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Summary

This thesis is oriented towards the fabrication and optical characterization of ordered clusters

of gold nanoparticles, i.e. plasmonic superlattices, as substrates for surface-enhanced spec-

troscopy. Gold nanostructures have remarkable optical properties thanks to their plasmonic

properties, which allow them to con�ne the electric �eld to nanosocale volumes. Particularly,

the high near-�eld enhancement produced by gold nanostructures grant for a tremendous in-

crease of the Raman signal of molecules present in its vicinity. Thanks to this e�ect, known as

surface-enhanced Raman scattering, low amount of chemicals or biomarkers can be detected by

SERS. In this context, the design and fabrication of new plasmonic substrates with optimized

plasmonic properties would improve their SERS perfomance, and grant for the identi�cation of

lower analytes concentrations.

The nanofabrication of gold nanostructures is generally achieved through two main paths:

(i) The fabrication of patterns through lithography followed by the deposition of bulk gold,

(ii) the synthesis of gold nanoparticles, followed by their self-assembly into clusters or �lms

with new optical properties. On the one hand, lithography techniques enable the acquisition

of highly precise periodic structures, however they are slow and expensive. On the other

hand, gold nanoparticle self-assembly is fast and relatively inexpensive, but the complexity

of the attained nanostructures remains limited. To keep the advantages of both techniques a

combination of lithography and self-assembly is used in this PhD to fabricate periodical arrays

of gold nanoparticle clusters. For that purpose, colloidal nanoparticles are used as building

blocks for their assembly into the wells of a nanostructured template, fabricated by lithography

techniques. This approach, using capillary forces to trap nanoparticles in the wells of the

template, results in the fabrication of periodical arrays of gold NP clusters.

Plasmonic superlattices exhibit remarkable plasmonic resonances, so-called surface lattice

plasmon resonances, that arise from the coupling between plasmonic cluster modes and in-plane

di�racted orders. Such far-�eld coupled resonances can be employed for ultrasensitive surface-

enhanced Raman spectroscopy (SERS), provided they are spectrally matched to the excitation

wavelength. Consequently, understanding coupling phenomena in arrays of self-assembled gold

nanoparticles will help for the design of optimized plasmonic substrates for sensing applications,
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using SERS for instance. Fabrication of new optimized plasmonic substrates for SERS is

essential for reducing the SERS limit of detection but also its reproducibility. In this context,

the overall goal of this thesis is to fabricate highly regular plasmonic superlattices and to study

their optical properties with the aim of optimizing their SERS performance.

The �rst chapter of this thesis is dedicated to the development of a self-assembly process

allowing for the homogeneous assembly of gold nanospheres into superlattices (i.e periodical

arrays of gold nanoparticle clusters). Since the statistical error of SERS largely depends on the

homogeneity of the sample, fabricating plasmonic substrates with a regular SERS enhancement

over their surface motivated the fabrication of homogeneous superlattices. A systematic study

of the optical properties of superlattices with di�erent homogeneities is performed to show the

in�uence of homogeneity on the surface lattice plasmon resonance of plasmonic superlattices.

Particularly, the SERS signal of superlattices displaying di�erent homogeneities is compared

and the most homogeneous superlattice show the lowest standard deviation as well as the

highest SERS signal on the account of a stronger far-�eld coupling.

In the second chapter, the self-assembly process developed in Chapter 1 is applied to the as-

sembly of di�erent nanoparticle shapes such as nanospheres, nanorods, and nanotriangles. The

use of anisotropic nanoparticles was motivated by the fact that anisotropic nanoparticles pro-

vide higher near-�eld enhancement, therefore, their assemblies are expected to give a remarkable

SERS signal. The aim of this chapter was therefore to optimize the SERS signal of plasmonic

superlattices by changing the shape of the colloidal building blocks. In this sense, the universal-

ity of the templated self-assembly process is demonstrated by assembling the di�erently shaped

nanoparticles, using the same assembly conditions, into superlattices of 400 and 500 nm pe-

riod. Controlled assembly of gold nanoparticles into superlattices enables a comparative optical

study of the di�erent superlattices and a comparison of their SERS enhancement factor. At the

same time, �nite element method simulations were performed and enabled the identi�cation of

the nature of the di�erent plasmonic mode involved in the optical properties of the plasmonic

superlattices. Conversely to what was hypothesized, the gold nanosphere superlattices exhibit

higher SERS enhancement factors than superlattices of nanorods and nanotriangles.

