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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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Chapter 1 1.1. General introduction on nanotechnology

Figure 1.1: Examples of nanotechnology: a) Photoluminescence of cadmium selenide nanopar-

ticles of di�erent sizes. b) Photograph of a blue morpho butter�y displaying iridescent colors on

its wings, by Gregory Phillips, under Creative commons BY-SA 3.0, via Wikimedia Commons.

c)Scheme of the butter�y wings nanostructure, reproduced from [12] d) Scanning electron mi-

croscopy (SEM) image of a butter�y wing reproduced with permission from [13], Copyright

2013 American Physical Society.

nanostructures on their wings [13, 14]. Color formation due to speci�c nanostructures is known

as structural coloring, and understanding the way they are created is today a whole �eld of

research [15, 16]. Such designs developed by nature can be very insightful in order to create
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Chapter 1 1.2. Scope and objective of the thesis

new nanomaterials with interesting properties. For instance, by reproducing the nanostructure

present on the hand of a gecko, researchers were able to produce a material that proportionate

reversible binding without using any type of glue [17]. To go even further it is possible to use

butter�y wings as biotemplates to create nanostructures with incredible optical properties [18].

While nature developed its own ways to use nanotechnology and former civilizations found

processes to confer colors or speci�c mechanical properties to their material, researchers are now

trying to synthesize and characterize various materials at the nanoscale. In this sense, today's

approach is very di�erent from fabricating stained glass, not only the study and synthesis

of new materials is done in systematic ways but there exist new tools such as atomic force

microscopy (AFM), electron microscopy, and scanning tunneling microscopy (SEM) that allow

in e�ect to see the produced nanomaterials. Such instruments surely allowed the development

of nanotechnology, but we should also mention the development of lithography, wet chemistry,

and self-assembly that allowed the fabrication of complex materials with amazing electrical,

mechanical, magnetic or optical properties. Finally, a lot of di�erent technological advances

made nanotechnology possible and it is now up to scientists and engineers to create useful

applications for society.

1.2 Scope and objective of the thesis

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 spectroscopy.

Due to their remarkable ability to con�ne light to the nanoscale, plasmonic nanostructures are

ideal platforms for ultrasensitive spectroscopy techniques, such as surface-enhanced Raman

scattering (SERS) spectroscopy [12, 13]. However, high and e�cient SERS signals typically

demands a match between the plasmon resonance wavelength and the Raman laser excitation

wavelength [14, 19]. Plasmon resonances can be tailored through the nanostructure's shape or

material, particularly, in periodically arranged nanoparticles, i.e. plasmonic superlattices, the

plasmon resonance can be tuned through changes in the lattice period [9]. These lattice e�ects,

known as surface lattice resonances, arise from the coupling between the plasmon resonance

of the lattice sub-unit with an in-plane di�racted order. Such far-�eld coupled resonances can
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Chapter 1 1.2. Scope and objective of the thesis

be employed for ultrasensitive surface-enhanced Raman spectroscopy (SERS), provided they

are spectrally matched to the excitation wavelength, as was shown by Matricardi et al [20].

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

will help for the design of optimized plasmonic substrates for sensing applications, using SERS

for instance. Fabrication of new optimized plasmonic substrates for SERS is primordial for

lowering the SERS limit of detection but also its reproducibility. Generally, the fabrication

of periodic plasmonic nanostructures follow lithography processes, but an increase interest is

given to the self-assembly of colloidal gold nanoparticles into period superstructures due to

its lower cost and its faster process [20, 21]. Particularly, capillary-assisted self-assembly has

emerged as a versatile technique for the self-assembly of colloids into complex structures [22].

In this context, the overall goal of this thesis is to fabricate and study the plasmonic properties

of highly regular gold nanoparticle superlattices made through self-assembly, with the aim of

optimizing their SERS performances.

The synthesis and self-assembly of gold nanoparticles was performed in biomaGUNE in the

bionanoplasmonics group, while the characterization of plasmonic superlattices was performed

in nanoGUNE in the nanoengineering group. To complement some of the results with optical

simulations (chapter 1 and chapter 2), a research stay was done in the Mads Clausen institute

at the southern university of Denmark. Additional optical simulations results (chapter 3) were

provided by the NANOPTO group from ICMAB (Barcelona).

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. To study the in�u-

ence of homogeneity on the optical properties of periodically arranged clusters of nanoparticles,

superlattices displaying di�erent homogeneity were fabricated and characterized by UV-Vis and

Raman spectroscopy. Particularly, the long-range order of plasmonic superlattices is expected

to give rise to stronger far-�eld coupling, and consequently to increase the SERS enhancement

of the plasmonic substrate.

In the second chapter, the self-assembly process developed in Chapter 1 is applied to the
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Chapter 1 1.2. Scope and objective of the thesis

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

The use of anisotropic nanoparticles was motivated by the fact that anisotropic nanoparticles

provide higher near-�eld enhancement, therefore, their assemblies are expected to give a re-

markable 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 universality of the templated self-assembly process is demonstrated by assembling the dif-

ferently shaped nanoparticles, using the same assembly conditions, into superlattices of 400,

and 500 nm period. The 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.

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-

tices SERS enhancement through a systematic study of the lattice parameters. In this context,

the templated self-assembly process is 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 are 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 excitations (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 analytes 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.
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Chapter 2

Background

2.1 Synthesis of gold nanoparticles

As we have seen in the previous section, the synthesis and use of gold nanoparticles preceded

their scienti�c understanding. While gold nanoparticles were used for centuries as glass staining

agents, the �rst scienti�c report on the synthesis of gold nanoparticles is published by Faraday

in 1857 [1]. In his article, Faraday reports the synthesis of gold nanoparticles from chloroauric

acid as a source of gold ions, with water as a solvent and the use of white phosphorous as

a reducing agent. Faraday also accounts for the optical properties of such nanoparticles and

attributes the production of a "ruby red" color to the reduction of gold to solid-state. Up to

date this �rst synthesis of gold nanoparticles is still exposed in the Faraday museum located

in the Royal Institution in London. Interestingly, the approach used nowadays to synthesize

gold nanoparticles is not so di�erent from the one Faraday used, although the reducing agent

was replaced with less toxic chemicals than white phosphorous such as ascorbic acid. Still,

a lot of progress has been made since then, amongst which the seed-mediated approach al-

lowed for drastic improvement in the quality of nanoparticles. Separation of crystallization

and growth of nanoparticles used in the seed-mediated synthesis enabled more control on the

nanoparticle size and shape compared to the synthesis of gold nanoparticles in situ. Espe-

cially, the seed-mediated made possible the synthesis of nanoparticles of di�erent shapes such

as spheres [2], rods [3],triangles [4], nanostars [5] and more complex structures [6], as can be

seen in Figure 2.1.
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Figure 2.1: Gold nanoparticles of di�erent shapes: a) Spheres reproduced with permission from

[7], copyright 2017 American chemical society b) Rods reproduced with permission from [3],

copyright 2015 American chemical society c) Triangles reproduced with permission from [4],

copyright 2014 American chemical society.

To induce symmetry breaking in the growth of nanoparticles from seeds, the interaction

of chemicals with particular crystalline facets of the growing seed is used. The most studied

symmetry breaking mechanism is the one used for gold nanorods synthesis. In this case, the

initial isotropic seed is overgrown in presence of CTAB and silver ions. Upon growth higher-

index 110 and 250 facets are formed and stabilized through the adsorption of CTAB and silver

ions [8, 9, 10]. The adsorption of the CTAB and silver ions slows down the growth on the 110

and 250 facets leading to the formation of gold nanorods.

2.2 Self-assembly of gold nanoparticles

Self-assembly is a process in which a disordered system of pre-existing components forms an

organized structure or pattern as a consequence of speci�c local interactions among the com-

ponents themselves, without external direction. Self-assembly is a powerful tool as it gives

the possibility to create nanostructures by carefully designing the functionality of a colloid or

the chemistry of its solvent. Especially, the fabrication of monodisperse gold colloids through

the seeded growth method enabled the fabrication of complex nanostructures displaying new

optical properties. This section gives an overview of the di�erent forces acting on colloids. The
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focus will then be put on external forces providing periodical self-assembly of colloids. The

optical properties gained by self-assembled gold nanoparticles will be explained in Section 2.4

2.2.1 Forces in colloids

Colloidal solutions are prone to di�erent forces that can attract nanoparticles(NPs) together or

repel each other. These forces depend on the solvent, on their size, shape, and their material,

as well as their surrounding ligand, polymer, or surfactant. By carefully designing the colloidal

system, it is possible to induce reversible aggregation of gold nanoparticles, as we will see in

this subsection.

Van der Waals forces

Van der Waals (vdW) forces are attractive or repulsive forces between atoms, molecules, and

surfaces caused by dipole or induced dipole interactions. Di�erent vdW interactions exist for

di�erent types of particles. Polar molecules interact through a permanent dipole - permanent

dipole interaction known as the Keesom interaction. The potential of the Keesom force is

written [11]

−m2
1m

2
2

3(4πε0)2kTr6
. (2.1)

m1 and m2 are the electric dipole moments of both molecules, k is the Boltzman constant, r

is the distance between the molecules, T is the temperature and ε0 is the vacuum permittivity.

Keesom force is stronger with molecules having larger dipole moments. It is important here to

di�erentiate this force from the Coulomb potential that quanti�es the electrostatic interaction

between charged particles. In a similar way, polar molecules can induce a dipole on non-polar

molecules creating a force known as the Debye force with a potential of

−m2
1α2

4πε20r
6
. (2.2)

α represents the polarizability of the molecule.

Both Keesom and Debye forces imply the presence of at least one permanent dipole, in

nanoparticle solutions the ligands are generally responsible for such interactions. Finally, all
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apolar molecules interact together through an induced dipole - induced dipole force known as

the London interaction. The combination of those three forces is known as the van der Walls

potential and is a key indicator in the stability of a colloid solution. The London interaction

has the following potential [12]:

U(x) = −3

4

α1α2

(4πε0)2r6
. (2.3)

As we can see the potential of London interaction depends on the polarizability of both

molecules. This means that such an interaction will be important in metal nanoparticles as

their polarizability is high due to the free electrons of noble metals. Moreover, this potential

is strictly negative and leads to an attraction between NPs. It has to be noted here that vdW

forces do not include the repulsive force arising from Pauli exclusion principle, such a repulsive

force is proportional to 1/r12 and therefore is stronger than vdW forces at very low distance

preventing the collapse of molecules.

It is possible to calculate the vdW interaction of two spheres by integrating the contribution

of all the vdW forces of all molecules from each nanoparticle, as Hamaker did in 1937 [13], by

doing so we obtain

−A121R

12d
. (2.4)

A is the Hamaker constant, it takes into account the material in between the nanoparticles,

the subscript 121 represents the material of the nanoparticle and solvent we take into account,

in this case, we consider the NP of material 2 to be in a uniform solvent 1. d is the distance

between the nanoparticles and R the radius of the nanoparticle. The Hamaker constant is always

positive, therefore the van der Waals interaction between two spheres is always attractive.

However, by changing solvents, the Hamaker constant can change, which leads to stronger or

weaker van der Waals interactions between nanoparticles. In view of the Equation 2.4, we see

that bigger NPs are prone to higher van der Waals attraction which can become very important

in large colloidal systems.
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Electric double layer

Electrostatic forces are very important in self-assembly processes, they are quanti�ed by the

Coulomb potential

U(x) =
Q1Q2

4πε0r2
. (2.5)

If the charges are of the same sign, which is generally the case in colloids, then the Coulomb

will induce a repulsive forces. A typical example in colloids is the use of surfactant molecules

that adsorb on the surface of nanoparticles and create a double layer of oppositely charged

ions impeding nanoparticles to aggregate. The Derjaguin-Landau-Verwey-Overbeek (DLVO)

theory describes the impact of van der Waals forces and electric double layer on two hard

spheres. If the sum of the two potentials is negative, then the colloidal solution is not stable

and the nanoparticles aggregate, and if the sum is positive, then the solution is stable and the

nanoparticles are well dispersed in the solution. The electrical double layer repulsion energy

can be written as [14]

Eel = Cel ∗ e−κ∗d. (2.6)

With κ the Debye constant proportionnal to temperature and Cel a constant depending on

the geometry of the interaction entities, the solution condition and the charge of the surfactant

of the surface of the interacting objects. The constant Cel can be calculated using the Poisson-

Boltzmann equation in low potential case (also known as Debye-Hückel equation) [15] and the

linear superposition approximation.

Steric repulsion

In colloidal solutions, steric repulsion arises due to the presence of polymer chains on the

nanoparticle. The case where several polymer chains are attached to the NPs, covering its

whole surface will be considered, each polymer has a length d. When two coated nanoparticles

approach a separation distance of 2d the adsorbed polymer start to overlap, in such a situation

either the polymer gets compressed either they get interdigitated. In the situation where the
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polymer get interdigitated, the loss of solvent is thermodynamically favored if the polymer is

in a bad solvent [16].

When the separation distance between the two nanoparticles is smaller than 2d, the spatial

extension of the polymer is diminished by the presence of the opposing nanoparticles. This

compression results in a loss of con�gurational entropy and hence creates a repulsion force in

the form of an elastic restoring force [17]. This elastic force is always repulsive no matter if the

polymer is in an appropriate solvent or not. Steric repulsion plays an important role in colloidal

stability, by adding a polymer on the surface of the nanoparticle, it is possible to prevent the

irreversible aggregation of NPs. Especially, such stabilization has been used extensively for the

stability of inks and paints based on colloid particles [18]. Steric repulsion is also of great use

to control interparticle distances in self-assembled clusters of NPs.

Hydrophobic attraction

In nanoparticle dispersions, polymer coatings are prone to hydrophobic interactions. Such

interactions come from the interaction of solvent molecules with a polymer attached to the

NP. For instance, in the case where nanoparticles are coated with a hydrophobic polymer

and dispersed in water, the organization of water molecules around the hydrophobic polymer

cost a lot of energy due to the spatial reorganization of water molecules. Therefore loss of

surface contact between the polymer and the solvent by polymer interdigitation is entropically

favored, causing an attraction force between two coated nanoparticles. In other words, in

water, nanoparticles coated with a hydrophobic polymer undergo an attractive force due to

hydrophobic interactions. There doesn't exist an accepted theory on hydrophobic interactions,

however, an empirical law was proposed by Israelachvili [19]:

Ehydro = −γ(a− a0)e−d/Dhydro . (2.7)

γ is the interfacial energy of the polymer in a speci�c solvent composition, (a − a0) is a

parameter representing the solubility of the polymer in the solvent andDhydro is the hydrophobic

length decay which represents the distance over which the hydrophobic force apply. Here we

can see that the hydrophobic interaction highly depends on the interaction of the polymer with

the solvent, if the polymer has a high interfacial energy the hydrophobic attraction will be
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higher which makes sense as the polymer will tend to have less interaction with the solvent to

minimize the energy of the system.

Assembly of gold nanoparticles in solution

By designing gold NP ligands or functionalization it is possible to control the aggregation state

of nanoparticles in solution by an external trigger [19] such as temperature [20], solvent [21, 22]

or pH [23]. Changing temperature mainly acts on electrostatic interaction, an increase of the

temperature leads to higher electrostatic interaction as can be seen in the equation of the

electric double layer (Equation 2.6). For instance, reversible assembly of gold nanospheres

using Bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt (BSPP) ligand and

temperature as a trigger was shown. The assembly of BSPP coated gold nanoparticles was

monitored by a color change of the nanoparticle solution due to plasmonic coupling between

various nanoparticles (Figure 2.2 a). Calculations of the interaction potential between the

nanoparticles explain the reversible assembly of the gold nanoparticles through a minimum in

the interaction potential as can be seen in Figure 2.2 b.

It can be seen that the total potential energy between nanoparticles becomes positive with

temperature increase and, especially the minimum of the interaction potential seen at low

temperatures is disappearing, explaining the nanoparticles repulsion at high temperatures.

In another way, polystyrene coated nanospheres were reversibly aggregated by changing

their solvent from tetrahydrofuran(THF) to water [22, 21]. Water is not an appropriate sol-

vent for polystyrene, therefore the replacement of THF per water induces the aggregation of

nanoparticles through the hydrophobic attraction. Polystyrene coated NPs were imaged in

their aggregated and non-aggregated state by encapsulating nanoparticles in a silica capsule as

can be seen in Figure 2.2 d.

2.2.2 External forces

This thesis focus on the fabrication of periodically arranged gold nanoparticles. The main

strategy available for the self-assembly of periodical structure of colloidal nanoparticles is to use

a nanostructured template. For that, nanoparticles are driven in the wells of a nanostructured

template through di�erent external forces. This subsection exposes the di�erent external forces
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Figure 2.2: Reversible self-asembly of nanoparticles in solution using temperature or solvent

change : a) Total interaction energy in function of distance at di�erent temperatures for gold

nanospheres coated with BSPP b) color change of the nanoparticle solution upon nanoparticle

aggregation mediated by cooling reproduced with permission from [20], copyright 2012 Wiley c)

Total interaction energy as a function of distance in di�erent solvent for gold nanospheres coated

with polystyrene reproduced with permission from [21], copyright 2012 American Chemical

Society. d) SEM images of polystyrene coated gold nanospheres encapsulated into silica in an

aggregated or non aggregated state reproduced from [22], licensed under CC BY-NC-ND 4.0.

that can be applied for the self assembly of single gold NPs into periodically arranged gold NP

structures.

Electrostatic forces

As it was exposed in Section 2.2.1, nanoparticles can get polarized by a net charge from a

surface through the Debye potential. Charged nanoparticles can also interact with a charged

surface through the Coulomb potential. While most of the electrostatic self-assembly strategies

use charged gold nanoparticles to interact with electrostatic potential, it is theoretically possi-

ble to attract bare gold NPs through VdW forces. One approach is to use positively charged
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Figure 2.3: a)Scheme of charged gold nanoparticle self-assembly using electrostatic potential

created between two electrodes. b) Dark-�eld and Scanning electron microscopy(SEM) image

of single nanospheres reproduced from lattice made by electrostatic templated self-assembly,

reproduced with permission from [24], copyright 2018 Americal Chemical Society. c) Scheme of

nanoxerography process, charged particles are trapped in the substrate by AFM charge writing.

d) AFM and optical microscopy images of self-assembled oppositely charged Latex and gold

nanoparticles. By trapping positive or negative charges it is possible to attract di�erently

charged NPs reproduced with permission from [25], copyright 2011 American Chemical Society.

gold NPs and attract gold NPs in nanostructured template through a constant electrostatic

potential created between two electrodes (Figure 2.3) [24]. This approach leads to the pat-

terned assembly of single gold nanospheres as can be seen in Figure 2.3 b. Another approach

depicted in Figure 2.3 c is to trap locally electrons in a substrate, through AFM writing [25] or

micro-contact printing with a nanostructured electrode. This approach, also known as nanoxe-

rography, leads to the attraction and immobilization of nanoparticles by charges trapped in

the substrate. Methods based on electrostatic potential as attractive forces, generally fail in
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assembling close-packed clusters of NPs because of the repulsive Coulomb force between the

charged NPs.

Capillary forces

Nanoparticle assembly through capillary forces is generally done through the use of a nanos-

tructured template [26]. In such an assembly scheme, a meniscus travels through all the wells

present on the template, generally by moving a blade. Due to evaporation, nanoparticles are

transported to the meniscus through convection �ows. At the meniscus, the nanoparticles

can either: (i) recirculate towards the bulk volume, (ii) self-assemble into a close-packed �lm

through VdW forces principally. The creation of such a �lm, known as the accumulation zone,

is primordial for capillary self-assembly. In fact, the accumulation zone occupies all the volume

available at the meniscus to minimize its free energy, and consequently nanoparticles will �ll

the holes of the templates. On Figure 2.4 b one can see ,on the top right of the image, a

microscopy image of an accumulation zone (in light blue), created during a process of capil-

lary self-assembly. In the accumulation zone, one can see two nanoparticles trapped in each

hole [27].

When traveling through the template, the meniscus gets pinned at the edges of each wells

leading to a deformation of the meniscus as illustrated on Figure 2.4 a. This deformation

induces a restoring force directed perpendicularly to the meniscus thus acting to keep the NP in

the hole. If there is more than one particle in the hole, as depicted in Figure 2.4 a, the particle

further away from the meniscus is feeling a weaker capillary force from the meniscus and thus can

be pushed away by the �rst NP. This is illustrated in Figure 2.4 b, in the accumulation zone,

two NPs are trapped in the wells (light blue on top of the image) while down the accumulation

zone (i.e where the meniscus has already passed) only one NP is remaining in the hole.

Removal of NPs trapped in the wells of a nanostructured template depends a lot on the

depth of the hole, as demonstrated in Figure 2.4 c and d. Deep holes favor the anchoring of

the NPs in the holes. Capillary-assisted self-assembly is one of the most powerful techniques for

self-assembly of nanoparticles as it doesn't depend on the material of the nanoparticles neither

the shape of the nanoparticles [28, 29]. Moreover, the assembly setup for capillary-assisted

self-assembly is relatively simple and can easily be scalable.

43



Chapter 2 2.2. Self-assembly of gold nanoparticles

Figure 2.4: a) Forces acting on nanoparticles in capillary assisted self assembly b) Optical

images of silica nanoparticles assembled in nanostructured holes, we can see an accumulation

zone of NPs in the meniscus. c) and d) SEM images of latex nanoparticles assembled in holes of

di�erent depth. Higher depth leads to the assembly of 2 nanoparticles per holes. Reproduced

with permission from [27], copyright 2015 Royal Society of Chemistry.

To attract particles into a cavity, it is also possible to functionalize the wells of a nanos-

tructured template with molecules that create a covalent bond with the nanoparticle. Di�erent

approaches can be used, the nanoparticle can be functionalized with a ligand that will interact

chemically with the molecule bound into the cavity or the molecule in the cavity chemically

interacts directly with the nanoparticle. For example, the holes of a patterned PMMA layer
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on glass can be functionalized with ThioSilane, the silane group will interact with the available

region of glass substrates while the thiol groups are known for binding covalently to gold [30].

When immersed in a gold NPs solution, Thiol groups will react with the gold NPs therefore

blocking the NPs in the holes of PMMA layer [31].

Another approach uses DNA functionalized gold NPs, the wells of a patterned template

are functionalized with a DNA complementary to the one on the NP such that both react and

nanoparticles are immobilized in the wells [32]. Subsequently, it is possible to assemble another

layer of NPs on top of the �rst NPs layer by designing another complementary DNA. Such

assembly strategy allows for the fabrication of complex 3D nanostructures [33].

2.3 Plasmonic properties of gold

In 1902 Wood observed a discontinuity in the spectra of a gold grating excited by continuous

light [34, 35]: �I was astounded to �nd that under certain conditions, the drop from maximum

illumination to a minimum, a drop certainly of from 10 to 1, occurred within a range of

wavelengths not greater than the distance between the sodium lines�. Such an experiment can

be seen as the birth of modern plasmonics. At the time Wood, had no explanation for the

phenomenon he saw, but Rayleigh in 1907 explained one of the anomalies by the excitation of

an in-plane di�racted wave, he also proposed a formula to calculate the wavelength of such an

anomaly [36]. Then in 1947, Fano explained another type of the anomalies seen by Wood by

some �Leaky waves supported by the gratings� [37]. Though this is very close to the de�nition of

surface plasmon, we have to wait until 1957 for the prediction of surface plasmons by Richtie [38].

Up to date, the study of plasmonic phenomena remains very active and fascinating. In this part,

the phenomena of surface plasmons and localized surface plasmons (LSPR) will be explained.

2.3.1 Surface plasmon resonance

Metals are characterized by a high number of free electrons as opposed to insulators, which have

all of their electrons bound locally to an atom. This means that electrons can travel in metals,

under a potential bias for example. Light as an electromagnetic wave can create oscillations of

the free electrons of metals. At a certain wavelength depending on the structure of the metal
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and its material, a collective oscillation of the free electrons, also known as surface plasmons,

can be excited [39]. The interaction of light with metals is dominated by the permittivity

function ε(ω) and linked to the electric �eld by

D = ε0εE (2.8)

,

where D is the electric displacement, E the electric �eld and ε0 is the vacuum permittivity.

Permittivity is a measure of the polarizability of a material, in other words it measure how

freely electrons move inside a material.

It is easy to calculate the permittivity of free electrons in a metal by considering the Drude-

Sommerfeld approximation [40]. In the Drude-Sommerfeld approximation, electrons are treated

as free charges, while metal atoms are considered as �xed Ions. The relaxation of the free

electrons happens only through collision and the electron-electron interactions are neglected.

In this approximation:

ε = 1−
ω2
p

ω2 + iγω
, (2.9)

with

ωp =

√
Ne2

mε0
. (2.10)

In this equation ωp is the bulk plasma frequency and γ is the damping constant. N is

the density of free electrons, e the charge of an electron, and m the e�ective mass of an elec-

tron. Optical excitation of metal electrons above the plasma frequency creates positively and

negatively charged regions due to the oscillations of the electrons around a positively charged

metal core. These oscillations are known as plasmon resonances. For noble metals such as gold

and silver, the bulk plasmon frequencies are close to the visible, rendering them interesting to

excite plasmon polaritons at visible wavelength. There exist di�erent types of plasmon reso-

nances, bulk plasmons, surface plasmons, and localized surface plasmons. Bulk plasmons are

longitudinal waves as opposed to surface plasmons that are transverse waves traveling at the

metal-dielectric interface [41]. To understand the excitation of surface plasmons in �at metal
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�lms, it is necessary to resolve Maxwell's equations for transverse magnetic waves and impose

a continuity condition at the metal-dielectric interface. By doing so we obtain the dispersion

relation of surface plasmons, written

ksp = (ω/c)
√

(ε1ε2)/(ε1 + ε2), (2.11)

with ksp the wavevector of surface plasmons, c the speed of light , ε1 the permittivity function

of the metal, and ε2 the permittivity of the dielectric. If one plots this dispersion relation along

with the dispersion relation of light into air, it can be seen that both curves do not cross

(Figure 2.5). This means that one cannot couple light to a surface plasmon if light incides

from air. For exciting surface plasmons, one needs to modify the dispersion relation of light so

that it intersects with the dispersion of surface plasmons. There are di�erent ways of changing

the dispersion relation of light, the most common and straightforward is to change the material

in which light is propagating.

Figure 2.5: Dispersion of light and surface plasmons.

