**® d) From left to
right SEM images of gold nanoshells, after core removal, deposited after AAO pore
widening in 8.5 wt % H3POu for 15, 30, and 60 minutes.*®

1.2.1.4. Direct optical nanolithography of polymers

The optical lithography is the transfer of a pattern to a sample by means of light. It
normally requires a photoresist material that is deposited on the sample, selectively
removed by the use of light and a mask (development), and then the unprotected
sample is removed (etching step) leaving the same pattern.
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The downsizing of masks allowed the fast transfer of nanopatterns (optical
nanolithography) onto substrates, very useful for big scale production.**** One of
the main constraints for decreasing the size of the patterns is the etching step. The less
expensive and more common wet etching process uses a compound (developer) that
removes the sample isotropically, resulting in a lower resolution. The dry etching,
normally costly, removes the sample anisotropically, resulting in a higher resolution.

One of the most balanced dry etching methods for the creation of nanopatterns, in
terms of economic cost and resolution, is the laser dry etching. In addition, by fine
control of the laser position, it does not require the use of a mask. It basically consists
in the use of a laser in order to ablate patterns on a sample. It has been reported that
PEDOT:PSS films can be patterned by this method (Figure 1.51).4

a N b
BN

Ablated line edge

N\

PEDOT:PSS film DTN
L © . Glass substrate

PEDOT:PSS film
850 pm . 5 P N

Glass substrate pe] s 100 pm

N

Figure L51. Microscopy photographs of a PEDOT:PSS electrode after laser dry
etching. The dark area was the un-ablated region in the PEDOT.PSS film, and the light
area was the laser ablated region.***

Alternatively to polymer etching, the photobleaching of photoluminescent polymers
by laser irradiation has also been exploited to induce a modification of the emission at
the nanoscale. An example is reported (Figure 1.52) in metal nanowires covered with
fluorescent dies. #8239
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Figure 152 a) Sample-scanned fluorescence image of a Cardiogreen-coated gold
NW with a gap in the dye fluorescence response near the middle of the NW, created
by direct laser photobleaching with 12 uW of power for 2 min. b) Fluorescence image
taken after excitation of the same NW at the left end with 20 uW of 785 nm laser
light for 20 min. The laser power for the image acquisition was 0.07 uW. The scale
bar corresponds to 2 ym.**

1.2.1.5. Coupling antennae with nanowires

The combination of nanoantennae with plasmonic nanowires in order to improve the
photon-SPP coupling has been briefly mentioned in a previous part. Further
information is proposed here, as this topic will be directly addressed in the Chapter IV
of this manuscript.

Experimentally it was first reported by Knight in 2007 when he observed a
nanoparticle-mediated light coupling of light into nanowires.*®® Since then, different
synthesis techniques and antennae geometries have been studied by several authors.

1.2.1.5.1. Main strategies

A first point dealing with antenna coupling is the optimal geometry of the antennae:

154,415 nanopa rticIes,26'29'74'83'85'163'165'166'229'237'266'306'416,

and more complex geometries®”3%4!7 have been

sharp tips and features,
bowties!®?1%* triple bow-ties®*
revealed as optimal candidates.
The second point deals with the precise placement of the antenna in the light-SPP
input or/and outputs of the waveguide. Focused ion-beam?6>3%
lithography®1¢4417 are the techniques mostly used, as previously illustrated (Figure
[41). Another strategy consists in synthesizing both nanowaveguides and
nanoantennae separately and assembling them afterwards on a suitable substrate. The
main drawback of this method is due to the randomness to get the desired
nanoantenna-nanowaveguide arrangement. 2163266270 Alternatively, grafting of
complementary functions on the nanoantenna and on the waveguide can improve the

and electron-beam

-72 -



I. State of the art and strategies

yielding of successful coupling.?’> The optical trapping of nanoparticles’**'#420 and
nanowires’**?! is also an extensively used method to precisely locate micro and
nanoparticles on a substrate. The use of nanomanipulators as atomic force microscope
tips® or optical nanofibers (Figure 1.53)!® to move the nanoantennae to the optimal
position have been found as a suitable option. Fujita et al. proposed a method to
anchor nanoparticles on the desired part of nanowires by applying a voltage between
a tip and the nanowire in a nanoparticles-containing dispersion.?’* An exotic technique
proposed by Wiley and based in the nanoskiving of gold microplates could be used in

order to get a good number of nanowire-nanoparticle systems.*>*

Figure L53. Characterization of emissions at an Ag NP-NW waveguide for different
locations of the NP manipulated by a tapered optical fibre. a) Bright-field optical
images collected by a 50x objective (N.A. = 0.80, Olympus). b) The corresponding
dark-field optical images. Emission spots at Ag NP and NW end are indicated by red
and blue arrows respectively. The white scale bar corresponds to 5 um.*%°

1.2.1.5.2. Metal etching by thermal or laser treatment

Besides lithographic and nanomanipulation techniques, an interesting strategy for
coupling an antenna to a nanowire supporting SPP consists in transforming the metallic
nanowires tips into metallic nanoparticles by laser treatment. Regarding the literature,
we realized that converting Ag and Au nanowires, or a part of them, into nanoparticles
have been realized during the last decade. Such a modification of a gold nanowire was
already reported but it has never been used as antennas for SPP-photon coupling. We
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exploited this method to fabricate antenna-improved nanowires, as reported in
Chapter V.
The selective and precise modification of metal nanostructures, particularly nanowires,

can be performed by high energy methods such as ion-beam,'®>%*
beam,'®*2? thermal treatment®®3°04%-42> or photolithography®*426-43%,

electron-

For thermal or laser assisted treatments, the mechanism normally consists in the
melting of the metal due to the increase of its temperature.**! The melted metal
generally tends to form droplets, rather than wetting the substrate surface. The
resulting more stable shape is roughly spherical. After shutting down the irradiation,
the rapid freezing helps maintaining this nanoparticle morphology.?®366423424

Under thermal treatment, some authors have reported the full transformation of

nanowires in chains of nanoparticles by a thermal process the whole nanowire (Figure
I 54a) 98,366,423,424

Shrinkage
direction

Side llluminatio

Figure L54. Effects of different post-treatments on the morphology of Au or Ag
nanowires (SEM images). a) 50 nm diameter Au nanowires annealed at 500 °C for 1
or 4 hr*?b) Ag nanowires following femtosecond laser irradiation for 8 and 24 ms.
(laser pulses at a repetition rate of 1 kHz gave a laser fluence of ~130 mJ cni, laser
wavelength: 800 nm). Double arrows show the direction of the laser polarization.***c)
Ag nanowire after irradiation with a continuous-wave laser (150 mW, wavelength:
532 nm, 1s, circular polarization). Scale bar is 1 um. Inset: enlarged image of the
nanorod-shaped terminal. The green arrow denotes the position of the beam centre
(scale bar: 200 nm).*??

In order to better control the position of the nanoparticles, it was reported that
irradiating a sample with a pulsed laser induced the transformation of the tips of the
nanowires into nanoparticles when they were aligned parallel to the electric field of the
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incident radiation. This was attributed to the longitudinal surface plasmon resonance,
i.e. parallel to the nanowire axis. It has been shown that longer irradiation times have a
similar effect than a specific thermal treatment at 500°C under vacuum
(~5 x 10~® mbar) of the whole sample (Figure 1.54b).%427428 Fyrther research revealed
that focusing the laser beam at those tips could selectively perform the same
transformation without affecting the rest of the sample (Figure 1.54c).** Also, focusing
the laser on an arbitrary point of the nanowire created a gap and, in some cases, a
nanoparticle at each side of this gap.**°
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I.3. Strategy and methods selected for my
thesis project

The above parts introduced the main notions required to understand plasmonic
behaviour of 1D nanostructures. The state-of-the-art of the corresponding recent
advances permits to identify some important challenges of this research field, also
promising for a new generation of nanodevices (sensors, integrated light nano-
sources,...) exploiting plasmonic effects. Among them, we selected to address three
challenges:

- Controlling the nano-architecture of hybrid nanowires to promote an optimal
plasmonic-based effect

- Studying these hybrid nanowires as single nanostructures once dispersed on a solid
substrate.

- Improving the coupling of an external source (a laser in our approach) with the
plasmonic nanowire.

The first objective was to design the optimal nanowire-based nanostructures that
could support SPP. The inclusion of Au backbone was a must have, as it would act as
plasmonic 1D structure. The choice of Au over other plasmonic metals such as Ag or
Cu was mainly motivated by its high chemical stability when kept in air that permit to
avoid to deposit a protecting shell. Gold is also a standard electrode for
electrochemistry, a technique used in our template synthesis. The plasmonic properties
of Au nanowires had been already largely studied, revealing that the plasmonic
nanowires should be over 100 nm to improve the SPP propagation length. We
combined this background knowledge with our capability of finely tuning their
properties and the possible formation of hybrid nanowires by using the
electrochemical hard-template method. Furthermore, this method avoided the use of
surfactants and other possible pollutants that could complicate the Raman signature
analysis. In order to give to our nanowires an original function or optical behaviour, we
worked on the design and synthesis of coaxial (or core@shell) nanowires, composed
by a plasmonic active core of Au and a shell with characteristic optical or spectroscopic
properties. There is a dual goal to this coaxial design: the shell material should reveal
the plasmon propagation by coupling with the SPP, and its coupling with local
electromagnetic field should promote a modified or amplified spectroscopic or optical
signature.

We considered different materials as promising candidates, such as fluorescent
thiophene-based polymers or photoluminescent clusters embedded in inert and
transparent polymers, in relation with previous studies performed in the group of J.L.
Duvail on the photonic and emissive properties of fluorescent and phosphorescent
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nanowires 2+3°8387432433 Oy final choice was on a Raman active species, because the
Raman signal is much less intense than a fluorescent one and it thus could strongly
benefit from a field enhancement and antenna effect. Additionally, our group has a
strong expertise in Raman spectroscopy and it is well-equipped with a recent Raman
spectrometer coupled to a microscope and a nanopiezoelectric-stage, a set-up
designed for Raman mapping with a resolution of about 110 nm. For the Raman
scattering source, the conjugated polymer poly(3,4-ethylenedioxithiophene) (PEDOT)
is an excellent candidate, as it can be easily electropolymerized, it is fairly stable in air
and under laser irradiation and it gives a characteristic Raman spectrum rich of
information on the molecular and supramolecular structure. Moreover, this polymer
has been much investigated in the 2000s at IMN, with the attribution of the Raman
bands through a theoretical approach, the study of its spectroelectrochemical
behaviour and the synthesis of PEDOT nanowires with evidence of improved electrical
properties due to the confined synthesis.

We achieved the synthesis of Au@PEDOT nanowires with PEDOT located all along the
nanowire (Figure 1L.55¢), only at the tips (Figure 1.55d) and just at one tip (Figure 1.55e).
We also synthetized pure PEDOT and pure Au nanowires in order to master the full-
synthesis techniques and as comparison with the more complex nanowires.
Furthermore, we were able to disperse them on a variety of solid substrates obtaining
isolated nanowires that we could fully locate by different techniques. In ChapterII, their
synthesis and characterization are detailed.

The extreme confinement for PEDOT growth provided by the template synthesis lets
expect an unusual supramolecular ordering of this few nanometres thick shell. It has
been carefully explored by Raman spectroscopy on Au@PEDOT nanowires, as reported
in Chapter IIL.

We finally propose to improve the local optical coupling on a part of the nanowire by
forming Au nanoparticles at the tip(s) of a gold nanowire (Figure L55f&g). We
discovered by serendipity that we could transform the tips of the nanowires into
nanoparticles by fusing them with the laser beam. When modifying just one tip we
created the half dog-bone nanowire (Figure 1.55f) and when modifying both, the dog-
bone nanowire (Figure 1.55g) which we could couple with PEDOT particles after a
dispersion step. In order to analyse the plasmonic behaviours of these different
nanowires, some developments of the micro-Raman spectrometer have been done to
settle the remote configuration and to perform signal maps with few nanometres steps.
The direct nano-reflectance of the laser, the remote nano-reflectance and the remote
Raman spectroscopy study of these novel hybrid nanowires are presented in Chapter
V.
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Figure L55. Schema representing all the different designed nanowires during my
thesis work. a) Pure Au nanowire, b) pure PEDOT nanowire, ¢) fully-covered-PEDOT
Au@PEDOT nanowire, d) Au@PEDOT nanowire with PEDOT shell only at the two tips
and e) only at one tip, 1) half dog-bone Au nanowires without and with PEDOT
particles and g) dog-bone Au nanowires without and with PEDOT particles.
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Figure I 1. Schematic description of the processes developed for the synthesis of
coaxial nanowires with template methods using AAO membrane.

In this Chapter, we first present the preparation of the nanoporous templates and their
characteristics. Then, the synthesis and characterization of Au nanowires and PEDOT
nanowires is reported. Finally, the fabrication of various kinds of coaxial Au@PEDOT
nanowires is presented, with the PEDOT shell placed in a controlled way on different
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parts of the Au core: all along, just at the tips or just at the top tip. A morphological
and chemical study of the nanowires is systematically reported in order to demonstrate
the successful synthesis and to get structural information.

It can be noted that the synthesis of AU@PEDOT nanowires requires many process
steps (Figure IL1). In particular, the pore widening method can be tuned and it opens
the way to control and modulate the position of PEDOT along the gold nanowire. By
modifying all the synthesis parameters we could prepare the different hybrid nanowires
described in the end of Chapter I (Figure IL.1).

Additionally, the modification of such as-prepared nanowires has been achieved by
post-synthesis processes using laser treatment. First, the laser etching aims at removing
the PEDOT with a spatial control at the sub-microscale. Second, the laser heating aims
at modifying the tips of Au nanowires to promote large balls for an improved optical
coupling, either at the excitation, or at the emission.

II.2. Template-based synthesis

First specifications for a template-based strategy deal with the choice of nanoporous
membranes. The choice of AAO membranes rather than polycarbonate ones was
motivated by different required characteristics. Although PC is less expensive and
fragile, the AAO membranes allow us to prepare coaxial nanowires because the alumina
pores can be chemically widened at the nanometric scale in a well-controlled manner,
a key-step in our process. Additionally, it is possible to totally etch the AAO and
eliminate the etching agent on the nanowire surface, while the total removal of
polycarbonate surrounding the nanowires is hardly achieved.?®® This last point could
alter the physical behaviour or be critical for further synthesis step.

The electroplating of gold within the nanopores was exploited because it fills totally
the nanopores with a good crystallinity and the resulting nanowire surface is very
smooth, as it replicates the pore surface. These two points meet the criteria for
promoting a good propagation of SPP.

11.2.1. AAO membranes

For the templates, we evaluated the AAO membranes purchased from InRedox and
Synkera. They are 50 pm thick with a porosity usually ranging between 10% and 20%.
The PC membranes could have porosities up to 50%. They are consequently very fragile
and need to be carefully manipulated with tweezers. We also exploited a vacuum pick-
up system for helping in manipulation. The nominal pore sizes of the membranes given
by the manufacturers were 20, 40, 55, 80, 100, 120, 150 and 200 nm, that respectively
corresponded to a pore size distribution centred on 22, 42, 55, 75, 114, 140, 160 and
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200 nm with a size distribution of about 15% of the diameter, as determined by SEM
and TEM.

Because of their anodizing synthetic process which forms the nanopores, AAO
membranes are non-symmetric, i.e. they have two different sides (Figure I1.2). The side
called “solution layer” is where the anodization is initiated (on the aluminium foil), as it
is in contact with the anodizing solution during the entire process. In non-optimized
conditions, it can result in poorly self-organized nanopores perpendicular to the
surface. Consequently, its appearance is duller and matte. Once the anodization
process is ended, the AAO membrane is separated from the Al foil, making apparent
the "barrier layer” side. As the self-ordering of the pores distribution improves with
anodization depth, the “barrier layer” side appearance is smoother, shinier and more
reflective.

No illumination

Solution Barrier
layer layer

One-pointillumination__

Figure II.2. Optical images of both sides, solution and barrier layers, of anodic
aluminium oxide porous membranes. Without illumination (up), it is difficult to
observe the difference between them but under one-point illumination (down), the
higher reflectivity of the barrier layer side is easily observable. ®,ore = 140 nm.

It has also been proposed that this anodization process of the aluminium foil results
in a pore surface made of a thin amorphous alumina layer partially hydrated and anion-
rich, while the core is almost pure alumina. This difference can be exploited to perform
anisotropic acid etching of the AAO membrane (once the nanowires are synthetized
inside of it), which preferentially removes the superficial layer all along the nanowires.
Additionally, in the synthesis of Au nanowires described in a later section, some H*
from the electrochemical solution could evolve into Hy, increasing locally the pH and

making the pore walls more reactive against acids.3>9409410434
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I11.2.2. Gold electrode on AAO

Prior to start with the electrochemical hard-template based synthesis, a gold layer was
sputtered on the barrier layer face by physical vapour deposition (PVD) in a
radiofrequency magnetron sputtering system (Figure IL.1). This Au layer acted as a
working electrode in the electrodeposition of nanowires. The sputtering deposition was
made by Franck Petitgas in charge of this equipment at the Institute. The gold target
was placed in a vertical position.

The optimal conditions found for the Au sputtering on these AAO membranes were
the following:

Au radiofrequency magnetron sputtering system conditions

~Membrane side exposed | Barrier layer
Targetdisposition | Axial (vertical)
~Authickness | 5 times the pore diameter
Voltage | 334V
Current | OmA
~Sputtering power | sow...
_Deposition pressure | <5x10°mbar
_Argonflow | s0scemM
Deposition rate 10 nm/min

Table II1. Optimal conditions found for the Au metallization of AAO
membranes by PVD in the radiofrequency magnetron sputtering system.

If the Au layer was too thin, the electrochemical solution impregnating the membrane
would leak through it. If it was too thick, there would be a major risk of delamination
and separation from the AAO membrane.

We observed that, once metallized with gold, the colour of the membranes in a
reflexion mode changed depending on their pore diameter (Figure IL.3). For the pore
diameter varying from 10 to 160 nm, the colour progressively changed from goldish to
reddish for 35 and 55 nm, and then to clear blue for larger diameters. It has to be noted
that, in reflexion mode, the membranes before metallization were almost transparent
for the smaller pore diameters and tended to white for larger pore diameters, due to
the light scattering at the alumina/air interface all along the pores.
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Figure IL.3. Au metallized AAO porous membranes of different pore diameters.

This colour variation should be a combination of different characteristics, which can
change from one kind of metallized membrane to another: the pore diameter, the
membrane thickness, the gold layer thickness. As the gold layer was systematically
thicker than 100 nm (except for the 10 nm pore diameter), the latter hypothesis could
be rejected because no light can be transmitted through it.**> A key point was observed
when PEDOT nanowires were characterized by SEM and TEM. This study evidenced the
presence of gold nanoparticles located at their bottom tip, where the electroplating
began in contact with the working electrode. Such gold nanoparticles at the bottom of
the nanopores resulted from the sputtering process, with some gold atoms penetrating
and depositing on the pore surface along few hundreds of nanometres. This
observation suggests that gold atoms tended to aggregate preferentially than to form
a continuous film under an almost perpendicular (grazing) incidence. The mechanism
responsible for the reddish coloration is thus attributed to the plasmonic behaviour
when the nanoparticle diameter was few tens of nanometres.

I1.2.3. Supporting materials for studying
individual nanowires

Another key point of the methodology was the choice of the support to disperse the
different kinds of nanowires for further characterization and studies. We had to
characterize the morphology (SEM, TEM), the composition (EDS-HRTEM, Raman) and
the optical and spectroscopic response (reflectance, Raman, EELS-STEM) of a given
nanowire dispersed on a substrate. The characteristics of the supporting system were
thus crucial to develop our project (Table 11.2). A main specification concerned its
optical behaviour under laser excitation. It should give, neither a Raman signal in the
PEDOT Raman region of interest (1000 - 1800 cm™), nor a fluorescent signal in order
to avoid parasitic signals in spectroscopic studies. Regarding the previous literature
concerning the substrate and SPP propagation in metallic nanowires, we should use a
substrate with a low dielectric constant, in order to restrain plasmonic losses.?®® But this
is in conflict with another characteristic: in order to perform SEM and EELS-TEM
measurements and to avoid the metallization of the sample (to prevent modifying its
optical and plasmonic properties), the substrate should be conductive. In order to be
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in agreement with both features, very thin dielectric substrates mounted on TEM grids
were positively considered, despite their extreme fragility.

Substrates specifications

T

d | (e)

Transparent, bad size

~—~
QD
~
—
(@)
~

Type of substrate

SiO> slab (Non-fluorescent)
Boron-doped Si wafer Available for patterning
C-based TEM grid For first TEM characterization
SiOx TEM grid (50 nm thick) Fragile, too thick for EELS

SiOx TEM grid (20 nm thick) | v | v | Vv | ¥ | Very fragile

X S KL
<X X &L
< LS X
<A XX

Table IL.2. Key properties of several solid substrates explored for the dispersion of
nanowires. Positive (V) or negative (X) specifications are indexed for (a) parasite
spectroscopic Raman or fluorescence signal, (b) dielectric properties for plasmon
propagation, (c) conductivity for SEM studies and (d) electron transparency for TEM
studies, (e) other important features. Only the SiOx TEM grids did meet the basic
criterion for their choice in our advanced studies.
Referenced substrates for correlated techniques
In order to be able to find the same nanostructures when changing between
techniques or making experiments in different days (passing from macro to sub-micro),
it was necessary to have a referenced system. Taking into account the substrates
exposed we present different designs.
Our first design, easier to product and more economic, was to laser ablate a predefined
pattern on a boron-doped Si substrate (Figure I.4a). This process was made by
Sebastian Nufer in M-Solv Ltd, partner of the ITN project. Thanks to it, we could
correlate optical/Raman microscopy and SEM (Figure [L.4b&c & Figure II1.12).
The main drawbacks of this kind of substrates were their high dielectric constant (they
are quite conductive), avoiding the SPP on gold nanowires, and the impossibility of
making TEM studies with them. They allowed us to make a first approximation and full
characterization of our nanowires, but for the next step of the project we used more
advanced but expensive substrates.
The use of patterned SiO; slabs was not even tried. We could have SPP propagation
on Au nanowires but we were not going to be able to characterize them by SEM
without metallization and therefore changing their properties.
We thus choose very thin (20, 50 nm) SiOx TEM grids commercially available (Figure
I1.5). We thought that these could be our optimal substrates if we were able to correlate
different techniques on them. We tried them and the results were outstanding. All our
requisites were fulfilled. To prevent charges effect during SEM imaging, it was
necessary to work at low acceleration voltages (< 2.00 kV).
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Figure II4. a) Optical microscopy image of a boron-doped Si substrate with a laser
ablated pattern. The lateral dimension of the squares is 50 um and the width of the
tranches 15 um. In red, a square with interesting nanowires is marked. b) Optical
microscopy and ¢) SEM images of the same marked-in-red square. It can be observed
the very good correlation of optical and e-beam images.

Once the nanowires were dispersed on the SiOyx TEM grids, we could locate them by
using the optical microscope coupled with the Raman set-up (Figure IL.5). The contrast
given by the thin SiOx layer was so high that we could even locate @ 20 nm Au
nanowires by optical microscopy.