After optimization of the plasmonic superlattices SERS enhancement through the assembly

of di�erent nanoparticle shapes, chapter 3 discloses an optimization of the plasmonic superlat-
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tices SERS enhancement through a systematic study of the lattice parameters. In this context,

the templated self-assembly process was extended to �exible PDMS substrates. Since the main

plasmon resonances of plasmonic superlattices depend on the lattice period, the optical proper-

ties of the �exible superlattices can be tailored through lattice period deformations by means of

macroscopic mechanical strains. Finally, both unidirectional and bidirectional lattice deforma-

tions were used to adapt a single lattice structure to both red-shifted and blue-shifted excitation

lines and �nd the optimal lattice parameters for SERS under both excitation wavelengths (633

and 785 nm).

In the last chapter, an application of SERS to the real-time sensing of dangerous analytes

in micro�uidic �ows is exposed. SERS has proven to be a technique of choice for the detection

of chemicals and biological markers, consequently real-time SERS would enable the monitoring

of dynamic chemical and biological processes. However, SERS is a�ected by the so-called

memory e�ect, which consists of the irreversible binding of molecules to the gold nanostructure

and impedes successive detections with a single substrate. In this context, the last chapter

presents a modi�cation of the plasmonic superlattices, fabricated in the previous chapters, with

a thermolabile polymer which protects the gold nanoparticles from analyte adsorption. Removal

of the polymer in selected areas constitutes a way to perform a new SERS measurement at a

given time, and consequently to monitor di�erent chemicals �owing in a micro�uidic channel

by SERS. Furthermore, this method was transferred to simple plasmonic systems such as dried

droplets of nanoparticles covered with the thermolabile polymer, which underlines the potential

of the method to monitor dynamic chemical or biological processes by SERS.
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Resumen

Esta tesis se centra en la fabricación y la caracterización óptica de clústeres de nanopartículas

ordenados periódicamente, es decir super-redes plasmonicas, de cara a su uso como sustratos

para espectroscopia Raman ampli�cada por super�cies (SERS). La nanofabricación de dichas

nanoestructuras de oro se suele realizar por medio de dos metodologías principales: (i) La fabri-

cación de patrones por litografía seguido por la deposición de una capa de oro, usando general-

mente técnicas de deposiciones físicas en fase de vapor y (ii) el ensamblaje de nanopartículas

de oro (sintetizadas por métodos químicos en disolución) para la formación de agrupaciones

que adquieren nuevas propiedades ópticas. Por un lado, las técnicas de litografía permiten fab-

ricar nanoestructuras con una alta precisión, aunque estos procesos acaban resultando lentos

y costosos. Por otra parte, el ensamblaje de nanopartículas es rápido y relativamente barato,

sin embargo la complejidad de las estructuras que se pueden producir por esta vía es limitada.

Con el objetivo de aunar las ventajas de estas dos técnicas, una combinación de procesos de

litografía y de ensamblaje de nanopartículas se han empleado a lo largo de esta tesis para la

fabricación de agrupaciones de nanopartículas ordenadas periódicamente. En este sentido, se

han utilizado nanopartículas en forma de coloides como los bloques constituyentes del ensam-

blaje que se genera siguiendo los huecos de un patrón nanoestructurado fabricado por técnicas

de litografía. Esta metodología, basada en las fuerzas capilares para la inmovilización de las

nanopartículas en los huecos del patrón, permite fabricar agrupaciones de nanopartículas con

una alta precisión, obteniendo estructuras organizadas periódicamente.

Las super-redes presentan resonancias plasmónicas con unas propiedades ópticas sobre-

salientes, que surgen del acoplamiento entre los modos plasmónicos de los clústeres y el orden

de difracción en el plano de la red. Por otra parte, se ha demostrado (Matricardi et al) que

este fenómeno puede ser aprovechado en la fabricación de sensores basados en espectroscopia

Raman ampli�cada por super�cies, obteniendo un incremento de la señal cuando la longitud

de onda del plasmón de super�cie coincide con la longitud de onda de la excitación Raman.