The dispersion of light in a dielectric is plotted in Figure 2.5, by replacing air by a dielectric

the dispersion line of the incident light and the dispersion relation of surface plasmon overlaps

at a speci�c wavenumber. In other words, surface plasmon resonance can only be excited if

light incides from a dielectric material. In Kretcschman con�guration, introduced in 1971 [42], a

dielectric prism is used to couple light to surface plasmons. Concretely, the k-vector of incident

light is tuned to the k-vector of surface plasmons by changing the angle of incidence. In other
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words, at a particular angle of incidence, light couples to a surface plasmon resonance resulting

in absorption of light by the metal. The incidence angle at which surface plasmon is excited

depends strongly on the refractive index surrounding of the metal �lm. For instance, binding of

several molecules on the gold �lm will change the surrounding refractive index of the metal �lm

and consequently change the angle at which a surface plasmon resonance is excited. For this

reason, the Kretcshman con�guration is widely used in sensing applications based on refractive

index changes [43].

There exist other strategies to modify the k-vector of the incident light, for instance, the

use of a grating before the metal or fabricated directly over the metal layer allows to change

the k-vector and to couple to surface plasmon modes. Generally, corrugated surfaces allow to

change the k-vector of light and couple to surface plasmon. Speci�cally, the use of nanoparticles

to couple to surface plasmons is very appealing as it will be exposed in the next subsection.

2.3.2 Localized surface plasmon resonance

In a metallic nanoparticle, dimension restrictions along all the axis impose a localized oscillation

of the surface charge density under light excitation. Metallic nanoparticles generally have a

volume substantially smaller than the wavelength of light implying an approximately constant

electric �eld over the whole NP. This approximation is known as the quasi-static approximation

regime [44, 45]. In other words, the electron cloud of the nanoparticle is entirely a�ected by light,

creating a net charge separation. As a consequence, the only mode that can be excited in small

nanoparticles is of dipolar nature. The bigger the NP is, the larger the net charge separation,

a�ecting absorption and scattering properties of the NP. Also for larger nanoparticles, the quasi-

static approximation cannot be totally ful�lled. Using the Laplace equation and the quasi-static

approximation regime it is possible to calculate the polarizability of such a nanoparticle by

P = ε0εmαE0, (2.12)

with

α = 4πa3
ε− εm
ε+ 2εm

. (2.13)
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α is the polarizability of the nanosphere, a the radius of the nanosphere, εm the permittivity

of the metal. Though from Equation (2.13) it is seen that the polarizability of a nanosphere

undergoes a resonant condition:

ε = −2εm. (2.14)

This resonant condition is known as Frölich condition and using the expression of the di-

electric constant for metal in the Drude-Sommerfeld model (Equation (2.9)) we �nd that:

ω = ωp/
√

(3)

Thus for small NPs resonant behavior results in the creation of an electric dipole at a

speci�c wavelength determined by the Frölich condition. This resonance results in an increased

absorption and scattering of light by the nanosphere.

For the moment, only the case of small NPs was considered. However, it has been observed

that an increase in the gold NP size induces a redshift of its plasmon resonance [46], which is not

contemplated in the Frölich condition. This can be explained by the fact that the surface density

charges in the NPs of opposite charges undergo an electrostatic restoring force. This restoring

force is lowered with the separation of charges induced by the higher dimension of bigger NP.

This reduced restoring force decreases the frequency of oscillation of the electron cloud in the

NP, leading to a redshift of the plasmonic resonances. Moreover, with large nanoparticles, the

quasi-static approximation is not true anymore and higher-order modes have to be taken into

account.

2.3.3 Shape e�ect on localized surface plasmon resonance

As it was described in the previous section, nanospheres behave like an electric dipole un-

der plasmon resonance, they absorb and scatter light at wavelength depending on their size.

Thanks to the development of colloidal chemistry many di�erent gold nanoparticles shapes

can be synthesized such as nanorods [47], nanotriangles [4], nanostars [48]. Due to their dif-

ferent symmetry, anisotropic nanoparticles display di�erent optical properties as compared to

nanospheres [49]. This is exemplarily shown in nanorods that display two dipolar resonances:

one along the short axis of the axis of the nanorod (transverse plasmon) and the other along
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the long axis of the nanorod (longitudinal plasmon). The longitudinal plasmon is far red-

shifted compared to the transverse plasmon due to the longer path of the electron movements

in the longitudinal axis of the nanorods. Also, the retardation e�ect is higher in nanorods, as

compared to nanospheres, due to a higher charge separation induced by the geometry of the

nanorod. In general, the formation of tips induces a higher charge separation due to a higher

localization of the surface charges at the tips cause by the increased curvature of the tips.

This higher charge separation results in a redshift of the longitudinal plasmon wavelength in

gold nanorods with lower width. This explains why not only the length of the nanorod a�ect

the longitudinal plasmon wavelength, but also the aspect ratio has a strong in�uence on the

spectral positions of the plasmonic resonances.

Figure 2.6: Plasmon resonance of gold nanorods simulated by the boundary element method

(FEM). a) Simulated near-�eld of the transversal plasmon resonance from a gold nanorod of

110× 30 nm. b) Simulated extinction of gold nanorods of di�erent length with a �xed thickness

of 30 nm. c) Simulated near-�eld of the longitudinal plasmon resonance from a gold nanorod

of 110× 30 nm.

For those complex nanoparticle geometries, it is generally di�cult to solve Maxwell equations

analytically however it is possible to numerically calculate their optical properties using �nite-

di�erence time-domain method, boundary element method, discrete dipole approximation or

coupled-wave analysis. Here it is worth mentioning that Gans calculated analytically the optical

behavior of ellipsoidal nanoparticles already in 1912 [36]. More recently Garcia De Abajo
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proposed an analytical resolution of Maxwell's equations for nanorods [50]. On Figure 2.6,

Finite element method simulated absorption spectra of nanorods with di�erent lengths and a

�xed width can be found. We can see that nanorods have two plasmon modes, the resonance

towards the red part of the spectrum is attributed to a longitudinal dipolar mode while the

resonance in the blue region is attributed to a transversal dipolar mode. The transversal mode

wavelength stays constant at di�erent nanorod lengths while the longitudinal mode redshifts

with higher nanorod lengths [51]. More interestingly, the near-�eld intensities of the two modes

are very di�erent, the longitudinal mode has a stronger �eld enhancement located at the tips

compared to the �eld enhancement of the transversal mode �eld enhancement located at the

side of the rod. Finally, not only do anisotropic nanoparticles present a better tunability of

their plasmon resonances through dimension control but they also present dramatic near-�eld

enhancement at their tips.

2.4 Optical properties of gold nanoparticle superlattices

Self-assembly processes allow for the fabrication of nanoparticle clusters. Superlattices, which

are periodically arranged clusters of nanoparticles display interesting optical properties due

to the near-�eld and far-�eld coupling of gold nanoparticles. This part explains the di�erent

coupling phenomena taking place in gold nanoparticle superlattices.

2.4.1 Coupling between two gold nanospheres

When the distance between two nanoparticles is in the order of their radius, the electron clouds

of each nanoparticle start to interact, which is a well-known plasmonic coupling e�ect [52, 53].

The detailed theory will not be treated here, however, Nordlander et al made an analogy of

plasmonic modes with molecular orbital that is rather easy to understand [54]. In Section 2.3.2

it was shown that under plasmonic resonance nanoparticles gain the property of an electric

dipole. The nature of the plasmonic mode created by nanoparticle coupling strongly depends

on the orientation of such dipoles with respect to each other.

In Figure 2.7 one can see the di�erent dipole orientations possible in the case of dimers

of nanospheres. There exist two radiative modes: one where the two dipoles are parallel to
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Figure 2.7: Plasmonic coupling between two gold nanospheres. a)Energetic diagram of plas-

monic hybridization. b)Near-�eld plots of the longitudinal mode of nanospheres dimer with

di�erent interparticle distances. c) Near-�eld plots of the transversal mode of nanospheres

dimer with di�erent interparticle distances. d) Absorption of the nanosphere dimer longitudi-

nal mode at di�erent interparticle distances. e) Absorption of the nanosphere dimer transversal

mode at di�erent interparticle distances.

the longitudinal axis and the other where the dipoles are parallel to the transversal axis. The

longitudinal mode leads to a more stable energy mode or a redshift of the resonance while

the transversal mode leads to a slightly higher energy mode or slight blueshift of the plasmon

resonance. To illustrate such a phenomenon simulated FEM absorption spectra of nanospheres

dimers with di�erent interparticle spacing and polarization along the short or long axis of the

dimer can be found in Figure 2.7 b,c. Polarization along the long axis of the dimer enables for
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coupling to the longitudinal resonance while polarization along the short axis enables coupling

to the transversal resonance. While the longitudinal resonance wavelength increases with lower

interparticle distance, the transversal resonance stays constant, as can be seen in Figure 2.7 b.

Experimentally, Electron beam lithography fabrication of gold nanoparticles dimers, with de-

�ned interparticle distances by El-Sayed, allowed for the measurement of plasmon resonance

dependence with interparticle distance, also known as plasmon ruler equation [55].

Even more interesting is the near-�eld behavior of such dimers: in Figure 2.7 b,c we

can see near-�eld plots of a dimer excited along the transversal or the longitudinal axis. The

transversal mode behaves similarly to a normal dipole resonance, while the longitudinal mode

displays a high near �eld enhancement at the junction of the two nanoparticles. With lower

interparticle distance the electric �eld gets con�ned into a smaller volume at the junction of the

two nanospheres leading to a higher near-�eld enhancement. As we will see in Subsection 2.5.1

such a dramatic near-�eld enhancement is very important for sensing applications.

2.4.2 Coupling between several gold nanospheres

Nanoparticle chains comprising a higher number of nanoparticles display stronger nanoparticle

coupling. In the case more than two nanoparticles are present in the NP chain, new modes

arise from plasmonic hybridization [56]. Especially the lowest energy mode, also called sub-

radiant mode, undergoes a gradual redshift until a certain limit. When a certain number of

nanoparticles are in a line, the �rst NP doesn't feel anymore the in�uence of the last NP on

its electron cloud, therefore adding one more NP will not lead to any shift of the plasmonic

resonance. This is known as the in�nite chain limit [57, 58], which is attained around 10 NPs

for di�erent sizes of nanoparticles.

For instance, plasmonic properties of 93 nm nanosphere chains of di�erent lengths can be

found in Figure 2.8. For a dimer, the subradiant mode is found around 700 nm, while for

a longer chain of 10 nanoparticles the subradiant mode redshifts to around 1200 nm. We

can see that by adding more NPs to the chain the mode doesn't shift further away. More

importantly, NP chains can exhibit higher electric �eld enhancement than dimers depending

on the considered wavelength, the sizes of the NPs, and the number of NPs in the chain [59]
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Figure 2.8: Plasmonic coupling between several nanospheres. a) Extinction of nanospheres

chains containing di�erent number of nanoparticles and SEM images of the nanoparticle lines

b) Evolution of the subradiant plasmon mode in function of the number of nanoparticles.

Reproduced with permission from [57], copyright 2014 Royal Society of Chemistry.

2.4.3 Rayleigh-Wood anomaly and surface lattice plasmon resonances

Subsection 2.4.1 and 2.4.2 described the near-�eld coupling between nanoparticles, however

under certain conditions nanoparticles can couple in the far-�eld as well [60]. Such a far-�eld

coupling can happen when nanoparticles are in a periodical arrangement. This section will

review the necessary conditions for far-�eld coupling and expose the implication of far-�eld

coupling on optical properties.

When arranged into a grating, gold nanoparticles can di�ract light in-plane, such an in-

plane di�racted order is known as a Rayleigh-Wood anomaly. Due to the in-plane di�racted

order, a sudden drop in the re�ectivity is observed at a wavelength depending on the period

of the structure. This anomaly which was �rst observed by Wood, was subsequently explained

by Rayleigh. The wavelength of the Rayleigh anomaly can be simply calculated by considering

the grating equation:

nsubstratesin(θdif) = nsuperstratesin(θinc) +m
λ0
L
. (2.15)

For Rayleigh anomaly, θdif =90° and normal incidence (θinc =0°) we simplify the grating
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equation to

λ0 = Lnsubstrate. (2.16)

nsubstrate is the refractive index of the substrate, nsuperstrate is the refractive index of the

superstrate, θinc is the incident angle, L is the periodicity of the superlattice.

Surface lattice plasmon resonances (SLR) are resonant phenomena arising from the con-

structive interference of scattered �elds from the substructure of the grating. SLR are excited

next to Rayleigh anomalies and their wavelength depends on the period of the grating, its

materials, and the geometry of the sub-unit. As a rule of thumb, if Rayleigh anomaly's wave-

length is matching the grating sub-unit plasmon resonance, it will steer up their absorption

resulting in a sharp and intense plasmon resonance [61]. By changing the lattice period, the

refractive index of the substrate, or the angle of incidence we can shift the Rayleigh anomaly

and thus tune lattice plasmons to di�erent wavelengths [62, 63, 64, 65]. Lattice e�ects therefore

allow to have one more level of control on the plasmonic behavior of the plasmon properties of

nanoparticles.

Far-�eld coupling of nanoparticles enhances the near-�eld of nanoparticles at a wavelength

depending on the lattice period [66]. Thanks to this e�ect it is possible to increase the near-�eld

at speci�c wavelengths by designing lattices of gold nanoparticles. Remarkably, the electromag-

netic �eld is enhanced in the close vicinity of the nanoparticles but it is also enhanced in between

the cluster [60].

As an interference phenomenon between the scattered �eld of each grating sub-units, the

SLR wavelength also depends on the plasmonic property of the inner structure. Indeed Barnes

and coworkers studied the in�uence of nanoparticle size on the wavelength of lattice plasmon.

They found that an increase of the nanoparticle size results in an increase of the lattice plasmon

wavelength(of few 10s nm) [43]. Such an e�ect can be understood by the fact that light scattered

by each sub-unit need to be in phase to interfere constructively to create a lattice plasmon.

However bigger NPs induce a larger phase-shift due to the retardation e�ect, therefore leading

to a redshift of the lattice plasmon. Lattice plasmon unlike Rayleigh anomaly depends on

the size/type of the nanostructure as well as on the material. Lattice plasmons depending
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are always shifted towards the red of some nm and the Rayleigh anomaly is only used as an

approximation.

Lattice plasmons are highly dependent on the uniformity of the lattice sub-unit. Disorder

in a gold NP lattice results in broader lattice plasmon resonances but also in a weaker near-

�eld enhancement. Auguié et al shown that disorder in the placement of NPs and NPs size

dispersion lead to weaker and broader lattice plasmon resonances [24]

2.4.4 Plasmonic heating

Plasmonic heating happens thanks to the increased absorption cross-section of metallic nanopar-

ticles at their plasmonic resonance. At resonance, heating by Joule dissipation increases thanks

to the ampli�ed movement of conduction electrons. As a result, the heating e�ciency of metal-

lic nanostructures increases with the absorption cross-section of nanoparticles, for instance,

Kuttner et al shown that core-satellite assemblies of nanospheres on nanorods possess more

e�cient heating than nanorods at 808 nm excitation [67]. Similarly, dispersed nanorods heat

more than dispersed nanospheres in the NIR thanks to their increased absorption in the NIR

[68]. Finally, it is also possible to use the properties of plasmonic coupling to increase the

absorption cross-section in a broad range of wavelength depending on interparticle distance,

size, and shape of the nanoparticles as discussed in the previous sections [69]. In solutions,

temperature changes up to 70 °C have been reported however this depends a lot on the power

of the laser used and the concentrations of nanoparticles in solution [70, 71].

When working with nanoparticles on a substrate the situation becomes di�erent as the

thermal conductivity of the substrate and the superstrate can change drastically the plasmonic

heating. Moreover, on a substrate the nanoparticles are �xed which creates a �xed heat source

for the surrounding media. Especially, for a substrate with low thermal conductivity like a

polymer or glass the temperature attained locally can overcome 100 °C [69, 72]. For instance,

by changing the substrate from glass to sapphire, which has a higher thermal conductivity, the

heat attained from a single nanosphere �xed on the substrate and covered with water was found

to decrease 3 times [73].

Heating using gold nanoparticles has been used already for a long time in the treatment of
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tumors by photothermal e�ects, and the treatment is already under clinical studies [74]. Still,

photothermal heating of gold nanoparticles is �nding new applications in drug-delivery [75] and

thermal lithography [76].

2.5 Surface-enhanced spectroscopies and their application

to biosensing

Noble metals have a long history in sensing applications, mainly attributed to their plasmonic

properties. Gold and silver are the metals exhibiting the best plasmonic properties due to their

low damping. However gold is generally preferred over silver even if silver nanoparticles are said

to give rise to higher near-�eld enhancement. Indeed silver nanoparticles have the tendency to

get passivated by oxidation in air [77], are relatively unstable in solution over large period of

time, and are cytotoxic [78]. This section will explain how metallic nanoparticles can be used

for enhance the Raman scattering of molecules.

2.5.1 Surface-enhanced Raman scattering

When exciting a molecule with light, di�erent phenomena occur: absorption, elastic scattering

known as Rayleigh scattering or inelastic scattering through Compton or Raman scattering.

Light as an electromagnetic wave can cause vibrations of the chemical bonds composing a

molecule. Due to vibrations of the chemical bonds at a speci�c frequency, the molecule doesn't

follow the electric �eld oscillation of light and scatters light at a di�erent wavelength. This en-

ergy di�erence between incoming and scattered light depends on the frequency of the chemical

bond vibration and especially on its polarizability [58]. Therefore each chemical bond has a

di�erent Raman scattering wavelength, making Raman a highly speci�c technique for sensing.

However, not all molecules display Raman scattering, and Raman scattering obeys some selec-

tion rules that depend on the molecule symmetry. Raman spectra of di�erent molecules can be

seen in Figure 2.9, in this case, each molecule can be easily distinguished by its most intense

Raman peak.

Generally the Raman cross sections of molecules are very low, in the order of 10−29 10−30 cm2,
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Figure 2.9: Surface-enhanced Raman signal of di�erent molecules attached to gold nanoparti-

cles. The Raman peaks from the di�erent molecules allows for identi�cation of the molecule,

reproduced with permission from [7].

making the Raman detection of low concentrations of a molecule di�cult without a transducer

[79]. For this reason the �rst Raman spectra of benzene and other liquids, recorded by Venketa

Raman using focused sunlight or mercury lamp, required extremely long exposures [80, 81].

Therefore, the implementation of Raman spectroscopy as a widespread analysis technique had

to wait for the development of e�cient light sources such as lasers. Additionally, the report of

high Raman signal from pyridine on silver �lms in 1973 further increased the interest for Raman

scattering [82]. In 1977, two research groups, noting that the high concentration of analyte on

the surface could not explain the high Raman signal from Pyridine on silver �lm, proposes

two di�erent theories: Jeanmaire and VanDuyne proposed an electromagnetic theory [83] and

Albrecht and Creighton proposed a charge transfer theory [84]. In fact both theories are comple-

mentary and widely accepted nowadays. The electromagnetic theory is based on the plasmonic

properties of nanometals, the electric �eld enhancement at the wavelength of excitation en-

hances the formation of molecular dipole (term Ep(ωinc) in Equation 2.17 and the scattered

light from the molecules is enhanced by the plasmon resonance (term Ep(ωinc±ωvibration)). The

electromagnetic theory predicts a quadratic dependance of the SERS signal on the local electric

�eld as followed:
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ISERS = α2
mol

∣∣Ep(ωinc)
2 ∗ Ep(ωinc±ωvibration)2

∣∣ (2.17)

ISERS is the intensity of the SERS signal, αmol is the polarizability of the molecule.The plus-

minus sign in the SERS equation accounts for the di�erent inelastic scattering processes that

can occur, inelastic scattering towards higher energy is known as anti-Stokes Raman shift, and

inelastic scattering towards lower energy is known as Stokes Raman shift. Generally, Stokes

Raman is used as its excitation is more e�cient than anti-Stokes Raman and technically easier

to realize.

The dependence of SERS on the fourth power of the local electric �eld produced by the

plasmonic entity explains why increasing the near-�eld in the vicinity of NPs is so important in

applications using SERS. In previous sections, we have seen di�erent strategies for optimizing

the near-�eld enhancement. For instance, changing the shape of nanoparticles from nanospheres

to nanostars can result in a high SERS enhancement [85]. Another strategy is to use the

junctions between di�erent nanoparticles to create high con�nement of the electromagnetic

�eld and therefore a very high SERS enhancement. Gold dimers have been a perfect model to

understand the high SERS enhancement coming from plasmonic coupling [86], however clusters

with a higher number of NPs can provide even higher SERS signal [87].

Electric �eld enhancement generally accounts for the biggest part of the SERS enhancement,

however, chemical enhancement can also explain a part of the enhancement. The chemical en-

hancement comes from an increase of the molecule polarizability in an absorbed state, creating

a larger electric dipole leading to a higher SERS signal. The adsorbed molecule in its ground

state can get excited through charge transfer from the metal to the molecule, resulting in a

di�erent Raman cross-section. Moreover, the molecule in the adsorbed state can have di�erent

electronic transitions than in "free state", which also a�ects the Raman signal.

2.5.2 Applications of SERS

Surface-enhanced Raman spectroscopy provides chemical and structural information on molecules,

making it an interesting technique for various sensing applications. Moreover, compared to

other sensing techniques it is fast, non-invasive, and can detect down to single-molecules in
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some cases [88], without the need for sample pretreatment. Especially molecules that have a

high Raman cross-section, like molecules with an aromatic ring [89], are easier to detect at

very low concentrations due to their high polarizability. In this section, di�erent applications

of SERS will be shown.

More and more commonly used chemicals are discovered to be hazardous and toxic to hu-

mans and the environment. Pesticides that have been used for decades are now found in soils

and river streams in dangerous quantities for biodiversity [90]. In this sense, SERS constitutes

a method of choice for the detection of pesticides [91] such as thiabendazole at remarkably low

concentrations [92]. Moreover, the design of �exible plasmonic samples makes it possible to

sense directly on the skin of fruits [93]. More generally, it is possible to sense several dangerous

chemical species, as for example: explosives [94], metal ions [95], toxins [96], estrogens... How-

ever, one of the drawbacks of SERS in control and monitoring is that plasmonic substrates are

usually for single-use, since molecules and analytes generally bind irreversibly to the gold NPs.

Such an e�ect known as the SERS memory e�ect, impedes measurement in real-time with a

single substrate [97]. This is why reusable substrates are being developed to work in �ow and

detect analytes in water streams for instance [98].

Due to its versatility and low-cost SERS is of primary interest for biomedical applications.

Especially it allows the detection of biomarkers associated with diseases [99], in some cases even

in complicated media such as cell media or blood. Generally, label-free detection of analytes in

complex media is di�cult due to the presence of several molecules and to the low a�nity of the

analyte of interest to the plasmonic structure. This is why some strategies use functionalization

of the plasmonic substrate with aptamers, peptides or antigenes in order to favor binding of

the analyte to the plasmonic substrate. In these cases, changes in the Raman signals are

detected due to a change in the structural and electronic composition of the selective molecule

upon binding of the analyte. For instance, SERS-based immunoassays using Raman reporter

functionalized nanoparticles were carried for the detection of cortisol [100].

Rather than sensing analytes indicating for the presence of a particular tumor cell or cancer

cell it is possible to image cells using gold nanoparticles decorated with Raman markers. The

advantages of SERS to image cells compared to other imaging techniques are di�erent: (i)

the Raman signal is not directly prone to bleaching allowing for the study of cell growth and
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migration over time, (ii) SERS grant for a very low limit of detection making possible the

detection of single cells, (iii) gold nanoparticles are non-cytotoxic allowing for detection even

in vivo, (iv) Multiplexing with SERS is easy when appropriate Raman reporters are chosen,

as Raman linewidth is in the order of the nm. Using Nanoparticles with Raman reporters

and polymer encapsulation, Aberasturi et al have shown the discrimination of di�erent breast

cancer cell types through Raman signals of di�erent Raman tags on the surface of the cell. The

topography of the cell could also be followed in real-time using Raman maps. Thanks to the

low cytotoxicity of gold, such systems could be used in vitro and even in vivo to target tumoral

cells. Moreover thanks to the photothermal properties of gold nanoparticles it is possible to

monitor the death of tumor cells.
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Homogeneous self-assembly of gold nanospheres

into superlattices on a large scale

Figure 3.1: On the left: "Photograph of:"L'accord Bleu" by Yves Klein, 1960," by Jaredzimmer-

man (WMF), under Creative Common BY-SA 4.0 license, on the right:"Le bleu plasmonique"

by Mathias Charconnet, 2019, Dark-�eld microscope image of self-assembled plasmonic super-

lattice.
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Abstract

The SERS enhancement of gold nanopar-

ticle clusters is highly dependent on the num-

ber of nanoparticle per cluster due to the hy-

bridization of plasmonic resonances in such

clusters. Therefore, the homogeneity of the

SERS signal over a plasmonic substrate rely

on the regular assembly of nanoparticle clus-

ters with a similar number of particles per

cluster. In this sense, periodic arrays of gold

nanoparticle clusters seem to be ideal candi-

dates thanks to their high near-�eld enhance-

ment and their regular organization of gold nanoparticles clusters. However, the large-scale

homogeneous self-assembly of periodic arrays of gold nanoparticles can be hampered by the

co�ee-ring e�ect. In this chapter, ethanol is added as a co-solvent in the nanoparticle disper-

sion to foster recirculation �ows, known as Marangoni �ows, that can reduce the co�ee-ring

e�ect and consequently permit the large-scale and homogeneous fabrication of plasmonic su-

perlaticces. Additionally, a systematic study of the surfactant concentration and ethanol ratio

is carried-out to �nd the optimal conditions for the nanoparticle self-assembly. At optimal self-

assembly conditions, the resulting plasmonic superlattices exhibited sharp plasmon resonances

arising from the coupling of plasmonic cluster modes to an in-plane di�racted mode. This sharp

plasmon resonance, was found to be broader and weaker with less homogenous plasmonic lat-

tices. Finally, not only the standard deviation of the SERS signal was signi�cantly reduced in

homogeneous superlattices but the increased far-�eld coupling between the plasmonic clusters

induced an increase of the SERS signal of up to an order of magnitude.
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3.1 Introduction

3.1.1 What is templated self-assembly?

In this PhD thesis, the fabrication of gold nanoparticle superlattices was performed by tem-

plated self-assembly. Templated self-assembly is a technique that derives from capillary-assisted

self-assembly (described in Section 2.2.2), which uses the capillary force acting at the menis-

cus of an evaporating liquid to drive the assembly of nanoparticles into the wells of a 2D

periodically nanostructured template [1]. The main di�erence between capillary assisted self-

assembly and templated self-assembly resides in the way the meniscus propagates along the

substrate. In capillary self-assembly, the meniscus is dragged along the substrate by a motor-

ized blade (see Figure 3.2 a and b). Instead, in templated self-assembly after dropcasting a

nanoparticle on top of the nanostructured mold, the droplet is squeezed in between the mold

and a substrate (generally made of glass), resulting in the formation of a �lm of nanoparticles

dispersion between the substrate and the template. Upon drying of the nanoparticles �lm, the

meniscus travels over the substrate leading to the periodic assembly of gold nanoparticles (see

Figure 3.2 c). Such a process yields a readily available plasmonic substrate.