The critical point when using these TEM grids as substrate was the drop casting of the
nanowires dispersion on them. The fragility of these substrates could cause their break
and collapse during this step. It should be done carefully, taking no more than 3 pl of
the dispersion with a micropipette and making the drop casting step as closer to the
substrate as possible but without touching it. Once the drop was on the TEM grid, we
allowed it to dry for one day in a protected environment.

The main differences between both SiOx TEM grids were experienced while working
with them. The 50 nm thick grids are significantly less fragile and possess a larger useful
surface than the 20 nm thick ones. But the 20 nm thick offer a more homogeneous flat
surface, a key-point for realizing the maps and they are thin enough to minimize the
interaction with the electron beam for TEM-EELS study, as envisaged.
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a) 50 nm thick SiO, window b) 20 nm thick SiO, windows

V—)

Y coordinate (um)

X coordinate (um)

Figure IL5. Optical microscopy images of a) 500 x 500 um, 50 nm thick SiOx window
in a TEM grid. The window is microperforated with 2 um holes separated 5 um
between their centres. "SPI” (the brand of the manufacturer is etched next to one of
the sides of the window, permitting a fast orientation of the grid. b) 100 x 100 um
and 100 x 250 um, 20 nm thick SiOx windows in a TEM grid. The presence of a window
of different dimensions allows a fast orientation within the sample. We should note
that the distance between the windows is larger than it appears in the image, but it
was hidden as the nanowires placed on that space cannot be studied. We draw the
Interesting nanowires in red.

I1.2.4. Other key aspects to perform
reproducible synthesis and dispersion
processes

Among all the synthesis tricks, we should note the use of Teflon labware against glass.
We noticed that Pyrex® glass, presumably during the concentrated H3PO. etching
treatment could release SiO; nanoparticles (Figure I1.6). Since we started using
polytetrafluoroethylene (PTFE) glassware, we did not observe anymore the presence of
these nanoparticles.>* It must be noted that ultrapure water (resistivity > 18.2 MQ.cm)
has been used in all the steps of the process to get reproducible process and to prevent
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from external pollutants such as NaCl. We relied on it in order to avoid any kind of
impurity or pollution deposited on or close to the nanowires.

-
I
-

Y. T

-

| -

Figure IL.6. Examples of SiO> nanoparticles pollution in samples. a) Back-scattered
electrons-SEM image of an array of @ 55 nm PEDOT nanowires. b) SEM image of an
array @ 140 nm Au@PEDOT nanowires.

In order to eliminate any possible impurity from this Teflon container and for the non-
TEM substrates, we performed several consecutive hard-cleaning processes.**%43’

To remove eye visible organic or inorganic deposits, the labware were cleaned with
soapy water first and then rinsed with acetone. This process should be repeated until
the pollution was no more visible, then rinsing with Milli-Q® water. Normally, this
process was not necessary because dedicated labware was used.

In order to remove any micrometric and nanometric metallic impurities, we prepared
an aqua regia mixture (HNO3:HCI 1:3). We rinsed the labware and the substrates with
it and allowed to react for 15 minutes. We then rinsed with Milli-Q® water 3 times.

The next step was used to remove any organic pollutant, non-visible by eye. We
prepared a piranha clean (H2SO4:H2O2 10:1) and we rinsed the labware and the
substrates with it. We allowed to react for 15 minutes. We then rinsed with Milli-Q®
water at least 3 times.

We observed that the Teflon labware could “trap” the acid molecules in their surface
to release them later. After cleaning them with the acid treatment described before, we
rinsed thoroughly with water and we filled the glassware with water. In the beginning,
the pH was 7, but after 5 minutes, we observed a lower pH (red universal indicator
paper). For this reason, the last step of the cleaning process was to fill the labware with
Milli-Q® water and heat it to 80°C with stirring. The water was changed every 10
minutes up to 3 changes.

The use of strong acids is not a trivial topic. They must be handled by an expert chemist
in a controlled environment wearing the required personal protective equipment (PPE)
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in order to avoid undesired chemical reactions, overheating or release of toxic gases.
Before disposal they must be neutralized, normally with sodium carbonate.

In order to dry the glassware, we put the material in a clean oven at 130°C for 1 hour.

I1.3. Synthesis and characterization of Au
nanowires

In my thesis project, the role of the Au nanowires was to act as plasmonic building
blocks supporting SPP. As described in this part, their easy and fast electrochemical
synthesis makes them very attractive. However, dispersing them and getting them
individually is not trivial because a billion of similar nanowires are synthesized
simultaneously in the membrane and the template has to be removed. Micrometre-
long gold nanowires normally collapse and stay in bundles from two to hundreds of
nanowires. The synthesis of the gold nanowires and their characterization is reported
below.

I1.3.1. Synthesis and dispersion of Au nanowires

Electrochemical cell

Reference electrode Counter electrode

Electrolyte

Porous membrane

Working electrode Metal layer (electrode)

Figure IL.7. Schematic of confined electrochemistry within a nanoporous membrane.

The synthesis of the Au nanowires was made following the electrochemical template-
base method (Figure I.1c & Figure IL.7). First, the metallized membrane was introduced
in a three-electrode home-made electrochemical cell, with the Au layer onto the
working electrode and the opposite side in contact with an aqueous solution of
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chloroauric acid (Table 1.3) that penetrated the membrane pores (PC and AAO in the
case of pure Au nanowires).

A platinum foil was used as a counter-electrode. For gold electroplating, a cyclic
voltammetry was performed in the range 0.75 - 0.00 V against saturated calomel
electrode (SCE) at a sweeping rate of 50 mV/s causing the reduction of [AuCls] ions

into Au® that was first deposited at the bottom of the pores to form nanowires (Figure
I1.8) 208367371

Electrochemical aqueous solution for Au electroplating

Species Concentration | Role

HAuCl4 0.03 M Electrolyte to reduce

K2HPO4 0.1 M Buffer at pH = 7.6

KCl 0.1 M Enhances the conductivity of the solution

Table II.3. Composition of the electrochemical solution for Au plating prior to mixing.

The standard reduction potential of the chloroaurate ion versus SCE is around 0.75 V.
It means that the reaction should be spontaneous. But this is kinetically hindered by
the complexation of the Au cation by the chlorides, preventing its spontaneous
reduction. The sweeping starts at 0.75 V vs SCE, the equilibrium potential, in order to
ensure that no reaction happened in the beginning of the cycle. The mixture is in a
metastable state and the current was 0 (Figure IL.8). Going towards less positive
potentials made the environment more reductive and promoted the reduction of the
chloroaurate into native gold. At 0.46 V, there is a peak followed by a plateau, meaning
that an overpotential of -0.29 V should be overcome in order to deposit the native
gold. The applied potential is reversed at 0.00 V/SCE up to 0.75 V/SCE to allow the
replenishment of the electrolyte inside of the nanopores. In that moment, a new cycle

starts and the electrodeposition of gold inside of the nanopores carries on.*633%

The number of cycles determined the length of the nanowires in a proportional
relationship, we measured it for the case of PC membranes with a nominal pore
diameter of 100 nm (Figure I1.9). The growth rate could thus be deduced. It was equal
to about 4.7 nm/s. Under these conditions and for the AAO membranes of 114 nm
pore size, we measured that 120 cycles produced 12 pm long gold nanowires,
corresponding to a growth rate of 3.3 nm/s. This lower growth rate could be due to
the larger pore density in AAO than in PC (about five times larger electrode surface
accessible to the electrolyte), while the same concentration of chemicals is used in both
synthesis or due to a lowering of the growth rate when the nanowires have already
grown above a critical length. After synthesis, Au nanowires embedded in the
membrane were rinsed thoroughly with ultrapure water to remove any residue of the
Au saline solution.
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Figure II.8. Typical cyclic voltammetry of [AuCl,]™ reduction in a pH = 7.6 agueous
solution in a nanoporous metallized alumina membrane. In this particular case, the
pore size of the membrane was 75 nm and its porosity 11%.

There are two main reasons because we performed these length-to-electrodeposition
time experiments in PC and not in AAO. The first reason is because these were one of
the first systematic and reproducible experiments that I did perform during my thesis
project and in the beginning we utilized PC membranes rather than AAO. The second
reason is for the SEM measuring method used. Indeed, nanowires synthetized into PC
membranes disperse after template removal in a better manner than from AAO
membranes. It is due to the smaller pore density (typically 1-5-108 cm™ in PC and
1-3:10° cm™in AAO), which help preventing nanowires aggregation into bundles.

For the case of the AAO template, the full membrane removal was achieved by
immersion in a 4.9 M H3PO4 solution for 48 hours. The remaining fragile gold film
supporting the nanowire array was then rinsed with ultrapure water several times. It
was stored with some water drops into small sealed glass. By sonicating it during 0.5 s,
the nanowires were separated from the gold film and dispersed in ultrapure water just
before drop-casting 100 pL of the dispersion on the substrates exposed in the previous
section. One day was required for a slow drying of water to restrain aggregation of the
nanowires.
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Figure IL.9. Relationship between the number of cycles/electrodeposition time and
the length of the produced nanowires. These synthesis were made in a 100 nm pore
size PC membranes at a sweeping rate of 50 mV/s between 0.75 — 0.00 V vs SCE.

In the case of the polycarbonate membrane, dichloromethane was used to remove it.
Because of the fast etching rate of dichloromethane to polycarbonate, the gold
nanowires were separated from the gold film at the same time than the membrane was
removed. For that reason, this process was performed directly on the substrate.

I1.3.2. Characterization

The first characterization was made with the naked eye, with a colour change in the
membrane after the Au nanowires electrodeposition. In order to quantify this colour
change, near IR-UV-vis measurements were made for membranes with different Au
nanowire lengths. These measurements were correlated with scanning electron
microscopy images of the same nanowires after membrane removal and dispersion on
boron-doped silicon substrates. We would like to note that the light scattering of these
nanowires with a micrometric length can be observed with an optical microscope.

I1.3.2.1. SEM and TEM study of Au nanowires

SEM images of both Au nanowires arrays on the Au electrode after template removal
and Au nanowires solid dispersions after sonication and drop casting were taken for
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different diameters and lengths. HR-TEM images were also made revealing the good
crystallinity of the gold (Figure I1.10c).

Figure IL10. SEM images of a) an array of @ 35 nm Au nanowires on the Au electrode
after template removal, b) a single @ 105 nm Au nanowire on boron-doped Si
substrate after sonication and drop casting. ¢) TEM image of the edge of a @ 114 nm
Au nanowire with traces of pollution at the surface. The crystallinity of gold can be
clearly seen where the thickness is small enough.

Making a systematic SEM and TEM study of a series of nanowires with different
electrodeposition times (i.e. number of cycles) and the same diameter, we established
a simple relationship between the electrodeposition time and their length (Figure I1.9).

I1.3.2.2. NIR-UV-vis spectroscopy

We propose to address the mechanisms responsible for the observed colour change
of the membranes after Au nanowires electrodeposition, besides the effect of the
porous template. Indeed, alumina template or polycarbonate appears white when in
air, while it is almost transparent in water. For well-ordered nanopore array (not the
case here), metamaterial-like effects could also take place.

The main mechanism supposed to be responsible for the colour change deals with
plasmonic resonance effects, which depends directly on the nanowire dimensions. This
plasmonic origin and its relation with advanced studies reported in Chapter IIl and IV
encourage us to make a quantitative analysis. We carried out reflectance studies of the
filed membranes in the near infrared-ultraviolet-visible range and correlated the
obtained spectra with the length measured (Figure I1.11). For a detailed study, we chose
a series of arrays of @ 100 nm (nominal pore diameter) nanowires in PC, because it is
the diameter of interest exploited in the coaxial nanowires and antenna-modified
nanowires investigated in the next Chapters of my thesis project. It has to be noted
that AAO membranes containing gold nanowires are not suitable for different reasons:
(i) the very high density of nanowires induces a light trapping and is expected to
promote plasmonic coupling between neighbour nanowires, (ii) the strong scattering
of the incident and reflected signal by the nanoporous AAO located above the gold
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nanowires. It is the reason why polycarbonate membranes have been exploited for this
study. Very few similar studies have been reported previously, mainly with shorter
nanowires, i.e. with a much shorter aspect ratio. Anthony Désert as a postdoctoral
student in the group also explored the reflectance study of similar arrays of nanowires.

We studied the as-measured diffuse reflectance spectra (incident light at 8° relative to
the normal to the membrane) for five lengths of Au, from 900 to 4380 nm and for a
membrane with a gold electrode attached (Figure I1.11a).

The reflectance spectrum of the metallized membrane without nanowire is flat in the
nIR range down to 600 nm and it is dominated by a minimum of reflectance at 490 nm.
This absorption is attributed to the interband transitions in gold**® and it is responsible
of the golden colour of a smooth gold film in reflexion and to the blue colour in
transmission when the gold thickness is smaller than 50 nm, typically. In presence of
the gold nanowires, an important decrease of the reflectance above 500 nm is
measured and a second band appears, which extends from 550 to 700 nm, depending
on the NW diameter. A regular oscillation of the spectra can be noted in the IR range.
This interference signature certainly comes from interaction between the incoming
light and the reflected one on top of the nanowires. So, it suggests that the distribution
of nanowire lengths is quite narrow at the wavelength scale, a condition for getting
interferences. The new band responsible for the main loss of reflectance is now
analysed. Based on previous works in the literature and confirmed by further study on
individual nanowires, the new band is attributed to the transversal localized surface
plasmon resonance (T-LSPR) of the gold nanowires 778990439440 The small incidence
angle (8°) of the light on the membrane, i.e. on the nanowires, is the right configuration
to excite the transversal plasmon. A red shift of this T-LSPR band is observed when
increasing the NW length. In order to analyse the precise position of this band, the
signal from the PC membrane attached to an Au film is subtracted (Figure I1.11b). The
minimum of this T-LSPR band is well revealed.

Finally, we investigated the relation between the position of the T-LSPR band
(minimum of the normalized reflectance) with the Au nanowires length and the aspect
ratio (Figure I1.11c). Only a small redshift of 15 to 20 nm was obtained, while the spectral
changes with the length on the raw reflectance spectra are more pronounced. It could
certainly be attributed to a broadening of the T-LSPR band with the NW length. Such
a broadening effect can be an intrinsic mechanism of the plasmonic resonance***4
but it can also partly come to a distribution of the nanowire lengths resulting from the
electroplating. It is important to note that the previous study made at the laboratory

by A. Désert gave similar results.
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Figure IL11. a) Raw diffuse reflection spectra of the metallized Opore 100 nm porous
PC membranes containing nanowires of different lengths. “No NW” corresponds to
the signal from a Gpore 100 Nnm porous PC membrane directly attached to a gold film
and was considered as blank. b) Same spectra after blank subtraction and
normalization. ¢) Relation between the length of the nanowires inside the previously
described PC membranes and their found T-LSPR band.

The dependence of the T-LSPR with the nanorod length and the aspect ratio has been
extensively studied. 4377899043940 Ho\wever, it concerns generally extinction studies of
colloidal dispersion of nanorods with diameters smaller than 100 nm and lengths
smaller than few hundreds of nanometres, corresponding to aspect ratio smaller than
10.36627781.9293,325439442 1n qur study, the aspect ratio went up to 44. For nanorods with
aspect ratio smaller than 5, the group of El Sayed reported no change in the T-LSPR
position,*° while their modelling predicted a small blue shift for individual nanorods.**°
The group of C.A. Mirkin has much investigated plasmonic nanorods, with length up to
3 um.%294443 No shift in the resonance was observed for extinction study of colloidal
dispersion of the nanorods.
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Figure IL12. SEM image (top view) of Au nanowires after removal of the PC template.
Nominal pore diameter: 100 nm. Pore density: 6:10° cm™. Average length = a) 900
nm b) 1630 nm ¢) 2040 nm d) 3210 nm e) 4380 nm (back-scattered electrons). )
Same sample than in (b) but from a further view. Scale bars correspond in all the
cases to 1 um except in (f) that it is 10 um.

The main difference between these studies and ours deals with the measurement
configuration. In the case of colloidal dispersion, the nanorods are far from the others
and no interaction is expected. In our case, the NW are quite well-aligned in an array
with a pore density of 6.108 cm™ and a random location of the pores due to the
cyclotron irradiation in the track-etching process (Figure I1.12). So the distance between
nanowires can be smaller than 100 nm to allow a resonant coupling between T-LSPR
of near-by nanowires. Additionally, a small angular distribution for the nanopore axis
results from the irradiation process (much weaker than the bundling effect observed in
after PC removal (Figure I1.12)). It can also contribute to a plasmonic coupling between
juxtaposed nanowires. Such a coupling was shown to be responsible for a red-shift of
the T-LSPR similarly to the one measured in our experiments.3%%

I1.4. Synthesis and characterization of
PEDOT nanowires

In order to optimize the synthesis conditions, prior to the fabrication of the coaxial
nanowires, we synthetized electropolymerized PEDOT films and PEDOT nanowires.
Poly(3,4-ethylenedioxytiophene) was an excellent candidate for our purpose because
it can be easily electropolymerized in an aqueous electrolyte, it is stable in air and under
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low power laser irradiation. Importantly, as for many conjugated polymers, its Raman
signal gives information on its conformation, its conjugation and its doping level. Our
group at IMN benefits from a strong background for the analysis of the Raman spectra
of PEDOT electropolymerized in identical conditions, with reference studies to attribute
the Raman bands.37437>388

I1.4.1. Synthesis of PEDOT nanowires

The synthesis of PEDOT in nanoporous membranes was analogous to the Au
nanowires, except the electrolyte and electrochemical parameters. The configuration
of the three-electrode homemade cell was the same but the membrane was in contact
of an aqueous solution of the monomer 3,4-ethylenedioxythiophene (EDOT) (Table I1.4)
that penetrated the membrane pores. In order to perform the oxidative
electropolymerization of EDOT into PEDOT, a fixed potential of 0.80 V vs SCE was
applied. The nascent PEDOT nanowires grew from the Au electrode at the bottom of
the pores. Because of the good conductivity of oxidized, thus doped PEDOT, the
growth of the nanowires was not blocked. This oxidized PEDOT was positively charged,
the different anions present in the solution could act as counter ions. Dodecyl sulphate
anions and ClO4™ have been shown to be involved in the doping of PEDOT synthesized

with this electrolyte acting as these described counter ions. 46383

Electrochemical aqueous solution for PEDOT electropolymerization

Species Concentration | Role
EDOT 0.05 M Monomer to 'be‘oxidized in the oxidative
electropolymerization
Acts as a surfactant to form micelles and
Sodium dodecyl 0O1M maintain the solubility of EDOT in aqueous
sulphate (SDS) ' solution; contributes to the doping with DS
anions
Enhances the conductivity of the solution;
LiClO4 01M contributes to the doping of PEDOT with ClO4
anions

Table [[4. Composition of the electrochemical solution for PEDOT
electropolymerization.

The electropolymerization of PEDOT is oxidative. At a fixed potential of 0.80 V vs SCE,
we synthetized the PEDOT nanowires inside AAO membranes of different pore sizes
(Figure I1.13). The mechanism of electropolymerization has been much investigated in
early 2000s.37°38* The dominant mechanism proposed is reported here. When applying
the 0.80 V vs SCE potential, the EDOT molecules situated in close proximity of the Au
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electrode lose one electron to the gold surface and attach to it.3¥:3%¢ These positively
charged EDOT molecules could react with a near neutral EDOT molecule, withdrawing
an electron and liberating a proton. It thus forms a monocationic dimer, or a hole is
transferred from the Au electrode to that neutral EDOT molecule and it forms a
bicationic dimer. This dimer reacts analogously to form an oxidized trimer and
successively. The doping counterion compensates the excess of positive charge. In the
counter electrode, the formation of bubbles is observed, indicating the reduction of
the liberated protons.

0.0090.8 v vs SCE

Current (mA)

-0.20 T T T T T T T T T T T 1
0 20 40 60 80 100 120

Elapsed Time (s)

Figure IL13. Typical current vs time smoothed plot of PEDOT electropolymerization
from an EDOT aqueous solution in a metallized nanoporous alumina membrane. In
this particular case, the pore size of the membrane was 114 nm and the membrane
porosity about 15%. Inset: schema of the electropolymerization proposed
mechanism.

A first rise of the current is measured during about 10 seconds, followed by a less
abrupt rise and a final stabilization of the current after 30 seconds (Figure I11.13). This
can be attributed to the initiation of the electropolymerization on the Au electrode,
thus consuming EDOT oligomers and doping cations (ClO4, DS’), and the
replenishment of the electrolyte inside the nanopores by species diffusion and by the
driving force on the ions due to the electric field. This transient regime was followed
by a stationary regime characterized by a current which remained almost constant, as
expected for an anode with a fixed surface.
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P. Rétho reported that the length of the PEDOT nanowires was directly related to the
electropolymerization time with a growth rate of 85 nm/s at 0.8 V vs SCE, in a
membrane of 73 nm of pore diameter and for the same electrolyte.>’> We estimated a
similar growth rate although we did not perform an exhaustive and systematic study
as we did with the Au nanowires.

The PEDOT nanowires embedded in the membrane were rinsed thoroughly with
ultrapure water to remove any residue of the electrolytic solution. Finally, in order to
remove the template, the same process than with the Au nanowires was followed to
obtain an array of self-standing PEDOT nanowires on a fragile thin Au film. By a very
short sonication time in ultrapure water, they could be separated from the gold layer
and dispersed prior to be drop-casted on different kinds of substrates.

The synthesis of the PEDOT films was carried out under the same conditions but using
a Pt foil as a working electrode. A homogeneous deep blue PEDOT layer was obtained
after an electropolymerization time of 500 s (Figure IL14). But if the
electropolymerization time is increased up to 3600 s, we got a thick black rough film
of electropolymerized PEDOT and a powder like aspect.

PEDOT film
on Pt foil

Virgin Pt foll

< Al
S 4

Figure I[.14. PEDOT film electropolymerized on a Pt foil during 500s at 0.80 V vs SCE.

I11.4.2. Characterization of PEDOT nanowires

The change of the colour of the membrane is also observable in the case of the PEDOT
nanowires. It becomes progressively greyish blue and black, darker with the length of
the nanowires.?”

A systematic characterization of these nanowires by SEM, TEM, NIR-UV-vis reflectance
and Raman spectroscopy was carried out. The larger diameter nanowires could be even
seen individually when lying on a silicon surface by optical microscopy.
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I1.4.2.1. Characterization by SEM and TEM

We studied arrays and isolated nanowires by SEM and TEM. The synthetized PEDOT
nanowires were normally homogeneous and smooth with an almost constant diameter
along their main axis. This was found for the PEDOT nanowires synthetized with
different diameters (Figure I11.15). After dispersion, they remain attached in bundles
although some isolated PEDOT nanowires could be found. The apparent morphology
at the top is tubular in some of our nanowires synthetized in PC (Figure 11.15d). This
tubular morphology was often described in the literature for different conjugated
polymers. It was attributed to a preferential electropolymerization on the pore wall,
due to the interaction with cationic species®’*3®. Previous experiments made in our
group have shown that PEDOT electropolymerized in the same conditions turn into
nanowires due to a thickening of the pore wall.