En este sentido, la comprensión de los fenómenos de acoplamiento en las redes de clústeres

de nanopartículas resulta crucial para optimizar del los sustratos plasmónicos de cara a sus

aplicaciones en detección. Particularmente, un mayor control en los procesos de fabricación de
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sustratos plasmonicos es imprescindible para mejorar la reproducibilidad de dicha tecnología,

al mismo tiempo que se aumenta su sensibilidad. En este contexto, el reto principal de esta

tesis ha sido fabricar super-redes plasmonicas altamente ordenadas y estudiar sus propriedades

ópticas, con el �n de optimizar sus capacidades de ampli�cación SERS.

El primer capítulo de esta tesis esta dedicado al desarrollo de un procedimiento para el

ensamblaje de nanopartículas en superredes de nanoesferas con alta homogeneidad a gran

escala. De manera adicional, se realizó un estudio sistemático de las propriedades ópticas de

dichas superredes con el �n de demostrar la in�uencia de la homogeneidad sobre la resonancia

plasmonica de super�cie. Finalmente, se comprobó que las superredes con alta homogeneidad

mejoran la señal de SERS en intensidad y reproducibilidad.

En el segundo capitulo, el proceso de ensamblaje optimizado en el capítulo 1 se aplicó

a nanopartículas de diferentes formas: nanoesferas, nanorods y nanotriángulos. El uso de

dichas nanopartículas anisótropas estuvo motivado por el hecho de que proporcionan un mayor

aumento del campo electromagnético en comparación con las nanosferas. En de�nitiva, este

capítulo demostró la universalidad del proceso a través del ensamblaje nanopartículas con

diferentes formas en super-redes de con periodos de 400 o 500 nm. El ensamblaje controlado

de dichas nanopartículas permitió hacer un estudio óptico comparativo de las diferentes super-

redes, al mismo tiempo que se comparaban los factores de aumento de la señal de SERS. Al

contrario de lo esperado, se observó que las super-redes de nanoesferas proporcionan una mayor

señal de SERS que super-redes formadas por nanorods y nanotriángulos.

Siguiendo con la optimización de la señal SERS, el capítulo 3 presenta un estudio sis-

temático sobre los efectos plasmónicos asociados a la modi�cación del periodo de red entre las

nanopartículas. En este sentido, se adaptó el proceso de ensamblaje a sustratos �exibles de

PDMS para modular de manera precisa la distancia entre las agrupaciones de nanopartículas.

Dado que el plasmón de super�cie de las super-redes depende principalmente del periodo de

red, se ajustaron las propiedades ópticas a través del estiramiento mecánico del sustrato. Fi-

nalmente, estiramientos unidireccionales y bidireccionales permitieron adaptar las propiedades

plasmónicas de la red inicial a múltiples longitudes de ondas, de mayor o menor energía. Esta

técnica permite encontrar los parámetros de red óptimos para obtener un mayor incremento de

SERS en función de la longitud de onda de excitación del laser empleado, 633 y 785 nm.
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En el último capitulo, se presenta una aplicación de la tecnología de SERS para la detección

en tiempo real de análitos de interés en dispositivos micro�úidicos. El empleo de la técnica SERS

se ha mostrado como una herramienta potente para la detección in situ de sustancias químicas y

distintos biomarcadores. Sin embargo, las medidas de SERS suelen verse afectadas por un efecto

de memoria, provocado por la unión irreversible de moléculas sobre la nanoestrucutra de oro,

que impide la realización de detecciones sucesivas con un mismo sustrato. En este contexto, a lo

largo del último capítulo se presenta una modi�cación de las super-redes plasmónicas, fabricadas

en los capítulos previos, que consiste en la deposición de un polímero termolábil e impermeable

que protege a las nanopartículas de la unión con las moléculas presentes en disolución. Gracias

a las propiedades termoplasmónicas de las super-redes se ha podido retirar el polímero en zonas

especí�cas tras una irradiación laser mas intensa, facilitando así la realización de una medida

de SERS en el área desprotegida. De esta forma, la generación sucesiva de múltiples ventanas

de medida posibilita la realización de medidas a diferentes tiempos para la monitorización de

procesos dinámicos.
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Chapter 1