The templated self-assembly process has several advantages: (i) There is no need for sub-

sequent particle transfer from the mold to the substrate after assembly, which could alter the

quality of the assembled superlattice due to particle staying trapped in the nanostructured

template [2]. By avoiding the transfer step, it is, therefore, possible to obtain higher quality

structures. (ii) Templated self-assembly transfer yields a readily available plasmonic substrate.

(iii) There is no need for a dedicated motor blade setup for the control of the meniscus move-

ment. Therefore, it is possible to fabricate several substrates at the same time if di�erent molds

are available.

However, in templated self-assembly, the meniscus generally dries in an uncontrolled man-

ner, which generally yields non-homogeneous plasmonic structures on the macroscale and the

nanoscale. In this chapter, we show how adding ethanol as a co-solvent can help in the formation

of homogeneous superlattices. The systematic study of the �ows arising in such solvent-mixtures

enables the homogeneous self-assembly of gold nanospheres into superlattices with a controlled
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Figure 3.2: Templated self-assembly process. a) Scheme of the capillary assisted self-assembly

process. b) Scheme of the templated assisted self-assembly process. c) Macroscopic images of

the drying step of the templated self-assembly process. On the top left, we can see a droplet of

Gold NPs dispersion in red-orange on top of a nanostructured PDMS template. The droplet is

then squeezed between a glass substrate and a patterned PDMS. The NPs �lm then dries from

the bottom right corner to the top left corner of the template.

number of NPs.

3.1.2 Examples of self-assembled gold NP superlattices and their op-

tical properties

Due to their periodical organization, gold NP superlattices have interesting optical proper-

ties [3]. Self-assembled superlattices can be composed either of single nanoparticles in a lat-

tice [4] or of nanoparticle clusters arranged in a lattice (as can be seen in Figure 3.3) [5]. The
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number of nanoparticles in the sub-unit mainly depends on the size of the template wells, but

it also depends on the self-assembly parameters such as surface tension [6] of the liquid �lm

and nanoparticle concentration [7]. While the optical properties of single clusters have been

studied thoroughly by dark-�eld spectroscopy [8, 9, 10], plasmonic far-�eld coupling through

lattice e�ect is getting an increased interest [11, 12, 13]. For far-�eld coupling to occur, the

period of the superlattice has to be chosen so that the cuto� wavelength for Rayleigh anomaly

coincides with a plasmon resonance of the grating sub-unit (see section 2.4.3) [14]. In general,

this means, that for far-�eld coupling to occur in the visible, the period of the superlattice has

to be on the order of 300-600 nm. In Figure3.3 a one can see an SEM image of nanosphere

clusters in a lattice of 500 nm period. The optical properties of similar plasmonic superlattices

comprising di�erent periods are shown in Figure3.3 b. An increase of the lattice period yields

a shift of the main plasmon resonance attributed to lattice coupling (SLR) [15]. Consequently,

such a shift of the surface lattice resonance through period changes, could be used to increase

the near-�eld of plasmonic superlattices at speci�c wavelength.

3.1.3 Importance of homogeneous self-assembly

On the one hand, dispersed gold nanoparticle solutions provide reproducible SERS signals,

however, the enhancement provided by such solutions is generally limited and gold NP solutions

are not suited to all sensing strategies [16]. On the other hand, gold nanoparticle assemblies

provide remarkable SERS enhancement due to plasmonic coupling, rendering them interesting

for sensing applications using SERS (see Section 2.5.1). Especially, superlattices of gold

nanoparticles provide an additional near-�eld enhancement thanks to the lattice coupling e�ect

(explained in Section 2.4.3) [17]. Moreover, due to their order on the nanoscale, superlattices

display a high density of NPs allowing for remarkable SERS signals.

One of the drawbacks of using NP assemblies for SERS is that they are generally non-

homogeneous on the macroscale [18], leading to substrates with very irregular SERS signal [19].

Homogeneous plasmonic substrates would result in more robust SERS substrates. The SERS

enhancement of gold NP clusters depends mainly on the number of NPs in the clusters, the

size and the shape of the individual NP and their interparticle distance [20, 21, 22]. As a

76



Chapter 3 3.1. Introduction

Figure 3.3: Examples of self-assembled gold NP superlattices. SEM images of a) gold nanocubes

assembled in a 500 nm lattice, reproduced with permission from [4], copyright 2019 American

chemical society. b) Gold nanosphere heptamers assembled into a lattice, reproduced with

permission from [9], copyright 2011 American chemical society. c) Gold nanosphere clusters

in 500 nm lattice, reproduced with permission from [15], copyright 2018 American chemical

society. d) Dark-�eld scattering spectra of gold nanosphere heptamers under di�erent light

polarization, reproduced with permission from [9], copyright 2011 American chemical society.

e) UV-VIS-NIR extinction spectra of gold nanosphere clusters in lattice of di�erent periods

reproduced with permission from [15], copyright 2018 American chemical society.

consequence, assemblies of nanoparticles with a controlled number of NPs would lead to ho-

mogeneous near-�eld enhancement enabling homogeneous SERS enhancement. Homogeneous

near-�eld enhancement by controlled self-assembly of gold NPs would enable a better quanti�-

cation of traces of various chemicals by SERS. Di�erent fabrication strategies provided for the

fabrication of plasmonic substrates with homogeneous near-�eld enhancement. However, most

of the strategies use lithography processes that are time-consuming [23], or produce substrates

with a low SERS enhancement [24].

Furthermore, the fabrication of nanoparticle clusters with a de�ned particle number is im-

portant to understand their optical properties. Di�erent examples of rational study of the

optical properties of gold NP clusters were done with di�erent shapes of nanoparticles such as

nanospheres and nanorods [25]. Additionally, di�erent geometries of clusters have been studied

such as lines and 2D clusters [26, 27]. Such studies, are very important to understand plasmonic

77



Chapter 3 3.1. Introduction

coupling and design more e�cient platforms for sensing using SERS [21]. However, far-�eld

coupling by the periodical arrangement of gold nanoparticle clusters has not been investigated

thoroughly, mainly because of the fabrication complexity of such systems. Speci�cally, the

homogeneity in the number of particles per cluster in lattices remains challenging. Fabricating

lattices with a de�ned number of nanoparticles per cluster would help in the understanding of

lattice plasmons in complex nanoparticle systems.

Figure 3.4: In�uence of homogeneity on the optical properties of gold NP superlattices. SEM

images of a) a perfect superlattice, b) a superlattice with 100% variation in the length of

the long-axis of the particles c) a superlattice with pseudo-random particle position. Optical

properties of lithographically made plasmonic lattice with d) di�erent placement errors and e)

di�erent particle dispersion. Adapted with permission from [14].

Moreover, in the case of nanoparticle superlattices, homogeneity of the nanoparticle size

distribution and precision in the placement of nanoparticles in the lattice deeply in�uence the

optical properties of the superlattice [14, 28]. In Figure 3.4 we can see various gold nanoparticle
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lattices created by eBL, some of them display intentionally added disorder. Figure 3.4 b

shows lattices with a particle placement error of 10 % while Figure 3.4 c displays lattice with

a variation of the particle size along the long-axis of 100%. The sharp feature around 850 nm in

the UV-VIS spectra Figure 3.4 d, is present in the case of the ordered lattice and disappears

in the case of the pseudo-random lattice, indicating that such a feature arises from a lattice

plasmon resonance. Additionally, an increase in the placement disorder and in the nanoparticle

size dispersion results in broader lattice plasmon resonances, as can be seen in Figure 3.4 e.

In other words, the disorder induced either in the placement of the nanoparticles or in the size

dispersion of the nanoparticles results in weaker lattice plasmon coupling.

Finally, not only, homogeneous self-assembly of gold nanoparticles should lead to more

robust and homogeneous SERS signals but it should also lead to a higher SERS signal thanks

to more e�cient far-�eld coupling. The in�uence of homogeneity on the intensity and standard

deviation of the SERS signal motivated our study.

3.2 Results

3.2.1 Flows arising in a droplet of tertiary mixtures

Drying droplets display complicated �ow regimes due to the di�erent parameters to be taken

into account, such as contact angle, volatility of the solvents, presence of surfactants, tem-

perature of the substrate, humidity. Speci�cally, tertiary mixtures made of two solvents of

di�erent volatility and surfactant molecules are interesting systems to study �ow regimes as we

will explain in this section. Flows created inside droplets can carry nanoparticles in di�erent

regions of the droplet, repartition of the NPs in the droplet is very important as it in�uences

the self-assembly pattern of nanoparticles by templated self-assembly (see Section 3.2.2). In

this section, the di�erent �ows arising in droplets of tertiary mixtures, namely the convection

�ow resulting in the co�ee-ring e�ect and the Marangoni �ows will be explained.
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Co�ee-ring e�ect

The co�ee-ring e�ect is named after a famous observation most co�ee-drinkers have probably

witnessed: dried co�ee droplets exhibit donut-like deposition patterns [29]. This deposition

pattern is due to an accumulation of particles at the rim of the droplet through convection

�ows induced by the drying droplet [30]. Higher evaporation occurs at the rim of the droplet,

compared to the center of the droplet, due to the higher curvature of the droplet at the rim.

This di�erence in evaporation rate induces a �ow towards the rim of the droplet to re�ll the

liquid passing in the form of gas. Colloidal particles are dragged by this �ow, and generally get

trapped at the edge of the droplet, which explains the formation of a NP ring at the edge of

the droplet. The co�ee ring can be altered by the creation of recirculating �ow at the edge of

the droplet, also known as Marangoni �ows [31].

Marangoni �ows

Unlike co�ee droplets, scotch whisky droplets exhibit an almost homogeneous solute deposition

under evaporation. Such an observation motivated scientists to study thoroughly �ow arising

in whisky droplets and to reproduce it arti�cially in the lab [32]. It was found that the chem-

ical composition of scotch whisky induces recirculation �ows at the edge of the droplet, thus

reversing the co�ee-ring e�ect [33]. Even if it is tempting to name this e�ect the whisky drying

e�ect, such recirculation �ows are commonly named after Marangoni who discovered this kind

of recirculation �ows [34].

Marangoni �ows are circular �ows that occur in liquids or gases due to surface tension

gradients, volatility di�erences in solvent mixtures, or temperature gradients. In this part,

we will focus on the case of droplets, and speci�cally on the solutal Marangoni �ow and the

surfactant-driven Marangoni �ow. Since the temperature-driven Marangoni �ow is weaker than

the two precedent ones, it will not be taken into account here [32]. Solutal Marangoni �ows

arise due to volatility di�erences in solvent mixtures [35]. Surfactant-driven Marangoni �ow

derives from a surface tension gradient due to a concentration gradient of surfactant molecules

at the air-water interface stabilizing the droplet [36, 37].

In tertiary mixtures comprising water, ethanol and surfactants, the solutal Marangoni �ow
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Figure 3.5: Marangoni �ows in droplets containing gold NPs, ethanol, water and surfactant. a)

Time-evolution of a droplet containing ethanol, water , surfactant and gold NPs. Green-Golden

�lm seen on the droplet is due to close packed arrangement of gold NPs at liquid-air interface.

b) Scheme of the �ows inside the droplet in di�erent regimes.

and the surfactant-driven Marangoni �ow are opposed in directions and their magnitude changes

over time [38]. For this reason, such systems have been extensively studied. Here, we will

take the case where gold nanoparticles are present in a solution of water, ethanol, and cethyl

trimethyl ammonium chloride (CTAC) as a surfactant. Especially, repartition of the gold NPs

on the droplet's surface is easily seen in Figure 3.5 by the appearance of a golden layer,

indicating the formation of a close-packed layer of gold NPs at the surface of the droplet.

First, the solutal Marangoni �ow is predominant, depicted in Figure 3.5 b, �rst regime;

it emerges from the di�erences in volatility of ethanol and water and creates a circular �ow,

impeding the NPs to accumulate at the rim of the droplet. After a certain time, surfactant-

driven Marangoni �ow takes over the solutal Marangoni �ow; this step is known as reverse

�ow and is extensively studied theoretically by various research groups [20]. In this regime, the

accumulation of particles at the rim of the droplet starts, as can be seen by the presence of the

golden color. Finally, in the third regime, a close-packed layer is formed on the droplet and the

shear stress created by the surfactant concentration gradient is canceled by the presence of the

NPs. In this last step, we go back to a co�ee-ring like scenario with outward �ow induced by

convection.
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3.2.2 In�uence of ligand size, surfactant concentration, co-solvent ra-

tio and waiting time on templated self-assembly

In�uence of ligand size

The ligand size has a dramatic in�uence on the forces acting on colloidal nanoparticles. Es-

pecially, a longer ligand chain leads to stronger steric repulsion between nanoparticles (see

Section 2.2.1). Van der Waals (VdW) forces are the main attractive forces keeping nanopar-

ticles in a close-packed organization in the accumulation zone, therefore the balance between

steric repulsion and VdW is very important for the formation of the accumulation zone. Higher

repulsion forces due to a longer ligand lead to an accumulation zone comprising a lower amount

of NPs. The formation of an accumulation zone with a high number of NPs is directly related

to a higher assembly yield using capillary assisted self-assembly [39].

Figure 3.6: Nanoparticle ligand size e�ect on self-assembly. Images of a superlattice made with

a) 10K PEG, b) 6K PEG, with a longer polymer, the steric repulsion is stronger leading to an

accumulation zone with fewer NPs and therefore lower assembly yields.

In Figure 3.6 two superlattices made with 52 nm diameter nanospheres functionalized with

6K polyethylene glycol(PEG) and 10K PEG are shown, the other parameters such as nanopar-

ticle concentration, surfactant concentration, the composition of the solvent were kept constant.

The superlattice made with the longer PEG chain displays a lower number of nanoparticles per

cluster, but also a lower assembly-yield on the macroscale of nanoparticles as indicated by the
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macroscale image in the inset of the SEM images. The lower transfer yield can be explained

by the stronger steric repulsion using the longer PEG chain. Finally, the 6k PEG was chosen

for the rest of the studies to obtain better assembly yield.

In�uence of co-solvent

The in�uence of co-solvent on the templated self-assembly of gold nanoparticles was studied by

assembling 65 nm diameter gold nanospheres coated with 6K PEG and dispersed in solutions

comprising di�erent ethanol ratios. For the di�erent assembly, the waiting time between droplet

deposition and substrate coverage was �xed to 60 seconds, the surfactant concentration was

�xed to 200µM, and the gold concentration was �xed to 20 mM as measured by the absorption

at 400 nm(these parameters will be studied independently in Section 3.2.2).

Figure 3.7: In�uence of ethanol as a co-solvent on superlattice homogeneity. a) Macroscale

images of superlattices made with di�erent ethanol ratios, the blue color indicates the periodic

organization of nanoparticles. Lighter blue indicates a higher amount of NPs, the presence

of di�erent tints of blue therefore points out the inhomogeneity of the superlattice. b) SEM

images of superlattices made with di�erent ethanol ratios.

In Figure 3.7 a, we can see macroscale images of samples made with di�erent ethanol ratios,
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the blue color indicates for the periodical arrangement of gold nanoparticles. Without ethanol,

the templated self-assembly process yields a partial transfer of NPs to the glass substrate while

using ethanol the NPs transfer occurs on the whole surface of the glass substrate. The partial

transfer of nanoparticles to the glass substrate in absence of ethanol is due to a partial wetting

of the glass substrate by the NP solution. By adding ethanol, a superlattice is created on the

whole surface of the glass thanks to complete wetting of the glass by the NP �lm in presence of

ethanol. Lighter blue indicates for regions where more NPs are transferred, therefore changes

in the tint of the blue in the macroscale images indicate a non-homogeneous sample. By

visual inspection, we see that the most homogeneous sample is obtained using 66% of ethanol.

Moreover, SEM images on Figure 3.7 b reveal that the homogeneity found on the macroscale

for the superlattice made with 66% ethanol is also found in the nanoscale in the nanoscale with

NP clusters comprising 7 NPs on a large area of the sample. Samples displaying inhomogeneities

on the macroscale display a higher dispersion in the number of NPs per cluster in the nanoscale,

as exempli�ed by the SEM images of the superlattices made with 0% and 33% ethanol. Finally,

the templated self-assembly process using 66% resulted in the best homogeneity both on the

macroscale and the nanoscale, which is why this ratio of ethanol in the nanoparticle dispersion

was used in the following studies.

In�uence of waiting time and surfactant concentrations

To get a good assembly of NPs, a certain waiting time before putting the substrate on top

of the droplet is indispensable. The repartition of NPs in the droplet changes with time, the

di�erent �ows present in such tertiary droplet mixtures carry the NPs in di�erent regions of the

droplet and NPs attract each other through Van der Waals interaction. In Section 3.2.1, we

have seen the evolution of a droplet of water, ethanol, CTAC and gold NPs at di�erent waiting

times, speci�cally repartition of the particles on the surface of the droplet could be followed by

the formation of a golden layer. After 45 s of waiting time, a golden �lm starts to appear on

the rim of the droplet, indicating a high accumulation of NPs at the liquid-air interface in the

form of a close-packed layer [40]. After 120 s, the droplet appears totally golden.

Putting the substrate at di�erent stages of waiting time onto the droplet results in di�erent

assembly patterns, as depicted in Figure 3.8 for spherical Au NPs of 65 nm. Visual inspection
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Figure 3.8: SEM images (top) and speci�c areas zoomed in (bottom) of resulting superlattices

of Au nanospheres (65 nm diameter) at di�erent waiting times. The upper insets represent

macroscale visual inspection of the samples.

of the samples made at di�erent stages shows a ring indicating the shape of the droplets rim.

On these images (insets of Figure 3.8) lighter blue denote regions with a higher accumulation

of NPs, as con�rmed by SEM images. Before 45 s of waiting time, the ring is depleted of NPs;

after 45 s, the ring presents an accumulation of NPs; and after 120 s, the whole droplet area is

�lled with Au NPs, as can be seen in the high magni�cation SEM images in Figure 3.8. The

depletion or accumulation of NPs in the ring accounts for the repartition of NPs in the droplet

before putting the substrate. Therefore, the transition from a depleted ring to a ring with an

accumulation of NPs is a direct consequence of the Marangoni �ow reversal.

The e�ect of surfactant concentration was also studied by fabrication of superlattices with

di�erent CTAC concentrations and di�erent waiting times. A detailed kinetic study can be

found in Figure 3.9, increasing the surfactant concentration and lowering the ethanol fraction

in the solution has the same e�ect: accumulation of NPs in the center of the substrate at lower
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Figure 3.9: Systematic study of the surfactant concentration and waiting time in�uence on

superlattice homogeneity. Blue color indicates for the presence of NPs, lighter blue represents

areas with more NPs. The green squares highlight the superlattices with homogeneous repar-

tition of nanoparticles.

waiting times. Indeed, increasing the surfactant concentration will favor the surfactant-driven

Marangoni �ow, thus, the �ow reversal will happen at shorter waiting times, in the same way,

lowering the ethanol concentration will disfavor the solutal Marangoni �ow resulting in a �ow

reversal at lower waiting times. Taking this into account, the best parameters for homogeneous

self-assembly were found to be 200µM CTAC as surfactant, 66% ethanol, and 60 s waiting

time.

In�uence of substrate hydrophilicity

The hydrophilicity of the substrate plays an important role in capillary assisted self-assembly,

it favors the transfer of the hydrophilic and hydrophobic NPs to the substrate [2]. In the

template-assisted process, increased hydrophilicity of the glass substrate favors the wetting of

all its surface by the nanoparticle solution, and therefore hydrophilicity allows for the creation

of superlattice on the whole surface of the glass even without using ethanol. The increased hy-
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drophilicity of the glass substrates after an oxygen plasma treatment of 2 minutes was con�rmed

by depositing a 200µL droplet on top of the glass substrate, the untreated sample was not fully

wet by the glass droplet while the plasma treated glass substrate was entirely wet by the water

droplet indicating for increased hydrophilicity. On the nanoscale, when using no ethanol and

an untreated glass substrate, the superlattice presents ill-de�ned clusters of nanoparticles and

a lot of inhomogeneities (see Figure 3.10 a). Using a plasma treated glass substrate and no

ethanol, the superlattices present well-de�ned periodical clusters with a moderate inhomogene-

ity of the cluster size, as can be seen in the SEM images of Figure 3.10 b. However, using

66% ethanol the superlattice quality improves drastically compared to the ones made without

ethanol, especially the cluster size is very homogeneous, with mostly 7 NPs per cluster, as can

be seen in Figure 3.10 c. Ethanol allows for highly homogeneous superlattices Not only does

the ethanol enable to get very homogeneous superlattices, but it gives the advantage of avoiding

the plasma treatment step of the substrate that can be time-consuming.

Figure 3.10: In�uence of substrate hydrophylisation on superlattice homogeneity. SEM images

of superlattices made: a) without ethanol and without hydrophilization, b) without ethanol

and with hydrophilization, c) with ethanol and without hydrophilization.
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3.2.3 Optical properties of homogeneous self-assembled superlattices

Optical properties of isolated nanosphere clusters and lattices of nanosphere clus-

ters

As we explained in Section 2.4.3, organizing nanoparticles into a lattice accounts for an

increase of the superlattice optical extinction at a speci�c wavelength depending on the period.

If the period is large, no far-�eld coupling will occur in the visible region and therefore we can

consider the cluster "isolated". Isolated clusters of nanospheres were fabricated by assembling

65 nm nanospheres into a grating of L=1500 nm, images of such a superlattice are found

in Figure 3.11 a. Comparison of the optical properties of "isolated" clusters and 65 nm

nanospheres cluster in a 400 nm lattice are shown in Figure 3.11 b.

Figure 3.11: Comparison of the optical properties of superlattices of 400 nm (in a lattice) and

1500 nm period ("Isolated"). a) SEM images of 400 nm and 1500 nm period superlattices of

65nm nanospheres b) Experimental and simulated extinction spectra of 65nm nanospheres.

The 'isolated' clusters show a broad extinction spectrum, while the clusters assembled in a

lattice show a sharp peak around 700 nm. It is clear that the far-�eld coupling gained by the

periodical organization of the nanospheres clusters induces an increase of the absorption around

700 nm. This phenomenon is also re�ected in FEM simulations (see details in materials and

methods) and the near-�eld plots, which con�rm the lattice plasmon nature of the resonance at

700 nm (see Figure Appendix I.1). The simulated absorption spectra of the 400 nm period

superlattice display a lattice plasmon which is slightly sharper than the experimental one.
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UV-Vis extinction spectra of superlattices with di�erent homogeneities

Sub-unit homogeneity in lattices (here clusters of NPs) is of particular importance for their

optical properties. In gold NP lattices made by EBL, it was shown that the homogeneity of

NP size leads to a sharper resonance [14]. The sharpness of lattice plasmons is very relevant

for applications in nanolasing, where high Q-factor resonance is needed [41]. The e�ect of

homogeneity on optical properties was studied by fabricating substrates with di�erent ethanol

ratios, keeping other parameters constant (surfactant concentration and waiting time).

Figure 3.12: Optical properties of superlattices with di�erent homogeneity. a) to d) SEM

images of superlattices made with di�erent ethanol ratio. The most homogeneous superlattice

is the one made with 66% ethanol ratio. e) Extinction spectra of superlattices from spherical

Au NPs (65 nm), fabricated with di�erent concentrations of ethanol. f) FWHM of the peak at

700 nm, which is smallest for samples made with 66% of ethanol.

.

SEM Images of 400 nm period superlattices of 65 nm nanospheres made with di�erent
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ethanol ratios can be found in Figure 3.12 a-d. For superlattices made with 0 and 33% ethanol

ratio, the SEM images depicts high accumulation of NPs and a low organization explaining the

broad plasmon peaks. Increasing the ethanol content to 50-66% yields well-organized clusters

with a majority of 7 NPs per cluster. A further increase to 75%, results in a lower transfer of

NPs to the substrate due to a lower accumulation of NPs in the accumulation zone caused by

Marangoni �ow reversal at longer times. Optical properties of those superlattices are found in

Figure 3.12 e. For the samples presenting good periodic organizations, a peak around 700

nm can be observed, this resonance was already attributed to lattice plasmons in the previous

Section 3.12 a. By increasing the ethanol concentration from 0% to 66%, the FWHM is

diminishing from 400 nm to 50 nm; further increase of the ethanol concentration again broadens

the peak. The decrease in FWHM of the lattice plasmon peak with increasing ethanol content is

explained by the better organization of the superlattice when increasing the ethanol content to

66%. Similar results were obtained using superlattices made with or without hydrophilization

(see Appendix I.2) Far-�eld coupling through lattice plasmons is considerably increased by

fabricating superlattices with identical sub-units.

SERS enhancement and standard deviation of superlattices with di�erent homo-

geneity

Extinction properties of nanoparticle superlattices show a signi�cant e�ect on the sharpness

of the lattice plasmon thanks to the homogeneity attained using co-solvent assisted templated

self-assembly. The near-�eld enhancement of plasmonic cluster depends on the size of the NPs,

the interparticle distance, the refractive index in close proximity, and the number of NPs per

cluster as well as the orientation of the particle in respect to each other. Therefore, having a

controlled number of NPs in each cluster on a large scale will have a clear e�ect on the near-�eld

homogeneity, and hence, sensing performance.

To assess the e�ect of homogeneity on the near-�eld enhancement of plasmonic superlat-

tices, SERS signals of 4-MBA (4 Mercaptobenzoic acid) as target were probed. To attain full

coverage of the nanostructure, and thus, comparable results between the di�erent structures,

the superlattices were incubated in a 100µM solution of 4 MBA for 2 hours. Due to its thiolated

groups, 4-MBA binds covalently to the gold NPs. Plasmonic substrates were then thoroughly
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Figure 3.13: SERS signal of superlattices with di�erent homogeneity. Superimposed SERS

spectra from 100 random points of superlattices made with a) 0% and b) 66% of ethanol.

c)Averaged SERS spectra from 100 randomly chosen points on superlattices made with �ve

di�erent concentrations of ethanol. d) Calculated analytical SERS enhancement factor and

standard deviation of the 1600 cm−1 4-MBA SERS peak as a function of the ethanol concen-

tration.

washed with Milli-Q water to remove the excess of 4-MBA that did not covalently bind to gold.