Figure I[.15. SEM images of a) an array of PEDOT nanowires on the Au electrode after
PC template (nominal pore diameter was 100 nm) removal, b) array of & 160 nm
PEDOT nanowires on the Au electrode after AAO template removal, ¢) bundles of @
42 nm PEDOT nanowires on a boron-doped Si substrate after sonication and drop
casting and d) a single PEDOT nanowire on a boron-doped Si substrate after PC
template (nominal pore diameter was 200 nm) removal with dichloromethane. Scale
bars correspond in all the cases to 1 um.

Some nanoparticles embedded in the polymer and concentrated at the bottom tip of
the nanowires could be easily observed, while the PEDOT was almost transparent in

these conditions of study with backscattered electrons (Figure 11.16). We checked that
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it was not due to a contamination by the chloroaurate electrolyte. The strong white
contrast in the images obtained with the backscattered electrons SEM suggested they
were metallic. We observed that their presence was recurrent in all the samples, even
from previous students that used the same sputtering conditions. The TEM images
showed some nanoparticles along 100-150 nm typically, with a progressive decrease
of the NP size. We can thus conclude that the Au nanoparticles come from the Au
sputtering of the AAO membranes prior to the PEDOT electropolymerization, as it was
reported before in the literature.*** The presence of such gold NP could be exploited
for example for SERS studies. It must be noted that for gold nanowires, the sputtered
NP were obviously embedded in the electroplated gold and could not be observed.

Figure I[16. SEM-backscattered electrons (BSE) images of a) an array of PEDOT
nanowires on the Au electrode after complete membrane etching, b) bottom tijp of
an isolated PEDOT nanowire. c1 & c2) TEM images of the bottom tip of an isolated
PEDOT nanowire. The average diameter of the nanowires shown in the images are
55 nm.

11.4.2.2. NIR-UV-vis spectroscopy study

Important information on the doping level of PEDOT can be obtained from the optical
spectroscopy study. Our nIR-UV-Vis spectroscopy equipment required a macroscopic
sample. Thus, the PEDOT nanowires were maintained in the template with the gold film
to get a 1 cm? sample. As it was a non-transparent sample, the reflectance
configuration had to be used. We measured both the reflectance spectra before and
after the PEDOT NW electropolymerization (Figure I1.17).
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The reflectance spectrum of the metallized AAO membrane exhibits the same shape
than the one measured for the PC with an attached Au layer, except that the main drop
of reflectance is around 600 nm, instead of 490 nm, as expected for inter-band
transitions of gold. It can be attributed to the plasmonic behaviour of the gold
nanoparticles partly covering the bottom of the pore surface, as identified in the
previous section.

90

80 Au metallized AAO

70+
60+
50+

404 PEDOT NW array in AAO

% Reflectance

30+
20+
104

T L T > T ? T 4 I
400 600 800 1000 1200
Wavelength (nm)

Figure I 17. NIR-UV-vis reflectance spectra of a metallized porous AAO membrane
before (black) and after (light blue) electropolymerization of PEDOT nanowires in it.
Opore = 160 nm; PEDOT nanowires expected length: ~400 nm (50 s
electropolymerization time).

In order to analyse the PEDOT spectrum, it was thus required to subtract the
reflectance spectrum of the metallized AAO membrane to the spectrum of the PEDOT
NW embedded in it. Then, it could be compared with the spectra measured in a
spectroelectrochemical study of PEDOT nanowires and films synthesized in similar
conditions.>”>**> PEDOT in the reduced state (undoped) is characterized by a broad
absorption band with a maximum between 550 and 600 nm attributed to n-n*
transitions, while this band vanishes in the doped state and is replaced by an increasing
absorption from 600 nm to the near IR, due to (bi)polaronic bands (Figure 148)37°
Here, with respect to the reflectance of Au metallized AAO, the spectrum of PEDOT
NW is dominated by a drop of the reflectance at wavelengths larger than 600 nm with
an inflexion around 800 nm. It indicates the presence of polaronic and bipolaronic
bands when PEDOT is well doped.
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I1.4.2.3. Raman spectroscopy study

One of the main purposes of studying pure PEDOT nanowires was to analyse and
compare their Raman signal with the one coming from PEDOT synthesized in the
coaxial nanowires, as reported later in this Chapter and further investigated in Chapter
IIL. In this part, we thus restrain our study to identify an eventual effect of the following
points on the Raman spectrum of PEDOT: chemical treatment with phosphoric acid,

film versus nanowire (confined synthesis), laser excitation wavelength.

I1.4.2.3.1. Attribution of the main Raman bands of PEDOT
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Figure I[18. Characteristic Raman spectra of a single PEDOT nanowire synthetized in

a Gpore 160 nm AAO membrane. The excitation wavelength was 514 nm.

This attribution was proposed on a PEDOT nanowire with a diameter of 160 nm (Figure
I1.18). Based on previous theoretical and experimental studies, the most intense band
at 1437-1441 cm is attributed to the C=C symmetric stretching, the band at 1511 cm™
corresponds to the C=C antisymmetric stretching and the C-C stretching band appears
at 1365 cm™. The characteristic band found at 990 cm™ corresponds to the dioxane
ring deformation. The band at 1253 cm™ results from a contribution of the C-H;
twisting and the inter-cycle C-C stretching. The smaller and broader band at 1108 cm
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could be formed by a combination of the superior part of the dioxane deformation and
the thiophene ring deformation. The origin of the band around 1565 cm™ has not been
clearly identified in previous theoretical studies.>’*3">

The main band at 1437 cm™ is particularly interesting, because its intensity depends
on the length of conjugated segments through resonant effect and on the conjugated
segment orientation relative to the excitation polarization.

11.4.2.3.2. Effect of the treatment with phosphoric acid
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Figure I[19. Comparison of normalized Raman spectra from a PEDOT film
electropolymerized on an Au electrode, the same film after treatment with
phosphoric acid for 48 h, and a single PEDOT nanowire on a boron-doped silicon
substrate. Excitation wavelength: 514 nm.

The Raman spectroscopy on a single nanowire requires to remove the AAO membrane
in a concentrated phosphoric acid bath followed by several rinsing with water.
Additionally, the PEDOT and the coaxial nanowires were kept in water before the
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dispersion on a substrate or TEM grid. The study reported here aimed to evaluate an
eventual effect of this treatment on the PEDOT. Other authors have reported the
treatment of PEDOT:PSS composites with phosphoric acid resulting in an enhanced
conductivity.**¢™**® We compared the Raman spectra of a PEDOT film before and after
a chemical treatment with phosphoric acid (Figure I1.19). No significant change
appeared in the Raman spectrum, suggesting that the etching of the AAO membrane
did not affect the PEDOT chains.

11.4.2.3.3. Effect of the confined electropolymerization

Many studies on different conjugated polymers have demonstrated that the confined
electropolymerization promotes molecular and supramolecular improvements when
the nanopore diameter is smaller than 60 nm. We have already reviewed this point in
Chapter I and it will be further explored in Chapter IIL. In the case of a 160 nm diameter
PEDOT nanowire (Figure I1.19), only a slight shift toward higher wavenumbers was
observed, suggesting very weak changes in the supramolecular configuration. This
result agreed with previous studies, where significant changes were obtained only for
PEDOT nanowire diameters smaller than 60 nm.*">

11.4.2.3.4. Effect of the laser excitation wavelength on the
Raman spectrum

It is well-known that the excitation wavelength strongly affects the Raman spectra of
conjugated polymers. The excitation-dependent changes are due to resonant effects,
mainly related to the doping level, the length of conjugated segments and the chain
(conjugated segment) ordering which impact the molecular and supramolecular
structure of the conjugated polymer. It is important to remind that the absorption band
of undoped conjugated segments is related to the =n-n* transitions. When the
conjugated segments increases, this band progressively shifts towards higher
wavelengths, due to the delocalisation of the charges along the conjugation length.*#°
Another important resonant dependence of Raman signal deals with the doping level,
because it fully changes the absorption spectrum, as described before. To summarize,
when referred to the absorption of PEDOT, the blue and green excitation lines probe
mainly the shorter and/or poorly doped conjugated segments, while the red and nIR
lasers are more sensitive to the longer and doped conjugated segments.
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Figure II.20. Normalized Raman spectra of a single pure PEDOT @ 160 nm nanowire
excited at different wavelengths: (from top to bottom) 785 nm, 633 nm, 514 nm and
488 nm.

Here, we present a Raman spectroscopy study of a single nanowire at four different
excitation wavelengths 488, 514, 633 and 785 nm (Figure I1.20). It is clear that the
Raman spectrum for 785 nm was different to the ones at shorter wavelengths. To
explain these differences, it must be mentioned that the measured signal was much
weaker for the 785 nm case, as shown by the relatively more intense band at 990 cm™
than the main one at 1437 cm™. The dioxane ring deformation (990 cm™) is supposed
not to be very sensitive to the excitation wavelength. It could thus serve as a reference
for the intensity. So, the changes in the shape of the main band could be explained by
a strong decrease of the C=C stretching band intensity combined with a shift of -7 cm™
(in comparison with the green excited spectra), placed at 1430 cm™ in the 785 nm case.
It resulted in an apparent broadening, as it superposed with the 1365 cm™ band. The
reduced contribution of the C=C antisymmetric stretching was also noted. Combining
these results with the reflectance study and previous absorption study, our research
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suggested that PEDOT chains electropolymerized at + 0.80 V/SCE in the 160 nm pore
diameter were quite heavily doped but they exhibited a distribution of conjugation
lengths. It will be useful for comparing with the PEDOT Raman spectrum for
Au@PEDOT nanowires.

I1.4.2.3.5. Raman intensity study along single nanowires

We also performed micro-Raman analysis along different individual nanowires. Here,
we only focus on the spatial changes of the intensity of the main band at 1437 cm™.
We observed that for many nanowires, in one of the tips of the nanowires the PEDOT
Raman signal increased by a factor larger than 10 (Figure I1.21). This effect can be
attributed to a SERS effect for the PEDOT in contact with Au nanoparticles located only
at the bottom of the nanopores, i.e. of the nanowires. These Au nanoparticles resulted
from the sputtering of the gold layer on one side of the template, as shown before.

Presence of
Au NP
B

i PEDOTNW.

-

C band (a.u.)

Intensity of C

Points
Figure I[.21. Optical image of a @ 160 nm PEDOT nanowire under a x100 objective.
Correlated intensity of the C=C symmetric stretching Raman band at different points

along the nanowire. On top possible schema of this nanowire containing Au
nanoparticles in its left tip that enhance the Raman signal.
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I1.5. Synthesis and characterization of
Au@PEDOT nanowires

It was crucial to perfectly locate the active species at different places along the
nanowire, in order to get unequivocally results from the plasmon propagation and
remote Raman excitation. This point will be further explained later. Our work is among
the first ones that achieved such a controlled morphology of coaxial nanowires, with
application to plasmon propagation studies.’® Alternatively, another group have
presented a different approach using a micropipette system in order to locally place
the active species, once the nanowires were already deposited on the substrate.?*°

a)

b)

Figure II22. Schema of the three kinds of Au@PEDOT NW prepared by the
electrochemical hard-template method: a) PEDOT shell all around the gold core, b)
PEDOT shells at the two extremities of the gold NW and ¢) PEDOT shell only at one
extremity.

In our work described here, three original kinds of coaxial nanowires were synthetized,
following a multi-step hard-template electrochemical method.

- PEDOT shell all around the gold core (Figure I1.22a)
- PEDOT shells at the two extremities of the gold NW (Figure I.22b)
- PEDOT shell only at one extremity (Figure 11.22c).

Such different geometries have been achieved by a careful engineering of the template
process. Alternatively to as-grown coaxial nanowires, a post-treatment by laser dry
etching of the polymer also permits to get the same arrangements, but with a better
control of the length of the PEDOT shell segments.
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I1.5.1. Synthesis and morphological
characterization

The whole process is a combination of the processes described before for synthesizing
the Au nanowires and the PEDOT nanowires, but with an additional pore widening

intermediate step (Figure 11.23).
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Figure I[23. Schematic description of the processes developed for the synthesis of
coaxial nanowires with template methods using AAO membrane. a) Au@PEDOT NW
with PEDOT located only on one tip, b) Au@PEDOT NW with full PEDOT shell and c)
Au@PEDOT NW with PEDOT located only at the tips.
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The first step is the synthesis of the gold nanowire core, as it was described before.
The second step is the partial etching of alumina surrounding the metal by immersion
of the membrane in an aqueous solution of H3PO4 (0.87M). In the typical case, the
etching step lasted 90 minutes. The pores of the alumina membrane are widened and
gaps are created around the nanowires. The very selective and anisotropic etching of
the pore walls among the rest of the alumina template was believed to result from the
following factors: (i) the pore walls in direct contact with the etching solution was
necessarily firstly removed; (ii) a non-uniform composition of the alumina membrane.
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Figure IL.24. Typical current vs time smoothed plot of PEDOT electropolymerization
from an EDOT aqueous solution on gold nanowires in a widened nanoporous
metallized alumina membrane (pore size: 114 nm prior to pore widening, porosity
16%,). Inset: schema of the electropolymerization proposed mechanism. The smooth
of the plot was made in order to eliminate the noise by the Savitzky-Golay method
with a polynomial order 5.

In a third step, after rinsing the sample with ultrapure water, an aqueous solution
containing the 3,4-ethylenedioxythiophene (EDOT) monomer is dropped to fill the
freed space between the Au nanowires and the partially etched AAO pores. Then, the
oxidative electropolymerization is carried out at a fixed potential of +0.80 V vs. SCE for
50 s (Figure I1.24).146374380 The electropolymerization started with a strong current
(about an order of magnitude larger than for PEDOT synthesis in a similar membrane)
which rapidly dropped, then followed by a progressively decreasing current toward
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values similar than in the pure PEDOT nanowires. The growth mechanism proposed is
that the EDOT monomers confined between the gold nanowire and the alumina shell
are first electropolymerized. This nano-3D active surface is much larger than the gold
electrode localized at the bottom of the pores when depositing PEDOT nanowires. The
initial very sharp drop of the electropolymerization current could be attributed to a
closing of the upper part of the narrow channel by PEDOT preferentially deposited at
the upper tip, thus limiting or eventually inhibiting further diffusion of species to
restrain the electropolymerization along the lateral surface of the nanowire,
characterized by a continuous decrease of the deposition current. This explanation can
address the configuration of PEDOT placed on one or both tips (Figure II.23a&c), but
it cannot explain the case of homogeneous PEDOT shells all along Au@PEDOT
nanowires. Another possible explanation for this current decrease would be that once
the first chains of monomers are attached to the gold nanowires surface, the current
starts to decrease as the oligomeric EDOT chains conductivity is smaller than the gold
nanowires. The simple mechanism above-mentioned has to be improved, as proposed
below in view of additional results.

N
o
J

=
(9]
L

Ul
L

Polymer shell thickness (nm)
'—I
o

o

0 20 40 60 80 100 120 140
Au core diameter (nm)

Figure I[.25. Plot of the PEDOT shell thickness versus the Au core diameter for
identical synthesis conditions. Inserts show typical SEM images (initial pore diameter:
42 nm left 114 nm right) and the corresponding artistic schemes of the nanowires
with two distinct morphologies: PEDOT (in green) surrounding all the Au (yellow)
nanowire for 22, 42 and 75 nm initial pore diameters ; PEDOT surrounding only the
extremities of the Au nanowires for 114 nm initial pore diameter.
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Finally, the membrane was treated with concentrated phosphoric acid for 48 hours to

totally remove the alumina template. A thin and fragile layer of Au underlying an array
of AuU@PEDOT nanowires was obtained. To disperse the nanowires in water or ethanol,
a brief sonication (half a second typically) was applied. The versatility of this process
allowed to disperse these nanowires on any kind of surface, such as boron-doped
silicon substrates and transmission electron microscopy grids.

Figure I[26. SEM images of single Au@PEDOT nanowires with PEDOT only at their
tips synthetized in @ 114 nm AAO membranes for a) length L = 4 um teiectropolymerization
=50s b)L =8 umy; lelectropolymerization = 50s,¢) L =85um, lelectropolymerization = 150 s.
Scale bars of a), b) and ¢) are 1 um (main images) and 200 nm (insets).

The H3PO4 concentration and the etching time make possible to tune the widening
size of the pores around the nanowires. The PEDOT electropolymerization time allows
to control the synthesis of the polymer shell, in order to produce the nanowires with
different shell distributions. For an etching time of 90 minutes, a pore widening of
about 5 to 15 nm was obtained depending on the initial pore size. Importantly, it was
observed that the smaller diameter gold nanowires were fully covered with PEDOT,
while the larger diameter nanowires were covered only at the extremities (Figure I.25).
These observations also supported the hypothesis that the PEDOT shell grown at the
upper tip could block the 5-15 nm wide channel surrounding the gold cylinder, thus
inhibiting further growth of PEDOT at the bottom and on the lateral size when all the
monomers remaining in the closed cavity have been electropolymerized.
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Another possible growth mechanism to explain the preferential electropolymerization
at the extremities of the nanowires deals with a tip effect, i.e. an electric-field
enhancement which takes place at the top extremity of a strongly anisotropic
conducting object connected to an electrode. The larger the aspect ratio
(length/diameter), the stronger the electric field enhancement at the tip. Such a local
field enhancement could contribute to the overpotential promoting a faster oxidation

of the monomers, thus obtaining a faster electropolymerization on the top extremity,
rather than on the lateral surface.
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Figure II27. Top) Typical current vs time smoothed plot of PEDOT
electropolymerization from an EDOT aqueous solution on gold nanowires in an
asymmetrically widened nanoporous metallized alumina membrane. In this particular
case, the pore size of the membrane was 140 nm (prior to pore widening) and its
porosity 16%. Bottom) Optical microscopy view (objective x100 LF) and SEM image
with superposed Raman spectroscopy mapping (intensity at 1447 cm™ appears
green) of a single gold nanowire synthetized in a nanopore 140 nm AAO membrane

(length.: 9 um, diameter: 100 nm at left tjp, 230 nm at right tjp) covered with PEDOT
close to the right tip.

The synthesis of the previously introduced asymmetric coaxial Au@PEDOT nanowires
with PEDOT only at the upper tip was achieved by controlling the synthesis parameters
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(Figure I1.27). A partial asymmetric opening around the gold nanowire was achieved by
shortening the pore widening to 5 minutes. The oxidative electropolymerization time
was reduced to 30 seconds (Figure I1.27top) and we utilized AAO membranes with a
larger average pore diameter (140 nm) in order to maximize the preferential growth at
the upper tip, as described above.

We should emphasize that this kind of asymmetric Au@PEDOT nanowires were found
optimal for investigating the remote Raman excitation, as reported in Chapter IV. The
lack of PEDOT at the nanowire tip where the laser is focused makes possible to exclude
the possibility of any parasitic Raman signal due to a direct excitation, and not in a
remote way.

I1.5.2. Characterization of the AuU@PEDOT NW

The first observation was the darkening of the membranes after the PEDOT
electropolymerization.
SEM and TEM

We already presented in the previous sections a SEM and TEM analysis that we
performed on these AU@PEDOT nanowires. In this section, a further detailed study
show univocally the composition of these nanowires. The SEM and TEM images gave
us a clear idea of the morphology of the nanowires. A comparison of the secondary
electrons (Figure 11.28a) and the backscattered electrons (Figure I1.28b) images is
proposed. In the first case, nanofibers are closely packed, in contact with each other. In
the latter case, only the gold cores were observed due to its higher atomic number.
Nanofibers do not contact each other, due to the PEDOT shell that surrounds them and
can slightly appear as a dark shell.

Figure IL.28. SEM images of Au@PEDOT nanowires array of the a) secondary electrons
and b) backscattered electrons. Ocore: 42 nm Length: 6 um.
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In a TEM study made with Raul Arenal at UNIZAR (Zaragoza, Spain), we performed
both imaging and electron energy loss spectroscopy in order to get an elemental
analysis. The results were as expected: the nanowire was formed by a gold core and a
homogeneous PEDOT shell (Figure 11.29a) that contained both carbon and sulphur
(Figure I1.29¢).

We performed a systematic analysis of the SEM and TEM images from nanowires of
different diameters synthesized with the same conditions. It confirmed that the PEDOT
layer was only deposited at the tips for the larger diameter nanowires as we presented
before. Furthermore, we observed that the PEDOT shell thickness increases with the
gold core diameter for the same synthesis conditions (Figure I1.25).

The nanowire length is an additional parameter that could interplay with the growth
mechanisms. For longer nanowires and an average diameter of 114 nm, the selective
growth of PEDQOT at the tips of the nanowires was still present even more pronounced.
By increasing the electropolymerization time of PEDOT, longer covered segments of
the gold nanowire tip were achieved (Figure I1.26).

PEDOT shell PEDOT shell

Au core e Aucore

Figure I[.29. a) STEM-HAADF of an Au@PEDOT nanowire. b) Higher magnification
view and c¢) STEM-energy electron loss spectroscopy image of the same portion of
the nanowire highlighted in (a). Carbon is in red and sulphur is in green.

II.6. Post-treatment: Laser dry treatments
and PEDOT particles

Depending on the nanopore, i.e. the nanowire diameter, the asymmetrical nanowires
with PEDOT at just one tip also had some PEDOT at the opposite tip. For the Raman
studies with a remote excitation, the presence of PEDOT on the two opposite tips could
make ambiguous the effects measured. It is the reason why we developed a method
to selectively eliminate the undesirable PEDOT from that tip. It relied on the direct
optical nanolithography of PEDOT by laser dry etching.

In addition, the introduction of an antenna in the metal system is required to improve
the photon-SPP coupling. It is the reason why we performed laser dry heating
treatment to form small gold particles at the tip(s) of the gold nanowires.
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The fine placement of the Raman active species on these kind of nanowires seemed a
more complicated task. In these cases, we could not perform an electropolymerization
directly on the nanowires, although one of our options was the photopolymerization
via a laser source. In order to couple the modified Au nanowires with Raman-active
species we drop casted polymer nanoparticles on the substrate with nanowires that
randomly dispersed and could end on their tips.

I1.6.1. Laser dry etching of PEDOT

PEDOT laser dry etching
in the bottom part

| 4

Au core

1000 1200 'T_4‘u‘u““T15'titi
Raman shift (cm™)

Figure II.30. Superposed Raman mapping signal and TEM image of a @ 31 nm
Au@PEDOT nanowire before (left) and after (right) laser dry etching of the bottom
half-part of the nanowire. The PEDOT shell is clearly seen in the magnified TEM image
of the untreated part. White and black scale bars are 500 nm and 20 nm respectively.

In our Raman studies with PEDOT nanowires once dispersed on a substrate, we
observed that at certain laser powers the PEDOT signal vanished after several
measurements and the nanowire disappeared. The trivial explanation for this
phenomena was the degradation and etching of PEDOT due to the laser
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irradiation.?>#3%414 By a careful control of the laser features (wavelength, power,
duration of exposure), we thus performed a selective PEDOT laser dry etching at
specific parts of the AuU@PEDOT nanowires. We found that, for our experimental set-
up (Renishaw in Via spectrometer), the optimal conditions were the 488 nm laser at a
power of 1.5 mW during 120 seconds with a x100 objective and a numerical aperture
of 0.8 (radiant exposure of 4.14x10"* J/m?).