General Introduction

1.1 General introduction on nanotechnology

At the beginning of the 21st century, nanotechnology was presented as the new technological

revolution to come, Thomas Theis director of the IBMWatson research center said in 2008:�One

way of de�ning nanotechnology is to talk about length scales. A di�erent way is to see it as an

upcoming economic, business, and social phenomenon. Nanoadvocates argue it will revolution-

ize the way we live, work, and communicate� [1]. Today, Nanotechnology can be considered

an established �eld. Products coming to the market featuring nanotechnology are becoming

more and more common, and according to Lux research nanotechnology, nano-enabled products

generated 1.6 trillion in global revenues in 2014, and that �gure is anticipated to increase to

3.5 trillion in 2018 following the so-called Moore law [2, 3]. Amongst the di�erent technologies

available on the market we can mention the implementation of solar cell farms around the

world enabling for not only greener energies, but also the large scale widespread of faster and

smaller computers and cellphones made possible by the development of transistors with lowered

dimensions. At the same time, several studies sound out public opinion and the knowledge of

people on nanotechnology. A European initiative for nanotechnology, Nanoopinion, interro-

gated European citizens to sound out their knowledge on nanotechnology through �ve di�erent

questions: (i) Are nanoparticles visible through X-rays, (ii) does nanotechnology allow scien-

tists to rearrange molecules?, (iii) Is a nanometer about the width of the human hair?, (iv) Is

it possible to �nd nanoparticles in nature?, (v) Have nanoproducts been on the market since a
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Chapter 1 1.1. General introduction on nanotechnology

long time?. In Europe, on average, people answered right to 3 or more questions [4]. More than

50 years after Richard Feynman's speech, considered to be the birth of nanotechnology, it seems

that the global public is aware of the existence of nanotechnology and even has a moderate

knowledge of what nanotechnology is. Those two social and economic indicators point out that

the nanotechnology revolution is now taking place or that it has already happened.

Nanotechnology uses the physicochemical properties of matter at the nanoscale to cre-

ate devices and materials possessing new abilities. By reducing dimensions to the nanometer

physico-chemical properties of the material such as melting-point [5], electric conductivity [6],

�uorescence [7] or chemical reactivity [8] change as compared to its bulk state. For instance, the

synthesis of dielectric nanoparticles of di�erent sizes, such as quantum dots made of cadmium

selenide, granted tunable photoluminescence through the �ne-tuning of the nanoparticle size

(Figure 1.1 a). By changing the dimensions of cadmium selenide nanoparticles, electronic

con�nement can be changed leading to changes in the photoluminescence of quantum dots [9].

While understanding the e�ects of the nanoscale started just at the end of the 20th century,

it has been used blindly for centuries by humanity. The use of new technologies such as

electron microscopy made possible the �nding of nanomaterials in objects dating from several

centuries. For instance, the famous Lycurgus cup made in the 4th century in Rome presents

glass embedded gold nanoparticles, allowing the cup to look opaque green when lit under normal

illumination and glowing red when lit from inside the cup [10]. From the 6th century onwards

gold nanoparticles were found in di�erent artworks such as stained glass in European cathedrals

but also ceramics in the Islamic world. Other materials such as carbon nanotubes, were found

in other craftwork such as the "Damascus" blade. The steel of "Damascus" blades was used

because of its excellent mechanical properties, and the �nding of carbon nanotubes shines a

light on why these blades were so resistant [11]. Even if certain processes were empirically

giving speci�c properties to materials, the underlying phenomena controlling their properties

were not known at the time.

In other ways, we can say that nature has also developed its own nanotechnology through

evolution to confer special properties. For instance, Butter�y wings present bright colors that

don't degrade over time as would a pigment (Figure 1.1 b). Indeed the color of butter�y

wings is not due to pigments (i.e molecules absorbing light at speci�c wavelengths) but due to
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