To probe the homogeneity of the near-�eld enhancement, SERS spectra were taken at more

than 100 random points over the plasmonic substrates. Figure 3.13 a outlines as an example

such 100 spectra super-imposed for superlattices made with 0% and 66% ethanol each (spectra

for superlattices with made with other ethanol ratio can be seen in Appendix I.3). For all

ethanol concentrations studied, the SERS spectra were averaged and plotted in Figure 3.13 d.

The highest signal intensities, are found for the ν12 ring stretching vibration at 1080 cm−1 and

for the ν8a ring stretching vibration at 1600 cm−1, corresponding to the phenyl ring of 4-MBA

[16]. The Analytical SERS enhancement factor was calculated using the Raman intensities of

the 1600 cm−1 and the following equation:
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AEF =
ISERS/CSERS

IRaman/CRaman

. (3.1)

With ISERS the SERS intensity of 4-MBA on the plasmonic superlattices, CSERS the con-

centration of 4-MBA in the SERS experiment, here 100µM, IRaman the Raman intensity and

CRaman the concentration of 4-MBA in the Raman measurement experiments, here 200 mM.

The Raman signal intensity of 4-MBA was recorded using the same measurement conditions

as in the SERS measurements.

Figure 3.13d depicts the SERS performance of plasmonic superlattices made with di�erent

ethanol ratio, in terms of analytical SERS enhancement factor and standard deviation for the

characteristic Raman peak at 1600 cm−1 which is assigned to the ν12 aromatic ring vibration of

4-MBA. Standard deviation is calculated from the statistics over the 100 SERS spectra taken

at random points of the substrate and represents the deviation from the average value in per-

centage. Therefore the lower is the value the more homogeneous is the near-�eld enhancement.

Again, the sample with 66% ethanol shows the highest performance, while the sample with 0%

ethanol shows poor performance. Using our co-solvent assisted process, the SERS standard de-

viation of plasmonic superlattices could be reduced from 114% to 13%, and this on a sample of

8×8 mm2. This value of SERS standard deviation also comforts the fact that the process using

66% ethanol gives the best sample homogeneity as the near-�eld enhancement depends on the

number of NPs we have in a cluster. Moreover, it seems that at the same time that the sample

is more homogeneous the analytical SERS enhancement factor is signi�cantly increasing. As

a result, the analytical SERS enhancement factor of plasmonic superlattice was improved of

an order of magnitude using the co-solvent assisted templated self-assembly process. Such an

increase of the SERS enhancement factor in more homogenous superlattices is explained by

stronger lattice coupling arising in regular lattices, which is in accordance with the increase in

extinction of the surface lattice plasmon resonance with homogenous superlattices.

3.3 Conclusion

The templated self-assembly process was optimized by screening di�erent parameters: the

ligand size, the waiting time before adding the substrate, the surfactant concentration and the
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ethanol ratio. Especially, Marangoni �ows arising in droplets containing water-ethanol and

surfactant were taken into account to obtain the best superlattice quality. Homogeneity on

the macroscale and the nanoscale was veri�ed thanks to macroscopic images and SEM images.

Parameters to get the most homogeneous superlattice were found to be: 200µM CTAC, 60 s

waiting time, and 66% ethanol. Using those parameters superlattices comprising 7 NPs per

cluster on average were attained on a macroscale.

The optical properties of superlattices with di�erent homogeneities were studied by UV-VIS.

The apparition of a sharp resonance when the clusters are arranged periodically was explained

by electromagnetic simulations to arise from lattice e�ect. Furthermore, the extinction spectra

lattices with di�erent qualities shown that more homogeneous lattices display sharper and

more intense lattice plasmon. More speci�cally, the near-�eld enhancement of homogeneous

gold nanoparticle superlattice was measured by SERS. Homogeneity increase in the superlattice

yields in more intense SERS signal as well as more homogeneous SERS signal on the whole

surface of the plasmonic substrate.

3.4 Materials and methods

3.4.1 Materials

HAuCl4 · 3H2O (≥99.9%, trace metal basis) was purchased from Alfa Aesar. Sodium borohydride

(ReagentPlus©, ≥99%, NaBH4), L-Ascorbic acid (ACS reagents, ≥99%, AA), poly(ethylene

glycol) methyl ether thiol average Mn 6000 (PEG-6K), sodium hyprochlorite (6-14% active

chlorine, Emplura©), and cetyl-trimethylammonium chloride (≥98%, CTAC) were purchased

from Sigma-Aldrich. All solutions, except HAuCl4 and CTAB, were prepared immediately be-

fore use. Puri�ed Milli-Q water was used in all experiments (Millipore, 18.2 MΩcm). Glassware

was cleaned with aqua regia and rinsed extensively with Milli-Q water before use.
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3.4.2 Nanoparticle synthesis and functionnalization

Nanoparticle synthesis

Nanospheres were synthesized by seeded growth as reported recently [30]. First, small seeds of

2 nm were prepared by adding HAuCl4 (50µL, 0.05 M) to a CTAC solution (5 mL, 100 mM).

Subsequently, NaBH4 (200µL, 0.02 M, i.e., 7.5 mg in 10 mL) was added under vigorous stirring.

After 3 min, the mixture was diluted 10 times by a CTAC solution (100 mM). Then, the small

seeds were overgrown to 10 nm nanospheres: For this purpose, the small seeds (900 µL) were

added to a mixture of AA (40 µL, 0.1 M) and CTAC (10 mL, 25 mM). Next, HAuCl4 (50 µL,

0.05 M) was added under vigorous stirring. The 10 nm seeds showed an LSPR at 520 nm. The

dispersion was left undisturbed for at least 1 h. Afterward, the nanospheres were centrifuged

(19.300 rcf, 12 cm rotor) and washed at least 3 times with CTAC solution (25 mM). Afterward,

the 10 nm-sized nanospheres were overgrown to larger nanospheres: First, the nanospheres

(15µL) were added to a solution AA (40 µL, 0.1 M) and CTAC (10 mL, 25 mM). Subsequently,

HAuCl4 (50µL, 0.05 M) was added. The resulting nanoparticles had rough edges, which were

removed by oxidative etching. For this, a diluted solution of sodium hypochlorite (10 µL, 1 to

1.5% of available chlorine) and 10 min later HAuCl4 (10µL, 0.05 M) was added under continuous

stirring. After 30 min, the �nal nanospheres were centrifuged (1600 rcf,12 cm rotor, 15 min) and

redispersed in CTAC solution (500µM). The �nal NPs were concentrated to ca. 5 mM Au0 in a

solution of CTAC (500µM). Functionalization was done by the addition of PEG (1 mg/mL) and

stirring overnight at room temperature (RT). Excess unbound PEG was removed by repeated

centrifugation (1600 rcf, 12 cm rotor, 15 min) and redispersion of the sedimented NPs in CTAC

(500µM).

Measurement of the gold concentration in the nanoparticle dispersions

The concentration of gold in the nanoparticle dispersions was estimated using the extinction

at 400 nm. At this wavelength the extinction of gold nanoparticles doesn't depend on the size

or shape of nanoparticles, therefore it constitutes a way for measuring their concentration.

Calibration of the 400 nm extinction dependance on gold concentration perfomed by Scarabelli

et al [22], shown that 1.2 extinction corresponds to 0.5 mM of gold.
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Nanoparticle functionnalization

For functionnalization of the nanoparticles with PEG, the nanoparticles were concentrated by

centrifugation and redispersion in 1mM CTAC to have a �nal concentration of gold between 2

and 10 mM (as measured by the absorption at 400 nm). Then 10 mg/ml of PEG-6K was added

to the solution which was left undisturbed overnight. The nanoparticles were then washed

by repeating centrifugation and redispersion in CTAC 500µM at least 4 times. By repeating

this operation several times, the PEG that did not bind to the nanoparticles is completely

removed. The functionalization step is then repeated by concentrating the nanoparticles to

10 mM in 500µM and adding 10 mg/mL of PEG-6K. Again the NPs are washed by repeating

centrifugation and redispersion in CTAC 500µM. Finally, the NPs are concentrated to 200 mM

in 500µM CTAC 500µM, the nanoparticle solutions are stored in the fridge at 8 °C.

3.4.3 Characterisation techniques

Electron Microscopy

Scanning electron microscopy was performed using an environmental SEM (FEI Quanta 250)

at an acceleration voltage of 30 kV.

UV-VIS measurements

Extinction spectra of colloidal dispersions were recorded with an Agilent 8453 UV/vis spec-

trophotometer, using polystyrene cuvettes. Extinction spectra of dry samples were collected

using a Carry 5000 UV-vis spectrometer (Agilent).

SERS measurements

For SERS experiments, the samples were cleaned using 10 s of oxygen plasma (Diener pico) at

100 W and 0.4 mbar, followed by 5 minutes of UV-Ozone (bionanoforce). The SERS samples

were incubated in an aqueous solution of 4-MBA (100µM, 2 h), prepared freshly from a stock

solution in EtOH (10 mM). After incubation, the samples were thoroughly rinsed with water

to remove the excess 4-MBA molecules that did not bind to the AuNPs and dried with N2

�ow. SERS Spectra were obtained using a Renishaw inVia re�ex equipped with a stigmatic
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single-pass spectrometer, a Peltier-cooled CCD detector (1024 x 512 px2), a 1800 grooves mm−1

grating, a HeNe laser as excitation line (633 nm, 0.55 mW), and a 50x lens (LWD, NA 0.5)

yielding a spot size of around 20 x 20 µm2. For each samples more than 100 measurement

points were taken in random points.
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Chapter 4

Self-assembly of di�erently shaped nanopar-

ticles into superlattices and their optical

properties

Figure 4.1: On the left: Photograph of "Van Gogh, 'The starry night', 1889" by Christopher

S. Penn, under Creative Comon by 2.0 license. On the right: David Vila-Liarte and Mathias

Charconnet, The nanosplasmonics starry night, 2020, photo-montage of various nanoparticle

clusters.
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Abstract

Due to their strong near-�eld enhance-

ment, anisotropic gold nanoparticles are gen-

erally preferred over gold nanospheres for

sensing applications using SERS. Therefore,

assembling anisotropic gold nanoparticles into

periodically arranged clusters, i.e. plas-

monic superlattices, appears to be an inter-

esting way of increasing the SERS enhance-

ment of plasmonic superlattices. In this con-

text, nanospheres, nanorods, and nanotrian-

gles were successfully assembled into homogeneous superlattices, using the optimized templated

self-assembly process described in Chapter 3. The fabrication of superlattices of di�erent pe-

riods gives the possibility to tune the surface lattice plasmon resonances towards the standard

laser excitation wavelengths (633 nm and 785 nm), which allows for further enhancement of the

SERS signal at both wavelengths. As a result, the 400 nm period superlattices yielded higher

SERS signals using the 633 nm laser excitation, while the 500 nm period superlattices yielded

higher SERS signals using the 785 nm laser excitation. Using the optimal lattice period for each

laser excitation wavelength, the SERS enhancement from the di�erently shaped nanoparticle

superlattices was compared, and it was concluded that nanosphere superlattices yielded the

highest SERS enhancement factors. Finally, the absorption properties of the di�erently shaped

superlattices were simulated by the �nite element method in a collaboration with the University

of Southern Denmark, Mads Clausen Institute from the research group of Prof. J. Adam. By

considering various cluster morphologies, the simulations re�ected satisfactorily the experimen-

tal results, and a detailed interpretation of the simulated optical properties was performed to

gain insight into the di�erent plasmonic resonances present in the plasmonic superlattices.
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4.1 Introduction

4.1.1 SERS enhancement of gold nanostructures

The mechanism of SERS enhancement comprises two components: the chemical enhancement

and the electromagnetic enhancement. The chemical enhancement depends on the change of

polarizability of the molecule in an adsorbed state, while the electromagnetic enhancement

depends on the electric �eld enhancement provided by the nanostructured substrate (see Sec-

tion 2.5.1 for more details). The electromagnetic enhancement constitutes the dominant en-

hancement in SERS and is responsible for the high sensitivity of SERS [1]. Consequently, the

main strategy to increase the SERS enhancement consists of designing nanostructures with high

electric �eld enhancement. In this context, the assembly of gold nanoparticles into close-packed

clusters is a very suitable strategy, since plasmonic coupling allows for a dramatic enhancement

of the near-�eld at the junction between nanoparticles. Still, gold nanospheres constitute the

simplest nanoparticle morphology, and anisotropic gold nanoparticles exhibit higher electric

�eld enhancement. For this reason, the aim of this chapter is to assemble di�erently shaped

gold nanoparticles into plasmonic superlattices to study their optical properties and SERS

enhancement.

4.1.2 Electric �eld enhancement of anisotropic gold nanoparticles

As explained in Section 2.3.3, not only the size of nanoparticles but also their shape deeply

in�uence their optical properties. For nanospheres, an increase in the size leads to a redshift

of the plasmon resonance [2], while for nanorods, an increase of the aspect ratio leads to a

redshift of the longitudinal plasmon resonance [3, 4]. At their plasmon resonance, anisotropic

gold nanoparticles exhibit a higher near-�eld enhancement than nanospheres [5, 6]. Such a

statement is well illustrated by comparing the electric �eld enhancement of gold nanospheres

and gold nanorods. In Figure 4.2 a,b, the simulated near-�eld enhancement plots of a 65 nm

sphere and a 110×30 nm nanorod at their plasmon resonance can be seen; the nanorod presents a

strong enhancement of the electric �eld at its tips while the nanosphere presents a lower electric

�eld enhancement. For this reason, gold nanorods are generally preferred over gold nanospheres
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in systems that require high near-�eld enhancement.

Figure 4.2: FEM simulations of the electric �eld from a) a 65 nm diameter nanosphere at 535 nm

and b) a 110×30 nm nanorod at 890 nm. c) Corresponding simulated optical extinction from

the nanostars depicted in d), e) and f). d) to f) Average electric �eld distribution of nanostars

with di�erent tip length and curvature obtained from FEM simulations. c) to f) are reproduced

with permission from [7].

In general, the presence of sharp tips allows for a stronger concentration of the electric

�eld leading to high near-�eld enhancement [8]. Another example presenting the simulated

electric �eld enhancement of nanostars with di�erent tip lengths and curvature is shown in

Figure 4.2 c-f [7]. A decrease in the electric �eld enhancement of nanostars is observed with

decreasing tip length and curvature. These calculations aimed at explaining the decrease in

SERS signal in gold nanostars upon reshaping due to strong thermoplasmonic e�ects [9, 10].

As a conclusion, anisotropic gold nanoparticles, and particularly gold nanoparticles with sharp

tips give rise to strong SERS enhancement, provided that their plasmon resonances match the
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laser excitation wavelength.

4.1.3 Self-assembled anisotropic gold nanoparticles for SERS

When nanoparticles are in close proximity to each other (<50 nm), the plasmon resonances of

gold nanoparticles can couple, leading to the formation of hotspots (see Section 2.4.1) [11,

12]. Con�nement of the electric �eld in the junction of assembled nanoparticles, i.e hotspots,

constitutes an attractive way to dramatically enhance the electric �eld in the vicinity of the

nanoparticles.

Figure 4.3: Density dependence of the SERS performance in nanoparticle monolayers. (a)

Maximum SERS enhancement for planar monolayers of particles with di�erent morphology

(see legend). The particle coverage is de�ned as the fraction of area occupied by the projection

of the metal along the plane normal. (b) Sketches showing an increasing density of nanoparticles

in the monolayers. All results are averaged over polarizations of the normally incident light.

Solid curves are calculated at 785 nm incident wavelength for zero Raman shift, while dashed

curves for gold nanospheres and gold nanostars correspond to 633 and 900 nm, respectively.

Reproduced with permission from [13], copyright 2017 American Chemical Society.

The formation of hotspots through the self-assembly of spherical gold nanoparticles has
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been used for the fabrication of highly e�cient SERS substrates [14]. Due to the superior near-

�eld enhancement of anisotropic nanoparticles, one could expect self-assembled anisotropic gold

nanoparticles to confer even higher SERS signal than self-assembled gold nanospheres. However,

it is not always the case, and the coupling of complex anisotropic gold nanoparticles does not

necessarily yield stronger near-�eld enhancement than those of single nanoparticles [15]. For

instance, Figure 4.3 shows the averaged near-�eld enhancement of monolayers of di�erently

shaped gold nanoparticles comprising di�erent substrate coverage [13]. Nanostars exhibit a high

near-�eld enhancement in the single-particle limit, however, the aggregation of gold nanostars

does not lead to a signi�cant increase of the SERS signal. On the contrary, dilute layers of gold

nanospheres and nanorods exhibit a moderate SERS enhancement, while a more compact �lm

of gold nanospheres or nanorods exhibits a boost in their performance at around 50% coverage

due to the plasmon coupling of gold nanoparticles. Interestingly, after a certain substrate

coverage, the enhancement gained by the nanorods can even surpass the enhancement gained

by the assembled nanostars.

Following the idea of improving the SERS signal of plasmonic superlattices through the

assembly of anisotropic gold nanoparticles, this chapter shows a comparative study of the

SERS enhancement provided by gold nanoparticle superlattices made of di�erent nanoparticle

shapes. In the �rst part, the self-assembly process is extended to nanorods and nanotriangles.

The extinction properties of the gold nanoparticle superlattices are then studied by UV-Vis

spectroscopy and correlated through FEM simulations to gain an insight on the plasmonic

modes involved. Finally, the SERS performance from superlattices of two di�erent periods

(400 and 500 nm) and di�erent nanoparticle shapes are analyzed under two laser excitations

(633 and 785 nm).
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4.2 Results

4.2.1 Self-assembly of di�erently shaped gold nanoparticles into su-

perlattices

The collective plasmon resonance of plasmonic superlattices mainly depends on its lattice pe-

riod. As the superlattice period is determined by the period of the nanostructured PDMS

molds, the molds were chosen so that the surface lattice resonance of the plasmonic superlat-

tices occurs in the range of the two available laser excitation wavelengths of 633 and 785 nm.

The wavelength of surface lattice plasmon resonances can be approximated by the Rayleigh

anomaly cuto� wavelength (see Equation (2.4.3)). Taking into account the refractive index

of the glass substrate of 1.5, 400 nm period superlattices yield a Rayleigh anomaly at 600 nm,

i.e close to the 633 nm excitation wavelength, and 500 nm period superlattices yield a Rayleigh

anomaly at 750 nm, i.e close to the 785 nm excitation wavelength. Higher periods would lead

to Rayleigh anomalies at a higher wavelength than the available laser excitations, which is why

the 400 and 500 nm period molds were chosen for this study. The 400 nm period molds display

circular wells of 240 nm diameters, while the 500 nm molds display circular wells of 270 nm

diameter. Thanks to the small di�erence in the hole size, a similar number of nanoparticles per

cluster can be assembled using both the 400 nm and 500 nm PDMS molds.

The optimized self-assembly process from Chapter 3 was used to assemble the di�er-

ently shaped nanoparticles into the wells of the nanostructured molds. Besides, the di�erently

shaped particles were functionalized with the same amount of 6K PEG and the nanoparticle

concentration in the droplet was �xed to 20 mM to have a similar amount of gold in the dif-

ferent superlattices (see materials and methods for more details). Remarkably, this process

yields well-organized plasmonic superlattices for NPs of di�erent shapes, as can be seen in Fig-

ure 4.4. Particularly, nanorod-based superlattices comprise around 3-4 nanorods per cluster

while nanotriangles-based and nanospheres-based superlattices comprise around 6-7 nanopar-

ticles per cluster. Both for nanorods and nanotriangles, the nanoparticles were found to be

mainly assembled side by side.
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Figure 4.4: SEM images of 400 nm and 500 nm period superlattices made of a) 65 nm

nanospheres b) 110× 30 nm nanorods, c) 65 nm edge length nanotriangles.

4.2.2 Optical extinction properties of superlattices made of di�erent

shapes

The hybridization between the lattice mode and the cluster-speci�c plasmon of di�erently

shaped NP clusters was studied by UV-Vis spectroscopy and correlated with FEM electro-

magnetic simulations. The FEM simulations allow for a distinct understanding of the occur-

rence of cluster and lattice-speci�c resonances. Experimental extinction and simulated ab-

sorption spectra of plasmonic superlattices of the corresponding nanospheres, nanorods and

nanotriangles dispersions can be seen in Figure 4.5. Since the superlattices possess sub-units

with a di�erent number of particles per cluster, the simulations were carried out with di�erent

cluster morphologies to �nd the nanostructures in best agreement with the experimental data

(see Appendix III.1). The best results were attained, with the hexamer morphology for the
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nanospheres, with the four rods morphology for the nanorods, and �nally for the stack of 6

nanotriangles. Given the anisotropy of the nanorods cluster, polarization along the transver-

sal and along the longitudinal axis resulted in very di�erent absorption characteristics (see

Appendix III.3), which is why the absorption curves for each polarization were averaged to

obtain the �nal absorption curve of the nanorod superlattices. Conversely, for the nanosphere

heptamers and hexamers as well as the triangle hexamers, polarization has very little e�ects on

their absorption as can be seen in Appendix III.4, thanks to their high symmetry. Therefore,

the presented absorption spectra of nanospheres and nanotriangles only show a single polar-

ization. Under these conditions, the simulated spectra re�ects relatively well the experimental

spectra. However, it has to be highlighted that the experimental UV-Vis data were obtained

through the contribution of various cluster morphologies, which explains the discrepancies be-

tween the simulated and experimental results. In this sense, the simulated absorption spectra

of di�erent cluster morphologies can be averaged to obtain a spectrum that re�ects the inhomo-

geneities present in the plasmonic superlattices (see Appendix III.5 and Appendix III.6).

For instance, average spectra of nanosphere hexamers and heptamers in a lattice, shown in

Appendix III.5, display a broadening of the main plasmon resonance that is also seen in the

experimental data.

For a proper understanding of the UV-Vis spectra of plasmonic superlattices , it is neces-

sary to �rst analyze the extinction properties of dispersed gold nanoparticles displayed in black

in Figure 4.5 a,b,c. For instance, the nanosphere dispersion displays an extinction peak at

535 nm due to the dipolar resonance of plasmonic nanoparticles, while the nanorods dispersion

displays two extinction peaks, one at 520 nm, corresponding to the transversal plasmon mode,

and the other around 860 nm corresponding to the longitudinal plasmon mode. The nanotrian-

gles dispersion displays a strong and narrow extinction peak around 650 nm, corresponding to

a longitudinal in-plane mode, and a weak shoulder at 530 nm, corresponding to a transversal

out-of-plane mode [16].

As a result of plasmonic hybridization, the plasmonic modes present in the extinction spectra

of superlattices are di�erent from the extinction spectra of nanoparticle solutions. However,

it should be noted that plasmonic resonances at similar wavelengths to the LSPR of single

nanoparticles are also found in the optical properties of plasmonic superlattices [17, 18]. Such
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modes can be explained by an anti-bonding coupling mode between the assembled nanopar-

ticles, generally leading to a small blueshift of the LSPR of single nanoparticles [19]. For

instance, the nanosphere superlattices exhibit an extinction shoulder at around 530 nm, which

is slightly blue-shifted compared to the LSPR of dispersed nanoparticles. In the same way, the

nanotriangle superlattices exhibit a strong extinction band at 650 nm for the 400 nm lattice

and a slight shoulder at 650 nm for the 500 nm period lattice. For the nanorod superlattices,

the extinction bands are far shifted from the extinction bands of the nanorods dispersion. For

instance, the longitudinal mode of the nanorods seen at 860 nm, in solution, seems to be shifting

to 760 nm in the assembled state. Such a blue-shift of the longitudinal resonance in side-by-side

assembled nanorods can be explained by a longitudinal anti-bonding coupling mode between

the side-by-side assembled nanorods. This phenomenon was already seen in dark-�eld spec-

troscopy measurements of single nanorod dimers and led to a blue shift of the main plasmonic

resonance of gold nanorods [20, 21]. Additionally, simulated absorption spectra of lattices of

three rods side-by-side, displayed in Appendix III.2, show a plasmonic resonance at 720 nm,

when polarization is along the long axis of the cluster, which is slightly blue-shifted compared

to the experimental results. Such a mode corresponds to a side-by-side coupling as exempli�ed

by the near-�eld plots seen in Appendix III.2. For the four rods morphology, the longitudinal

coupling resonance redshifted to 760 nm for the 400 nm, due to the coupling of the three rods

to the additional rod laying on top, therefore re�ecting better the experimental results (see

Figure 4.5 b,e and Appendix III.3).

Additionally to the LSPR modes reminiscing the optical extinction of the nanoparticle dis-

persions, new plasmonic modes arise under the self-assembled state due to plasmonic coupling.

Particularly, in plasmonic superlattices, the plasmonic cluster modes can couple to an in-plane

di�racted order, also called Rayleigh anomaly, giving rise to an increase in extinction at a

wavelength depending on the lattice period and the refractive index of the substrate [22]. In

the nanosphere superlattices, a strong plasmonic mode shifting with the lattice period can be

seen experimentally in Figure 4.5 a; for the 400 nm period superlattice, this mode is seen at

around 705 nm, while for the 500 nm superlattice it is seen at around 760 nm. Similarly, the

main peak of the simulated absorption spectra redshifts from 720 nm to 745 nm by changing the

lattice period from 400 nm to 500 nm, while the other resonances at 520 nm and 550 nm remain
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Figure 4.5: Experimental extinction spectra of nanoparticle dispersion, 400 nm and 500 nm

period superlattices made of: a) 65 nm diameter gold nanospheres, b) 110×30 nm gold nanorods,

c) 65 nm edge length gold nanotriangles. Simulated absorption spectra of 400 nm and 500 nm

period superlattices made of d) 65 nm nanospheres hexamers, e) 110×30 nm nanorods in a four

rods conformation, f) 65 nm edge length triangle in a stack of 6 triangles.

una�ected (see Figure 4.5 d). Such a shift in the simulated spectra supports the assignment of

the main plasmonic modes to surface lattice plasmon resonances. Furthermore, the simulated

near-�eld images of the SLR, displayed in Appendix III.5 show that the mode consists of a

cluster plasmonic resonance coupling to a lattice e�ect. Additionally, nanosphere superlattices

present experimentally a coupling mode at a lower wavelength of 600 nm, for both the 400 nm

and 500 nm period superlattices. A similar coupling mode was observed in the simulated ab-

sorption spectra of hexamers and heptamers around 550− 560 nm, and was more pronounced

in the heptamer simulations (see Appendix III.5). Such modes were attributed in various

studies to higher-order longitudinal bonding coupling modes, which generally appeared at a

slightly higher wavelength than the single LSPR of nanospheres [19, 23].