As a proof of concept, we tried the laser etching process on a AU@PEDOT nanowire
fully covered with PEDOT synthetized in a 42 nm pore diameter AAO membrane (Figure
I1.30). We then measured its Raman mapping, which confirms the gold nanowire is fully
covered with PEDOT (Figure 11.30left). Then, the laser dry etching of PEDOT from part
of the nanowire was achieved by focusing the laser on one of its tips and making a
sweep process with the etching conditions mentioned above in the area where we
wanted to remove the polymer. Another Raman mapping confirmed that the PEDOT
signal completely disappeared and a TEM study confirmed that no PEDOT remains
along the treated area (Figure I1.30right).

I11.6.2. Laser-induced formation of Au
nanoparticles

The controlled location of Au nanoparticle on one or both tips of a nanowire is a
challenging process. Here, we discovered accidently the possibility of transforming the
tips of our Au nanowires into Au nanoparticles when focusing an intense laser beam at
one of the tips of a nanowire (Figure I1.31). We then realized that in the literature, this
transformation process had already been reported but not for enhanced propagative
plasmonic prospects.*?/~429431

In order to make a reproducible process, we tried several gold laser dry etching
conditions until we found the optimal ones. We used a laser source of 488 nm with a
power of 15 mW during 3 seconds with a polarization parallel to the main axis of the
nanowire and through a x100 long focal objective with a numerical aperture of 0.8.
After the laser treatment of one of its tips we obtained a half dog-bone like
nanostructure. We could then treat the opposite tip in order to create a new
nanoantenna and obtain a dog-bone like nanostructure.

These experiments were performed in a Renishaw InVia™ Raman spectrometer in
most of the cases. It allowed a good spatial stability and high reproducibility. In some
moments during my thesis, this spectrometer broke down and we had to use a Jobin
Yvon T64000 spectrometer that did not perform at the same quality standard. Due to
this reason, the reproducibility of this step was reduced (instead of a nanosphere we
just obtain a shortened nanowire) and we had to prepare more samples in order to
obtain the desired nanostructures.
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@Transformation of the Au NW
left tip by laser dry etching

Figure IL31. From top to bottom: Optical microscopy and SEM of a Au nanowire
before any treatment and after laser treatment on its left tip (half dog-bone). The
white bar corresponds to 5 um.

I1.6.3. PEDOT nanoparticles synthesis and
dispersion

We drop casted polymer nanoparticles on the dog-bone and half dog bone nanowires
solid dispersion. Some of them attached to the nanowire — nanoparticle end, being an
excellent platform to perform remote Raman studies. In the case that the polymer
nanoparticles arrived on undesired segments of the nanowire we removed them by
laser dry etching as described before. In order to continue in the same line we relied
on the PEDOT as Raman active material.

Commercial nanoparticles

We believed that commercially available PEDOT nanoparticles would allow us to save
time as we could skip the synthetic step. But we soon discovered that they were
embedded in an undesirable surfactant (Figure I.32a). The PEDOT counterion/dopant
was indicated to be dodecylbenzenesulfonic acid (DBSA), we considered that the
surfactant was actually an excess of this substance. After centrifugation, redilution and
fast sonication we could remove this surfactant and obtain a solid dispersion of PEDOT
nanoparticles, without a high fluorescent baseline and a small shift of the Raman peaks
(Figure I1.32b&c). Another point that we should note is that the Raman spectra of these
commercial PEDOT nanoparticles was different from the Raman spectra of PEDOT
nanowires described before (Figure 11.32c). Presumably that was due to their doping
level or the presence of a different counterion.
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Figurell.32. Optical images of commercial PEDOT nanoparticles solid dispersions on
p-doped Si a) without and b) with centrifugation-redispersion treatment prior to
drop casting. ¢) Raman spectra of these PEDOT nanoparticles dispersions at an
excitation wavelength of 514 nm.

After confirming that these PEDOT nanoparticles could couple with treated Au
nanowires (Figure 11.33), we successfully removed them by laser dry etching from the
undesirable places by the method described before.

Figure 11.33. SEM image with superposed Raman mapping signal for the C=C
symmetric stretching PEDOT band of a half dog-bone Au nanowire with PEDOT
particles on the non-nanoantenna tip. Inset: Zoom backscattered electrons image of
the PEDOT particles containing tip. Scale bar in the inset corresponds to 1 um.

The main drawback of these nanoparticles was their lower photostability. At low
intensity laser powers they degraded, making very difficult to perform reproducible
remote micro-Raman experiments.

- 120 -



II. Synthesis & Characterization

II.7. Conclusions

We have effectively designed, synthetized, dispersed on solid substrates and
characterized different kinds of plasmonic-active nanowires. From pure Au and pure
PEDOT nanowires that served us as starting point, passing through the Au@PEDOT
with the PEDOT shell perfectly located, which deeply study in Chapter III, and finally to
the hybrid Au nanowire — Au nanoantenna coupled with PEDOT particles. Their
synthesis by the electrochemical hard-template method allowed us to finely tune their
morphology, and the post-synthesis steps permitted the creation of more complex
gold-based structures, whose plasmonic role will be studied in Chapter IV.
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III. Supramolecular ordering in
PEDOT and Au@PEDOT
nanowires

Organic optoelectronics is nowadays a very important and active domain of research
and development, with commercial devices in displays and flexible devices including
photovoltaics. Major challenges have been tackled during the last decade. One can cite
the improvement of the organic dyes photostability and the encapsulation methods,
the design of new molecules and polymers altogether with the development of
processing techniques in order to exploit self-assembly and supramolecular ordering
for improved charges mobility and management into multi-layered systems, among
others. In this context, the template method has notably been used as a platform for
exploring the mechanisms, the benefits and the drawbacks on the electric and optical
properties of the confinement at a sub-micrometric scale of functional molecules and
polymers. The resulting organic nanowires and nanotubes have also been considered
individually as nano-sensors, nano-sources or well-organised in arrays for example in
photovoltaic devices.

During my thesis project, the management of the supramolecular ordering of =-
conjugated systems has been investigated through a novel confinement geometry
resulting from the coaxial morphology. This study is reported in this Chapter.

First, a brief review of the supramolecular ordering induced by the synthesis in a
template is proposed to identify the novelty of the present study. Second, the
specifications of the experimental set-up and the measurement protocol are described.
Then, the comparative study of the supramolecular ordering of the PEDOT chains
within pure PEDOT and Au@PEDOT nanowires is reported.

III.1. Short review of supramolecular
ordering in polymer nanowires

The management of the supramolecular ordering of n-conjugated systems is a central
point to improve devices performances. Controlling changes in the polymer
supramolecular orientation inside the nanowires can induce enhanced or novel
optoelectronic and physical responses, due to modified carrier mobility, exciton
dissociation, junction morphology and profile, etc.3*4°%%>* For more than two decades,
processing conjugated polymers with nanotemplates have been shown to promote
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such an improved organisation of the chains into nanowires and nanotubes. Different
mechanisms have been proposed to explain this improved ordering, depending on the
filling method of the nanopores: electropolymerization, solvent-assisted of a polymer
in solution, confined polymerization. Here, we briefly review that topic.

In 1989, Aldissi studied the polymerization of polyacetylene in fibres, with an ordering
induced by a nematic liquid crystal solvent in a magnetic field. They used polarized
infrared absorption spectroscopy (PIRAS) and conductivity measurements to
determine that the polyacetylene oriented along that magnetic field.>** The group of
C.R. Martin during the same and next years reported a similar supramolecular
preferential orientation along the fibres in hard-template synthetized polymer
nanowires and nanotubes using the same type of characterization methods.>3** It was
also supported by a X-ray diffraction (XRD) study, and soon discovered that the
supramolecular order of the polymer chains increased for smaller nanowires
diameter.”® They attributed this effect to the preferential interaction between the pore
walls (rich in anions) and the conjugated polymer chains with a cationic character due
to the oxidative electropolymerization. While the core of the nanowires, not in contact
with the pore walls, were considered disordered (amorphous) (Figure IIL.1). The higher
surface to volume ratio when the nanowire diameter decreases made this effect more
notable in small diameter nanowires. The nanotube morphology is thus optimal.

Surface layer of highly-ordered polymer chains

a) Flsordered polymer

Figure [l 1. Schematic cross-sectional views of template-synthetized conjugated
polymer nanowires a) inside the membrane*” b) small diameter nanowire and c)
large-diameter nanowire.**®

The explanation for the preferential supramolecular ordering of the polymer chains
along the nanowire main axis is that these polymer chains follow an epitaxial growth
respect the pore walls.**® Granstrém and Inganés in 1993 and 1995 obtained similar
results for several kinds of templated-synthetized conjugated polymer nanowires such
as polypyrroles, polythiophenes which supported that theory (Figure II1.2a).*%**° It can
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be noted that in their most recent reports, the group of Martin showed that the
preferential ordering of the polymer chains can be perpendicular to the nanowire main
axis because the polymer chains were growing from the pore walls (perpendicularly to
the pore walls) and not along them (parallel to the pore walls) (Figure III.2b).4>8460-462
However, most of the reports about hard-template synthetized nanowires made to
date with advanced techniques allowing the study of single nanowires, have defended
the initial theory of the supramolecular orientation along the main axis. 20840453
457463464 The studies made with PEDOT nanowires have supported the supramolecular

orientation of the polymer chains along the main axis of the nanowires.**%4>3

a) b)
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Figure [l[.2. a) Parallel™? and b) Perpendicular®®®*%? disposition of the polymer chains
inside the nanowires respect to its main axis proposed by different authors.

Many characterization methods have been used to determine the supramolecular
ordering. It can be noted that for conjugated polymers, such an ordering means
generally a preferential orientation of the chains because of the intrinsic 1D nature of
a conjugated segment and of n-stacking between chains. A supramolecular
improvement is often shown with a comparative methodology between a disordered
and an ordered polymer obtained by changing a synthesis or processing parameter.
Furthermore, these characterization methods must include an anisotropy parameter, in
order to distinguish between the different possible orientations. Preferential
orientation of conjugated segments has been investigated mainly by
PIRAS,331:335454:456460462465 5 polarized Raman spectroscopy*®> ¢’ while XRD*20456:459
gave satisfying results in a few cases, because it requires a larger amount of material,
i.e. billions of well-ordered nanowires. Alternatively, other techniques such as X-ray
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photoelectron spectroscopy (XPS)**%€2 or UV-vis absorption2462, electrical®3>389450-
493/455,456,458,459463464 and thermal®*** conductivities have been used to evaluate the
ordering and the packing without considering the polymer orientation. More recent
quantification of the mechanical properties of a single nanowire (Young's modulus) has
also been shown as suitable for measuring the order degree of polymer nanowires. 3%’
It has also been discovered that in some cases, small crystalline domains can be found

inside the polymer nanowires 346:4>0:451:459.465

The electrons placed in connected p molecular orbitals can delocalize, forming
conjugated systems. The length of this connected p orbitals is called conjugation
length and, in conjugated polymers in particular, is responsible for their conductivity
and optical response. A larger conjugation length in polymers is also normally related
to a higher chain order.*®® Regarding the vibrational spectroscopy techniques some
groups have correlated the conjugation length in polythiophenes with the intensity
ratio between the symmetric and the antisymmetric C=C stretching bands.3’#4¢® The
higher the Iantisymmetric/Isymmetric ratio, the longer the conjugated segments. We should
note that by Raman spectroscopy some authors have reported the study of the degree
order of polymer chains, specifically polythiophenes, by means of the full-width-at-
half-maximum (FWHM)*® and the intensity ratio (in height) between the antisymmetric
and the symmetric C=C stretching bands.?**®® The lower the FWHM the higher the
“crystallinity” and thus a lower amount of disordering. The higher the
Tantisymmetric/Isymmetric ratio, the longer the conjugated segments and the better their
coplanar ordering.

In this Chapter, the study of the supramolecular ordering of PEDOT synthesized in two
different templated configurations is reported. A main achievement is the proof of a
totally original orientation of the conjugated segments when ultra-confined in the
unusual nano-reactor geometry promoted for the coaxial nanowires. The experimental
methods and protocol are first detailed. Then, the supramolecular configuration within
PEDOT nanowires is reported, to serve as a reference system. The third part presents
the full Raman spectroscopy study of PEDOT shell surrounding the gold core of
Au@PEDOT nanowires with a detailed spectral analysis. A growth mechanism based on
the ultra-confined electropolymerization is proposed in the fourth part to explain the
structural improvements measured in the coaxial case, in comparison to the usual
nanowire case.
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II1.2. Methods and measurement: polarized
nano-Raman spectroscopy

The fabrication of the samples was already detailed in the previous Chapter. Here, we
motivate and describe the experimental set-up configuration, and we describe the
experimental methodology exploited to get reliable and accurate measurements.
Among the different techniques that permit the study of the polymer supramolecular
ordering in nanowires, we chose the polarized Raman spectroscopy for the following
reasons:

- Study of single nanowires (rather than an array of millions/billions required for some
characterization techniques) permitted by the laser excitation coupled with an optical
microscope

- High response and stability of the PEDOT Raman signal for small radiation powers

- Possible surface enhanced Raman scattering due to the presence of the Au plasmonic
core in AU@PEDOT coaxial nanowires

- Controlled polarization of both the excitation and the emitted light
- Simple preparation of the sample

- Opportunity to characterize the same nanowire also by SEM and TEM, by using an
adequate substrate or grid

- Possibility to make future advanced remote nano-Raman measurements as we will
reveal in Chapter IV

We utilized a Renishaw InVia™ Raman spectrometer that is coupled with a confocal
microscope (Anpendix I). The presence of Renishaw plc located in Wotton-under-Edge,
United Kingdom, as a partner in our European Training Network project allowed us to
have a powerful feedback from the company for optimized configurations and further
developments. This equipment is managed with a great expertise by Dr. Jean-Yves
Mevellec, who trained me to exploit it at its maximum.

Our system is equipped with five different laser lines: 457 (2.71 eV), 488 (2.54 eV) and
514 nm (2.41 eV) from an Argon laser, 633 nm (1.96 eV) from a Helium/Neon laser and
785 nm (1.58 eV) from a diode laser. Two gratings are available: 2400 gr/mm (grooves
per millimetre) for the visible laser lines and 1200 gr/mm for the red-infrared ones.

A nanometric piezo-stage was installed recently on the sample holder, a non-standard
equipment that permits to get x-y-z steps as small as few nanometres for mapping
Raman signal with a great spatial accuracy. The spectrometer was mounted on an anti-
vibration table. It made possible to measure Raman and laser (monochromatic)
reflectance maps using the nanometric piezo-stage for up to 5 hours without any
disturbances.
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One of the crucial issues during the use of this spectrometer was the control of the
confocality. We used a x100 long focal objective with a numerical aperture of 0.8 in
order to optimize the optical configuration for studies with polarized light. Second, the
Renishaw software, WiRe™, has the option to work in confocal mode, which closes the
slit opening to 20 ym and the CCD camera width to 3 pixels. Ultimately, In order to get
an ultimate precise spatial resolution, it was possible to close the slit up to 10 ym and
set the CCD camera width to 1 pixel but the Raman signal hugely dropped.
Nevertheless, for the laser nano-reflectance measurements that we introduce in
Chapter IV we utilized that configuration.

Using the conditions described above we could estimate the laser spots diameter on

the sample by the following formula:*%47*

yl
Laseryiameter = 1.22ﬁ (IIL.1)

Where A is the laser wavelength and NA is the numerical aperture of the objective (0.8),
which is defined as the half angle of the light focused by the objective on the sample.*’°
The calculated laser spot diameters are the double than the Rayleigh resolution (in x
and y) which corresponds to the maximal resolution achieved by an objective under a
certain wavelength or by the radius of the first diffraction laser spot or Airy disk
(distance between the centre of the spot and the border).*’° It can be easily inferred
that the laser spot is larger for larger wavelengths, whose values we calculated for the
four wavelengths exploited during my thesis project (Table IIL.1).

Wavelength Laser spot diameter Laser power (max) | Irradiance (max)
488 nm 0.74 um 15 mW 34 mW/um?
514 nm 0.78 um 15 mWw 31 mW/um?
633 nm 0.96 pm 10 mW 14 mW/pum?
785 nm 1.20 um 50 mW 44 mW/um?

Table II[ 1. Estimated laser spot diameters when focused on a flat perpendicular
surface. The taken laser power is the one provided by the manufacturer at 100% laser
power and the irradiance is calculated by dividing the laser power by the spot surface.
The numerical aperture of the x100 long focal objective is NA = 0.8.

The sample, consisting of a solid dispersion of nanowires on a flat surface (normally a
Si wafer or a SiOx TEM grid), was mounted horizontally. The laser excitation arrived
perpendicularly to the substrate surface and then to the nanowires. The collected beam
came perpendicularly from the substrate and the nanowires, thus in the opposite sense
to the excitation beam (Figure IIL.3). We could use both polarizers for the excitation and
collection beams in order to make advanced polarization studies. In the studies
presented in this Chapter, the polarizers for both the excitation and collection light
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were always parallel between each other: (i) excitation: vertical — collection: vertical (ii)
excitation: horizontal — collection: horizontal. To determine if there were any effect of
the optical pathway and orientation of the grating on the polarized intensity, a study
of the Raman signal of benzene molecules in liquid was made. It showed that no
correction of the measured intensity is required for the (i) and (ii) configurations with
a better than 5% accuracy.

l&COIiected beam (k)
I Laser beam (k_l')

el polarization (Ey)

Figure IlI.3. Schema representing the Raman excitation and collection of a nanowire
placed on a solid substrate with a perpendicular laser beam. The laser beam (ky) and
collected beam (E) propagation vectors are represented, as well as the electric field
vectors for the paralle/ (F")) and perpendicular (E,) polarizations.

It can be noted that getting reproducible measurements in the confocal configuration
required a quite long training to make optimal optical alignment for each wavelength.
As it is often the case in advanced experimental work, I met some technical failures or
problems: the Argon laser not available for more than half a year, the automatic laser
filters worked arbitrarily, some issues for high accuracy measurements due to vibrations
transmitted from the CCD camera fan. All these, combined with some “noises” from
other persons using other set-up in the same room and perturbing hour-long Raman
Spectroscopic maps on our nanowires.

The detailed experimental protocol used to get reliable measurements is described in
detail in the Appendix 1.
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II1.3. PEDOT and Au@PEDOT nanowires
Raman comparison: Wavelength effect

We performed systematic micro-Raman mapping spectroscopy studies on the
Au@PEDOT nanowires in order to fully characterize them, analyse their optical
properties and detect possible anisotropies. Here we present a basic study of their
spectra and their comparison with pure PEDOT nanowires. The more advanced micro-
Raman measurement dealing with the polymer chains alignments will be treated in
Chapter IIL.

Il1.3.1. Optimal Raman conditions for the study
of PEDOT-containing nanostructures

Degradation studies permitted to quantify the maximum laser power supported by
these hybrid nanowires (Table II1.2). The protocol that we designed was simple: first we
measured the Raman signal of a single PEDOT-containing nanostructure with a very
low laser power (<1.0 yW) for 100 seconds. If the signal to noise ratio was not enough
we then increased the laser power until we got a reproducible signal. In that moment
we began the degradation step: we applied a laser beam of the same power than in
the previous measurement for 500 seconds. After that step we measured again the
PEDOT signal under the same conditions described before. We then repeated the
degradation step with a higher laser power and after that we measured again the
PEDOT signal. We repeated this steps until we observed significant changes in the
Raman signal (bands shift and/or intensity decrease) (Figure IIL.4).

It can be noted that the irradiation power was the same for home-made PEDOT
nanowires and Au@PEDOT nanowires at 488 and 514 nm laser excitation, but it was
five times larger at 633 and 785 nm. It was complex to quantitatively evaluate the role
of the gold on the Raman intensity, because it could both increase the Raman intensity,
due to the electric field enhancement and tip effects, or decrease the Raman intensity,
due to a shadowing effect of the PEDOT located in contact with the substrate. These
two effects also depended on the laser wavelength. An alternative explanation
concerned the resonant or non-resonant Raman signal, which resulted in orders of
magnitude changes of the Raman intensity. This is related to the absorption by the
PEDOT, and thus by the conjugation length. In other words, the observed difference in
the polymer degradation could reveal changes in the conjugation length. No
degradation at a larger power could thus reveal a reduced efficiency of the Raman
effect, i.e. different conjugated lengths.
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Laser maximum power before PEDOT degradation in different nanostructures:

Wavelength | PEDOT NW/NP Commercial PEDOT NP | Au@PEDOT NW
488 nm 15 yWw 1.5 yW 15 pw

514 nm 15 uWw 1.5 yW 15 uWw

633 nm 10 yW 1.0 yW 50 yWw

785 nm 50 pW 25 uyWw 250 uyw

Table III2. Maximum laser power applied in home-made PEDOT nanowires and
nanoparticles, in commercial PEDOT nanoparticles and in Au@PEDOT nanowires
before changes appear in the PEDOT Raman signal, indicating a degradation.
Circularly polarized laser beam and x100 long focal objective (NA = 0.8).

It should also be noted that for the commercial nanoparticles, the PEDOT was
significantly less stable and it required a 10 times smaller laser power. Acquisition times
were normally 200 seconds in the case of single point measurements and up to 10
seconds per point when mapping.

JAu@PEDOT NW
after degradation

Number of counts (a.u.)

‘|au@PEDOT Nw
before degradation

1200 14I00 I 1 GIOO
Raman shift (cm™)

Figure Il 4. Example of PEDOT signal before and after degradation in an Au@PEDOT
NW (Dcore = 140 nm, Shell thickness = 15 nm). The circularly polarized laser power
used for the measurements before and after the degradation process was 7.5 uW
with an acquisition time of 100 s. The laser power used for the degradation was 150
uW and was applied for 500 s. Aoy = 514 nm.

It is important to note that a smaller quantity of PEDOT gives a smaller Raman
intensity. We have shown that the thickness of the PEDOT shell could range between 6
and 15 nm, depending on the pore diameter of the membrane used, of the duration
of the alumina etching for the pore widening step of the process and of the time of
electropolymerization to fill the shell. For the larger diameter, the quantity of PEDOT
was always smaller in the coaxial morphology, thus resulting in a lower Raman intensity.
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Il1.3.2. Spectral comparison for Au@PEDOT and
PEDOT nanowires
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Figure III.5. Raman spectra (left) and enlarged spectral range of interest (right) of
PEDOT nanowires (darker colours) and Au@PEDOT nanowires (lighter colours) at
different excitation wavelengths. From top to bottom: 785 nm, 633 nm, 514 nm and
488 nm. The average diameter of the PEDOT nanowires was 160 nm. The diameter
of the Au@PEDOT nanowires core was 140 nm with a PEDOT shell of 15 nm.
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In a first study, the Raman spectra of the coaxial Au@PEDOT nanowires were measured
at different excitation wavelengths (488 nm, 514 nm, 633 nm and 785 nm) with circular
polarization in order to not to induce anisotropic behaviours and compared with the
spectra measured for pure PEDOT nanowires under the same conditions (Figure IIL5).

It should be noted that the experimental data shown below for the Au@PEDOT
nanowires were measured close to the top tip of the nanowires, where the PEDOT
thickness is larger. The position of the main bands was referred at its maximum.
However, as the measured Raman bands are quite large and partly asymmetric. It can
induce some discrepancies in the reported values. That is the reason why we mainly
comment the main tendencies measured.

For conjugated polymers, different wavelength excitations predominantly probe
conjugated segments with different conjugated lengths, due to resonant effects. So,
for larger excitation wavelengths, the shift toward smaller values of the position of the
main band (C=C symmetric stretching vibrations) and of the C=C antisymmetric
stretching vibrations band (Table III.3 & Figure III.6) can be explained by the fact that
longer conjugated segments are probed.

Raman shifts for the C=C stretching bands (cm™): symmetric | antisymmetric

Wavelength | Treated PEDOT film | PEDOT NW Au@PEDOT NW
488 nm 1442 | 1512 1449 | 1509
514 nm 1436|1525 143711511 1447 | 1507
633 nm 142511530 1430|1508 143711501
785 nm 1424 | 1489 1434 | 1486

Table lIL.3. Raman shifts obtained experimentally for the C=C symmetric stretching
and C=C antisymmetric stretching bands of PEDOT for different structures (film after
acidic treatment nanowires and shell surrounding Au nanowires). Four different
excitation wavelengths were used for the analysis. Circular polarization at the
excitation and no polarization at the collection were selected in order to not induce
any anisotropic effects. The total average diameter of both PEDOT and Au@PEDOT
nanowires was 160 nm.

The comparison between the Raman spectra of the PEDOT NW and the Au@PEDOT
NW showed a systematic change, whatever the excitation wavelength. There is an up-
shift (toward higher wavenumbers) of the main band attributed to the C=C symmetric
stretching band, and conversely a down-shift (toward smaller wavenumbers) of the
C=C antisymmetric stretching band for the AuU@PEDOT nanowires (Table II.3 & Figure
I11.6). A similar tendency is also observed when comparing the PEDOT film and a PEDOT
nanowire. It results from the confined growth and its impact on the ordering of the
polymer chains. In the case of Au@PEDOT, the growth is much more confined (a 15-20
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nm wide shell around the gold nanowire) and an improved molecular ordering is
expected, as confirmed later.
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Figure IIL.6. Graphic representation of the Raman shifts indicated in (Table IIL.3).

The intensity ratio between the bands of the C=C antisymmetric stretching and
symmetric stretching bands (ljantisymmetric c=C stretchingl/Iisymmetric c=C stretching]) has been
identified as a good indicator of the conjugation length and the supramolecular
ordering (Figure 1I.7).

It is observed that the intensity ratio is significantly larger for the Au@PEDOT
nanowires than for the PEDOT nanowires (Figure IIL.7). It is an additional result
suggesting an improved ordering of the conjugated polymer chains and longer
conjugation length in the shell of the Au@PEDOT nanowires than in PEDOT nanowires.
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It is important to note that the 785 nm intensity ratio could not be analysed in the
same manner as the others. Meanwhile we could clearly extract and fit both peaks
symmetric and antisymmetric for the shorter wavelengths Raman signals, we could not
extract the antisymmetric one for the 785 nm as it partly overlaps the symmetric one.
We just took its intensity-to-baseline. Thus the comparison for this wavelength should
be made just between the Au@PEDOT NW and the PEDOT NW intensity ratio, which
followed the same pattern as in shorter wavelengths and not between the 785 nm and
the other excitation wavelengths.

II1.4. Supramolecular polymer ordering in
nanowires analysed by polarized Raman
spectroscopy

II1.4.1. PEDOT nanowires: Effect of the diameter
on the supramolecular structure

The synthesis, the morphological and spectroscopic characterization of PEDOT
nanowires has been reported in Chapter II. A preliminary Raman spectroscopy study
was shown. Here, a systematic polarized Raman study of different nanowires with
different diameters and at different excitation wavelengths is detailed in order to
investigate the molecular and supramolecular structure of the PEDOT
electropolymerized in nanoporous templates.

It was crucial to first determine the maximum laser power at which the PEDOT
nanowires do not degrade, i.e. optimal conditions to get the larger and more
reproducible Raman signal. This optimal conditions, quite reproducible for a given
system, were determined by measuring Raman spectra for different laser powers and
measurement times (by changing the optical filters positioned on the incoming
pathway before the sample). We used these optimal conditions (laser power,
measurement time) for our next studies (Table II.2). In addition, the same area of the
nanowire was systematically measured after several irradiations with different
polarizations to check than no degradation was initiated.

We analysed the spectra measured from polarized Raman spectroscopy at different
wavelengths (514 and 785 nm) and for different nanowire diameters (42, 160, 200 nm).
In order to prevent from optical-geometrical effects due to the relative orientation of
the nanowire, the polarizers and the spectrometer grating, we looked for nanowires
that were positioned either totally vertical or totally horizontal on the screen. Then, we
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performed the polarized Raman studies with polarized light both parallel and
perpendicular to the main axis of the nanowire.
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Figure I8 Polarized Raman spectra measured for a single PEDOT nanowire
(diameter: 42 nm) with light polarized parallel (red spectrum) and perpendicular (blue
spectrum) to the nanowire main axis. (Aexcitation = 514 nm, Laser power =
15 uw, Lacquisition = 4s)

More intense Raman bands were measured in the case of the parallel polarization
(Figure IIL.8). In order to quantify the difference between both polarizations in a
reproducible manner, we calculated the dichroic ratio R (Equation (II1.2)). The PEDOT
band to calculate R was the main band corresponding to the C=C symmetric stretching.
— h-h
TA (1IL.2)
Ij (I respectively) was the intensity of the C=C symmetric stretching band for excitation
and detection in parallel (perpendicular, respectively) polarization. A fully oriented
system would give a dichroic ratio of 1 for chains aligned parallel to the nanowire axis
and -1 for chains aligned perpendicular to the nanowire axis.
Further information could be obtained on the conjugation length by measuring the
dichroic ratio for two different excitation wavelengths: 514 nm and 785 nm. Indeed, it
has been shown that the resonant Raman of conjugated segments strongly depends
on the excitation, because of the absorption of conjugated segments which
progressively red-shifts when the conjugation extends over longer segments (from 2
to 10 C=C, typically): the longer the wavelength, the longer the conjugation
length 374375
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Figure II1.9. Variation of the dichroic ratio with the nanowire diameter (40, 165 and
200 nm) from the study of polarized Raman spectroscopy for pure PEDOT nanowires
of different diameters and at different Aexcitation.

It could be observed that the dichroic ratio increased for the smaller diameters, up to
R = 0.4 for d = 42 nm, while no preferential orientation (R = 0) was found for d = 200
nm) when analysing the sample under a green laser (514 nm).

The same behaviour, was observed for the 785 nm case, but in this case, its dichroic
ratio value was lower for smaller diameters (R = 0.27). Nevertheless, the dichroic ratio
did not decrease so abruptly for higher diameters, it was even constant up to 150 nm
and at 200 nm its value was not O (R = 0.1).

The first point to outline was the evidence of a preferential alignment of the PEDOT
chains parallel to the nanowire axis. Such a preferential alignment was improved for
the nanowires with the smaller diameter. It was in agreement with the confined
electropolymerization mechanism proposed in previous studies, assuming an
anisotropic growth on the lateral pore surface which promoted an ordered polymer
shell, while disordered polymer thickened the shell to form nanowires (see beginning
of this Chapter). The proportion of ordered versus disordered polymer chains thus
progressively decreased when the diameter increased.

These results could be further discussed, considering the wavelength dependence of
the C=C symmetric stretching Raman intensity.>’#3”> This study showed that in the 40
nm nanowires, both longer and shorter conjugated chains were aligned along the
nanowire main axis, while for the larger diameters, there were a preferential alignment
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only for the longer conjugated chains. In addition, the dichroic ratio was larger for the
short segments at 40 nm diameter, while it was the reverse for the 165 and 200 nm
diameter nanowires. A possible explanation was that the proportion of long conjugated
segments progressively increased when the diameter increased, in relation with the
shell thickening to form nanowires, rather than nanotubes.

In order to make a more complete study, other nanowire diameters should be studied.
But as this behaviour was already reported in the literature, 43472
move on to the next milestone of our project.

we decided to

11.4.2. AuU@PEDOT nanowires

An analogous study was made for the AU@PEDOT nanowires, but the number of
experiments that we performed was higher, as these nanowires had not been
synthesized and characterized previously. They are also the relevant nanostructures for
our future experiments on the remote excitation and detection discussed in Chapter
Iv.

II1.4.2.1. Effect of the diameter on the supramolecular
structure

We first made a broad study to observe the general behaviour of the Au@PEDOT
nanowires with different diameters (22, 42, 55, 75 and 140 nm) in comparison with the
PEDOT nanowires. The first results revealed that the Raman signal was usually more
intense when the laser was polarized perpendicular to the nanowire, contrary to the
PEDOT nanowires case (Figure II1.10).

The analysis of the results in this case was more complex than for the pure PEDOT
nanowires.

A first reason was that the smaller quantity of PEDOT under the laser beam gave a
lower Raman signal: the PEDOT shell in the Au@PEDOT nanowires was no thicker than
20 nm, against 42 to 200 nm for the PEDOT nanowire diameter. We could partly
overcome this issue by working at slightly higher laser powers (Table III.2) or/and by
increasing the acquisition times, while taking care of any degradation of the PEDOT
(i.e. change in the shape and the intensity of the Raman spectrum).
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Figure II[10. Polarized Raman spectra measured for a single Au@PEDOT nanowire
(core diameter = 42 nm) with light polarized parallel (red spectrum) and
perpendicular (blue spectrum) to the nanowire main axis. (Aexcitation =
514 nm, Laser power = 15 uW, tycquisition = 8'S).

1000

Another point had to be considered: the PEDOT shell structure could significantly
change from the upper tip to the bottom tip, which would impact the Raman signal.
The morphological study reported in Chapter II has shown that different morphologies
and thicknesses could be obtained depending on the nanopore diameter, the pore
widening step and the electropolymerization time: a continuous PEDOT shell from
bottom to top, a PEDOT shell only close to the two tips, and a PEDOT shell only close
to the top tip. For that reason, we propose a distinct analysis for the top and bottom
tips.

I11.4.2.2. Effect of the diameter and the morphology on the
supramolecular structure

As we previously described, we observed a higher PEDOT Raman signal in the case of
perpendicularly polarized light (both at the excitation and collection) to the main axis
of the nanowire. But when we studied in more detail these AU@PEDOT nanowires we
could notice that this behaviour did not happen on both tips in the same manner
(Figure IIL.11).
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Figure Il 11. a) Schema showing the location of bottom and top tip for a Au@PEDOT
nanowire. b) Dichroic ratios measured for different Au@PEDOT NW diameters and
at different Aexcitation. The polarized Raman spectroscopy study distinguished the
measurement at their bottom tips (circles) and at their top tips (triangles).

The complete and detailed study of the polymer shell by polarized Raman
spectroscopy in the Au@PEDOT nanowires reveals that in most cases the dichroic ratio
is more negative for the top tip than for the bottom tip of the nanowires, being even
positive in some cases of the second case. Following the explanation that we adopted
for the pure PEDOT nanowires, we could correlate these observations to the
preferential ordering of the polymer chains in the polymer shell in a determined
direction. In opposition to the pure PEDOT nanowires we did not found significant
differences in the polymer chain alignment regarding the core diameter.
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In this case, the preferential orientation of the polymer chains, more pronounced on
the top tip, would be perpendicular to the main axis of the nanowires. It can be
observed that on the bottom tip, the alignment is less perpendicular ordered or even
parallel in some cases. Regarding the excitation wavelengths, the blue and red laser
obtained higher perpendicularly-aligned responses. The infrared studies shown lower
perpendicular oriented results or even parallel oriented. The explanation for these
phenomena could reside in the different chain growth on the bottom and the top tips
that we discuss at the end of this Chapter.

Furthermore, we observed that the dichroic ratio in the asymmetric AU@PEDOT
nanowire case (PEDOT only at the top tip) was more extreme (R = —0.5 for @,y =
140 nm and A,y = 633 nm). We could relate this to a more pronounced ordered
perpendicular disposition of the PEDOT chains in the small PEDOT shell at the tip. To
confirm this phenomena we should perform more studies at different wavelengths and
with different core diameters.

I11.4.2.3. Correlated studies: micro-Raman and SEM

As we presented in Chapter II, by the use of the referenced substrates, we had the
possibility to found and characterize exactly the same nanowire by different correlated
nano-resolution techniques (Raman, SEM, TEM, EELS). Going a step beyond, we made
polarized micro-Raman mapping of the same nanowire that we studied later by SEM
(Figure 1I1.12). We studied the variation of intensity of the Raman C=C symmetric
stretching band along the nanowire for the two polarizations (parallel and
perpendicular) and for excitation wavelengths at 488, 514, 633 and 785 nm. It has been
shown for conjugated polymers that the Raman bands intensity strongly depends on
the excitation wavelength in the visible and near infrared range. It was attributed to
resonant Raman effects, which depend on the conjugation length and the doping
level 374392 Indeed, the absorption spectrum of conjugated polymers varies with both
the distribution of conjugation lengths and the level of doping.*”?

For this correlated study, the Raman spectra was measured all along a 95 nm diameter
single Au nanowire covered with PEDOT at the two ends and at different excitation
wavelengths and for both polarizations parallel and perpendicular. We reported the
variation of the most intense Raman band along the nanowire for each polarization
(Figure 1I1.12). The morphological information was obtained by SEM using a specific
boron-doped silicon substrate with marks and grids to localize the nanowires. The parts
of the gold nanowire covered by PEDOT appears darker on the SEM image. They fit
well with the parts where we measure the characteristic PEDOT Raman signal. The
matching results show that we could precisely correlate both techniques and that the
perpendicular polarized signal obtained is stronger than the parallel one (Figure II1.12).
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Figure II[12. Scanning electron microscopy (SEM) image and plot of the Raman
intensity corresponding to the symmetric C=C stretching of PEDOT along the
Au@PEDOT nanowire with PEDOT only at the tips. The intensity mapping is shown
for light polarized parallel (red) and perpendicular (blue) to the nanowire main axis
(analyser always parallel to Eyciarion). The diameter of the Au core is 95 nm and its
length is 3.8 um. The table reports the averaged values of the dichroic ratio R
(Equation (IIL.2)) for the symmetric C=C stretching band located at the bottom or at
the upper side of the gold nanowire for four excitation wavelengths: 488, 514, 633
and 785 nm.

The distinction between the bottom tip and the top tip could be done with respect to
the thickness of the PEDOT layer, which was thicker at the top tip (as expected by the
partial etching of alumina and the comprehensive PEDOT growth mechanism around
gold nanowire). Therefore, a stronger Raman signal intensity was expected, as the
intensity is roughly proportional to the amount of material probed.
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Figure Il 13. SEM image and plot of the dichroic ratio R (Raman symmetric C=C
stretching for PEDOT) measured at the tips covered with PEDOT for the Au(95
nm)@PEDOT nanowire studied previously (Figure II12). The dichroic ratio was
calculated for each point using the Raman data from the parallel and perpendicular
polarizations (Equation (lI[2)). Four different excitation wavelengths were studied:
488, 514, 633 and 785 nm.

For this coaxial nanowire, the corresponding values of the dichroic ratio for each point
of the mapping (Figure II1.12) and averaged over the 0.8 — 1.5 ym long PEDOT shell
covering the two nanowire extremities were reported (Figure II1.13). Negative values of
R corresponded to the perpendicular orientation of the conjugated chains. For the
thicker PEDOT shell (10 to 15 nm thick) at the upper side of the nanowire, similar values
of R (= -0.4 ; -0.5) were measured at Aexc = 488 nm (2.54 eV) and 514 nm (2.41 eV). It
reaches -0.65 at 633 nm (1.96 eV) but only -0.35 at 785 nm (1.58 eV). In the near infra-
red domain (785 nm) probing predominantly the longer conjugated segments, the
negative dichroic ratio weaker than for other excitation wavelengths could be
attributed to a weaker chain alignment perpendicular to the wire axis.

It is interesting to combine these result with the observation that both 633 and 785
nm excitation wavelengths did not detect any contribution of PEDOT at the bottom
side of the nanowire, in contrast with the Raman characterization by the 488 and 514
nm excitation wavelengths, as well as with the SEM studies showing a thinner PEDOT
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layer (5 to 10 nm). These results strongly suggested that the conjugated segments were
very short when grown at the bottom of the gold nanowire, oppositely located to the
electrolyte reservoir. This aspects will be discussed in the following section.

This first micro-Raman experiment was also used as preliminary study for the novel
nano-Raman and nano-reflectance mapping that we will explore in Chapter IV.

I11.5. Proposed mechanism

First, we compared the non-polarized Raman spectra of case of both PEDOT and
Au@PEDOT nanowires. The intensity ratio between the C=C antisymmetric stretching
and the C=C symmetric stretching bands, is in relation with the length of the
conjugated segments: a relatively more intense antisymmetric band corresponds to
longer conjugated segments.3’4468469 Qur results strongly suggest that the PEDOT
chains in AU@PEDOT nanowires are more conjugated and ordered than in PEDOT
nanowires.

Then the study under polarized light has shown that the polymer chains are weakly
ordered with a preferential orientation parallel to the main axis, while for Au@PEDOT
nanowires, a very pronounced preferential orientation is perpendicular at the top tip
and mixed at the bottom tip.

The case of the PEDOT nanowires is similar to what it has been already reported in the
literature. Some authors supported that the negatively charged pore walls act as a
preferential electropolymerization sites where the polymer chains grow acquiring a
preferential orientation, while a random orientation takes place with the thickening of
the tube thickness (Figure II1.14left).

The case of the Au@PEDOT nanowires is different. Our results strongly suggest that
the conjugated segments are shorter when grown at the bottom of the gold nanowire,
oppositely located to the electrolyte reservoir. It makes sense that this part is less
accessible to the diffusion of the EDOT monomer, dodecyl sulfate and perchlorate
anions from the above reservoir than the upper side. Such a mechanism can also
explain the reduced electropolymerization rate (thinner layer), which should result in
shorter polymer chains and correspondingly shorter conjugated chains for PEDOT at
the bottom side than at the upper side. Ultimately, the PEDOT shell at the upper tip
can block the 10-15 nm wide channel surrounding the gold cylinder, thus inhibiting
further growth of PEDOT at the bottom and on the lateral size when all the monomers
remaining in the closed cavity have been consumed. Another possible growth
mechanism to explain the preferential electropolymerization at the extremities of the
nanowires deals with a tip effect, i.e. an electric-field enhancement which takes place
at the top extremity of a strongly anisotropic conducting object connected to an
electrode. The larger the aspect ratio (length/diameter), the stronger the electric field
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enhancement at the tip. Such a local field enhancement could contribute to the
overpotential and then promote a faster oxidation of the monomers and thus a faster
electropolymerization on the top extremity, rather than on the lateral size. However,
such a tip effect cannot account for the growth initiated at the bottom of the nanowire,
because no tip effect takes place due to the proximity of the planar electrode on the
bottom side of the porous membrane.

So, the proposed mechanism for the PEDOT growth in coaxial nanowires is analogous
to the PEDOT nanowires case, but with the electropolymerization starting from the gold
nanowire, which acts as a nanoelectrode. Then the alumina walls blocks the
perpendicular extension of the PEDOT chains, possibly reorienting longer chains, or
possibly stopping the electropolymerization (Figure IlI.14right). This mechanism can
explain both the preferential orientation perpendicular to the nanowire axis evidenced
in most cases, but also the less perpendicular or even a preferential longitudinal
orientation observed in some cases at the bottom tip when exciting with red-infrared
lasers (633 nm and 785 nm), i.e. probing the longer conjugated segments.
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Figure II[.14. Simplified schemes of the confined electropolymerization of EDOT in
the two geometries. Left: from the Au layer anode, right: from the Au nanowire.

We emphasize that these unique conditions of electrodeposition in an ultra-confined
channel and strongly anisotropic nano-electrodes give opportunities to tune standard
and unusual mechanisms involved in the growth of 1D-nanomaterials. A direct
exploitation is proposed in the next part to investigate the plasmon-mediated remote
Raman excitation.
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II1.6. Conclusions

We have demonstrated an enhanced supramolecular ordering of the PEDOT polymer
chains in the shell of AU@PEDOT nanowires. While the PEDOT chains preferentially
align parallel to the main axis of the nanowire in pure PEDOT nanowires, they adopt a
preferential perpendicular orientation in the case of AU@PEDOT ones. The Raman
spectroscopy study also suggest that their conjugation length and their ordering is
improved in Au@PEDOT NW. A growth mechanism has been proposed, which is in
accordance with some of the previous literature reports described in the beginning of
this Chapter.

We have also introduced the possibility of correlating different nano-techniques by
the use of the referenced substrates that we presented in Chapter II. We have perfectly
correlated the polarized micro-Raman spectra taken along a Au@PEDOT nanowire with
PEDOT only at their tips with its SEM image. This feature will be further explored in
Chapter V.
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IV. Advanced optical and remote
plasmonic study of individual
nanowires

IV.1. Introduction

The ultimate goals of my thesis was i) the enhancement of the plasmon propagation
in nanowires by the design of antenna-coupled nanowires and the study of their optical
and plasmonic properties; ii) the proof of concept of the utilization of these systems
for plasmon-mediated remote Raman spectroscopy.

We reported in previous Chapters the fabrication of these plasmonic structures and
their characterization, mainly by micro- and nano-Raman, SEM and TEM. In this
Chapter, we investigate the optical and plasmonic properties of single dog-bone and
coaxial nanowires by Raman spectroscopy and laser reflectance with a spatial
resolution better than 200 nm by coupling these studies with electron microscope
images.

First, it is proposed a presentation of the plasmonic systems selected among the
numerous nanowires fabricated for their characteristics in relation with the targeted
optical behaviour. We detail the methods developed for correlating the optical study
with the morphological study. The accuracy of this correlation is required for a proper
analysis of the results.

We then present the study of the laser nano-reflectance (in a configuration normally
named Rayleigh scattering, i.e. at a given wavelength and in direct mode, following the
ordinary disposition of the spectrometer described in the previous Chapter) of gold
nanowires with different morphologies.

Finally, the very unusual measurement configuration, called “remote”, is explored. For
our 1D systems, it consists in an excitation at a different place than the collection. This
remote configuration has been used for studying the remote laser reflectance of dog-
bones nanowires and the remote Raman spectroscopy of the coaxial Au@PEDOT
nanowires.
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IV.2. Selection of plasmonic systems

Emission &
detection
(out-coupling)

Figure IV.1. Schema of a remote nanospectroscopy experiment. The SPP-supporting
nanowire is excited locally at one of its photon-SPP coupling active sites (tip). It
propagates the plasmon that is coupled again, emitted and locally detected at the
opposite tip, separated some um from the excited one.