For both the 400 nm and the 500 nm nanorod superlattices, a strong resonance is seen
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experimentally at 760 nm and a weaker one at around 600 nm in Figure 4.5 b. As it was

explained previously, the mode at 760 nm corresponds to an anti-bonding longitudinal plas-

monic coupling. Besides, the mode at 640 nm was predominant in the simulations when the

polarization was set along the short-axis of the side-by-side nanorods, as can be seen in Ap-

pendix III.3. Therefore, such a mode is assigned to a transversal bonding mode between the

side-by-side assembled nanorods. This coupling mode was also observed at around 600 nm in

dark-�eld scattering measurements of nanorods dimers [24]. Though the number of particles

per cluster is similar between the 400 and 500 nm nanorod superlattices, the intensity of the

two principal modes is changing; the mode at 600 nm is stronger and more pronounced for the

400 nm period superlattice, while the resonance at 760 nm is stronger for the 500 nm period

nanorods-based superlattice. These changes in intensity can be interpreted as a coupling of

the plasmonic clusters to a lattice e�ect. In the case of the 400 nm period superlattice, the

Rayleigh anomaly is expected at 600 nm, which justi�es the increase in extinction at 600 nm

seen in the UV-Vis spectra of the 400 nm period nanorods-based superlattice. Similarly, for

the 500 nm superlattice, the Rayleigh anomaly, expected at 750 nm, explains the increase in

extinction at 760 nm seen in the UV-Vis spectra of the 500 nm period superlattice. This was

further con�rmed by the simulated nanorods absorption, where the main plasmon resonance

shifted from 760 nm to 790 nm, when increasing the period from 400 nm to 500 nm, indicating a

coupling of the cluster plasmon to a lattice e�ect in the case of the 500 nm period superlattice.

Additionally, an increase of intensity from the transversal coupling mode was observed in the

simulated absorption of the 400 nm period superlattice, supporting the assignment of this mode

to a surface lattice resonance. Interestingly, the choice of the lattice period gave the possibility

to couple the lattice e�ect to the transversal bonding mode or to the longitudinal anti-bonding

mode of the nanorods cluster.

For the nanotriangle superlattices, a mode redshifting from 650 nm to 750 nm is seen exper-

imentally in Figure 4.5 c, with an increase of the lattice period from 400 nm to 500 nm. The

simulated absorption spectra of nanotriangle superlattices, displayed in Figure 4.5 f, show

the same behavior as in the experiment with a redshift of the main plasmon resonance with a

period increase, which supports the assignment of the shifting mode to a surface lattice reso-

nance. Particularly, in the experiment, the plasmon resonances are much broader than in the
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simulations. This was explained by simulations through the consideration of a line of triangles

in a lattice, such a conformation presents resonances that are both redshifted and blueshifted

compared to the triangle hexamers (see Appendix III.7). The observation of di�erent plas-

monic modes in the line of triangles explains the broadening occurring because of the statistical

distribution of nanotriangle morphologies in the experimental measurements.

Overall, the coupling of a speci�c cluster mode with an in-plane di�racted order results

in an increase of the absorption of the superlattices at a wavelength depending on the period

of the superlattices but also on the shape of the lattice sub-unit. Particularly, the simulated

absorption spectra of the di�erent superlattices gave a thorough understanding of the nature

of the plasmonic modes involved in the optical properties of plasmonic superlattices.

Figure 4.6: Comparison of the experimental SERS e�ciency of 400 and 500 nm superlattices

made of a), d) nanospheres, b), e) nanorods, c) and f) nanotriangles at a laser excitation of a),

b), c) 633 nm and d), e), f) 785 nm with 4-MBA as model analyte.
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4.2.3 E�ect of the lattice period on the SERS signal

Tailoring of the extinction spectra to the Raman laser excitation wavelength constitutes the

principal strategy for improving the SERS properties of a plasmonic substrate [16, 25]. There-

fore, the optical extinction spectra of plasmonic superlattices of di�erent periods, seen in the

previous section, can serve as an indication of the nanostructure's SERS enhancement. Par-

ticularly, superlattices with 500 nm lattice period have shown to absorb light more e�ciently

at 785 nm compared to 400 nm period superlattices. As a consequence, the 500 nm superlat-

tice is expected to give a higher SERS enhancement than the 400 nm lattice when excited

with the 785 nm laser. Conversely, the 400 nm superlattice is expected to give a higher SERS

enhancement than the 500 nm lattice when excited with the 633 nm laser.

To compare their SERS e�ciency, each superlattice was incubated for 2 hours in a 100µM

4-MBA solution and then washed with water to remove the excess molecules that did not bind

covalently to the gold nanoparticles, SERS spectra were recorded at more than 100 points for

each sample. Average SERS spectra of the di�erent superlattices under 633 nm and 785 nm

excitations can be seen in Figure 4.6. The highest signal intensities are found for the ν12

ring stretching vibration at 1080 cm−1 and for the ν8a ring stretching vibration at 1600 cm−1,

corresponding to the phenyl ring of 4-MBA [26]. Weaker Raman peaks are detected at 692,

726, 800, 850 cm−1 due to carboxylic group bending and stretching vibrations and at 1180 and

1480 cm−1 due to ν9a and ν19b C-C ring stretching vibrations [27, 28, 29]. Average and standard

deviation of the peak intensity at 1080 cm−1 for the di�erent superlattices and laser excitation

can be seen in Appendix III.8. Overall, the standard deviation of the SERS signal remains

acceptable (<35%) for the di�erent superlattices, which indicates a reasonable homogeneity of

the superlattices over large areas. Especially, nanorod superlattices exhibit standard deviations

as low as 8% underlining the quality of the assembled superlattices. Conversely, the nanotriangle

superlattices exhibit higher standard deviation (up to 34%), which might be due to a lower

control over the number of particles per cluster. For the di�erent shapes of nanoparticles studied

here, 500 nm superlattices outperformed the 400 nm period superlattices in SERS intensity using

the 785 nm laser excitation. In the same way, the 400 nm superlattices outperformed the 500 nm

superlattices in SERS intensity using the 633 nm laser as expected from the UV-Vis extinction
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spectra. Furthermore, the SERS enhancement factors calculated from the FEM simulations

show a similar in�uence of the superlattice period on the SERS enhancement using the two

available laser excitation wavelengths (see Appendix III.9). Thus, the lattice e�ect can be

adjusted to obtain an enhancement of the SERS signal for a speci�c laser excitation wavelength.

4.2.4 E�ect of nanoparticle shape on SERS signal

Taking into account the e�ect of the lattice period on the SERS signal of superlattices, the SERS

signal of superlattices made with di�erent shapes was compared using 633 nm excitation for

the 400 nm superlattices and using the 785 nm excitation for the 500 nm period superlattices.

The corresponding SERS spectra can be found in Figure 4.7 a,b. The analytical SERS

enhancement factor (AEF) of such nanostructures was calculated using the following equation

[30]:

AEF =
ISERS/CSERS

IRaman/CRaman

, (4.1)

With ISERS the SERS intensity of 4-MBA on the plasmonic superlattices, CSERS the con-

centration of 4-MBA in the SERS experiment, here 100µM, IRaman the Raman intensity and

CRaman the concentration of 4-MBA in the Raman measurement experiments, here 200 mM.

The Raman signal intensity of 4-MBA was recorded using the same measurement conditions

as in the SERS measurement (see Section 4.4.7 for more details).

Raman spectra of 4-MBA in ethanol are provided in Appendix III.10, and exhibit dif-

ferent peaks due to ethanol at 885, 1053, 1099, 1278 and 1458 cm−1, as well as a peak due to

the ν8a phenyl ring stretching at 1600 cm−1. Since only the 1600 cm−1 was visible in the Ra-

man spectra, its intensity was used to calculate the SERS enhancement factors of the di�erent

superlattices. SERS enhancement factors of the superlattices at 633 and 785 nm are shown in

Figure 4.7 c. The values of the analytical SERS enhancement factors vary between 6.8 · 104

and 3.06 · 106 for plasmonic superlattices of di�erent nanoparticle shapes, which lies within

the highest analytical enhancement factors in the literature for assembled colloidal nanoparti-

cles [31, 32]. Interestingly, the gold nanosphere superlattices yielded the highest enhancement

factors, which contradicts our �rst hypothesis that assembling anisotropic gold nanoparticles
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Figure 4.7: Comparison of the SERS e�ciency of superlattices made with di�erent nanoparticle

shapes: a) 400 nm period superlattices and 633 nm excitation, b) 500 nm period superlattices

and 785 nm excitation. c) Calculated experimental analytical SERS enhancement factors and

simulated SERS enhancement from di�erently shaped nanoparticle superlattices of 400 nm un-

der 633 nm laser excitation and 500 nm under 785 nm laser excitation. Electric �eld distribution

for di�erently shaped superlattices of: d) 400 nm period at 633 nm wavelength and e) 500 nm

period at 785 nm wavelength.

would result in a higher enhancement of the SERS signal. To con�rm this result, calculations of

the SERS enhancement factors were performed through the integration of the simulated electric

�eld over the air domain of the di�erent superlattices. Examples of electric �eld distribution at

116



Chapter 4 4.3. Conclusion

633 nm and 785 nm for di�erently shaped plasmonic superlattices can be seen in Figure 4.7,

the high electric �eld enhancement explains that high SERS signals were recorded using such

superlattices. To take into account the di�erent morphologies present in the plasmonic super-

lattices, the enhancement factors of the di�erent morphologies for each shape and polarizations

were averaged. Finally, the average enhancement factors of the di�erent superlattices, shown

in Figure 4.7 c, display a similar behavior as in the experiment with a lower enhancement

at 633 nm than at 785 nm. Particularly, at 785 nm the nanospheres gave the highest simulated

SERS enhancement, with an enhancement of more than two times the one of the nanorod

superlattices. However, at 633 nm the simulated SERS enhancement predicted that nanorod

superlattices should have 2 times higher SERS signals than nanospheres superlattices. Such a

discrepancy with the experiment might come from the fact that more than two cluster mor-

phologies are present in the plasmonic superlattices, and that the simulations only consider

two di�erent polarization states and a single orientation of the clusters in the lattice. Finally,

such a study underlines that clusters of anisotropic nanoparticles do not necessarily yields to a

higher SERS enhancement.

4.3 Conclusion

The templated self-assembly process, optimized in Chapter 3, could be directly applied to

the fabrication of homogenous superlattices of di�erent nanoparticle shapes, with no need for

changes in the chemical composition of the nanoparticle dispersion. Thanks to the good control

on the nanoparticle self-assembly, the SERS signal from the superlattices displayed a good ho-

mogeneity over the whole sample for nanorods and nanospheres, and a moderate homogeneity

for the nanotriangles. Tuning of the extinction properties of the di�erently shaped plasmonic

superlattices was achieved by changing their period, thanks to the excitation of surface lattice

resonances, con�rmed by the simulated absorption spectra. Particularly, the simulated absorp-

tion spectra of the di�erent plasmonic superlattices con�rmed the assignment of the principal

plasmonic modes to surface lattice resonances and enabled a deeper understanding of the nature

of the plasmonic resonances. As a result of the lattice e�ect, the extinction of the superlattices

could be increased around the Raman excitation wavelengths. Consequently, the 500 nm pe-
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riod superlattices exhibited higher SERS enhancement than the 400 nm period superlattices,

using the 785 nm excitation. Conversely, the 400 nm period superlattices exhibited higher SERS

enhancement than the 500 nm period superlattice when using the 633 nm excitation. Finally,

choosing the optimal lattice period for each excitation wavelength, the nanosphere superlattices

provided the highest SERS performance with an analytical enhancement factor of 3.06 · 106,

which was further con�rmed in the calculations of the simulated SERS enhancement factors.

Such a result underlines the fact that self-assembled anisotropic nanoparticles are not always

the most suitable to obtain the highest SERS enhancement.

4.4 Materials and methods

4.4.1 Synthesis of nanospheres

Synthesis of nanospheres followed the same procedure as in Chapter 3 with the di�erence that

the amount of seeds for the �nal growth was set to 10 µL to obtain a �nal diameter of 65 nm.

4.4.2 Synthesis of nanorods

Synthesis of nanorods followed a reported seeded-growth synthesis [33]. The initial seeds were

prepared by adding HAuCl4 (200µL, 0.05 M) and ascorbic acid (100µL, 0.1 M) to 20 mL of a

50 mM CTAB and 13.5 mM n-decanol solution. After 1-2 min, (800µL, 0.02 M, i.e., 7.5 mg in

10 mL) was added under vigorous stirring at 25-27 °C. The solution was left undisturbed at

25-27 °C for at least 1 hour.

The seeds were then overgrown to 21× 7.5 nm nanorods by adding 300 mL of a 50 mM and

13.5 mM n-decanol solution at exactly 25 °C to a solution of 2.4 mL of 0.01 M AgNO3, 21 mL

of 1 M HCl, 3 mL of 0.05 M of HAuCl4 and 3.9 mL of 0.1 M ascorbic acid. Subsequently 18 mL

of the seed solution was added under vigorous stirring. The mixture was left undistrubed at

25 °C for at least 4 hours. The solution �nally presented a dark brownish gray color and a lon-

gitudinal LSPR at 730 nm. The small anisotropic seeds were centrifuged a 14000-15000 rpm for

60 min, the precipitate was redispersed with 10 mM CTAB to obtain a �nal Au0 concentration

of 4.65 mM.
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Finally 110x30 nm nanorods were obtained by adding 10 mL of a 50 mM CTAB and 11 mM

n-decanol solution to a solution of 200µL of 0.01 M AgNO3, 100µL 0.05 M HAuCl4, 80 µL of a

0.1 M ascorbic acid solution under stirring. Then, 600µL of 1 M HCl was added to the previous

mixture and �nally 10 µL of the anisotropic seed solution was added.

4.4.3 Synthesis of nanotriangles

Synthesis of nanotriangles followed a reported seeded-growth synthesis [32]. The initial seeds

were prepared by adding HAuCl4 (25µL, 0.05 M) to a CTAC solution (4.7 mL, 100 mM). Sub-

sequently, NaBH4 (300µL, 0.01 M, i.e., 7.5 mg in 10 mL) was added under vigorous stirring.

The solution was them left at room temperature for 2 hours and was then diluted 10 times

into a 0.01 M CTAC solution. For the synthesis of nanotriangles, two growth solutions were

prepared:

1. 1.6 mL of a 0.1 M CTAC solution was added to 8 mL of Milli-Q water, followed by 40 µL

of 0.05 M HAuCl4 solution, 15 µL of a 0.01 M NaI solution

2. 500 L of a 0.05 M HAuCl4 solution was added to 40 mL of 0.05 M CTAC, followed by

300µL of a 0.01 M NaI solution

40 and 400µL of a 0.1 M ascorbic acid solution were added to solution 1 and 2, respectively,

and the solution were manually stirred until complete transparency indicating the reduction of

AuIII to AuI. Subsequently, 800µL of the seed solution was added to solution 1, and manually

stirred for 1 s. Immediately after 3.2 mL of solution 1 was added to solution 2, and manually

stirred for 10 s. The solution was left undisturbed for 1 hour. At this point, the solution contains

a mixture of nanosphere and nanotriangles. For puri�cation, the concentration of CTAC was

set to 0.15 M, and the solution was left undisturbed overnight. Doing so, the nanotriangles

�occulate, while the nanospheres stay dispersed, the nanotriangles can then be recovered by

removing the supernactant and redisperse them in 5 mL of 0.1 M CTAC solution.

4.4.4 Functionalization of the di�erently shaped nanoparticles

The concentration of gold in the nanoparticle dispersions was estimated using the extinction

at 400 nm. At this wavelength the extinction of gold nanoparticles doesn't depend on the size
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or shape of nanoparticles, therefore it constitutes a way for measuring their concentration.

Scarabelli et al. performed measurements of the absorption at 400 nm with solutions of gold

nanoparticles at di�erent gold concentration [34], and shown that 1.2 extinction corresponds to

0.5 mM of gold. For the functionalization of the nanoparticles with PEG, the nanoparticles were

concentrated by centrifugation and redispersion in 1 mM CTAC to have a �nal concentration of

gold between 2 and 10 mM. Then 10 mg/mL of PEG-6K was added to the solution, which was

left undisturbed overnight. The nanoparticles were then washed by repeating centrifugation and

redispersion in CTAC 500µM at least 4 times. By repeating this operation several times, the

PEG that did not bind to the nanoparticles is completely removed. The functionalization step

is then repeated by concentrating the nanoparticles to 10 mM in 500µM and adding 10 mg/mL

of PEG-6K. Again the NPs are washed by repeated centrifugation and redispersion in CTAC

500µM. Finally, the NPs are concentrated to 200 mM in 500µM CTAC, and the nanoparticle

solutions are stored in the fridge at 8 °C.

4.4.5 Sample preparation for SERS

For SERS experiments, the samples were cleaned using 10 s of oxygen plasma (Diener pico) at

100 W and 0.4 mbar, followed by 5 minutes of UV-Ozone (bionanoforce). The SERS samples

were incubated in an aqueous solution of 4-MBA (100µM, 2 h), prepared freshly from a stock

solution in EtOH (10 mM). After incubation, the samples were thoroughly rinsed with water

to remove the excess 4-MBA molecules that did not bind to the AuNPs and dried with N2 �ow.

4.4.6 Finite element method simulations

To verify the experimental results, we performed �nite-element method (FEM) simulations,

using the commercially available software COMSOL Multiphysics. The simulation cell consists

of the di�erent particle arrangements in air, on top of a substrate layer, sandwiched between

two 100 nm thick perfectly matched layers (PMLs) on the top and the bottom. According to the

experiments, the in�nite superlattice structure is modeled by setting the lateral cell dimensions

to the lattice period and by laterally assigning periodic (Bloch) boundary conditions. The

structure is excited by a linearly polarized plane wave of normal incidence, impinging from the
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top (air region). Two ports at the PML-air and PML-substrate interfaces register the system

re�ectance and transmittance response, respectively. For the investigation of plasmonic modes,

we subsequently calculate the bulk absorbance by 1-re�ectance-transmittance. Parameters

such as the dielectric function of gold, the refractive index of the polymer shell around the NPs

(PEG-6k), and the radius of the nanosphere were optimized using Mie theory calculations and

considering the experimental extinction curve. The best �t was obtained using gold dispersion

reported by Olmon et al., together with a radius of 34 nm, 1.2 nm shell thickness, and a refractive

index of 1.425 for the polymer shell. Those parameters were transferred to gold nanorods and

nanotriangles, except for the dimensions of the nanoparticles which were measured from the

SEM images of the plasmonic superlattices.

The enhancement factors were calculated by integrating the fourth power of the electric

�eld over the air domain of the model.

4.4.7 Characterization techniques

Electron microscopy

Scanning electron microscopy was performed using an environmental SEM (FEI Quanta 250)

at an acceleration voltage of 30 kV.

UV-Vis spectroscopy

Extinction spectra of colloidal dispersions were recorded with an Agilent 8453 UV-Vis spec-

trophotometer, using polystyrene cuvettes. Extinction spectra of dry samples were collected

using a Carry 5000 UV-vis spectrometer (Agilent).

SERS measurements

SERS Spectra were obtained using a Renishaw inVia re�ex equipped with a stigmatic single-pass

spectrometer, a Peltier-cooled CCD detector (1024 x 512 px2), a 1800 grooves mm−1 grating,

633 nm and 785 nm excitation wavelengths (0.54 mW for the 633 nm laser and 4.3 mW for the

785 nm excitation line), and a 50× lens (LWD, NA 0.5) yielding a spot size of around 20×20 µm2.

For each samples more than 100 measurement points were taken in random points using 0,5 s
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integration time.

For the Raman measurements, 4-MBA was dissolved in ethanol to obtain a 200 mM solution.

The Raman spectra of the 4-MBA solution were acquired using the same conditions than the

SERS measurement, i.e 50× objective, 0.5 s integration time, 0.53 mW and 4.3 mW for the 633

and 785 nm laser excitation respectively. 50 spectra were recorded and averaged to obtain the

Raman spectra.
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Chapter 5

Mechanically Tunable Lattice-Plasmon Res-

onances by Self-Assembled Superlattices for

Surface-Enhanced Raman Spectroscopy

Figure 5.1: On the left: Photograph of "Victor Vasarely - Titan [1985]" by Gandalf's Gallery,

licensed under Creative Common BY-NC-SA 2.0 , on the right: Photograph of a bended �exible

superlattice under white light. The colors appearing of the surface of the sample are due to

di�raction.
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Abstract

While the two previous chapters focused

on increasing the surface-enhanced Raman

spectroscopy (SERS) signal of superlattice by

improving the homogeneity of superlattices

and varying the shapes of nanoparticles, the

aim of this chapter is to �nd the optimal lat-

tice parameters for SERS. Indeed, lattice plas-

mon resonances can be employed for ultra

sensitive SERS provided they are spectrally

matched to the excitation wavelength. The

spectral positions of lattice plasmon modes

critically depend on the lattice period, therefore screening of the lattice parameters consti-

tutes a strategy to �nd the optimal lattice period for SERS. Instead of fabricating superlattices

with di�erent periods, nanoparticle superlattices were assembled on �exible supports to enable

tuning of the lattice parameters by mechanical deformation. The highest SERS performance

was achieved through matching the lattice plasmon mode to the excitation wavelength, by post-

assembly �ne-tuning of long-range structural parameters. Both unidirectional and bidirectional

lattice deformations can be used to tune an initial lattice structure to both red-shifted and blue-

shifted excitation lines, as exempli�ed by lattice expansion and contraction, respectively. This

proof-of-principle study represents a basis for alternative designs of adaptive functional nanos-

tructures with mechanically tunable lattice resonances using strain as a macroscopic control

parameter. This chapter is inspired from a publication that was submitted in December 2020

to advance functional materials [1].
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5.1 Introduction

5.1.1 Enhancement of SERS signal by plasmonic tuning

Tuning of plasmon resonances to a speci�c wavelength is probably one of the most studied char-

acteristics of plasmonic systems. Plasmon resonances can be engineered through the nanostruc-

ture's composition, morphology, and environmental refractive index [2, 3]. High and e�cient

SERS signal enhancement typically demands a close match between the plasmon resonance

wavelength and the excitation source [4]. This is why �ne and reversible tuning of plasmon

resonance is interesting to understand the relationship between plasmon resonance wavelength

and SERS intensity. Matching of the plasmon resonance to the laser wavelength constitutes

the main strategy to increase the SERS signal.

5.1.2 Reversible self-assembly in colloidal systems

Upon assembly, the optical behavior of single gold nanoparticles changes. In a close packed

assembly of gold nanoparticles, the plasmon resonance from single NP hybridize thanks to

plasmonic coupling leading to a redshift of the nanoparticles extinction (see Section 2.4.1).

Therefore varying the assembly state, or to another extent the distance between assembled

nanoparticles, constitutes a strategy for tuning the optical properties of gold nanoparticles. In

colloidal solutions, the reversible assembly of gold NPs using an external trigger such as pH [5],

temperature [6] or solvent change [7] renders plasmonic tuning possible over a wide wavelength

range. As an example, Figure 5.2 a shows that the optical properties of penicillamine coated

colloidal NPs can be tailored through the solution pH.The observed shift of the absorption band

is explained by a controlled aggregation of the NPs at low pH values, due to changes in the H-

bonding dominated interparticle forces, as demonstrated by the TEM images in Figure 5.2 b.

Controlled and reversible aggregation of NPs in liquid gives access to the on-demand creation

of hotspots, which facilitate high SERS signals. In Figure 5.2, the SERS signal of penicillamine

coated nanoparticles upon subsequent changes of pH between 7 and 3 can be seen, SERS peaks

at 1187 cm−1 and 888 cm−1 are only seen when the nanoparticles are in an aggregated state at

pH 3 and represent the SERS signal of penicillamine. Upon disassembly of the nanoparticles,
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Figure 5.2: Plasmonic tuning by reversible aggregation of colloidal nanoparticles in solution. a)

UV-Vis extinction spectra of penicillamine-coated gold NPs at di�erent pH. b) SERS spectra

of the penicillamine-coated gold NPs at di�erent pH. c) TEM images of samples prepared using

a solution with aggregated NPs or non-aggregated NPs. Adaptated with permission from [5],

copyright 2011 Royal Society of Chemistry.

by switching to pH 7, the SERS signal is lost. Such an example shows how dynamically tuned

plasmon resonances can be interesting for use in sensing applications by SERS.

5.1.3 Flexible substrates for plasmonic tuning

In most cases, the mechanisms proposed for plasmon tunability in colloidal solutions are not

applicable to nanoparticles that are �xed on a substrate. Alternatively, the substrate on which

the nanostructure is supported provides access to further tunability by using elastomeric ma-

terials [8] or through conformational changes of the supporting polymer under an external

stimuli [9, 10]. Several studies have been reported on the manipulation of plasmonic modes of

substrate-supported nanostructures by tuning near-�eld interactions between NPs [11, 12]. For

instance, Baumberg and coworkers used dark-�eld spectroscopy to demonstrate the controlled

detuning of a single plasmonic dimer under mechanical strain [8]. Mechanical tuning of far-�eld

coupling through lattice plasmons has been applied to both all-dielectric [13] and plasmonic [14]

lattice structures on stretchable supports. Expectations are high and numerous applications

would bene�t from the ability to implement active mechanical tuning, opening new avenues

129



Chapter 5 5.1. Introduction

toward structural coloration with full-spectrum response [15], mechano-chromic materials [16],

nano-lasing [14], and programmable plasmon-mode engineering [17].

Figure 5.3: Plasmonic tunability of stretchable plasmonic lattices. a) SEM image of a self-

assembled plasmonic lattice on a �exible substrate. b) Scheme of a square lattice upon unidi-

rectionnal stretching. c) Experimental UV-Vis extinction spectra of a 420 nm plasmonic lattice

upon mechanical deformation. d) Simulated extinction spectra of a 420 nm plasmonic lattice

upon mechanical deformation, adaptated with permission from [18], copyright 2019 American

Chemical Society.

As an example, Figure 5.3 shows the optical properties of a stretchable plasmonic lattice

composed of single nanospheres upon mechanical deformation. Upon elongation to a rectan-

gular lattice, the lattice plasmon mode initially present at 670 nm splits into two modes, one

shifting towards the blue and the other shifting toward the red. The appearance of two modes

that shifts with elongation, corresponds to an elongation of the lattice in the x-axis and a

contraction of the lattice in the y-axis due to the unidirectional stress applied on the �exible

lattice.