A first objective deals with the enhancement of surface plasmon polariton excitation
by a laser micro-probe, i.e. improving the coupling between the incident laser and the
surface plasmon to promote SPP (“in-coupling”), and the re-emission of light at
another point of the nanowire (“out-coupling”) (Figure IV.1). Three kind of systems were
selected: a basic isolated Au nanowire (Figure IV.2a), a gold nanowire with a gold
nanoparticle at one of its tips (half dog-bone) (Figure IV.2b) and a gold nanowire with
a gold nanoparticle at each of its tips (dog-bone like structure) (Figure IV.2c).

We then considered that the study of these systems should be completed by the
introduction of a photoactive species at one of their tips, in order to evaluate if they
could be used as remote nanosensors and nanosources. We reported the synthesis of
Au@PEDOT nanowires with PEDOT shell at only one of their tips (Figure IV.2d). The
other systems were achieved by the dispersion of PEDOT particles on one of the Au
nanowire-nanoparticle tips (Figure IV.2e&f). The choose of PEDOT particles instead of
the PEDQOT shell or a thin PEDOT film covering all the systems was motivated mainly by
two reasons: the PEDOT shell of a Au@PEDOT nanowire completely disappears after
the laser dry heating treatment to produce gold nanoparticles, a PEDOT shell that
covers all the system could give ambiguous results in the remote configuration, making
hard to distinguish between the Raman signal coming from the direct excitation and
then mediated by the SPP, from the Raman signal excited remotely by the SPP. It can
be noted that the PEDOT particles could be deposited in random places of the
nanowires because we can destroy the nanoparticles deposited at undesirable places.
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Figure IV.2. Schema of the different gold-based nanowire-nanoantenna systems
proposed: a) Au nanowire, b) half dog-bone: Au nanowire with a Au nanoparticle at
one of its tips, ¢) dog-bone: Au nanowire with a Au nanoparticle at each of its tips,
d) Au@PEDOT nanowire with PEDOT shell only at one of its tips, e) half dog-bone
from (b) with PEDOT particles top) on the nanowire tjp, and bottom) on the Au
nanoparticle, 1) dog-bone system from (c) with PEDOT particles on one of the
nanoparticles (tips).

IV.2.1. Methods for correlated optical,
spectroscopic and morphological study

We relied in our electrochemically templated synthetized nanowires. In order to get
good solid dispersions, we used AU@PEDOT nanowires, but with the PEDOT only at
one of the tip in order to avoid possible complications.

Once the Au@PEDOT nanowires were prepared and dispersed in water by the
methods described in Chapter II, we drop casted 3 uL of that dispersion on a TEM grid
with thin SiOx windows. For the samples to be studied by low-energy EELS studies
(carried out by our partner in UNIZAR, Zaragoza, Spain), we used the 20 nm thick SiO
grids. In the case we were not going to perform that characterization, we used the 50
nm thick SiOx ones, as they were less fragile and their surface was larger. This drop
casting step should be done using a micropipette and very close to the substrate but
not making contact, in order to minimize the risks of breaking it.

For the best samples after dispersion, we found more than 60 nanowires that seemed
homogeneous, smooth, straight and long enough (at least 4 um). This observation was
achieved by mapping the total surface of the grid by successive optical microscopy
images. At this point, our sample contained Au@PEDOT nanowires (Figure IV.3). One
of these nanowires could be easily transformed in a single Au nanowire by dry etching
the PEDOT shell from the tip of the targeted nanowires (Figure IV.3). From one
Au@PEDOT nanowire, the "half dog-bone” Au nanowire-nanoparticle (Figure IV.3) and
the "dog-bone” Au nanoparticle-nanowire-nanoparticle (Figure IV.3) could also be
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produced by laser dry etching (heating) of one or both Au tips, respectively. In order
to get the more complex hybrid systems including the Au nanowire-nanoantennae and
the PEDOT particles, it was necessary to drop cast the PEDOT particles and perform
laser dry etching of the undesirable ones (Figure IV.3).

Transformation of Au NW Laser dry etching of
tip by laser dry etching PEDOT shell

! Asymmetric Au@PEDOT NW

PEDOT partlcles

Transformation of Au NW

tip by laser dry etching drop casting
! Half dog-bone Au NW Pure Au NW
Dog-bone Au NW Half dog-bone Au NW with
PEDOT partlcles
PEDOT particles
drop casting Laser dry etching of

PEDOT particles

>

Dog-bone Au NW with Half dog-bone Au NW with Half dog-bone Au NW with
PEDOT particles PEDOT particles at one tip PEDOT particles at one tip
Laser dry etching o
PEDOT particles

Dog-bone Au NW with
PEDOT particles at one tip

Figure 1V.3. Schematic description of the post-synthesis processes developed for the
production of advanced gold-based nanowires by laser treatments and dispersion of
PEDOT particles.
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Once all these processes were done, we characterized by Raman spectroscopy the
PEDOT containing systems and by a SEM study with a low acceleration voltage (500 V)
and a low magnification the non-containing ones, in order to not damage them or
change their properties (Figure IV.4). Indeed, we checked that the electron beam can
strongly modify the Raman spectrum of the PEDOT, as it is usual for conjugated
polymers.

Optical microscopy

Optical microscopy

Figure IV.4. Example of the correlated localization of the nanowires on the windowed
TEM grid. From their first localization by optical microscopy (left) to their ultimate
analysis in the TEM (right).

The handling of the samples was crucial. During their production steps, they were
mounted and stored in Gel-Pak® antistatic boxes with retention level X4 (Figure IV.5a).
This permitted a safe handling and avoided the deposition of dust or other ambient
pollutants.

Once the different plasmonic systems were produced, the samples were mounted in
special metallic SEM holders for TEM grids (Figure IV.5b). This permitted an easy
rotation of the sample inside the Raman spectrometer, a safe transport between
techniques and their study by SEM. In order to perform the TEM and EELS studies the
samples should be mounted in the normal TEM holders.

We should remark that the critical handling step was when changing between holders
(Gel-Pak® box, SEM holder and TEM holder). If the TEM grid fell down, there was a high
probability of break of the SiOx windows, something that rendered the sample and all
the previous work made with it useless. We used a vacuum pick-up system and
tweezers in order to minimize the risks.

- 155 -



IV. Advanced optical and remote plasmonic study of individual nanowires

Figure IV.5. Pictures of a) TEM grids with SiOx windows of 50 nm (left) and 20 nm
(right) thick on Gel-Pak® antistatic box. b) TEM grids with SiOy windows of 50 nm (1)
and 20 nm (Il and Ill) in SEM holder for TEM grids. Inset: Lateral view of the SEM
holder.

About experimental and time management

Finally, we could study experimentally 6 of the 7 different systems proposed (Figure
IV.6). We should note that the study of the systems including the PEDOT particles was
not as complete as the others because of a problem of stability for the commercial
PEDOT particles. They were embedded in a surfactant and they were less stable than
our electropolymerized PEDOT, forcing us to use lower laser powers and then longer
acquisition times to get enough Raman signal. We decided to use the proposed
electropolymerized PEDOT particles and we prepared the samples, but the lack of time
and the breakdown of the lasers in the Raman spectrometer prevented us from
performing the desired experiments.

Some additional remarks can be done by comparing the images presented (Figure
IV.6). First, the pure Au nanowire (Figure IV.6a) has a less homogeneous structure (its
diameter changes along its longitudinal direction) than the Au@PEDOT ones (Figure
IV.6d). This fact comes from the alumina membranes used in their synthesis. While the
Au@PEDOT nanowires correspond to older samples, the Au nanowire comes from a
new batch of commercial alumina membranes whose properties were significantly
worse. For these Au@PEDOT nanowires, we can observe that the left tip of the longer
one (Figure IV.6d2) is partially hidden by some cover. This thin covering layer was part
of the SiOx window that broke and bend over that area. We attributed that to the
vacuum pumping of the SEM, as we did not observe it by optical microscopy.

We also remark that in both cases of Au nanowire-nanoparticle systems (Figure
IV.6b&e), both tips were laser dry heated but one of them (right tip) instead of
producing the characteristic Au nanoparticle just volatilized and shortened the
nanowire as we described in Chapter II. In one of them (Figure IV.6e), a gold
nanoparticle was produced but at a certain distance of the nanowire tip.
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Length (a): 4060 nm
@ Middle: 171 nm
@ Left tip: 216 nm
@ Right tip: 139 nm

b)
L —

Length (b): 3660 nm

@ Middle: 121 nm

@ Left NP: 328 x 368 nm
@ Right tip: 121 nm

C)

- e ——————

Length (c): 4110 nm
@ Middle: 126 nm
@ Left NP: 252 x 319 nm

Length (d1): 5750 nm
@ Middle: 129 nm

@ Left tip: 120 nm

@ Right tip: 144 nm

Length (d2): 9310 nm
@ Middle: 163 nm

@ Left tip: 161 nm

@ Right tip: 135 nm

Length (e): 7540 nm

@ Middle: 147 nm

@ Left NP: 221 x 261 nm
@ Right tip: 134 nm

f)

Length (f): 5370 nm
@ Middle: 129 nm
@ Left NP: 267 x 276 nm

@ Right NP: 198 x 243 nm @ Right NP: 207 x 435 nm

Figure 1V.6. Characterization of the nanowires of interest with their characteristic
sizes. TEM images of a) single Au nanowire, b) half dog-bone system, c¢) dog-bone
system. SEM images superposed with a Raman mapping of the C=C symmetric
stretching PEDOT band of d) Au@PEDOT nanowires of different lengths with PEDOT
shell only at one of its tijps, e) half dog-bone system with PEDOT particles on the
nanowire tip. Inset: Backscattered electrons image of the nanowire tip without Au
nanoparticle covered with PEDOT particles. f) Dog-bone system with PEDOT particles
on one of its nanoparticles. Scale bar is 2 um and is effective for all the images unless
for the inset where the scale bar is 1 um.

The last important remark concerns the PEDOT particles-containing dog-bone system
(Figure IV.6f). First, when mapping this nanosystem we observed the signature of
PEDOT both at one of its tips and in the middle of it. We then performed a PEDOT laser
dry etching at the undesirable PEDOT particle that should be located in the middle of
it. The PEDOT signal then disappeared and afterwards by SEM we did not observe any
PEDOT particle in that area. Secondly, is some cases, the Au laser dry heating process
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concentrated so highly the energy in one point that even the SiOx support could be
degraded, as we can see in this case where a hole was produced.

IV.3. Laser nano-reflectance of advanced
gold nanowires

Measuring the reflectance of individual nano-objects is quite challenging. Reflectance
spectroscopy requires to sweep the wavelength of the excitation probe. White sources
are generally used, not lasers. Our objective was to exploit our experimental set-up
conceived for Raman mapping coupled to a nano-piezoelectric stage to measure the
reflectance cartography of individual nano-objects at a given wavelength. This
technique can be called nano-reflectance or laser nano-reflectance to explain the
monochromatic nature of the source.

In this Part, we describe the system and the procedure to make such measurements.
Then, the laser nano-reflectance study of a Au nanowire, a half dog-bone nanowire and
a dog-bone nanowire are reported. The analysis of the reflectance mappings allowed
to reveal specific optical behaviours of the nanowires and to qualify the benefits of the
gold nanoparticles located at one tip, or the two tips of the nanowire. Another objective
consists in comparing our results with the ones obtained by a low-loss EELS study of
the same nanowires to get complementary information about their plasmonic
behaviour.

IV.3.1. Methodology

The nano-reflectance experiments were carried out in the Renishaw InVia™ Raman
spectrometer that we described in Chapter III for the characterization of PEDOT-
containing nanowires (Figure IV.7a). Some changes were required to get access to this
configuration: the Rayleigh rejection filters were changed by a block containing mirrors
and filters that allowed the pass of the Rayleigh signal (Figure IV.7b&wc). In this block,
instead of two edge filters, there is first a beam splitter. After this beam splitter, there
is a neutral optical density filter that protects the CCD camera from the incoming
reflectance signal, as it would be too intense.

The optical alignment of the instrument in Rayleigh mode was analogous than for the
Raman mode explained in Chapter IIl. The main difference resides that in this case,
there is only one block for all the wavelengths and the left and manual mirrors should
be realigned and optimized for each laser wavelength.
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a) Diffraction grating
Mirrors and Collection Focus reflected Focus beam on
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Figure IV.7. a) Schema of Renishaw InVia™ micro-spectrometer in Rayleigh
configuration. b) Open mirrors and filters block and c) schematic view of b).

We should note that in order to perform more reproducible experiments and to avoid
sources of error, we performed the different polarization measurements by rotating
the nanowires 90 degrees and not by introducing in the beam path a half-wave plate.
This could be easily done thank to the SEM holder for TEM grids that was mounted in
a hole covered with an antivibration foam of the piezoelectric stage and could be
rotated around its axis.

The measurement conditions were the following. A long frontal distance objective
x100 with a numerical aperture of 0.8 has been used for all the study. For the 633 nm
laser excitation, 10 nW were allowed to reach the sample by using neutral optical
density filters and 0.1 second was needed as an acquisition time with “orthogonal”
polarization. In the case of the 785 nm laser, the power allowed to arrive to the sample
was 0.025 nW with a similar acquisition time (0.1 second) with “normal” polarization.
The "orthogonal” and “normal” polarizations are the two different polarizations that we
could set for the excitation beam. The “orthogonal” polarization arrived with a beam
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polarized vertically when regarding the sample form above and the “normal” with a
horizontal polarization. The polarization was maintained for all the experiments for a
given wavelength and we rotated the nanowires as described before. Thus, the
measured intensity for both polarizations can be compared straightforwardly. The
intensity map was obtained with measurements achieved every 30 nm in x and y axis
to get 10000 to 20000 points, typically.

We described in Chapter IIl some drawbacks related to this Raman spectrometer. The
principal one that we should take into account when performing these nano-
reflectance experiments was the spatial drift that could be caused by different
environmental factors. We observed this drift in all the three directions, being more
common in z. This drift was minimized by installing the piezo-stage the day before and
by a warm-up period of the system for at least one hour before the measurements.

We could consider the long duration of every mapping experiment (around 4 hours)
as another drawback. This forced us to use the spectrometer for full weeks in order to
be under similar conditions. The prototype state of the piezoelectric control and WiRe
coupling software developed by our Renishaw partner (Dominik J. Winterauer, Tim
Batten) made that sometimes, a bug appeared and the mapping experiment suddenly
failed. Our discussion and great feedback from the developers allowed us to minimize
this problem.

IV.3.2. Results

The signal measured by this method is a narrow peak centred at the same wavelength
than the excitation beam. We focused our analysis on the intensity of this peak.

The experiments consisted in mapping the laser nano-reflectance of our nano-
systems. A laser excited the sample and a piezoelectric stage moved it simultaneously,
while a CCD camera recorded the reflectance signal for each point. By fitting the signal
with a Lorentzian curve at each point and studying its intensity, we could build a 3
dimensional map with the x and y spatial dimensions and the intensity of the
reflectance signal.

It is important to mention that the number of nanowires measured in each case was
not large enough to make a complete statistic study. In order to explain the results that
we obtain. From a broader point of view, it would be required to study more nanowires
with similar characteristics to confirm this exploratory work.

We must note that the results obtained with the 785 nm laser excitation can be
perfectly fitted with a Lorentzian curve. But for the 633 nm excitation line the Lorentzian
fitting could partly fail, so their analysis consisted in measuring the signal to baseline.
An important point for this analysis was the spatial correlation between the TEM
imaging and the nano-reflectance map. The size of the maps was strictly respected
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with the step in x and y directions and put in relation with the size of the SEM/TEM
images. We observed that intensities maxima correspond to a larger Au nanoparticle
or a larger diameter. We then used it as a mark to correlate and place the maps. We
observed that all the other nanowire features fitted well with the intensity map.

Twelve individual maps were measured, corresponding to 3 kind of nanowires, 2
wavelengths (633 and 785 nm) and to parallel (longitudinal) and perpendicular
(transversal) polarization for each nanowire (Appendix II). In these experiments, only

the excitation beam was polarized and no polarizer was placed at the collection beam.
These results are presented and analysed to determine the effect of:

- The morphology of the nanowire

- The polarisation of the excitation and the collection
- The excitation wavelength.

IV.3.2.1. Effect of the morphology

Here, the profile of the maximum reflectance intensities measured along the
nanowires is shown for allowing a precise analysis (Figure IV.8).
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Figure IV.8. TEM images and maximum intensity (signal to baseline for 633 nm and
Lorentzian fit for 785 nm) longitudinal profiles for parallel (red line) and
perpendicular (blue line) polarization at 633 nm or 785 nm as excitation wavelengths.

a) Single Au nanowire, b) half dog-bone Au nanowire, ¢) dog-bone Au nanowire.
White scale bar corresponds to 2 um.

An overview (Figure IV.8) shows a good agreement between the nanowire length and
the intensity profile for most cases, considering the overlap of the laser spot with the
nanowire. However, a more precise analysis reveals some "apparent” incoherence
between the profiles for the two polarizations. While the length has been checked by
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a calibration of the piezoelectric stage before running the experiments, the lateral
adjustment of each profile with the SEM image can be questioned. For this reason, the
analysis proposed at this moment cannot be precisely quantitative. However, the good
agreement of the intensity maximum with the centre of each nanoparticle for the dog-
bone nanowire suggests an accuracy of about 100 nm along the nanowire axis. Except
for the left NP of the dog-bone measured at 785 nm and transversal polarization. This
later profile is in fact highly questionable as an intensity maximum is measured at the
left-hand side out the nanowire.

A second comment deals with the spatial changes of the intensity measured along a
nanowire. They all have the same range of magnitude. This is in apparent contradiction
with our observation on the display of a much higher reflection when the laser beam
was focused on the Au nanoparticles than on the nanowires. This can be explained by
an extreme spatial resolution due to the almost closed slits and CCD camera collected
width (Figure AL2 in Appendix I) which we implemented for these laser nano-
reflectance experiments. For the image on display of the optical microscopy, the light
scattered in all directions by the nanoparticle appears, while in the performed
experiments, only the signal coming from a fraction of the nanoparticle is collected.

In summary, a first analysis indicate that the nanoparticles effectively act as strong
scatterers in most cases, but some curious intensity profiles suggest there are
additional effects .

IV.3.2.2. Effect of the polarization and the wavelength

A more detailed analysis can be proposed when regarding in details the effect of the
polarization for each wavelength and each nanowire. Maps of the signal to baseline
has been additionally plotted (Figure IV.9 & Figure IV.10).

Parallel polarization (red line): we can observe that, at 785 nm, the signal intensity
appears often related to the size of the metallic area irradiated by the laser beam, as
expected. A quantitative analysis gives additional information. In the simple nanowire
case, there is a decrease of the diameter from left tip to right tip by a factor ~1.6, while
the local intensity maximum decreases by a factor ~5-6 at 785 nm (Figure IV.9a). For
the half dog-bone nanowire, from the left nanoparticle tip (368 nm x 328 nm) to the
right tip (diameter), the intensity drops by a factor >7 (Figure IV.9b). For the dog-bone
nanowire, from left NP (319 nm x 252 nm) to right, the intensity drops by a factor ~3-
4 (middle, 126 nm diameter) then ~2 (right NP: 243 nm x 198 nm) (Figure IV.9c). Thus,
a simple analysis based on the irradiated metallic area cannot explain quantitatively
such intensity changes. It is still more evident for the measured intensity profiles of the
(half) dog-bone nanowires in the parallel polarization for the 633 nm laser probe
(Figure IV.10b), while the profile for the simple nanowire is in good relation with the
spatial change of its lateral section. At least, the cylindrical shape and the roughly
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spherical shape should be considered to include the angular distribution of the
reflexion which is affected by the size and the shape.
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Figure IV.9. Ay = 785 nm.TEM images, maximum intensity (Lorentzian fit) profiles
and intensity heat maps for parallel and perpendicular polarization. a) Single Au
nanowire, b) half dog-bone Au nanowire, ¢) dog-bone Au nanowire. White scale bar
corresponds to 2 um.
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Figure IV.10. Ay = 633 nm TEM images, maximum intensity (signal to baseline)
profiles and intensity heat maps for parallel and perpendicular polarization. a) Single
Au nanowire, b) half dog-bone Au nanowire, ¢) dog-bone Au nanowire. White scale
bar corresponds to 2 um.

Perpendicular polarization (blue line): the intensity profiles do not replicate at all the
relative changes of the nanowire and nanoparticle shapes. A general tendency is the
presence of many intensity variations along the nanostructure, suggesting some
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oscillations but no clear period can be identified all along any system. These
observations suggest that the excitation of the transversal and longitudinal plasmon
modes depends on the polarization of the light. Such modes resonances are directly
related to the nanostructure size. In Chapter II, we determined the transversal localized
surface plasmon resonance of gold nanowires with resonant wavelength equal to 600
— 620 nm with an average diameter of 100 nm and a length up to 4.4 ym, quite
comparable sizes with the three systems investigated here. Thus, the 633 nm excitation
laser is expected to get a strongly different behaviour depending on the polarization,
with a stronger absorption in parallel than in perpendicular, and hence a smaller
reflectance. The comparison of the intensity range for the two polarizations at 633 nm
doesn’t show a pronounced difference, whatever the system. A first explanation could
be that the reflectance measured for this systems is not dominated by T-LSPR. But the
difference in the nature of the excitation light (full field non-coherent white lamp versus
coherent laser spot focused on a small part of the nanowire) has also to be considered,
as it may induce a different interaction with the nanowire.

Clearly, the non-perfect shape of the nanowire (varying diameter) and the presence of
non-perfectly spherical nanoparticle(s) at the tip(s) make these systems complex in
comparison to the perfect cylinder modelled, as reported in the

literature 83,85,87,164,165,308

In summary, the experimental nano-reflectance set-up recently developed in our
group has been tested by the first study reported here. The very good signal/noise
ratio makes possible to show the richness of the measured behaviours, with a great
ability to evidence reflectance variation at a scale much below the micrometric scale.
However, the complexity of the real systems investigated here make complicate a clear
analysis of the physical mechanisms responsible of the effects measured. The
possibility to couple this new system with an atomic force microscope (AFM) or a STM
could still improve this powerful nanocharacterization tool.

IV.4. Remote configuration for laser
reflectance and Raman spectroscopy

The ultimate goal of my thesis was the study of the plasmon propagation in the
systems described before. In order to get a full understanding of their plasmonic
behaviour, we performed remote nano-Raman and remote nano-reflectance sensing
on the gold-based nanowires, eventually incorporating PEDOT.

The remote techniques for SPP-based systems consist in the excitation of SPP through
plasmon-photon coupling on an active site of the sample (the tip of the nanowire or a
nanoparticle) and the collection of the signal coming from another active site (the
opposite tip or another nanoparticle), while the signal is mediated by SPP along a
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waveguide (the nanowire) (Figure IV.1). It is crucial to avoid any parasitic signal coming
from other areas of the sample, as the measured signal is expected to be significantly
smaller than when excited in direct configuration.