5.1.4 Flexible plasmonic superlattices as SERS substrates

As is was exposed in the previous section, the optical properties of plasmonic superlattices

is tailored through their lattice period. Fabrication of superlattices with di�erent periods is

usually achieved by self-assembly with molds comprising wells in square lattices of di�erent

periods. High and e�cient SERS signal enhancement typically demands a close match between

the plasmon resonance wavelength and the excitation source [19, 20]. In the case of resonant
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excitation, lattice plasmons can generate intense electromagnetic �elds, as required for ultra

sensitive SERS spectroscopy [21, 22, 23]. Hanske et al demonstrated that plasmonic super-

lattices gave the highest SERS enhancement at the best match between lattice plasmon and

laser excitation [24]. However, tuning both the lattice period and the size of the substruc-

tures requires iterative remodeling of the template structure and its repeated fabrication by

electron-beam lithography (EBL), which is time-consuming and costly. This issue makes mode

matching a complex and tedious task that generally results in a trade-o� between excitation

e�ciency and signal enhancement.

A key issue during the fabrication of superlattices with di�erent periods is the rigid template

that predetermines the plasmonic structure through the assembly procedure. This chapter in-

troduces a more practical solution that allows for the subsequent modi�cation of the lattice

structure by a mechanical stimulus. Ideally, continuous and reversible tuning of the lattice

periodicity would allow for a precise adjustment of the lattice resonance to the excitation wave-

length of the laser, thus enabling a versatile screening for the most e�cient SERS performance.

While the precedent chapters aimed at optimizing the templated self-assembly process and �nd-

ing the most appropriate nanoparticles for SERS sensing, this chapter aims at optimizing the

lattice period for best SERS signal using mechanical deformation of stretchable superlattices.

5.2 Results

5.2.1 Self-assembly of stretchable superlattices

The fabrication of highly regular supercrystal arrays follows the template-assisted self-assembly

process described in Chapter 3 with the di�erence that the substrate is now made of PDMS.

Because the template and the target substrate were made of PDMS, it was necessary to apply

a thin layer of polyethyleneimine (PEI), acting as an adhesive layer, to promote particle trans-

fer and adhesion onto the target substrate [25]. Gold nanospheres of di�erent sizes, ranging

from 30 to 105 nm in diameter, were assembled into superlattices of 500 nm period (see Fig-

ure 5.4 a,b,c). Nanospheres of 40 nm diameter were found to yield the most suitable clusters,

with high packing density and uniform cluster size.
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Figure 5.4: Templated self-assembly on PDMS substrate. SEM images of PDMS-supported

superlattices made of: a) 40 nm nanospheres, b) 65 nm nanospheres, c) 105 nm nanospheres. d)

Schematic representation of the superlattice design with indicated lattice periods in horizontal

Lx and vertical direction Ly. Superlattice under white-light illumination in relaxed e) and bent

f) states. The green iridescent color arises from light di�raction. g) Extinction of transmitted

light in the relaxed state.

As an example, Figure 5.4 e shows a macroscale photograph of a superlattice under white

light illumination. At speci�c angles, an intense iridescent color can be observed due to a

di�raction order going back to the camera. Limited only by the size of the template, macroscale

periodic arrangements of gold NPs were obtained over areas as large as one square centime-

ter. Due to the elastic nature of the PDMS substrate, it can be readily stretched or bent by

mechanical deformation (see Figure 5.4 f).

In this chapter, pre-patterned templates containing circular holes of 270 nm diameter, in a

square grid with a period of 500 nm were used as templates for the self-assembly (Figure 5.4 d).

The 500 nm periodicity was speci�cally chosen because the lattice plasmon resulting from this

period is located at around 700 nm, which is in between the two targeted excitation wavelengths
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of 633 and 785 nm, as shown in Figure 5.4 g.

5.2.2 Superlattice expansion and compression

PDMS is a rubber-like elastic material with a Poisson's ratio near 0.5 [26], which is why it

contracts in the directions transversal to the direction of strain. Such a feature can be used

to expand and compress superlattices post-assembly. By stretching the PDMS-supported su-

perlattice, a gradual color change of the illuminated superlattice can be observed by the eye

(Figure 5.5 a), which indicates a change of the period and thus of the di�racted wavelengths.

Nonetheless, this visual indication gives no information about the state of the cluster sub-

structures nor about the precise change of the lattice period. Indeed, di�erent scenarios could

take place under applied stress, such as detachment and slipping of the clusters on the substrate;

changes in the interparticle gaps; or fragmentation [25] of the clusters into smaller units. Es-

pecially the latter two would induce dramatical changes in the resulting optical properties [27].

The balance between cohesive (particle-to-particle) and adhesive (particle-to-substrate) forces

plays a critical role in the di�erent possible scenarios. If the cohesion between PEG-coated NPs

were much larger than their adhesion to PEI-coated PDMS, the clusters would detach during

stretching. In the reverse case, the applied stress could break up the clusters, as was recently

evidenced by mechanical simulations using the lattice spring model [25]. Both extreme cases

must thus be avoided. Any structural changes of the cluster, including the number of NPs [28]

and their interparticle distances [29], could have detrimental e�ects on lattice plasmons and

SERS enhancement.

Therefore, environmental scanning electron microscopy (e-SEM) was performed, to study

the structural changes of the superlattice upon mechanical deformation. Figure 5.5 b and c

compare the superlattice in the pristine/relaxed state and at 30% elongation. Please note, the

observed dark vertical lines are artifacts due to charging during scanning (seeAppendix III.1).

The lateral resolution of e-SEM imaging does not allow for direct quanti�cation of interparticle

distances within a cluster. Nevertheless, statistical evaluation of the data obtained from image

analysis yields reliable data for the relative change in interparticle distance when strain is

applied. Appendix III.2 demonstrates that the interparticle gaps do not expand with the
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Figure 5.5: Tuning of lattice period: (a) Digital photographs of a superlattice on PDMS under

unidirectional stretching and white-light illumination, due to changes in the di�racted wave-

length. A gradual color change is observed upon stretching. (b,c) Schematic drawings and

environmental SEM images of a 500 nm superlattice in the pristine state (b) and elongated

by 30% (c). (d) Changes in horizontal (black square) and vertical period (grey cricle) under

unidirectional strain, evaluated from SEM images. Dashed lines are guides to the eye. (e)

Spectral position of di�raction anomalies (grey) at normal incidence as a function of lattice

period, predicted by lattice theory (Eq. 1).

mechanical deformation of the substrate. Neither a fragmentation, break-up, nor any other

signi�cant conformational changes could be observed, even after repeated stretching cycles.

Therefore, it is assumed that the clusters are robust against the applied mechanical stress and

that the balance between cohesion and adhesion is appropriate for tuning the lattice period. In

addition, the lattice periods of the superlattice under stretching were determined from e-SEM
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images taken at di�erent uniaxial elongations (see Appendix III.3). At 30% elongation, the

lattice periods in the horizontal and vertical directions changed from 500 nm to 645 nm and

440 nm, respectively (see Figure 5.5 d). The magnitude of the horizontal expansion is almost

twice the vertical contraction, as expected for an incompressible rubber-like material with a

Poisson's ratio near 0.5, such as PDMS.

5.2.3 Asymmetric optical tuning by unidirectional strain

Once the conformational changes upon unidirectional strain have been exposed, the corre-

sponding optical e�ects can be studied. Lattice plasmons rely on the constructive interference

of scattered �elds produced by the periodically arranged clusters [30, 31]. The lattice plas-

mon wavelength of a square array can be estimated from the wavelength of in-plane di�racted

orders λdi�, also known as Rayleigh cuto� wavelengths, describing speci�c lattice e�ects, in

analogy to so-called Wood's and Rayleigh's anomalies (see Section 2.4.3) [32, 33]. The spec-

tral position of this lattice resonance e�ect is determined by the period of the grating L, the

refractive indices of interfacing media (substrate nsub ≈ 1.40− 1.45 for PDMS and superstrate

ntop = 1 for air), and the angle of incidence θ [34]. Thus, a square lattice with a period of

500 nm on a PDMS substrate corresponds to a di�raction mode [35] at 700 nm (asterisk in

Figure 5.5 e). To match the di�raction mode with the excitation lines at 633 and 785 nm, the

grating period has to be reduced to ≈ 440 nm or extended to ≈ 550 nm, respectively. However,

for e�cient transfer of energy from the incident light into the lattice plasmon, this anomaly

must also energetically overlap with the plasmon resonance of the substructure [30], i.e., the

self-assembled clusters [18]. Appendix III.4 shows the results of numerical calculations by the

�nite-di�erence time-domain (FDTD) method for the absorption cross-section of an isolated

cluster and the resulting broad resonance modes in the corresponding spectra (for details on

modeling see Section 5.4.10). Only in the case of mutual resonance, there is an additional

gain in the local near-�elds within the lattice [24, 21], as required for SERS (see Appendix

III.5). For that reason, the design of suitable lattice structures for e�cient SERS excitation by

mode matching is challenging, since several structural and optical parameters must be adjusted

to each other at the same time.

135



Chapter 5 5.2. Results

Figure 5.6: Optical changes for lattice expansion and compression during asymmetric unidirec-

tional mechanical deformation for a pristine lattice with 500 nm period: scheme of stretched

superlattice and light polarization, along the direction of either expansion (a) or compression

(b). (c,d) Extinction spectra for various elongation states, according to the provided color scale.

Comparison of experimental and simulated extinction spectra upon unidirectional strain and

light polarized along the direction of expansion (e) and contraction (f), in stacked representa-

tion. Black curves represent the optical properties of the superlattice in pristine conditions.

Electric �eld maps for the expansion (g) and compression (h) modes for an array with 15% of

elongation at the wavelength of the resonance peaks.

One can assume that asymmetric lattice deformations would result in optical anisotropy,

with the coexistence of two separate grating anomalies in orthogonal directions. Each anomaly

should be located at a distinct wavelength, either blue-shifted for lattice compression or red-

shifted for lattice expansion (cf. Figure 5.5 e). Control over the optical properties is important

because they represent the basis for the excitation of electromagnetic hotspots and SERS in

plasmonic nanostructures [36, 37]. To better understand the in�uence of lattice variations on

SERS measurements, the optical properties need to be correlated with unidirectional defor-

mations of the lattice. For this purpose, UV-Vis extinction spectroscopy was performed in
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transmission geometry with a custom-made stretching device to study the changes in optical

properties at a �xed sample position while applying unidirectional strain.

Figure 5.6 shows a UV-Vis spectroscopic analysis under linearly polarized light, so that

the in�uence on the optical spectra of both lattice modi�cations could be studied separately.

Polarization was adjusted along the direction of either expansion (Figure 5.6 c,e) or compres-

sion (Figure 5.6 d,f). For clarity, a simpli�ed notation of expansion and compression mode

was used below. The lattice plasmon of the superlattice in pristine/relaxed state builds on a

grating anomaly (�rst-order di�ractive mode), giving rise to a sharp extinction band around

710 nm, together with a shoulder at 530 nm. This peak is assigned mainly to a mixture of

the plasmon mode for individual nanoparticles [38], with high-order longitudinal modes of the

cluster, as shown in Appendix III.4.

Using light polarized along the axis of elongation, the lattice plasmon was found to redshift

from 710 to 805 nm, for a lattice elongation of 35% (expansion mode, Figure 5.6 c,e). If the

incident light is polarized along the axis of compression, a lattice plasmon blueshift from 710

to 623 nm is observed instead (compression mode, Figure 5.6 d,f). Hence, the polarization

direction acts as a switch between both lattice plasmons. The evolution of the expansion and

compression modes could also be reproduced by FDTD simulations, as shown in Figure 5.6 e,f.

Considering the multitude of parameters in this system (see Section 5.4.10) and irregularities

of the self-assembled clusters, the agreement between experimental and theoretical data is

remarkable. Minor discrepancies can be attributed to the presence of more than a single cluster

con�guration in real samples, which is likely to in�uence the coupling e�ciency to the lattice

plasmon. In addition, for the sake of simplicity, the interparticle spacing in the simulations

was �xed to 1 nm, set by a shell of refractive index of 1.46 to emulate PEG. Nevertheless,

the evolution of the lattice modes upon lattice deformation is consistent with the experimental

results. Figure 5.6 g illustrates that the expansion mode is supported by the entire cluster,

while the compression mode presents a mode pro�le that enhances mainly the �eld in the lateral

part of the cluster (Figure 5.6 h). The spectral position of the di�raction modes matches well

with the position of the cluster modes in isolated state (Appendix III.4). The lattice mode

thus hybridizes with the di�erent cluster modes to form lattice plasmons depending on their

spectral overlap.
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Figure 5.7: Optical changes for lattice expansion and compression during asymetric unidirec-

tional mechanical deformation for a pristine lattice with 600 nm period: scheme of stretched

superlattice and light polarization, along the direction of either expansion (a) or compression

(b). (c,d) Extinction spectra for various elongation states, according to the provided color

scale. Experimental extinction spectra upon unidirectional strain and light polarized along the

direction of expansion (e) and contraction (f). Black curves represent the optical properties of

the superlattice in pristine conditions.

It should be noted that, next to the expansion mode, a broad peak can be observed between

650 and 700 nm, likely due to plasmon modes of the cluster substructures, that do not couple

to the lattice. In other words, the progressive tuning of the grating anomaly (di�ractive mode)

toward the red leads to a decoupling of the clusters from the lattice. This observation is

supported by FDTD simulations, which predict a similar contribution for an isolated cluster of

nanoparticles (Appendix III.4), with a broad band between 650 and 800 nm.

To further support our understanding of the mode evolution, extinction measurements with

polarization along the elongation and contraction direction were repeated with a pristine su-

perlattice of 600 nm period (Figure 5.7). In this case, the pristine lattice plasmon was located

at 840 nm, the expansion mode shifted up to 930 nm at 30% elongation and the compression

mode shifted to 810 nm at 30% elongation. The evolution of the modes observed during strain

138



Chapter 5 5.2. Results

is fully consistent with our understanding, as detailed above. Changing the initial period of

the superlattice enables to screen lattice plasmons at a di�erent wavelength range. However,

the plasmon modes of the 600 nm period superlattice under stretching overlap neither with the

633 nm excitation nor with the 785 nm excitation. Considering that contraction and elongation

modes for the 500 nm pristine lattice overlap with 633 and 785 nm, this model system is ideal

for use under both SERS laser line excitations.

5.2.4 Symmetric optical tuning through bidirectional strain

A clear understanding of the anisotropic optical response of unidirectionally deformed lattices

was gained in the previous section. Since the plasmonic response strongly depends on the

polarization state of the incoming light, the competition between transversal lattice plasmon

modes may hinder the formation of e�cient hotspots. Consequently, it would be advantageous

to avoid symmetry breaking by applying a uniform strain in both directions. For this purpose,

a custom-made two-dimensional stretching device was used. Here, the sample was clamped

at all four sides, so that strain can be applied symmetrically. Because this device can only

apply positive strain, the experiments were limited to the (bidirectional) optical tuning of the

expansion mode.

Figure 5.8 compares the mode evolution for unidirectional (Figure 5.8 a,b) and bidi-

rectional lattice deformations (Figure 5.8 b,d). By performing optical measurements with

unpolarized light, it was observed that the asymmetric deformation mainly leads to a blueshift

of the compression mode toward 633 nm. Though observable, the red-shifting expansion mode

appears much weaker, which may be partly caused by the contribution of the cluster plasmon

under non-resonant conditions to the lattice, as explained above. In addition, the imbalance be-

tween the number of compressed and extended cluster gaps within the measurement spot favors

the compression mode. Because of the �nite size of the illuminated area, lattice expansion is

accompanied by a decrease in the number of sub-units with extended periods. On the contrary,

lattice compression increases the number of sub-units with shorter periods within the probed

area. To further support our understanding of the mode evolution, the same experiments were

also carried out with a superlattice of 600 nm period and showed a similar behavior(Appendix
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III.6).

Figure 5.8: Optical e�ects of asymmetric (unidirectional) versus symmetric (bidirectional) lat-

tice deformation: (a,b) Schematic depiction of lattice deformations. Extinction maps for a 500

nm superlattice under asymmetic (c) and symmetric (d) strain. Dashed lines indicate mode

shifts. (e) Corresponding extinction spectra. (f) Comparison of the resonance shifts under

asymmetric (blue squares) and symmetric deformations (red circles).

Upon bidirectional bidirectional stretching (Lx = Ly), a completely di�erent optical be-

havior was observed. Figure 5.8 d shows a pronounced expansion mode that progressively

red-shifts (800 nm at 20% elongation). A second spectral feature develops around 600 -

650 nm, which could be attributed to lattice plasmons formed by the (±1, ±1) di�ractive mode

(Figure 5.8 e). The red-shift and the secondary feature are corroborated by FDTD simula-

tions as shown in Appendix III.7. Upon bidirectional strain, the intensity of the expansion

mode is much higher than that under unidirectional strain. This e�ect is in agreement with the

understanding of the lattice plasmon, because coupling occurs more e�ciently in a symmetric

lattice, where both lattice parameters can di�ract the excitation light e�ciently.

In the light of the optical properties of superlattices under bidirectional stretching, it can

be concluded that bidirectional stretching is the method of choice to obtain an intense ex-

pansion mode, as exempli�ed here for square superlattices. Most of the experiments reported

in the literature used unidirectional strain and thus considered asymmetric mechanical defor-

mations [17, 18]. Performing stretching experiments with bidirectional strain control allows

us to avoid contraction of the sample and better-controlled strain distribution. Independent
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control for the periods in both axes allows for geometries that are not achievable with simple

unidirectional stretching. To investigate the e�ect of symmetry on the optical properties of

superlattices in more detail, a custom-made stretching device with separate control over both

stretching axes was used. This allowed us to perform two-step stretching experiments: �rst,

a square lattice was expanded into a rectangular lattice with a �xed vertical axis; the vertical

axis was then gradually elongated to obtain a stretched square lattice. By stretching a square

lattice into a rectangular one, a redshift of the lattice plasmon was observed, as expected. How-

ever, a signi�cant broadening of the lattice mode was also observed (Appendix III.8). By

stretching from a rectangular lattice into a stretched square lattice, an additional redshift of

the expansion mode could be observed, but this time, the band became signi�cantly sharper. A

higher symmetry in superlattices leads to more intense and sharper lattice plasmon resonances,

especially in the case of non-ideally aligned exciting �elds or depolarized light, which is appeal-

ing for applications relying on high Q factors, such as nanolasing [14]. It is worth mentioning

that a refractive-index matching layer [39, 40] on top of the plasmonic superlattices further

decreases the spectral linewidth (Appendix III.9), which is however not an option regarding

SERS applications.

Figure 5.8 f compares the evolution of the lattice plasmons for asymmetric (blue squares)

and symmetric deformations (red circles). For both methods of deformation, the expansion

modes follow a linear trend with the elongation of the substrate. This behavior could be

expected considering the linear relationship of the spectral position of the Rayleigh cuto�

wavelength with the lattice period (Figure 5.5 e). The fact that both deformation methods

yield almost identical plasmonic wavelengths further supports the proposed concept of mechano-

plasmonic tuning.

5.2.5 SERS performance of strain-deformed superlattices

Finally, the impact of lattice tuning on SERS performance was investigated. Starting from the

hypothesis that the best SERS performance relies on mode matching to the excitation laser [24],

resonance states can be expected for asymmetric elongation of 30 - 40% for 633 nm excitation,

and symmetric elongation of 10 - 20% for 785 nm excitation. To probe SERS enhancement, a
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low-molecular-weight model analyte, 4-Nitrothiophenol (NTP), with a high a�nity to adsorb

onto gold surfaces was used. To avoid detrimental e�ects on the PDMS substrate, such as

reduced elasticity, no additional cleaning steps, such as oxygen plasma, were applied. It is

well known that oxidized PDMS exhibits a brittle interface, which would undergo irreversible

cracking when stretched. Labeling with NTP was carried out by drop-casting a freshly prepared

1 µM analyte solution, followed by washing with ethanol (Section 5.4.10). NTP is a widely

used performance marker in SERS spectroscopy, due to its intense stretching vibration of the

NO2 group at 1330 cm−1.

Figure 5.9: Mechanical tuning of SERS performance as a function of mode-matching: Schematic

drawings of unidirectionally a) or bidirectionally b) deformed superlattices. Stacked SERS

spectra of an NTP-labeled superlattice under unidirectional stretching at 633 nm excitation

c), and under bidirectional stretching at 785 nm excitation d). e,f) SERS enhancement as a

function of lattice elongation, obtained from the intensity of the NO2 stretching vibration (gray

highlighted area in c,d) and normalized to the intensity in unstretched state. Enhancement was

found to peak at resonant conditions between lattice plasmons and excitation lines. Dashed

lines serve as guide to the eye. Gray highlighted areas indicate a spectral matching of the lattice

modes with the corresponding excitation lines (cf. Figure 5.5). g,h) Gain in enhancement

predicted by FDTD modeling.

Figure 5.9 provides a summary of SERS experiments performed with both 633 and 785 nm
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excitation lasers, so as to investigate the e�ects of mode-matching by tuning the lattice param-

eters. The experiments were performed without an additional linear polarizer so that it can

be expected that the excitation light is partially depolarized by the Raman microscope optics.

In principle, substrate stretching is accompanied by a decrease in the number of SERS emit-

ters in the �nite excitation volume (Appendix III.10) and thus a decrease in signal intensity

could be expected. However, in the case of 633 nm excitation and unidirectional asymmetric

stretching (Figure 5.9 c), the Raman �ngerprint remains almost constant up to an elonga-

tion of 30%. At 35%, when the lattice plasmon and the excitation laser are in resonance, the

intensity increases signi�cantly by 1.8 times by symmetric stretching and 3 times by asymmet-

ric stretching (Figure 5.9 e) â normalized to the intensity in the unstretched state. Further

stretching, however, causes a new loss of signal intensity, which con�rms that SERS generated

by the compression mode is highly sensitive to changes in lattice period of ±25 nm (equivalent

to ±5%). This is corroborated by numerical calculations of the dipole enhancement E2/E2
0 by

the local electric �eld Eloc in the twofold ampli�cation process, i.e., the augmented excitation

of a molecular dipole by an incident photon (exc) and the stimulated emission of a scattered

photon λsca [19, 41].

EF =
|Eloc(λexc)|2

|E0(λexc)|2
.
|Esca(λsca)|2

|E0(λsca)|2
(5.1)

This �rst-order approximation of the change in enhancement factors (EFs of 106 â 107, Fig-

ure 5.9 g, right axis) upon unidirectional strain is in excellent agreement with our experimental

observations.

In the case of bidirectional symmetric stretching and 785 nm excitation (Figure 5.9 d), a

similar trend was also observed. After an initial damping up to 4% elongation, the signal inten-

sity increased ca. 2-fold, with a maximum at 8-9% elongation, followed by a gradual decrease

(Figure 5.9 f). This behavior resembles the response curve of a resonance phenomenon, as

one might expect for an excitation matching e�ect, also theoretically corroborated by FDTD

simulations (Figure 5.9 h). To test the repeatability of the plasmon tunability, extinction and

SERS measurement cycles between di�erent stretching states were performed (5.10). Excellent

repeatability of the plasmon resonance wavelength and the SERS enhancement was found.

To illustrate the importance of the lattice mode for increased SERS e�ciency, a substrate
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Figure 5.10: Repeatability of the optical properties of a stretchable superlattice. a) Evolution

of the lattice plasmon peak position for successive switching between 0% and 20% elongation

states. b) Evolution of the SERS performance for sucessive switching between 0% and 20%

elongation states

without any structural order was prepared for comparison. For this purpose, a drop of a col-

loidal dispersion of Au nanospheres was drop-cast on PEI-coated PDMS without the spatial

con�nement of the nanostructured template. The resulting nanostructures consist of random

domains (Appendix III.11) so that any in�uence from periodic order can be excluded. Dur-

ing stretching, the SERS signal was found to dramatically decrease using 785 nm excitation

and stayed almost constant using 633 nm excitation (Appendix III.12). This behavior is

attributed to a combination of the poorly excitable nanostructures as well as a decrease in the

number of Raman marker molecules in the excitation volume upon stretching (Figure S13).

For structured samples, the latter is compensated by the gain in enhancement upon excitation

matching, which does not occur in the unorganized sample. Indeed, the optical properties of

the unorganized sample (Appendix III.11) indicate a poorly de�ned plasmonic band, which

did not show any signi�cant changes upon stretching. It is thus concluded that the hierarchi-

cal organization of the cluster into a periodic superstructure is the key to the observed SERS

ampli�cation. In both deformation scenarios, the highest gain in SERS performance was found

by matching the lattice plasmon mode to the excitation wavelength, through �ne-tuning of the

lattice plasmon by post-assembly adjustment of long-range structural parameters.

Apart from the direct application of superlattices on �exible supports, the presented tech-

nology can be used for screening of structural parameters and identifying the most-suitable
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SERS conditions, i.e., a contracted lattice of 450 nm for 633 nm excitation and an expanded

lattice of 530 nm for 785 nm excitation.

5.3 Conclusion

Mechanical tuning of lattice plasmon resonances was demonstrated using a model system of

self-assembled nanoparticle superlattices on a �exible substrate. This model system allows

for a modulation of the lattice periods using strain as a macroscopic control parameter. In

this way, the structural parameters of the superstructures could be reversibly readjusted while

keeping the plasmonic substructures intact. The deformation of the lattice was assumed to

have a major e�ect on the inter-cluster distances as inferred from the optical spectra. Intra-

cluster distances might be a�ected as well, but to a much lesser extent for the elongation

rates considered. This hypothesis is supported by the fact that elongated superlattices showed

intense SERS signals emanating from the cluster substructures, indicating that such hotspots

are still active upon deformation. We investigated the optical changes caused by expansion and

contraction of the lattice, as a means for active mechanical tuning of plasmonic properties such

as the control over the spectral position of the lattice plasmon. Here, we revealed the inherent

di�erences between asymmetric and symmetric lattice deformations by a correlation of optical

and structural parameters, which was faithfully reproduced by electromagnetic simulations.

Rectangular lattice geometries were found to exhibit competition between compression and

expansion modes. As a proof of concept, lattice expansions and contractions were shown to

adapt a single lattice structure to either red-shifted or blue-shifted excitation lines, respectively.