These experiments in remote configuration were performed in the Renishaw InVia™
Raman spectrometer. The switch between the remote laser nano-reflectance and the
remote nano-Raman spectroscopy was simply done changing the block, as described
before. Thanks to the presence of Renishaw plc in our research network and their
constant support and feedback, we could perform this kind of experiments in a
rigorous and reproducible manner. We proposed them our suggestion of separating
the collection and excitation areas and they proposed us two distinct procedures: either
shifting the collection area and remaining unchanged the excitation area, or the
opposite, shifting the excitation area and remaining unchanged the collection one
(Figure IV.11). We opted for this second option because in that manner, we could
optimize in direct mode the more delicate collection area in order to get the signal
only from a very narrow point. Such a configuration has been exploited recently by
some other groups 193208228.264274.278 Afterward we could shift the laser excitation to
another point and this optimized collection area would be at the same position. It is
emphasized that the off-optical axis shift is small enough to prevent the excitation from
a spatial distortion.

Ordinary disposition of
spectrometer

1 11

Modified disposition for
remote sensing

<0bjective> <Objective>

— fewawawrswas - -]

plasmon propagation

Figure 1IV.11. Schematic view of the optical configuration (laser source, objective,
sample and collected light) for measuring a) the standard and b) the remote signals
for the case of the Au@PEDOT nanowire system.”%
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IV.4.1. Laser excitation shifted from the
collection area

First, we proceed as in Chapter IIl for optimizing both, the laser beam path and the
collection area. Once this was done, we should decide where we wanted to shift the
laser (normally to the opposite tip of the nanowire) and place the collection zone in
the exact position where we will want to collect when offsetting the laser beam. In order
to offset the laser point we used first the manual mirror, shifting it twice the desired
distance. At this point the laser point has lost its perpendicular incidence respect to the
sample. In order to regain it, we should use the left mirror until its verticality is optimal
(we noted the position values of the left mirror prior to this step in order to easily put
back in direct mode the spectrometer once all our experiments were finished). If the
laser point was now placed on the desired area, the offset was successfully done. If not,
the previous steps should be repeated until a vertical laser beam is achieved on that
area. In order to make an ultimate fine alignment, tiny movements of both left and
manual mirror are done until a maximum photon-SPP coupling is observed on the
optical image.

One of the most challenging steps was to find the optimal SPP-photon in-coupling
position with the excitation beam and, at the same time, be in the optimal SPP-photon
out-coupling position for the collection. We first performed this optimization by
regarding the live optical microscope video and trying to find the maximum coupling,
i.e. intensity with the naked eye. In order to make a more quantitative and reproducible
optimization, we then performed this step but in remote nano-reflectance mode: the
remote spectra was measured every 0.1 seconds and at the same time, we performed
very small movements in the mirrors as described in the previous paragraph and on
the sample position with the piezo stage (5 nm steps). The optimal position was found
when the intensity of the reflectance signal was maximal.

All these manual operations should be done while minimizing the interaction with the
spectrometer as even the process of closing and opening its protective door could
change the laser beam path.

We consider important to remark that, in order to get a signal with a high spatial
resolution and minimize all the parasitic signals coming from parts of the sample near
to our acquisition area, we closed to slit to 20 ym and took only an area of 1 or 2 and
3 pixels wide from the CCD camera for the reflectance and the Raman configurations,
respectively. The optimization of this parameters was done prior to the offset of the
laser. By closing both the slit and the CCD camera width, we could achieve a very
narrow area of collection that should be centred in the collection point represented in
the optical image (Figure 1V.12).
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Figure IV.12. Schema of the relation between the customizable parameters of a
remote nano-spectrometer and the sample spatial resolution. A Au@PEDOT
nanowire is under remote laser excitation (laser beam in red) that irradiates a given
area (excited area). The Raman signal produced (emitted radiation in purple) at the
opposite nanowire tip is collected on the CCD camera. The spatial resolution (sample
area collected) of this collected signal can be tuned by the slit opening and the pixels
taken from the CCD camera.

One of the main challenges to overcome was the weakness of the Raman signal. The
laser power was restricted to not degrade the PEDOT. Then, in order to obtain strong
enough signals due to the very small quantity of PEDOT and the drastic optical
configuration, an acquisition time of 200 seconds was required. For the nano-
reflectance experiments on pure gold nanostructures, an acquisition time of 0.1
seconds with a much lower laser power was enough to get a strong signal. The main
issue that we found concerning the remote laser nano-reflectance experiments deals
with some parasitic collected signal coming from the diffracted light by the sample. It
is the reason why the slit and the width of the CCD camera were reduced as much as
possible, to collect the signal coming from the smaller area and to reject photons
coming from elsewhere.

We should remark that in the case of the non-PEDOT containing nano-systems, the
desired polarizations parallel or perpendicular to the nanowire was executed by
maintaining the same beam polarization and rotating the nanowire. For the PEDOT
containing nanosystems we maintained the nanowire alignment and polarized the light
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by the use of half-wave plates that could be placed at both the excitation and the
collection beam paths. After the introduction of the corresponding correction factors
in the second case, both techniques should perform equally.

We first present a qualitative and exploratory study by regarding the optical
microscopy images when exciting on one tip of the nanosystem at different
wavelengths without the microscope back light (Figure IV.13).

g%ﬁg

488nm
(2540

514nm

785nm
(1.58eV)

-

Figure IV.13. From top to bottom: Optical microscopy images, SEM images and
optical microscopy images without back light when exciting on the left tip of the
nanowires with a parallel polarized laser beam with a wavelength of 488 nm, 514 nm,
633 nm and 785 nm. a) Single Au nanowire system, b) half dog-bone system and ¢)
dog-bone system. All the images of the same excitation wavelength were taking
under the same laser and camera condlitions. Scale bar is 5 um and is the same for
all the images. Colours are false for the 785 nm case.

Regarding these optical images (Figure IV.13), we could support that the plasmon
propagation increases at higher wavelengths. It can be easily observable that in the
blue (488 nm) and the green (514 nm) there is no evidence of propagation for any of
the systems (no spot at the opposite tip). For the red laser (633 nm), a spot appears at
the opposite side from the excitation, an evidence of SPP mediated signal. This remote
spot intensity is increased for the infrared exciting laser (785 nm) for a given system. A
comparative analysis of the remote spot intensity for the 3 systems shows a more
intense spot in presence of a gold nanoparticle at the excitation, and still more intense
with a nanoparticle at the out coupling. However, such a comparison can be criticised
because it assumes that the optimal position for the excitation, i.e. SPP coupling has
been achieved. In practical, the measurements were done for the coupling position that
gives the more intense remote signal, in the limit of the lateral positioning.

IV.4.2. Remote laser nano-reflectance

A more quantitative experiment was required in order to univocally study the effect of
these gold nanoparticles for the coupling with SPP and the propagation toward the
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opposite tip. By means of the remote nano-reflectance, we measured the intensity of
light that arrived to the opposite tip of the nanowires. All the experimental parameters
were kept equal for the three nano-systems and for the parallel and perpendicular
polarizations of light (polarizer at excitation, no polarizer at the collection). Each
reflectance intensity was measured at least three times on the same point in direct and
in remote configuration. No change was observed for all the cases.

In order to always maintain the same referential system, we label a the left tip of the
nanowire, and b the right tip (Figure IV.14, Figure IV.15 & Figure 1V.16). For a set of
comparison, the intensities measured in direct and remote modes are reported on the
left part of the figures. In direct mode, we measured the reflected intensity when
exciting and collecting at the same point, a or 6. In the remote configuration (right part
of the figures), the excitation was applied at g, and then the collection measured at 6
(a->b) or the opposite, excitation at b and collection from a (b->a). We performed this
experiments with a unique excitation source, the 785 nm diode laser. The laser power
was 0.025 nW and the acquisition time 0.1 second for both direct and remote
configurations. The reflectance scale of the three figures below is strictly the same for
the three kinds of nanowires in the direct configuration (maximum at 3.7x10% or in the
remote configuration (maximum at 0.7x10%.

Simple nanowire case (Figure IV.14)
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Figure 1V.14. Remote nano-reflectance experiments. TEM image of the simple Au
nanowire studied. Left: nano-reflectance measured in direct mode for the two
polarizations of the excited light. Right: nano-reflectance measured in remote mode
for the two polarizations of the excited light (a->b: exciting on a and collecting on b,
b->a: exciting on b and collecting on a). Jexc = 785 nm, polarization only at the
excitation, scale bar = 2 um.
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Half dog-bone nanowire case (Figure IV.15)
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Figure IV.15. Remote nano-reflectance experiments. TEM image of the gold half dog-
bone nanowire studied. Left: nano-reflectance measured in direct mode for the two
polarizations of the excited light. Right: nano-reflectance measured in remote mode
for the two polarizations of the excited light (a->b: exciting on a and collecting on b;
b->a: exciting on b and collecting on a). Aexe = 785 nm;, polarization only at the
excitation; scale bar = 2 um.

Dog-bone nanowire case (Figure IV.16)
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Figure 1V.16. Remote nano-reflectance experiments. TEM image of the gold dog-
bone nanowire studied. Left: nano-reflectance measured in direct mode for the two
polarizations of the excited light. Right: nano-reflectance measured in remote mode
for the two polarizations of the excited light (a->b: exciting on a and collecting on b,
b->a: exciting on b and collecting on a). Jexc = 785 nm, polarization only at the
excitation, scale bar = 2 um.
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IV.4.2.1. Analysis for the Direct configuration.

A general comment can be done by comparing the measured reflectance intensities
for the direct configuration with the reflectance intensity profiles measured and
reported in the previous part. As it was also measured in the direct configuration, we
could expect a similar proportion between the intensity measured with a parallel (1;)
and with a perpendicular (I,) polarization. The direct measurements were done at the
position at the nanowire tip where the maximum of signal was transmitted to the
opposite, i.e. the maximum in-coupling (adjustments made regarding the display as in
this configuration it is impossible to know quantitatively the remote signal). We could
suggest that for this reason in some cases, as in the dog-bone nanowire, the proportion
between [ and I, between both studies differs.

Considering that the measurement was done at the position where the maximum of
scattered signal was observed, we could consider the intensity maximum close to each
tip for the maps. On one hand, a similar proportion between I, and It between both
studies can be obtained for the simple nanowire in position a and for the half dog-
bone on position b. For the four other positions, a strongly different proportion
between the two polarizations is obtained. This comparison suggests that our
hypothesis to consider the intensity maximum close from each tip on the maps
(previous study) as the Imax position in this second study is wrong.

IV.4.2.2. Analysis for the Remote configuration

- For the simple nanowire (Figure IV.14), the remote signal is systematically much
weaker than the one measured in a direct configuration. This result was expected and
it can be attributed to two mechanisms: (i) the coupling efficiency at the excitation and
the out-coupling with the SPP, and (ii) the losses of SPP along the 4um. The small
difference between the parallel and perpendicular polarization is considered as too
small to be further analysed.

- For the half dog-bone nanowire (Figure IV.15), the remote signal is very strong in the
four configurations, which contrasts drastically with the simple nanowire case. Despite
an enhancement factor cannot be estimated, it is interesting to compare the intensity
ratio between the intensity measured on the same point (@ or b) in remote
configuration over the one measured in direct. The direct reflectance indicates the
ability to irradiate for the tip considered, depending on its size and shape and of course
of the size of the incident beam. The remote intensity depends on the coupling
efficiency at the opposite tip, the propagating losses of SPP, and the geometry of the
tip which acts for the out-coupling. It gives the following values:
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Position a:
Parallel I(b—>a)/lI(a) = 031/3.6= 0.086
Perpendicular I(b — a)/I(a) = 0.68/0.91 = 0.75
Position b.
Parallel I(a— b)/I(b) = 0.20/0.33 = 0.61

Perpendicular I(a = b)/I1(b) = 0.39/0.19 = 0.21

In these conditions, it seems remarkable to get so large intensity ratios, while the
values estimated for the simple nanowire are no larger than 0.03. It can thus be
deduced that the large gold nanoparticle at a tip of the nanowire strongly enhances
the in- and the out-coupling with the SPP. More precisely, the gold nanoparticle
enhances much more the out-coupling for the transverse polarization and the in-
coupling for the longitudinal polarization.

- For the dog-bone nanowire (Figure IV.16), a first observation on the intensity values
shows that they are intermediate between the very low remote signal for the simple
nanowire and the strong remote signal for the half dog-bone. In addition, the left
nanoparticle (position a a little bit larger than the right 6 nanoparticle) gives a larger
scattered light in direct mode than the right one, whatever the polarization. In remote
configuration, the same tendency is observed considering the excitation, with the
measured reflectance intensity at the remote position. It is larger for an excitation in
the left one and the collection on the right one a-> bthan for 6-> a. This result contrasts
with the study of the half dog-bone.

To summarize, this study has shown that the half dog-bone is the more efficient
system, among the three ones, to get a more intense signal in the remote configuration
when exciting on its nanowire tip and collecting on the nanoparticle. The addition of a
second nanoparticle did not apparently improve the out-coupling. The effect of the
polarization of the excitation beam is not trivial, depending on the system. Previous
experiments and modelling on cylindrical nanowires have shown that a longitudinal
polarization permits to obtain a larger remote intensity than a perpendicular
one Y1 15519>205213.243 g\, ch 3 phenomenon can be attributed to a more efficient coupling
with the SPP propagating along the nanowire, while a transversally polarized excitation
interacts preferentially with non-propagating transversal localized plasmons. The
presence of a nanoparticle with a diameter larger than the nanowire diameter at a tip
may open new opportunity for momentum matching, a required condition to excite
SPP.

As a conclusion, a nanoparticle located at a tip acts as a special antenna which seems
to open multidirectionality to the in- and out-coupling with SPP. It can also modify the
effect of the polarization behaviour of the nanowire. A modelling of our system by a
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finite element method solving the Maxwell equations is required to further explain
these effects. Indeed, our systems have an unusual morphology. If we assume the gold
nanoparticle (roughly spherical with the same diameter) as isolated from the nanowire,
the absorption of light at the resonance is expected to be weak in comparison to the
scattered light, according to Mie theory. It is proposed that dipolar and multipolar
plasmon modes could coexist in these systems, thus promoting complex configuration
depending on the polarization. It is also important to remind that the excitation point
was chosen by looking for the coupling and propagation maximum and it could not
always totally correspond with the exact tip of the nanowires. A better set-up should
require to move independently the laser probe objective (or optical fibre) and the
collecting lens with nanometric steps, in order to optimize the finding of the maximum
coupling and propagation spot. This would allow of making remote intensity mappings
and thus the correct finding of the optimal coupling spot. Our colleague J.Y. Mevellec
has developed during my thesis such an experimental set-up on a Jobin-Yvon
spectrometer. However, different preliminary experiments in remote configuration
have shown that some vibrations produced instabilities and a drift of the sample - laser
relative position. No solution has been identified up to now.

Finally, we consider that the modelling of these systems by finite elements would
greatly enhance our understanding. It could validate the possible hypothesis
considered in view of the experimental plasmonic behaviour.

IV.4.3. Remote nano-Raman spectroscopy

The last exploration of the SPP coupling and propagation in nanowire systems is
related to the remote nano-Raman spectroscopy. This technique is analogous to the
remote nano-reflectance spectroscopy developed in the previous Chapter, but the
signal analysed in a remote place comes from a Raman emission instead of a
reflectance one.

IV.4.3.1. Proof of concept

The nanowires developed to explore this phenomenon includes a Raman active
species at one of the SPP-photon coupling points. If the Raman active species is placed
at the opposite side from the laser excitation, it can interact directly with the enhanced
field at the tip, or indirectly through a photon emitted by the out-coupling tip. It thus
presents some analogies with the SERS effect. The objective utilized was the same as
in the nano-reflectance experiments, a long focal objective with an optical aperture of
0.8. The laser power used depends on the laser excitation source and the nature of
PEDOT as reported in Chapter III (Figure AL 1), and the acquisition time was fixed at 200
seconds, in order to have an intense enough signal.
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We carried out the preliminary studies of remote nano-Raman always using parallel
polarized light with a wavelength of 785 nm, which gives the longer SPP length in gold
than the other accessible laser wavelengths. The excitation is provided at the gold tip,
which do not possess PEDOT, i.e. the Au@PEDOT nanowire with PEDOT only at one of
the tips (Figure IV.2d & Figure IV.17a).

In order to validate our analysis and prevent from a parasitic PEDOT Raman signal, we
used systematically the same method, consisting in focusing the laser at four different
positions and measuring the Raman signal, while maintaining the collection area on
the PEDOT containing tip as we already proceeded in the remote nano-reflectance
measurements (Figure IV.17a): 1) excitation at the PEDOT-containing tip (standard
direct measurement configuration), 2) excitation on the SiOy grid at a distance equal or
lower than the nanowire length (about 9.2 um) from the coaxial tip, 3) excitation of the
nanowire at around 2 uym from the Au tip onto the nanowire, 4) excitation precisely at
the gold tip.

Length: 9220 nm

@ Middle: 212 nm
@ Left tip: 266 nm
@ Right tip: 134 nm

1A, . 785 nm

exc”
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Figure IV.17. a) SEM view with superposed Raman spectroscopy mapping (intensity
at 1447 cm™ appears green) of a single gold nanowire partially covered with PEDOT
close to its right tjp and four excitation configurations (X symbol labelled 1 to 4) and
maintained collection area (O) of the Raman signal plotted in (c) at 785 nm. b) Optical
microscopy image without back light when exciting in position 4 with a laser at 785
nm (objective x100 LF). ¢) Raman spectra measured in the position 1 for the 4
different excitation positions.
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The positions (2) and (3) allowed to discriminate the remote plasmon-mediated effect
from a parasitic excitation of PEDOT, coming directly from the laser beam or by its
scattering by the nanowire (position (3)), or from the supporting silica grid (position
(2)). A fifth measurement (spectrum not shown) in the direct mode was systematically
done in order to check that the PEDOT signal did not suffer any degradation.

In the first configuration (direct mode), the typical PEDOT spectrum was measured,
with the main C=C symmetric stretching band around 1420 - 1430 cm™. In the fourth
position (remote geometry), a similar spectrum was measured but with a smaller
intensity, as expected due to the coupling efficiency of the laser with the gold nanowire
to excite SPP, to plasmonic losses when propagating along the nanowire, and possibly
to the excitation of the Raman scattering. The latter case could be source of
enhancement, rather than quenching of the Raman intensity, as further discussed later.
No signature of PEDOT was detected, neither in the second, nor in the third
configuration of measurement. These results unambiguously showed that the Raman
signal detected when exciting the Au tip is due to a stimulation of PEDOT via the
surface plasmon polaritons after their propagation along the gold nanowire, i.e. remote
Raman signal (Figure IV.17). This preliminary study opened us the way to investigate
longer nanowires and design the new architectures (half dog-bone and dog-bone
nanowires).

We then carried out remote nano-Raman experiments with the four different PEDOT-
containing systems obtained, under the four available laser wavelengths (488, 514, 633
and 785 nm) and with light polarized perpendicularly or parallel to the main axis of the
nanowires. With this equipment, we could separately polarize the excitation and
collection beams, in order to get a full understanding of the optical and plasmonic
anisotropy of our systems. Nevertheless, we performed crossed polarization studies
only with the PEDOT containing systems and in some cases the Raman signal was so
weak that we could not get any reproducible results. For this reason, we could not
make a complete study of the crossed-polarization phenomena.

The analysis of the Raman bands was done by fitting the Raman signal to Lorentz
curves. The effect of the parameters (wavelength, polarization) was determined by
comparing the intensity of the symmetric C=C stretching band with its maximum
between 1420 and 1450 cm™ (depending on the excitation wavelength). Because of
the somehow weak signal measured in some cases, we could not perform a spectral
analysis comparison of the shape and position of the different Raman bands, but just
compare the intensity of the main band.

In the reflectance study, the signals measured for the different systems always have
the same order of magnitude. For this reason we could analyse, treat and compare
directly the raw signals. In the case of the Raman signal, it depends on the quantity of
active species (PEDOT) in the nanosystem and on plasmonic assisted interactions. The
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difference of the Raman signal between the different systems could thus differ in orders
of magnitude. This effect was increased due to the utilization of two different PEDOT
species: the electropolymerized PEDOT and the commercial PEDOT particles. The laser
power used for the experiments containing these different species was not the same
in order to not to destroy the PEDOT particles.

For these reasons we always normalized the PEDOT signal obtained dividing it by the
sum of the PEDOT signals in direct mode for parallel and perpendicular configurations
for that wavelength and that system (Equation (IV.1)):

INormalized _ I}
na -

Ic/}irect it Ic/}irectJ_ v.1)

where I} is the symmetric C=C stretching band height of a experiment n (which can
be remote or direct, or parallel or perpendicularly polarized) performed at a given
wavelength A and in a given system and thus I%;,.c;; and [%;,.c. . are these intensities
for the direct parallel and direct perpendicular polarization modes, respectively, at this
Aexc and in the same position.

The systematic remote nano-Raman studies of the four nanostructures were
performed analogously to the remote nano-reflectance spectroscopy defined before.
We placed the nanowires in a perfect horizontal disposition with the PEDOT-containing
tip on the right and defined its left tip as @ and its right tip as 6. Then, we carried out
the distinct direct and remote configurations. In this mode, we only analysed as direct
the direct nano-Raman on b, as in a there is no PEDOT and if we got any signal there
would be due to the remote detection of the PEDOT in 6. Then, the three remote modes
were, exciting on the non-PEDOT containing tip a and detection from the PEDOT
containing b; excitation on b and collection from a and excitation, and collection in g,
in order to see if any back-an-forth signal could be recovered.

We should note that the intensities for 488 nm and 514 nm are never plotted in remote
mode in any of the cases as we never obtained remote nano-Raman signal when
exciting at those wavelengths.

It is also important to note that in these experiments, we did not present the
enhancement factor as conclusion in the end as in the remote laser nano-reflectance
experiments due to the different characteristics of the nanowires presented (length,
PEDOT shell vs PEDOT particles, kinked and bent tips) and the fact that in some cases
the Raman signal was 0. For that reason we analysed the nanowires one per one as we
present in this section.

Final remark, such experiments were done and even repeated in different days and
similar results were measured. It confirms the robustness of the results reported here.
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IV.4.3.2. Simple gold nanowires of different lengths

The first system studied was the short Au@PEDOT nanowire (5.8 um) with PEDOT only
at one of their tips (Figure IV.18). We expected to get a higher remote relative signal
than in the preliminary case, as the SPP would propagate less distance and thus its
losses would be minimized.
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Figure IV.18. Study of a 5.8 um long Au(@ 120 - 144 nm)@PEDOT nanowire. Top:
SEM images with superposed Raman mapping signal for the C=C symmetric
stretching PEDOT band. Point a corresponds to the left tip (no PEDOT) and point b
to the right tip (PEDOT). Scale bar is 5 um. Bottom.: Normalized Raman intensity
(defined in (Equation (IV.1)) of the C=C symmetric stretching PEDOT band in different
configurations. Direct on b for 4 different Lexc wavelengths 488 nm (blue), 514 nm
(green), 633 nm (orange) and 785 nm (dark red). Remote on b (a->b), remote on a
(b->a), direct on a (suggesting a->b->a) forlexc = 633 nm (orange) and 785 nm (dark
red). No signal was obtained in remote mode for 488 nm and 514 nm. Polarization
parallel (1) or perpendicular (L) only at the excitation.