An additional gain in SERS performance was observed when the lattice was tuned in resonance

with the excitation, as initially hypothesized. Finally, the most suitable periods for SERS were

found to be 450 nm for the 633 nm excitation and 530 nm for the 785 nm excitation.
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5.4 Materials and methods

5.4.1 Materials

HAuCl4 · 3H2O (≥99.9%, trace metal basis) and 4-nitrothiophenol (96%, NTP) were purchased

from Alfa Aesar. Sodium borohydride (ReagentPlus©, ≥99%, NaBH4), cetyltrimethylammo-

nium chloride (≥98%, CTAC), L-ascorbic acid (ACS reagents, ≥99%, AA), poly(ethylene gly-

col) methyl ether thiol average (Mn 6 kg mol−1, PEG-6K), polydimethylsiloxane (Sylgard© 184,

PDMS), polyethyleneimine (Mw 25 kg mol−1, PEI, highly branched), and sodium hypochlorite

(6 - 14% active chlorine, Emplura©, NaOCl) were purchased from Sigma-Aldrich. All solutions,

except HAuCl4 and CTAC, were prepared immediately before use. Puri�ed Milli-Q water was

used in all experiments (Millipore, 18.2 M cm). Glassware was cleaned with aqua regia and

rinsed extensively with Milli-Q water before use.

5.4.2 Nanoparticle synthesis

Nanospheres were synthesized by seeded growth as reported recently [22]. First, small seeds of

2 nm were prepared by adding HAuCl4 (50µL, 0.05 M) to a CTAC solution (5 mL, 100 mM).

Subsequently, NaBH4 (200µL, 0.02 M, i.e., 7.5 mg in 10 mL) was added under vigorous stirring.

After 3 min, the mixture was diluted 10 times by a CTAC solution (100 mM). Then, the small

seeds were overgrown to 10 nm nanospheres: For this purpose, the small seeds (900 µL) were

added to a mixture of AA (40 µL, 0.1 M) and CTAC (10 mL, 25 mM). Next, HAuCl4 (50 µL,

0.05 M) was added under vigorous stirring. The 10 nm seeds showed an LSPR at 520 nm. The

dispersion was left undisturbed for at least 1 h. Afterward, the nanospheres were centrifuged

(19.300 rcf, 12 cm rotor) and washed at least 3 times with CTAC solution (25 mM). Afterward,

the 10 nm-sized nanospheres were overgrown to larger nanospheres: First, the nanospheres

(125µL) were added to a solution AA (40 µL, 0.1 M) and CTAC (10 mL, 25 mM). Subsequently,

HAuCl4 (50µL, 0.05 M) was added. The resulting nanoparticles had rough edges, which were

removed by oxidative etching. For this, a diluted solution of sodium hypochlorite (10 µL, 1 to

1.5% of available chlorine) and 10 min later HAuCl4 (5µL, 0.05 M) was added under continuous

stirring. After 30 min, the �nal nanospheres were centrifuged (3100 rcf,12 cm rotor, 15 min) and
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redispersed in CTAC solution (500µM). The �nal NPs were concentrated to ca. 5 mM Au0 in a

solution of CTAC (500µM). Functionalization was done by the addition of PEG (1 mg/mL) and

stirring overnight at room temperature (RT). Excess unbound PEG was removed by repeated

centrifugation (3100 rcf, 12 cm rotor, 15 min) and redispersion of the sedimented NPs in CTAC

(500µM).

5.4.3 Preparation of PDMS target substrates

PDMS was prepared by casting of a cross-linker/prepolymer mixture (1:15, 25 g) in a leveled

polystyrene dish (10 cm diameter) and degassing in a vacuum. The PDMS mixture was cross-

linked in two steps: 24 h at RT and then 5 h at 80 °C. The cured PDMS was cut into 1x4.5 cm2

strips and incubated in a fresh PEI solution (10 mg/mL), to promote the adhesion between

nanoparticles and PDMS substrate. After 3 h, the strips were removed, washed with water,

dried under a N2 stream, and directly used as target substrates.

5.4.4 Preparation of PDMS soft templates

Soft PDMS templates were fabricated by pouring a cross-linker/prepolymer mixture (1:10) onto

patterned silicon masters or their negative replicas with OrmoStamp© (Microresist Technology)

[42]. The mixtures were degassed for 2 h to increase the percolation of the polymer inside the

nanostructures and then cured (45 min, 100 °C).

5.4.5 Templated self-assembly of superlattices

A 2 µL droplet of nanoparticle dispersion (30 mM Au0) calculated from the extinction at 400 nm,

66% EtOH, 200µM CTAC) is cast on a PDMS target substrate. After 40 s of waiting time, a

nanostructured PDMS stamp was added on top of the droplet. This template featured a square

lattice of holes of 270 nm with a spacing of 500 nm. After 2 h and complete evaporation of the

liquid, the PDMS template was carefully lifted o� the �exible PDMS substrate. The resulting

dried and nanostructured �lm consists of a nanoparticle superlattice representing the inverse

structure of the template.
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5.4.6 Fabrication of disorganized sample

To fabricate disorganized samples of disordered Au nanoparticles, Au0 dispersion (100µL, 4 mM,

40 nm-sized PEG-coated nanospheres) was drop-cast on a PDMS target substrate and allowed

to dry (3 h, RT).

5.4.7 UV-Vis spectroscopy

Extinction spectra of colloidal dispersions were recorded with an Agilent 8453 UV-Vis spec-

trophotometer, using polystyrene cuvettes. Extinction spectra of dry samples were collected

using a Carry 5000 UV-Vis spectrometer (Agilent). Samples were mounted on custom-made

stretching devices and measured under normal incidence. The measurements were performed

in such a way that the same surface area was probed during strain experiments.

5.4.8 Electron microscopy

Scanning electron microscopy was performed using an environmental SEM (FEI Quanta 250).

Extra precaution was necessary to image the �exible superlattices because of an accumulation

of charges at the surface even at low voltages. Already, at 20 kV (15,000x magni�cation),

deformations of the superlattice structure were visible owing to charging (Appendix III.3).

For that reason, overview images were recorded at an acceleration voltage of 10 kV with an

integration time of 1 µs per line at a magni�cation of 16,000x. Detail images, resolving the

NPs within the clusters, were taken at 20 kV with an integration time of 10 µs per line at a

magni�cation of 30,000x.

5.4.9 SERS measurements

For SERS experiments, the samples were incubated in an aqueous solution of NTP (1 µM,

2 h), prepared freshly from a stock solution in EtOH (10 mM). After incubation, the samples

were thoroughly rinsed with water to remove the excess NTP molecules that did not bind

to the AuNPs and dried with N2 �ow. Spectra with 633 nm excitation were obtained using a

Renishaw inVia re�ex equipped with a stigmatic single-pass spectrometer, a Peltier-cooled CCD

148



Chapter 5 5.4. Materials and methods

detector (1024 x 512 px2), a 1800 grooves mm−1 grating, a HeNe laser as excitation line (633 nm,

0.55 mW), and a 50x lens (LWD, NA 0.5) yielding a spot size of around 20X20 µm2. Spectra

with 785 nm excitation (Ondax SureLock mini-benchtop stabilized laser, 10 mW) were obtained

using a custom-made portable Raman system with a lens (10 mm focal length, ) and spot size

of ca. 150 x 150µm2. For both excitations, the same spot measurements were performed to

provide quantitative data for the change in SERS performance during stretching experiments

and at de�ned elongation states. To obtain statistically relevant data, data for extended sample

areas of 200 x 200µm2 were collected by surface mapping. During stretching experiments, the

focus was readjusted after each elongation step. The focus plane was de�ned as the z-height

yielding maximum signal intensity.

5.4.10 Electromagnetic simulations

Numerical calculations were performed using Lumerical FDTD Solutions (version 2020a R7).

Clusters of NPs with a diameter of 40 nm were modeled with interparticle distances of 1 nm,

using a non-uniform mesh. Each particle was enclosed in a shell of 0.5 nm thickness with

a refractive index of 1.46 to emulate PEG. The PDMS substrate was modeled as a smooth

surface with a refractive index of 1.4. For gold, tabulated data by Johnson and Christy was

used [43]. For the calculation of extinction cross-sections, a polarized plane-wave source was

injected at normal incidence in a range of 400 to 900 nm. Two orientations of the cluster (0°

and 90° rotation) have been considered and averaged. The enhancement factor (EF) of SERS

was de�ned as the product of the enhancements of the �eld intensity |E|2/|E0|2 at the incident

wavelength of excitation and at the corresponding Stokes-shifted frequency of the vibrational

mode of interest (Equation (5.1)). The electric-�eld enhancements have been calculated from

the surface integral of the intensity enhancement on the surface of the NPs and normalized

by the total number of particles per µm2. The surface-averaged electric �eld |E|2/|E0|2 was

de�ned as

〈 |E|2
|E0|2

〉
=

∫ ∫ |E|2
|E0|2dS

dS
. (5.2)

Since the experimental light source is a partially depolarized beam, an average of di�erent
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polarizations and their respective cluster rotations was considered in this case. For the isolated

cluster, a total-�eld scattered-�eld (TFSF) source with the same intensity by unit area was

used for the periodic system to calculate the absorption cross-section.

EF =
|Eloc(λexc)|2

|E0(λexc)|2
.
|Esca(λsca)|2

|E0(λsca)|2
(5.3)

5.4.11 Measurement of the interparticle distance

The interparticle distance (IPD) was evaluated from e-SEM images. Direct measurement of

the gaps is highly challenging owing to the resolution limit of the environmental SEM and

the sampleâs susceptibility to accumulate charges. For this reason, we evaluated the gap sizes

indirectly by measuring linear oligomers within clusters, i.e., lines/chains of particles. By

preferentially measuring the length of particle lines oriented along the direction of stretching,

we studied the impact of substrate deformation (by unidirectional stretching) on the average

interparticle distances within clusters (e.g., sample at 30% elongation, Appendix III.2). Each

line corresponds to a separate determination of the gap size IPD with its respective uncertainty.

The description implies equal distributed gap sizes within each measured line as calculated by

IPD = (k − 1)−1(L−
k∑

L=1

Dj)(k − 1)−1(L− k〈D〉), (5.4)

where L is the total measured length of the respective line, composed of k particles of

diameters Dj. The gap sizes per line are determined by the sum over all gaps per line, this

is the di�erence of each line length L and the presumed length contribution by k particles∑
Dj ≈ k〈D〉, divided by the number of gaps k − 1. Averaging the gap sizes of all lines with

the same number of particles, consisting of (k1)mk gaps, yields

〈IPDk〉 = ((k − 1)mk)
−1

mk∑
j=1

(Lkj − k〈D〉), (5.5)

with Lkj being the length of the mk individual chains with k particles. The uncertainty of

〈IPDk〉 from (5.5) can be calculated by error propagation as

∆〈IPDk〉 = ((k − 1)mk)
−1
√

(mk(∆L)2 + kmk(∆)2). (5.6)
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Equation S4 considers 〈D〉 as a statistical quantity with the variation ∆〈D〉 = ∆D/
√
k and

that the error of chain length determination ∆L is the same for all chains. ∆L is mostly driven

by the resolution of e-SEM, and we assume a realistic value of ∆L = 1 nm for all lines. The

uncertainty of the particle size derived from TEM imaging was determined to ∆D = 2.4 nm (cf.

Appendix III.2). The ratio between the term corresponding to D and the one corresponding

to L under the square root in (5.6) ranges from 17 to 35 for chain lengths between 3 and 6

particles, as in the present case. The contribution of the length error can thus be neglected,

resulting in

∆〈IPDk〉 = (k − 1)−1
√

(
k

mk

)∆D. (5.7)

(5.5) leads to the averaged interparticle distance over all gaps and all chains

〈IPD〉 = Ng−1
∑
k

(k − 1)mk〈IPDk〉, (5.8)

thereby taking into account the total number of gaps Ng = ∆k(k1)mk. Error propagation

delivers the �nal uncertainty of the averaged gaps from the complete sample.

∆〈IPD〉 = N−1g

√∑
k

((k − 1)mk)2∆〈IPDk〉2 (5.9)

Inserting Equation (5.6) into (5.8) yields the uncertainty of the total averaged interparticle

distance 〈IPD〉 just by the error ∆D of the particle size and represents a weighted standard

error of ∆D,

∆〈IPD〉 = N−1g ∆D

√∑
k

kmk, (5.10)

where the summation again is over all chain lengths (number of particles k). The obtained

results are plotted in Appendix III.2.
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Chapter 6

Real-time SERS sensing by polymer coat-

ing of plasmonic substrates and removal

through thermoplasmonic e�ects

Figure 6.1: On the left: "Wassily Kandinsky (1866-1944), Several Circles, 1926" by Tulip

Hysteria / Go to albums, under Creative Common public domain mark 1.0. On the right: SERS

map of a plasmonic substrate functionalized with di�erent molecules, each color represents the

detection of a di�erent analyte.
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Abstract

The need for continuous monitoring sys-

tems requires the development of sensing de-

vices capable of screening multiple chemical

species directly at the point of care. As a

technique for the non-invasive detection of

chemicals at low concentrations, Raman spec-

troscopy appears as a technique of choice for

resolving in situ chemical or biological pro-

cesses. Thanks to the use of a plasmonic sub-

strate, SERS allows for the detection of chem-

icals up to the single-molecule limit. How-

ever, in the context of real-time monitoring, SERS su�ers from the irreversible adsorption of

molecules on the plasmonic surface, which hinders the subsequent detection of other molecules.

This so-called memory e�ect leads to inaccuracies in the monitoring of dynamic processes. In

this chapter, a solution to the memory e�ect, based on the protection of the plasmonic material

by a laser-removable polymer, is presented. In this regard, a PLGA thin layer is deposited

on top of a plasmonic substrate, and thanks to the thermal degradability of PLGA, it can

be removed by laser irradiation, mediated by the thermoplasmonic properties of the plasmonic

substrate. This approach, which leaves a hole in the polymer layer upon laser irradiation, allows

for the unveiling of the NPs and therefore enables SERS measurement through the created hole.

Notably, thanks to the spatial resolution of the hole generation, it is possible to perform more

than 10000 measurements using a single substrate and to monitor changes in a solution over

time by the PLGA-SERS method. The content of this chapter was �led as patent application

the 21st of December 2020, entitled Layered substrate and uses thereof (EP20383131.8).
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6.1 Introduction

6.1.1 Real-time SERS sensing and SERS memory e�ect

SERS has proven to be a technique of choice for the multiplexed detection of trace analytes

in di�erent applications going from medical diagnosis to environmental monitoring [1, 2]. Fur-

thermore, as a non-invasive and label-free monitoring method, SERS is an ideal candidate for

in situ sensing. However, real-time SERS detection constitutes a complex yet very rewarding

challenge that would grant access to chemical information of a solution at a given time [3, 4].

Consequently, real-time SERS measurements in �ows would allow for better water quality con-

trol, for instance by detecting the presence of pesticides or estrogens in tap water [5, 6, 7]. Still,

for real-time SERS sensing one of the main limitations comes from the irreversible adsorption

of analytes on the surface of nanoparticles: by the time molecules adsorb on the surface of the

plasmonic particles, their desorption becomes di�cult [8, 9]. As a consequence, the Raman

signal of such molecules is still visible even at later stages after incubation, interfering in subse-

quent measurements. Such an e�ect, known as the memory e�ect, hinders real-time detection

with the standard SERS strategy, where the analyte solution is continuously in contact with

the plasmonic substrate. Using this standard strategy, the main approach to monitor changes

in a solution consists of using a virgin substrate to detect the analytes at a given time. Yet,

this strategy is not satisfactory enough as it does not allow for continuous SERS measurements

and demands the use of a new substrate for each measurement point.

6.1.2 Solution to the SERS memory e�ect

Di�erent solutions have been proposed to render SERS substrates re-usable and therefore eligi-

ble for real-time sensing. The main strategy consists of cleaning the substrate from molecular

adsorbates, after cleaning the substrate is in a pristine state and can be re-used for new mea-

surements. For instance, in the case of sulfur-gold bonds, the use of oxidative species such

as sodium hypochlorite has shown to be e�cient for breaking gold-sulfur bonds responsible

for covalent binding of thiolated analytes to gold nanoparticles [10]. Other approaches involve

the incubation of the plasmonic substrate in a solvent that alters electrostatic interactions, so
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that the analytes adsorbed through electrostatic interactions desorb and the plasmonic system

can be recycled [11]. Though interesting, such techniques do not allow for in-situ measure-

ments, as the substrates need to be removed from the solution of interest prior to cleaning by

suitable chemicals. Other innovative examples use photocatalytic materials such as ZnO or

TiO2 coatings on plasmonic substrates, to degrade covalent bonds created between the SERS

substrate and the analyte through photocatalytic processes [12, 13]. Though photocatalysis

based methods enable real-time sensing, the time required to clean the substrate of adsorbed

molecules is in the order of 10 minutes, therefore dynamic processes cannot be properly re-

solved using these methods. Using a similar concept, Belder and coworkers have shown in situ

real-time SERS measurements in a micro�uidic channel by electrical regeneration of a silver

wire [14, 15]. Finally, the strategy followed by Gao et al. consists in the in situ synthesis of the

nanoparticles directly in the micro�uidic channel where the SERS measurement takes place.

Consequently, for each measurement a new synthesis is carried out in the micro�uidic channel.

This approach enables real-time sensing by SERS in micro�uidic channels, however, it requires

high consumption of material and the contamination of the micro�uidic channels by remaining

nanoparticles can cause a memory e�ect interfering with subsequent measurements [16, 17].

6.1.3 Plasmonic heating for the degradation of polymers

There exist a lot of thermodegradable polymers, indisputably one of the most studied ones is

poly-lactic-co-glycolic acid (PLGA). The degradation of PLGA by hydrolysis is accelerated at

high temperature and leaves lactic and glycolic acid as side products [18, 19]. In Section 2.4.4,

it has been shown that plasmonic nanoparticles can generate heat when excited by a laser at

their plasmon resonance. Therefore, plasmonic nanoparticles can be used as a heat source for

the degradation of polymers, for instance. Gupta et al. have demonstrated the laser-induced

PLGA degradation by incorporating gold nanorods within the polymeric material. The stimuli-

responsive PLGA erosion occurred because of the photothermal response of the Au NRs when

irradiated with a resonant laser [20, 21].

In this chapter, a PLGA thin-layer is applied to gold nanoparticle superlattices, protecting

the gold nanoparticles from analyte absorption. Irradiation of the PLGA-coated superlattices
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by a focused laser beam enables the formation of a hole in the layer due to the thermoplasmonic

e�ect, rendering the nanoparticles available to the exterior environment and particularly to

analytes. As a consequence, the presence of analytes can be monitored by SERS after the

generation of a hole in the PLGA layer. Measurements at arbitrary times can then be done

by the subsequent generation of new holes. The PLGA-SERS method renders real-time SERS

sensing possible with any SERS substrate available, as will be shown throughout the chapter.

6.2 Results

6.2.1 SERS memory e�ect

As an illustration of the SERS memory e�ect, SERS spectra from a pristine plasmonic super-

lattice were recorded after incubation in 4-MBA, then in nicotinamide, and �nally in a 50:50

mixture of both 4-MBA and nicotinamide (see Figure 6.2). During the initial incubation with

a 4-MBA solution, a characteristic 4-MBA vibration at 1078 cm−1, assigned as a ν12 aromatic

ring vibration (red highlighted region), was unequivocally detected. However, such plasmonic

superlattices could not be reused, even after rinsing the same substrate with water and incubat-

ing it with nicotinamide, the peak from 4-MBA was still present in the SERS spectrum, while

no peak associated to nicotinamide was observed (normally expected at the position marked

in orange color in the spectra of Figure 6.2). In the same way, adding a mixture of 4-MBA

+ nicotinamide, posterior to the 4-MBA incubation, did not allow for nicotinamide detection.

From these data, it could be concluded that molecules cannot be e�ciently removed by rinsing

the sample with water, and on this account, the irreversible adsorption of 4-MBA impedes the

molecules of nicotinamide to interact with the NPs present on the plasmonic substrate. This

experiment re�ects what happens in most attempts for real-time sensing and constitutes the

unwanted SERS memory e�ect.
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Figure 6.2: Sequential SERS measurements of di�erent analytes with a gold nanosphere super-

lattice as SERS substrate without PLGA layer. On the left: Sketch of molecules interacting

with the superlattice, �rst the sample is incubated with a 4-MBA solution, nicotinamide is sub-

sequently added, however, nicotinamide molecules are blocked by 4-MBA previously absorbed

on the NPs, the same happens with a 50:50 mixture of 4-MBA and nicotinamide. On the right:

SERS spectra after adding the di�erent analytes on the SERS substrate.

6.2.2 Resolution of the SERS memory e�ect by the PLGA-SERS

method

As a solution to the unwanted SERS memory e�ect, and in general, to single-use SERS sub-

strates, a polymer protecting gold NPs and readily removable by laser exposition is added on

top of the gold NP superlattice. Removal of the polymer layer renders NPs available for in-

teraction with the incubation solution, and therefore removal of the polymer constitutes an

active stimulus for SERS measurement. Especially, temporal control of the polymer removal

would enable real-time SERS measurements. Poly-Lactic-co-Glycolic acid has been chosen as

a polymer coating the plasmonic substrate for its thermodegradable properties, low-cost and

biocompatibility. To create a thin �lm of PLGA on top of the gold NPs superlattice, PLGA was

dissolved in acetone or ethyl acetate, to obtain a 12 wt% solution, and spin-coated at 1500 rpm

on top of the superlattice (more details are provided in materials and methods section). The

choice of an appropriate solvent is essential to get a perfect coverage of the plasmonic super-

lattice, indeed using acetone only a partial coverage was achieved, whereas when PLGA was

dissolved in ethyl acetate and spin-coated, the whole substrate was covered with a thin layer of
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around 1.5 µm as measured by SEM cross-sections (Appendix III.1 a,b)). Perfect coverage

of the plasmonic superlattice is necessary so that the whole substrate is impermeable to the

analyte solution, as displayed by the absence of analytes detections by SERS using the sample

with perfect PLGA coverage (Appendix III.1 c,d).

Figure 6.3: a) Scheme of the sensing route using the PLGA-coated plasmonic substrate,

0.03 mW/µm2 doesn�t harm the PLGA layer. First, the superlattice is irradiated with a

785 nm laser at a laser irradiance of 0.11 mW/µm2 generating a hole in the PLGA layer, then

0.03 mW/µm2 laser irradiance can be used to make a SERS map of the previously created hole.

b) SERS spectra of adenosine after each step of the sensing route, SERS signal of adenosine is

only seen after the generation of a hole. c) SEM images of a hole created in the PLGA layer

using a 785 nm laser at 0.11 mW/µm2 irradiance. d) SERS map after hole creation, in the

presence of an adenosine solution. Scalebar accounts for the signal at 735 cm−1. On the right,

we can see SERS spectra in regions 1 and 3 (where PLGA remains) and in region 2 (where

PLGA was degraded).

To alter the impermeability of the PLGA coated SERS substrate, the strategy consists of

creating a hole in the PLGA layer. Generation of a hole in the PLGA layer takes advantage of

the thermodegradable property of PLGA, which implies that PLGA can be degraded by heat

into lactic acid and glycolic acid [18]. The creation of a hole results in the uncovering of the gold

nanoparticles and therefore enables the interaction of molecules with the plasmonic component.
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In our setup, the heat generated by plasmonic nanoparticles through light absorption is used

as a heat source for the degradation of PLGA [22, 23]. The degradation of polymers by the

thermoplasmonic properties of gold nanoparticles was also shown with other polymers such

as PMMA, PET, or polycarbonate [24, 25]. Consequently, by using a laser excitation with a

spot size of 20 x 10µm, a local temperature increase can be generated to degrade the PLGA

selectively in the irradiated area. Such localized plasmonic heating was validated by infrared

thermal images, the obtained results showed a local temperature increase from 30 to 38 °C on

the surface of the plasmonic superlattice excited with a 785 nm laser excitation at an irradiance

of 0.11 mW/µm2 (see Appendix III.2). No temperature increase was observed when the laser

light was focused outside of the plasmonic superlattice, validating that heat comes from the gold

nanoparticles and not from the laser alone. However, even though infrared images are signi�cant

to sense a temperature increase, such measurements do not re�ect the exact temperature next

to the NPs at the nanoscale, which is likely to be considerably higher [26, 27]. For instance,

Käll and collaborators using anti-stokes thermometry, have shown that bowtie antennas can

increase the local temperature of more than 100 °C resulting in the formation of nanobubbles

when the bow-ties are in water [28].

Figure 6.3 a depicts the strategy to use PLGA-coated superlattices for SERS measure-

ments. The approach consists of using the 785 nm laser excitation at two laser irradiance:

� First, an 'openning 'irradiance, which gives rise to a temperature increase su�cient to

degrade locally the PLGA layer, is applied.

� Second, a 'reading'laser irradiance, which allows to perform the SERS measurement is

applied. The laser irradiance should be high enough to perform the SERS measurement,

however it should not be high enough to cause damage to the PLGA layer.

Generation of a hole in the PLGA layer favors the analyte molecules to di�use towards the

SERS substrate and therefore allows their detection by SERS. Identi�cation of the 'opening

irradiance was carried out by irradiating a PLGA-coated SERS substrate at di�erent laser

irradiance for 1 s, in the presence of an adenosine solution on top of the PLGA-coated plasmonic

substrate. The presence of a SERS signal around 735 cm−1 after the laser irradiation will

indicate the degradation of the polymer layer. At a laser irradiance of 0.03 mW/µm2, no
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SERS signal was detected (see Figure 6.3 b, indicating no degradation of the PLGA layer,

consequently 0.03 mW/µm2 was chosen as 'reading'irradiance. From this experiment, it can be

concluded that the 'reading'laser irradiance is not intense enough to give rise to the generation of

an e�cient plasmonic heating to break the polymeric chains and create a hole in the PLGA layer.

Subsequently, the sample was irradiated at a higher laser irradiance of 0.11 mW/µm2 for 1s,

leaving a hole in the PLGA layer due to degradation of the polymeric chains through plasmonic

heating, as evidenced by the presence of a SERS signal at 735 cm−1 (see Figure 6.3 b).

Generation of a hole in the PLGA layer by laser irradiation was further con�rmed by SEM

images, the hole was found to have an elliptical shape of 20µm× 10µm (see Figure 6.3 c).