We first analyse the results of the study in the direct configuration for the four laser
wavelengths. A larger normalized intensity is measured for excitation at 488 nm and
514 nm, while no clear preferential orientation is evidenced when the excitation at 633
nm and 785 nm. This result is quite similar with the detailed study of other coaxial
nanowires reported in Chapter IIl. The preferential orientation of the shorter PEDOT
chains perpendicular to the nanowire axis, as induced by the ultra-confined
electropolymerization, can explain this result.

For the remote configuration, no signal is observed when exciting at 488 nm and 514
nm in any case. But at 633 nm some interesting features start to appear. For (a->b): a
tiny Raman signal is measured when irradiating in the non-PEDOT-containing tip
(position g) with a parallel-polarized laser and collecting at the tip covered with PEDOT
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(position b). This signal is thus mediated by the SPP. For (6-> a) and parallel polarization
at excitation, when exciting on the PEDOT-containing tip and collecting at the opposite
tip, the measured normalized signal was more than 12 times larger than for (a-> 6). We
even obtained PEDOT signal when exciting with perpendicular polarization.

For the excitation at 785 nm, the normalized intensities obtained for the remote
configurations are much larger than for the 633 nm case (Figure IV.18). The intensities
are larger for b->a than for a->b. Most spectacularly, for the parallel polarization, a
Raman signal was measured in the direct configuration on g, while there is no PEDOT
at this place. So, it strongly suggests a back-and-forth SPP-mediated process, i.e.
excitation of SPP at g propagation of SPP toward b, excitation of Raman signal of
PEDOT, coupling with SPP that back-propagate the Raman signal to a Such a
phenomenon has been previously evidenced.?**

We propose that the above-described effects are possible because of the wavelength
dependence of SPP propagation. Indeed, although the excitation wavelength is at 633
nm (same mechanism can be transposed for the 785 nm case), the Raman Stokes shift
signal emitted at 1430 cm™ is actually at 696 nm. It is known that a SPP in gold better
propagates for a larger wavelength above 500 nm. So the SPP propagation length of
this 1430 cm™ Raman band is larger at 696 nm than the one for the 633 nm laser. It
can thus contribute to a recorded more intense Raman band. The stronger remote
intensities measured for laser excitation at 785 nm than at 633 nm, as well as the back-
and-forth signal measured in the position a only for 785 nm strongly support this
mechanism.

The next structure studied was a similar but longer (9.3 pym) Au@PEDOT nanowire with
PEDOT only at one tip (placed on the right) (Figure IV.19). A smaller remote Raman
signal due to SPP propagation losses is expected. The SEM analysis shows a kink near
the left tip and a curvature of the right tip, that could create hotspots and impact the
SPP propagation and so the emitted signal.

For the direct configuration, a stronger signal was measured in transversal than in
longitudinal polarization for the four laser wavelengths. When exciting and collecting
directly on the tip b at any of the excitation wavelengths, we observed the typical
preferential PEDOT chains perpendicular orientation described in Chapter IIL

In the remote configuration, as in the previous nanowire, no signal was detected when
exciting with 488 or 514 nm lasers. This means that the propagation losses along the
nanowire at those wavelengths are too large. The same mechanism can explain that, at
Lexxe =785 nm, the a->b remote signal appears 14 times smaller than the direct
measurement in b, instead of a decrease by a factor 5 for the shorter NW.
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Figure IV.19. Study of a 9.3 um long Au(& 161-135 nm)@PEDOT nanowire. Top: SEM
images with superposed Raman mapping for the C=C symmetric stretching PEDOT
band (PEDOT appears green). Point a corresponds to the left tip (no PEDOT) and
point b to the right tip (PEDOT). Scale bar is 5 um. Bottom: Normalized Raman
intensity (defined in (Equation (IV.1)) of the C=C symmetric stretching PEDOT band
in different configurations. Direct on b for 4 different Lexc wavelengths 488 nm (blue),
514 nm (green), 633 nm (orange) and 785 nm (dark red). Remote on b (a->b), remote
on a (b->a), direct on a (suggesting a->b->a) for kexc = 633 nm (orange) and 785 nm
(dark red). Right: modified vertical axis for the b->a case. No signal was obtained in
remote mode for 488 nm and 514 nm. Polarization parallel () or perpendicular (L)
only at the excitation.

It can also be noted that a signal was measured for the perpendicular polarization for
a->b, in contrary to the previous NW. Moreover, the b->a signal is larger in
perpendicular than in parallel polarization. The later effect suggests that the curved tip
b helps for exciting the SPP with a perpendicularly polarized excitation.

IV.4.3.3. Half dog-bone nanowire with PEDOT particles on
one tip

The next system is the half dog-bone 7.5 pm long Au nanowire with commercial
PEDOT particles dispersed around and on the right tip (no Au nanoparticle), as PEDOT
cannot be electropolymerized after dispersing the NW (Figure 1IV.20). The effect of the
gold nanoparticle on the remote Raman signal is investigated. But the partial break of
the NW close to the left tip should significantly affect the plasmonic behaviour and
consequently the Raman scattering. Because of the degradation of these PEDOT
nanoparticles under direct excitation with 488 and 514 nm lasers, we only show
experiments with the 633 nm and 785 nm excitation wavelengths, and in remote mode
with the 633 nm laser.
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Figure IV.20. Study of a 7.5 um long half-dog-bone Au(@ 147 nm) with PEDOT
particles on the right tip (without Au nanoparticle). Top: SEM images with superposed
Raman mapping for the C=C symmetric stretching PEDOT band (PEDOT appears
green). Point a corresponds to the left tip (gold NP, no PEDOT) and point b to the
right tip with commercial PEDOT particles. Scale bar is 5 um. Bottom: Normalized
Raman intensity (defined in (Equation (IV.1)) of the C=C symmetric stretching PEDOT
band in different configurations. Direct on b for 2 different J.exc wavelengths 633 nm
(orange) and 785 nm (dark red). Remote on b (a->b), remote on a (b->a), direct on
a (suggesting a->b->a) for lexc = 633 nm (orange). Polarization parallel () or
perpendicular (L) only at the excitation.

For the direct excitation of the right tip, a slightly stronger signal is measured for the
polarization parallel to the nanowire, but we don't further discuss this result because
PEDOT in these commercial nanoparticles is randomly oriented.

It is also complicated to establish the effect of the gold NP on Aexc = 633 nm by
comparing with the two simple NW, because of the difference in the PEDOT (its
supramolecular structure and its location). Comparing the a->b6 and b->a Raman
signals measured here, a much stronger signal is obtained for the excitation on the
gold NP, than on the b tip. Additionally for a->b, the signal is stronger for the
perpendicular than for the parallel polarization, while PEDOT chains are randomly
oriented. On the left tip, the gold NP with a diameter larger than the NW diameter
could explain these two effects by promoting a stronger excitation of SPP, whatever
the polarization as it is roughly spherical. However, it is not a clear demonstration of
an eventual enhanced antenna effect by the gold NP.
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IV.4.3.4. Dog-bone nanowire with PEDOT particles on one
tip
The last system proposed was the dog-bone structure with PEDOT particles at its right
tip (Figure IV.21). Its length is 5.4 um, the Au nanoparticle on the left is quite spherical
and the one on the right is elongated. As important remark of this dog-bone nanowire,

apart from its slightly bent geometry, we should note that it contained a PEDOT particle
deposited on its middle zone that was successfully removed by laser dry etching.
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Figure IV.21. Study of a 5.4 um long dog-bone Au(<& 129 nm) nanowire with PEDOT
particles on the right tip. Top: SEM images with superposed Raman mapping for the
C=C symmetric stretching PEDOT band (PEDOT appears green). Point a corresponds
to the left tip (gold nanoparticle, no PEDOT) and point b to the right tijp with
commercial PEDOT particles. Scale bar is 5 um. Bottom.: Normalized Raman intensity
(defined in (Equation (IV.1)) of the C=C symmetric stretching PEDOT band in different
configurations. Direct on b for 4 different Jexc wavelengths 488 nm (blue), 514 nm
(green), 633 nm (orange) and 785 nm (dark red). Remote on b (a->b), remote on a
(b->a), direct on a (suggesting a->b->a) forexc = 633 nm (orange) and 785 nm (dark
red). No signal was obtained in remote mode for 488 nm and 514 nm. Polarization
parallel () or perpendicular (L) only at the excitation.

Similarly to the half dog-bone, we deduce from the study in the direct excitation and
collection on b (right tip) that the PEDOT chains in NP do not show any preferential
ordering. Indeed, the Raman scattering intensities are quite similar for both parallel
and perpendicular polarizations, whatever the excitation wavelength.

Again, a direct comparison of the measured Raman signals with the case of the simple
coaxial nanowires is not possible. It is due to the fact that PEDOT particles are not
positioned in a well-controlled manner, in opposition to the electropolymerized PEDOT
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in coaxial nanowires. It could thus interact in a different manner with plasmons.
However, it is possible to compare the relative changes between the different
measurements. Some interesting features have been measured mostly at Aexc = 785
nm. We focus our analysis on the results measured with the parallel polarization that
give larger intensities than in the perpendicular one.

First, the normalized intensity in a-> b and 6->a (~0.1) is 5 times smaller than the one
measured in the direct mode on the right Au NP. It was only 2.5 times smaller for the
“short” simple NW with a bit shorter length. It suggests a good excitation of PEDOT to
get the Raman signal, either directly or mediated by the SPP. In other words, the PEDOT
NP are well-located, certainly very close or in contact with the right NP.

Most importantly, there is a strong PEDOT signal measured at the left tip, supposed
to be zero as there is no PEDOT at this tip. This signal supporting a back-and-forth
SPP-mediated process effect (a->b->4) is more than twice the signal measured for
a->b or b->a. This is unique for our measurements. For the 5.8 um long coaxial NW
(similar length than here), we also measured a pronounced a->b->a signal for the //
polarization, but two times smaller than the 6->a case. The quantity of PEDOT in each
system could be considered if the intensity was directly compared, but it is not an
argument when the normalized intensity is compared. However, the different location
of the PEDOT could be a parameter, with a shell directly covering the gold NW, or
PEDOT nanoparticles dispersed around the gold NP. Moreover, the different PEDOT
chain ordering could play a role regarding the important effect of the polarization:
PEDOT chains are preferentially oriented perpendicular to the NW axis for the coaxial
NW, while they are randomly oriented in the PEDOT NP. The latter case is more
favourable to get a stronger intensity with the // polarization.

But it is required to involve another mechanism for explaining the stronger signal
measured in a(i.e. a->b->a) than in a->b and b->aremote configuration for this dog-
bone nanowire. Of course, the good quality (smoothness, regular shape, wavelength
dependence of SPP propagation length) is a requirement to expect low loss
propagation of SPP and it is certainly the reason why it is detected at Aexc = 785 nm
and not at 633 nm. But it cannot explain a larger signal after a propagating distance
twice the case of b->a case. The efficiency of the coupling between the PEDOT and
the gold NP is thus questioned. In the 6->a measurement, the laser directly excites
PEDOT, whose Raman scattering signal can couple to the SPP of the Au NP-NW system
before emission at the opposite left tip. In the a->b6->a measurement, the laser first
excites SPP at the left gold NP and it is the SPP out-coupling at the right tip that excites
the Raman scattering of PEDOT. The return way should be the same. It seems
reasonable to say that the excitation received by PEDOT is much less intense in the
second case. So, a possible key point deals with the coupling between PEDOT and the
NP at the right tip. Another point deals with the different SPP modes that can
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propagate in this dog-bone nanowire and their possible excitation in presence of these
nanoparticles, and a possible cavity effect. These are opened questions and we think
that modelling the plasmonic behaviour should permit to elucidate some of this
questions.

IV.5. Conclusions

In conclusion, we have explored the optical and plasmonic behaviour of a set of
nanowires designed especially for studies on plasmon-mediated remote effects.
Unambiguously, two original effects have been shown:

- A remote Raman scattering effect has been evidenced up to a distance of about 9
Mm in a simple coaxial nanowire (no NP) at Aexc = 785 nm

- The gold nanoparticle located at the tip(s) contributes to enhance the measured
signal (remote laser nano-reflectance, remote-Raman scattering) in a remote
configuration with two possible architectures: half dog-bone and dog-bone nanowires.
These results strongly suggest an improved coupling between the incident laser and
the nanowire. This improvement could be due to a larger cross-section for the NP than
for the nanowire whose diameter is smaller. The NP could also contribute to improve
the momentum matching,®! a required condition to excite the propagation of SPP
in the nanowire.2'18'29'155'212'213

As mentioned in the beginning of this section, in order to clarify the more advanced
results, more nanowires of similar characteristics should be studied. In such a way, we
could perform broad statistics analysis in order to confirm the main tendencies of this
exploratory work.

We would like to propose here that in order to improve the laser nano-reflectance
analysis and to be able to detect some plasmonic effects related to a size-dependent
absorption and scattering (possibly revealed by small shift of the reflected signal), an
improved spectral resolution would be needed. This could be achieved by installing
gratings with more grooves per millimetre.
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Conclusions and Perspectives

During my thesis work, different kinds of plasmon active gold-based nanowires have
been successfully designed, synthetized and characterized. We exploited the
electrochemical hard-template synthesis in order to produce these original nanowires
and laser-based treatments for the post-synthesis processing to change the shape of
the nanowire tips. The resulting nanowires could be divided in three categories:

(i) Pure Au and PEDOT nanowires that served as reference systems for both synthesis
and characterization

(i) Coaxial Au(core)@PEDOT(shell) nanowires with the PEDOT shell located in a
controlled manner at different positions along the gold nanowire ; such nanowires were
used for the proof-of-concept of the remote plasmon-mediated Raman effect

(iii) Gold nanowires including larger gold excrescences at the tip(s), which permit an
enhanced plasmon-photon coupling and contribute to improve the signal transmitted
by the surface plasmon polaritons.

Regarding the coaxial AuU@PEDOT nanowires, an exhaustive study of their PEDOT
shells by polarized micro-Raman spectroscopy has been achieved. We demonstrated
that the polymer chains are preferentially oriented perpendicular to the nanowire axis,
in contrary to the case of PEDOT nanowires. Such a polymer ordering is a crucial point
to improve the functional properties of conjugated polymers. We proposed a growth
mechanism that permits to explain both this preferential alignment of the conjugated
segments, and the wavelength dependent spectroscopic results which suggest that
short and long conjugated segments are differently distributed. Such an ordering is
directly promoted by the extreme confinement of the electropolymerization and to the
gold nanowires acting as cylindrical nanoelectrodes.

By developing correlated characterization of the nanowires, we were able to fully study
single nanowires of all the described categories. We then analysed their SPP behaviour
by remote laser nano-reflectance. It shows that the gold excrescences located at the
tip(s) of (half) dog-bone nanowires allow to enhance the signal measured in a remote
place at the same wavelength than the exciting laser, but also for a red-shifted signal
coming from the Raman scattering of the PEDOT positioned closely to the nanoparticle.

These successful studies open a way to a new branch of future experiments that are
briefly overviewed below.
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In the continuation of my work, the determination of the plasmonic behaviour by low-
energy EELS-HRTEM will bring useful information for a comprehensive analysis of the
different effects investigated, considering a local excitation of a plasmonic nanowire by
an electron-beam or by a sub-micrometric laser spot, and alternatively an excitation of
the whole nanowire by an optical beam.

Time-dependent spectroscopic studies on such systems would also be pertinent to
identify the mechanism(s) involved in the coupling between the metallic dog-bone
nanowire and the Raman species. Among many opportunities, the coupling of such
dog-bone nanowires with photoluminescent species is a very exciting project to
investigate the weak and strong plasmon-exciton coupling. It is a rapidly growing
domain of research with perspectives of new fundamental effects, which could impact
significantly optoelectronic and nanophotonics devices.

Another prospect concerns the development of more complex nano-architectures by
exploiting the laser heating treatment. These successful first studies open a way to
further developments for enhancing the plasmonic in- and out-coupling of the
nanowire signal. It is a requirement to promote plasmon-mediated remote Raman or
photoluminescence effects of (very) small signals along several micrometres. It would
result in a new type of all-in-one self-standing plasmonic nanodevices.
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Appendix 1. Polarized nano-
Raman spectroscopy
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Figure AL1. a) Open Renishaw InVia™ nano-spectrometer and b) its schema for easy
understanding with the available laser lines. ¢) Open Rayleigh rejection filters block
with the screws for tuning the laser beam path and d) their schema for easy
understanding.

The protocol that we established, thanks to the collaboration of Renishaw and with
expertise of J.Y. Mevellec, in order to optimize the laser pathway, its confocality and
the signal strength was the following. The first step was to check that the four legs of
the antivibration table were inflated. Secondly, we used a flat silicon surface as
calibration sample with its edges parallel to the polarization of the laser beam. Using
the x50 objective as reference, we placed the x100 long focal objective with its centre
exactly focusing to the same spot. To complete this optical alignment, we compared
the centre of the visual image from the binoculars with the centre of the digital image
in the screen, as they should be at the same spot. Then, we optimized the laser focus.
It was mainly done by playing with three mirrors (Figure AL1l): “mirror laser into
spectrometer” (right mirror), “mirror laser to block” (left mirror) and the mirror inside
the "Rayleigh rejection filters block” (manual mirror) (Figure AL1c&d). We placed a
vertical white flat surface cutting the beam that came from the right mirror
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perpendicularly and we moved the right mirror until the spot seen on the flat surface
was a perfect circle. Then we adjusted the image of the laser from the camera moving
principally the left mirror until when focusing and defocusing in z the laser beam
maintained its circular shape.*’° The last step was to move the laser spot to the centre
of the image, using both the manual and the left mirrors: first optimizing in the y axis
and afterwards in the x, because the left mirror moves the laser spot in horizontal and
diagonal but not in vertical. We moved the laser spot twice the distance between it and
the axis (x or y) in the direction towards that axis with the manual mirror, and then we
re-adjusted the central position on the screen with the left mirror.

Once the laser was well aligned, the detection beam path should be optimized. First,
the slit and the CCD camera width were completely opened in order to see to which
pixels the maximum of the signal was coming to. Prior to the next step was necessary
to recalibrate the Raman signal displacement in the software (as we were using a Si
slab, the main peak should appear at 520.5 cm™). Once the Raman shift was corrected,
the CCD camera width was closed to the 3 pixels around the brightest point. We
gradually closes the slit to 20 pm and moved it when necessary in order to get the
maximum signal. In order to get a higher spatial resolution we could close even more
the slit and select less pixels in the CCD camera (Figure AL2). In that manner, the surface
of the sample collected decreases and, when performing a mapping, its spatial
resolution increases.

We consider important to note that this ultimate alignment must be done very
precisely in order to only collect the signal coming from the normal beams from the
very centre of the optical image. It is important to note that in most of the cases the
laser beam that arrives to the sample is larger in diameter than the measured nanowire
diameter but we consider that when working in this high spatial resolution collection
conditions the acquisition area is around the same size than nanowire diameter or just
slightly bigger (Figure AL2).
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Figure ALZ. Schema of the relation between the customizable parameters of a nano-
spectrometer and the sample spatial resolution. An asymmetric Au@PEDOT
nanowire is under laser excitation (laser beam in red) that irradiates a given area
(excited area). The Raman signal produced (emitted radliation in purple) is collected
on the CCD camera. The spatial resolution (sample area collected) of this collected
signal can be tuned by the slit opening and the pixels taken from the CCD camera.
This schema also represents the laser nano-reflectance measurements.

When the laser was extremely misaligned and we could not even track the laser spot
on the screen, we proceeded in another manner to get it back. The step involving the
right mirror was analogous but, in the case of the left mirror, we adjusted it to centre
the laser spot right in the middle of the manual mirror. Once it was done, normally the
laser should arrive into the objective. If not, we played with both the left and the manual
mirrors until it appeared.

We noted the signal intensity (number of counts) obtained for the Si main peak under
the optimal conditions described before for each wavelength (Table V1.1). We found
that these signal intensities were very reproducible once the calibration was done. We
tracked the same intensities in the beginning and the end of the thesis.
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Raman signal intensity (in number of counts) at optimized calibration conditions:

Wavelength | Laser power | Polarization | Grating Number of counts
488 nm 1.5 mWwW Normal 2400 gr/mm | 1400 counts

514 nm 1.5 mwW Normal 2400 gr/mm | 4000 counts

633 nm 1.0 mW Orthogonal | 1200 gr/mm | 2000 counts

785 nm 0.5 mW Normal 1200 gr/mm | 800 counts

Table VI.1. Registered Raman intensities for the Si peak at 520.5 cm™ of an oriented
Si slab under optimal confocal conditions. These conditions are the following.: laser
well aligned in all three directions, slit opening 20 um, CCD camera width: 2 pixels.

x100 long focal objective (NA = 0.8). Acquisition time:. 1 s.

It is necessary to remark that all the alignment of the laser was made under safe
conditions. The manipulator and all the people present in the room should wear
radiation protection specs during the calibration process as the laser beam was not

covered.
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and perpendicular polarization of the single Au nanowire. White scale bar
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signaux Raman a distance. La spectroscopie Raman
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micrométres de I'excitation par un laser a une
extrémité du nanofil et de la détection Raman a I'autre
extrémité. La trés faible efficacité de I'émission Raman
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constitués d'un cceur d'or, pour propager les SPP, et
d'une gaine de poly(3,4-éthyléne-dioxythiophéne)

pour le signal Raman ont été congus pour la preuve
de concept. Cette étude a permis de mettre en
évidence une forte orientation préférentielle des
chaines de polymeéres attribuée a la synthése ultra-
confinée.
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améliorer le comportement d’antenne de ces
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a permis de produire des protubérances aux
extrémités des nanofils d’or. Il en résulte un couplage
plus efficace avec la lumiére incidente pour exciter
les SPP et une augmentation de la lumiére diffusée
a I'extrémité opposeée.
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Abstract: Plasmonics is an important research topic
for nanophotonics based on surface plasmon
polaritons (SPP) and localized surface plasmons
(LSP). 1D-like metallic and hybrid nanostructures
opens the way to exploit altogether the propagative
nature of SPP in a guided way, and the strong field
enhancement of LSPR. During my thesis work, |
designed functional gold-based nanowires with
controlled morphological and compositional
characteristics for exploring and exploiting their
plasmonic properties.

A main achievement reports on the plasmon-mediated
remote Raman sensing promoted by coaxial
nanowires. Remote Raman spectroscopy is based on
the separation by many micrometres of the excitation
laser spot on one tip of the nanowire, and the Raman
detection at the other tip. The very weak efficiency of
Raman emission makes it challenging.

Coaxial nanowires consisting of a gold core to
propagate SPP and a Raman-emitting shell of
poly(3,4-ethylene-dioxythiophene) were synthesized
for the proof-of-concept. This study also permits to
evidence a strong preferential orientation of the
polymer chains due to the ultra-confined synthesis.
In another study, the enhancement of both the SPP
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realized by transforming the gold nanowire tips with
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