By the time of the hole creation, SERS signal from adenosine was detected (Figure 6.3 b) on

account of the di�usion adenosine molecules through the recently generated hole, to the gold

nanoparticles. Finally, the 'reading'laser irradiance was used to perform SERS mapping of the

opened hole. A SERS map of the region taken in the SEM images revealed that the Raman

signal due to adenosine was only visible in zone 2, where the hole was created in the PLGA

layer, while zones 1 and 3, corresponding to parts of the substrate coated with PLGA, did

not provide any signal (Figure 6.3 d). Here, the reading laser �uence was used during the

SERS scanning to avoid the unnecessary degradation of the PLGA layer. Importantly, the time

needed to generate a hole is very short (1 s), allowing for a rapid hole generation in di�erent

places of the substrate. Such a feature will be important for real-time sensing as will be shown

in the next section.

Finally, the same sequential measurement as with the bare plasmonic sample was applied

to the PLGA-coated plasmonic sample. In Brief, the PLGA-coated substrate was sequentially

incubated in 4-MBA, nicotinamide, and 50:50 mixture solution of 4-MBA and nicotinamide.

For each analyte, the laser focus was moved to a virgin region thanks to a piezoelectric con-

troller, and a new hole was generated in the PLGA-coated substrate to perform a new SERS

measurement. All the changes in solutions could be detected by the PLGA-SERS method. As

shown in Figure 6.4, not only the characteristic peak of 4-MBA molecule around 1078 cm−1,

was detected, but also during the subsequent nicotinamide incubations, the nicotinamide peak

at 1032 cm−1, assigned to a δ12 ring vibration, could be monitored. Furthermore, 4-MBA and

nicotinamide were also detected using a 50:50 mixture of both analytes. This experiment un-
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derlines the e�ciency of the PLGA-SERS method to overcome the SERS memory e�ect.

Figure 6.4: Sequential SERS measurements of di�erent analytes with a PLGA-coated plasmonic

superlattice. On the left: sketch of molecules interacting with the superlattice. First, 4-MBA

molecules are introduced and bind to gold NPs, nicotinamide molecules are then added, but

nicotinamide is blocked by 4-MBA absorbed on the NPs, the same happens with a mixture of

4-MBA and nicotinamide (Nam). After each analyte addition, a hole is created in the PLGA

layer to allow interaction of the solution with the revealed area. On the right: SERS spectra

after adding di�erent analytes on the SERS substrate.

6.2.3 Transferability of the PLGA-SERS method to other samples

Until now, the PLGA-SERS method was only implemented with plasmonic superlattices, which

are ideal SERS sensing platforms, but their fabrication is not straightforward. In this section,

the use of the PLGA-SERS method is extended to dried droplets of a gold nanoparticle solution,

to show the versatility of the method. Such samples were chosen because they feature a very

simple fabrication process that can be easily reproduced in any chemistry laboratory without

special equipment. SEM images of the dried droplet of gold nanoparticles, found in Appendix

III.3, display randomly organized clusters of gold nanoparticles.

The applicability of the PLGA-SERS method to a disorganized sample was tested by fol-

lowing the same strategy as in the previous section. Thus, the SERS maps before and after

application of the laser at the 'opening'irradiance were recorded. Remarkably, the obtained

maps, shown in Figure 6.5 a,b, only display SERS signal of methylene blue after the irradi-

166



Chapter 6 6.2. Results

Figure 6.5: PLGA-SERS method application to a dried gold NPs droplet. SERS maps of a

PLGA-coated dried droplet sample in the presence of methylene blue a) before and b) after the

generation of a hole in the PLGA layer. c) SERS spectra corresponsing to the SERS maps. d)

SEM images of a hole in the PLGA layer on top of a dried droplet sample.

ation at the hole generation irradiance. Accordingly, the SERS spectra corresponding to the

two maps can be seen in Figure 6.5 b. The formation of a hole in the PLGA layer was further

con�rmed by SEM images in Figure 6.5 c. The fact that the PLGA-SERS method is trans-

ferable to simple plasmonic samples such as dried droplets of gold nanoparticles underlines the

universality of the process. Along with the facile modi�cation step of the substrate by spin

coating of PLGA, it can be envisioned that such a method will open new sensing capabilities

to a wide variety of SERS substrates.

6.2.4 Spatial resolution of the hole generation

For real-time SERS measurements, the PLGA-SERS strategy rely on the creation a hole at a

virgin position of the coating at a de�ned time, to monitor the analytes present in the solution
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at this speci�c time. To that end, the desired position of the hole is changed by moving the

sample with a piezoelectric stage. Accordingly, the spatial resolution between the created holes

must be small to be able to carry out several measurements at di�erent times with one substrate.

Figure 6.6 a displays a SERS map of a PLGA coated superlattices with two holes created

20µm apart and in the presence of a nicotinamide solution. SERS signal of nicotinamide is

only seen in the two created holes (see Figure 6.6 b). The good spatial resolution of the

hole generation is attributed to the small size of the laser beam, as well as the precision of the

piezoelectric stage from the Raman microscope.

Figure 6.6: Spatial control of the hole formation on the PLGA layer. a) SERS map of a

PLGA-coated superlattice with two holes created by laser irradiation, red colour represents the

presence of nicotinamide. High resolution on the hole formation can be appreciated. b) SERS

spectra taken at di�erent position of the map. SERS signal of adenosine is only found in the

region of the holes.

The micron-scale control on the hole formation can be used to create a new hole at a de�ned

position each time a SERS measurement is needed. This idea is illustrated in Figure 6.7, for

the multiplex SERS detection of di�erent analytes. To that end, the analytes were chosen so

that their Raman peaks are not overlapping, to dissociate them easily using their Raman com-

ponents. The chosen analytes are 4-MBA with a vibrational �ngerprint at 1084 cm−1, assigned

to the ν12 ring stretching, crystal violet with a vibrational �ngerprint at 1183 cm−1, assigned to

C-H in plane deformation in the aromatic ring [29], thiabendazole with a vibrational �ngerprint

at 1015 cm−1, assigned to a C-N stretching in the aromatic ring [30, 31], and nicotinamide wih
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a Raman peak at 1032 cm−1, assigned to the δ9 aromatic ring bending [32].

Figure 6.7: Multiplex SERS detection with high spatial resolution. SERS map of a superlattice

with 4 holes created by laser irradiation (see text for details). The map was generated by

integration of characteristic vibrational modes of 4-MBA at 1084 cm−1 (1), crystal violet at

1183 cm−1 (2), thiabendazole at 1015 cm−1 (3) and nicotinamide at 1032 cm−1 (4). The map

was recorded using the �r�eading'laser irradiance with 1s integration time and a 50× objective.

The PLGA-coated plasmonic sample was incubated with analytes one by one; after the

addition of an analyte solution a hole was generated using the 'opening'irradiance; after the
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hole generation, the analyte solution was removed and the sample cleaned by �ushing water

over its surface. Once the sample was cleaned, a new analyte solution was added and a hole was

created at a virgin position of the substrate. Such a process was repeated until the superlattice

was incubated with all the analytes. In the end, the sample was left with 4 holes that were

incubated in di�erent solutions. The irradiated area was then mapped by SERS using the

'reading'laser irradiance. The resulting SERS map, shown in Figure 6.7, was generated by

using the SERS intensities at the wavenumbers of the respective characteristic peaks for each

analyte.

Only the laser-irradiated areas show a SERS signal, moreover, each hole presents the char-

acteristic Raman spectra from the analyte present at the time of the hole generation. Thus,

such a method allows for the perfect identi�cation of the di�erent analytes introduced on top

of the PLGA-coated substrate. Remarkably, on 120 x 40 µm area 4 SERS measurements could

be made. Given the size of the plasmonic substrate (1 x 1 cm2) and the spatial resolution

shown in the multiplexing experiment, it is theoretically possible to make around 20000 SERS

measurements on one single sample. Moreover, with bigger plasmonic substrates and smaller

laser spots it should be possible to make even more measurements on a single substrate.

6.2.5 Real-time sensing in micro�uidic channels by the PLGA-SERS

method

The short time needed to create a hole (1 s) along with the high spatial resolution of hole

generation provided by the PLGA-SERS opens the possibility for the monitoring of dynamic

processes by SERS without interferences from previous measurements. As a proof of concept,

a PLGA-SERS substrate was implemented with a micro�uidic device attached on top of the

PLGA layer. The whole micro�uidic plasmonic device was mounted along with a syringe pump

system, in order to control the �ow of analytes in the chip, as described in material and methods.

A scheme of the experiment can be found in Figure 6.8 a.

For each new SERS measurement, the position of the sample is changed thanks to a piezo-

electric stage to �nd a pristine region of the sample, a new hole is then created at this place for

sensing the analyte in the solution at this precise time. Consequently the changes of analytes in
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Figure 6.8: Real-time SERS monitoring in the channel of a micro�uidic chip. a) Schematic

view of the setup for SERS measurement in the micro�uidic channel. b)SERS intensity of the

characteristic mode of thiabendazole at 1014 cm−1 in red and 4-MBA at 1080 cm−1 in blue, as

a function of the introduction cycles by the syringe pump, for a plasmonic superlattice coated

with a PLGA sheathing layer. The black arrows on top of each graph represent the introduction

of a di�erent analyte solution (water, thiabendazole or 4-MBA) in the micro�uidic channel at

the indicated introduction cycle.

the micro�uidic channel were followed using the PLGA-SERS method. As a result, it was found

that the presence of analytes could be monitored in real-time within the micro�uidic channel,

on the basis of the most intense SERS peak from 4-MBA (at 1080 cm−1) and thiabendazole (at

1014 cm−1). Conversely, we used an uncoated plasmonic sample as control, again without using

the PLGA layer, and the signal of the �rst molecule attached to the substrate is persistent (here

MBA), even under water or thiabendazole �owing (see Appendix III.4). Using the PLGA

layer, perfect identi�cation of the analyte in the channel is achieved through the Raman mea-

surement. This experiment constitutes a signi�cant example of how SERS substrates could be

used, for instance, for in situ detection of hazardous molecules in wastewater treatment plants.

6.2.6 Conclusion

The impossibility to make real-time SERS measurements using bare plasmonic substrates was

clearly demonstrated in this chapter. As a solution to the memory e�ect, the plasmonic sub-
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strates were modi�ed with a PLGA coating layer that could be locally removed upon laser

irradiation thanks to the thermoplasmonic properties of the plasmonic substrates. Due to the

outstanding temporal and spatial resolution of the hole generation in the PLGA layer, the

PLGA-SERS method proved to be an e�cient method for real-time SERS sensing. Especially,

the in-situ sensing of analytes �owing in a micro�uidic channel was achieved using the PLGA-

SERS method. Such an example might serve as a basis for the fabrication of a pesticide sensor

in tap water for instance. Moreover, the great simplicity of the method along with the trans-

ferability to di�erent plasmonic substrates will allow others to adopt this technology even with

other plasmonic substrates. The di�erent advantages of the PLGA-SERS methods show the

great potential for its use to future real-time sensing applications.

6.3 Materials and methods

6.3.1 Chemicals

For the synthesis of gold nanoparticles HAuCl4 · 3H2O (≥99.9%, trace metal basis) was pur-

chased from Alfa Aesar. Sodium borohydride (ReagentPlus©, ≥99%, NaBH4), cetyl-trimethylammonium

chloride (≥98%, CTAC), L-Ascorbic acid (ACS reagents, ≥99%, AA), poly(ethylene glycol)

methyl ether thiol average Mn 6000 (PEG-6K), sodium hyprochlorite (6-14% active chlorine,

Emplura©) were purchased from Sigma-Aldrich. All solutions, except HAuCl4 and CTAB,

were prepared directly before use. Puri�ed Milli-Q water was used in all experiments (Milli-

pore, 18.2 MΩ cm). Glassware was cleaned with aqua regia and rinsed extensively with Milli-Q

water before use. Poly-lactic co-glycolic 75:25 (LA:GA) 25 000 Mn Acid endcap, Poly lactide

co-glycolide 95:5 25 000 mn Acid endcap was purchased from Polysciences. Poly lactide co-

glycolide 85:15 esther endcap was purchased from Sigma Aldrich.

6.3.2 Raman analytes

4-Nitrothiophenol (96%, NTP) was purchased from Alfa Aesar, Adenosine (suitable for cell

culture), 4-Mercaptobenzoic acid (90%, 4-MBA), Thiabendazole (≥99% powder), Cristal Violet

(dye content ≥ 90%) and Nicotinamide (≥98%,powder) was purchased from Sigma-Aldrich.
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6.3.3 Synthesis, functionalization and self-assembly of gold nanopar-

ticles

The synthesis and functionalization of gold nanospheres followed the method described in Sec-

tion 5.4.2. The templated self-assembly of the gold nanospheres followed a similar process as

described in Section 5.4.5. Brie�y, a 2 µL droplet of a gold nanosphere solution (50 mM Au0

35 nm gold nanospheres, 66% EtOH, 200µM) was casted on top of a nanostructured PDMS

mold. After 45 s waiting time, a glass substrate was added on top of the stamp. After 2 h

and complete evaporation of the liquid, the PDMS template was carefully lifted o� the �exi-

ble PDMS substrate. The resulting dried and nanostructured �lm consists of a nanoparticle

superlattice representing the inverse structure of the template.

6.3.4 Fabrication of the disorganized sample

To fabricate disorganized samples of disordered Au nanoparticles, Au0 dispersion (100µL, 4 mM,

35 nm sized PEG-coated nanospheres) was drop-cast on a PDMS target substrate and allowed

to dry for 3 hours at room temperature.

6.3.5 Fabrication of the PLGA coating

PLGA coatings were fabricated by spin coating a solution of PLGA on top of the nanoparticle

superlattice. For this, the PLGA pellets were dissolved in ethanol or acetone to obtain a 12 wt%

solution. After adding the pellets to the solvent, the solutions were mechanically stirred for 2 h.

Subsequently, a 300µL droplet was deposited on top of the plasmonic substrate such that it

wetted the whole surface of the sample. The spin coating process was then started at a speed

of 1500 rpm.

6.3.6 Micro�uidic chip and synringe pump �ow

PDMS Sylgard© 184 was purchased from Sigma-Aldrich, Microdevices were used according

to the fabrication method described by Shin et al. Accordingly, soft lithography was used

to develop positive SU8 240µm relief patterns with the desired geometry on a silicon wafer.
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Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning GmbH) was mixed at a 10:1 weight

ratio of base to curing agent. The mixed solution was poured into the SU8 master and then

degassed to remove air bubbles. Once the solution was cured, the replica-molded layer was

trimmed, perforated, and autoclaved. The PDMS devices were then exposed to a plasma

cleaning treatment (2 min) and subsequently bound to the PLGA-plasmonic substrate. The

�ow in the micro�uidic channel was generated using a Cetoni Nemesys syringe pump using the

low-pressure module. The �ow was set at 10 000µL/h and the outlet was connected to another

syringe pump at the same �ow rate of 10 000µL/h

6.3.7 Characterization

Scanning electron microscopy was performed using an environmental SEM (FEI Quanta 250).

The acceleration voltage of the electron beam was varied between 5 and 20 kV to obtain the

images. Extra precaution was necessary to image the PLGA coated substrate because of an

accumulation of charges at the surface even at low voltages. Already, at 20 kV (15000x mag-

ni�cation), degradation of the PLGA layer by the electron could be seen. For that reason,

overview images were recorded at an acceleration voltage of 10 kV with an integration time of

1s per line at a magni�cation of 2500x. Detail images, resolving the NPs within the clusters,

were taken at 20 kV with an integration time of 10 µs per line at a magni�cation of 30000x.

SERS spectra were collected with a confocal Raman microscope (Renishaw inVia) equipped

with a 1024 x 512 CCD detector, and using a 785 nm laser excitation source.
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Chapter 7

Conclusion and outlook

The fabrication of novel plasmonic nanostructures with de�ned optical properties has led to

a huge improvement in various �elds including catalysis [1], cancer therapy [2] and biosensing

[3]. Particularly, in the �eld of biosensing, surface-enhanced Raman spectroscopy has proven

to be a technique of choice for the detection of biomarkers, and improvement in the SERS

enhancement of plasmonic substrates is still needed to attain better sensing capabilities. In

this PhD thesis, the surface-enhanced Raman scattering performance of plasmonic superlattices

were improved through the rational design and the study of the optical properties of self-

assembled gold nanoparticles. Particularly, the optical properties of the fabricated superlattices

were correlated with SERS enhancement.

In Chapter 3, the templated self-assembly process was optimized using ethanol as a co-

solvent to obtain more homogeneous gold nanosphere superlattices. The systematic study of

the ethanol ratio and surfactant concentration on the quality of the assembly resulted in the

fabrication of high-quality arrays of nanosphere heptamers, which improved the SERS enhance-

ment by an order of magnitude compared to the structures that were made without ethanol.

Additionally, the gain in homogeneity resulted in sharper and stronger plasmon resonances as

well as a much lower statistical uncertainty, where the standard deviation of the SERS signal

could be decreased to 15%.

Following the optimized self-assembly process of Chapter 3, gold nanoparticles of di�er-

ent shapes (nanospheres, nanorods and nanotriangles) could be assembled into homogeneous

superlattices of two di�erent lattice periods using the chemical conditions determined for the
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homogeneous assembly of nanospheres. Coupling of the lattice e�ect to di�erent cluster plas-

mon modes allowed for the optimization of the SERS enhancement at two laser excitations

wavelengths depending on the lattice period. Using 633 nm laser excitation, the 400 nm period

superlattices outperformed the 500 nm period superlattices, while the 500 nm period superlat-

tices outperformed the 400 nm period superlattices at 785 nm excitation. Interestingly, out of

the di�erently shaped nanoparticle superlattices, the nanosphere superlattices exhibited the

highest SERS signal, with an analytical SERS enhancement factor of 3 · 106.

The period of the nanostructured mold de�nes the �xed period of the assembled superlattice,

and consequently of the surface lattice resonance, therefore tailoring of the surface lattice

resonance towards a precise wavelength requires iterative fabrication of nanostructures with

di�erent periods. To overcome this lengthy process, the templated self-assembly process was

transferred to �exible PDMS substrates inChapter 5. Tuning of the �exible superlattice period

by post-assembly mechanical deformation provided continuous and reversible adjustment of the

surface lattice plasmon resonances towards pre-de�ned wavelengths. Both unidirectional and

bidirectional lattice deformations were used to adapt a single lattice structure to both red-

shifted and blue-shifted excitation lines, which allowed to increase the SERS signal by a factor

of 3 when the surface lattice resonance matched precisely the excitation wavelength.

Finally, a process for real-time sensing of hazardous chemicals in micro�uidic channels was

presented in Chapter 6. Such a process relies on the coating of the plasmonic substrate with

PLGA as a thermolabile polymer. Taking advantage of the e�cient light-to-heat conversion

of plasmonic nanostructures, a hole that served as a measurement window for SERS recording

could be generated in the PLGA layer by laser irradiation of the PLGA-coated plasmonic super-

lattice. While bare plasmonic substrates are prone to the SERS memory e�ect which hampers

the successive reuse of a plasmonic substrate for multiple SERS detections, PLGA coatings

impeded analytes molecules to bind irreversibly to the gold nanoparticles and enabled to make

several SERS measurements with a single substrate. Thanks to the generation of small holes

into the PLGA layer (20×10µm), and to the high spatial resolution in the hole generation, 4

measurement windows could be created in an area of 120×40µm for the measurement of di�er-

ent analytes. Accordingly, PLGA-coated SERS samples could be used for real-time detection

of thiabendazole, a toxic pesticide, in micro�uidic channels. Along with the shown transfer-
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ability of the PLGA-SERS method to simple plasmonic samples, such as dried droplets of gold

nanoparticles, this proof-of-concept experiment exhibits the great potential of PLGA-coated

plasmonic substrates for the monitoring of in situ chemical or biological processes.

Figure 7.1: a) SEM image of superlattice on mirror architecture, gold is depicted in yellow and

Al2O3 in blue. The assembled gold nanospheres stands on a substrate comprising a 50 nm-thick

gold layer and a 20 nm-thick Al2O3 layer made by atomic layer deposition. b) SEM image

of 40 nm nanospheres and 10 nm CaF2:Y
+
3 ,Nd +

3 nanoparticles assembled in a superlattice of

500 nm period.

While di�erent strategies for improving the performance of plasmonic superlattices have

been exposed in this PhD thesis, the SERS enhancement of gold on mirror architectures seen

on Figure 7.1 a is still under investigation. Such structures are expected to further enhance

the SERS signal of plasmonic superlattices thanks to an out-of-plane coupling between the

superlattice and the gold layer [4, 5]. Additionally, the optical properties of the di�erent

superlattices studied throughout this thesis might serve as the basis for other applications. For

instance, surface lattice resonances possess interesting properties that have been applied to

structural color generation [6] or light emission and harvesting [7]. As an example, plasmonic

lattices have been coupled to light emitters to create nano-lasing phenomena [8], in this sense

the direct assembly of gold nanoparticles with photoluminescent nanoparticles into superlattices

presented in Figure 7.1 b could lead to interesting plasmon-exciton coupling.
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Appendix A

Homogeneous self-assembly of gold nanospheres

into superlattices on a large scale
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Figure Appendix I.1: Extinction spectra of 400 nm period superlattice of 65 nm spheres hep-

tamers with a) 600 nm resonance underlined, b) 700 nm resonance underlined. Top view of the

simulated near-�eld of 400 nm superlattices at: c) 600 nm, d) 700 nm. Cross-section view of

the simulated near-�eld of 400 nm superlattice at: e) 600 nm, d) 700 nm.
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Figure Appendix I.2: a) Absorption and scattering spectra of superlattices made with or with-

out ethanol. b) SEM images of superlattices made with or without ethanol.

Figure Appendix I.3: Superimposed SERS spectra of randomly taken measurements on super-

lattice made with di�erent ethanol ratio.
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Appendix B

Self-assembly of di�erently shaped nanopar-

ticles into superlattices and their optical

properties
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Figure Appendix III.1: Di�erent cluster morphologies considered in the FEM simulations.

a,b,c) Scheme of the heptamer, three rods and triangle hexamers morphologies. d,e,f) SEM

images of single clusters with the heptamer, three rods, and triangle hexamers morphology.

g,h,i) scheme of the hexamer, four rods, and triangle line morphologies. j,k,l) SEM images of

single cluster with the hexamer, four rods and line of triangle morphologies.
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Figure Appendix III.2: Simulated absorption spectra of three rods clusters in a lattice of

400 nm and 500 nm under a) polarization along the short axis and b) long axis of the side-by-

side assembled nanorods. c) Average of the absorption spectra of four rods cluster in a lattice

of 400 nm and 500 nm under both polarizations. d) Electric �eld distribution of the principal

plasmonic resonances present in the simulated absorption spectra of the three rods morphology.
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Figure Appendix III.3: Simulated absorption spectra of four rods clusters in a lattice of 400 nm

and 500 nm under a) polarization along the short axis and b) long axis of the side-by-side

assembled nanorods. c) Average of the absorption spectra of four rods cluster in a lattice of

400 nm and 500 nm under both polarizations. d) Electric �eld distribution of the principal

plasmonic resonances present in the simulated absorption spectra of the four rods morphology.
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Figure Appendix III.4: Simulated absorption spectra of nanosphere heptamers and hexamers in

superlattices of 400 and 500 nm under di�erent polarizations: heptamers in a) a 400 nm lattice

and b) a 500 nm lattice; hexamers in c) a 400 nm lattice and d) a 500 nm lattice.
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Figure Appendix III.5: Simulated absorption spectra of nanosphere superlattices made of dif-

ferent sub-units. a) Heptamers, b) hexamers in a 400 nm period superlattice and c) average

absorption spectra of the heptamers and hexamers in a 400 nm period superlattice. d) Hep-

tamers, e)hexamers in a 500 nm period superlattice and f) average absorption spectra of the

heptamers and hexamers in a 500 nm period superlattice. Simulated near-�eld images of the

main plasmonic resonances present in the heptamer and hexamer conformation in a: g) 400 nm

lattice and h) 500 nm lattice. 192



Figure Appendix III.6: Average simulated absorption spectra of nanorod and nanotriangle

superlattices of di�erent cluster morphologies and under two orthogonal polarizations. Averaged

simulated absorption spectra of four nanorods and three nanorods morphologies in: a) a 400 nm

lattice, and under two polarizations, b) in 500 nm lattice and under two polarizations. Averaged

simulated absorption spectra of triangle hexamers and line of triangles morphologies in: c) a

400 nm lattice, and under two polarizations, d) in 500 nm lattice and under two polarizations.
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Figure Appendix III.7: Simulated absorption spectra of triangles supperlattices with di�erent

sub-unit morphologies. a) Triangle hexamers in a 400 nm lattice, Line of triangles in a 400 nm

lattice with b) polarization along the short axis of the line, c) polarization along the long axis

of the line. d) Triangle hexamers in a 500 nm lattice, Line of triangles in a 500 nm lattice with

e) polarization along the short axis of the line, f) polarization along the long axis of the line. g)

Simulated near-�eld images of the main plasmonic resonances present in the triangle hexamers

and line of triangles conformation in a: g) 400 nm lattice and h) 500 nm lattice.
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Table Appendix III.8: Comparison of the SERS intensity at 1080 cm−1 for the 400 and 500 nm

period superlattices made of nanospheres, nanorods, nanotriangles at a laser excitation of

633 nm and 785 nm with 4-MBA as model analyte.

Figure Appendix III.9: Comparison of the simulated SERS enhancement factors for superlat-

tices of di�erent periods and shapes.
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Figure Appendix III.10: Raman spectra from 200 mM 4-MBA in ethanol at a) 785 nm laser

excitation and b) 633 nm laser excitation.
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Appendix C

Mechanically Tunable Lattice-Plasmon Res-

onances by Self-Assembled Superlattices for

Surface-Enhanced Raman Spectroscopy
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Figure Appendix III.1: Examples of SEM images of a superlattice with period of 500 nm for

di�erent orientations of the sample. The e�ect of surface charging can be observed as dark

shadows along the scanning direction. By changing the sample orientation, it can be clearly

shown that these are merely imaging artifacts that do not indicate changes in the structures or

the sample surface.
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Figure Appendix III.2: Examples of SEM images of a 500 nm superlattice under unidirectional

stretching. a) The overview image at 20 kV shows a deformation of the sample surface, indicated

in blue, owing to charging e�ects. b-f) Detail images taken at 10 kV allow for quanti�cation of

the period of the superlattice at di�erent elongation states.
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Figure Appendix III.3: Examples of SEM images of a 500 nm superlattice under unidirectional

stretching. a) The overview image at 20 kV shows a deformation of the sample surface, indicated

in blue, owing to charging e�ects. b-f) Detail images taken at 10 kV allow for quanti�cation of

the period of the superlattice at di�erent elongation states.
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Figure Appendix III.4: Electromagnetic simulations of an isolated cluster for polarization along

a,b) x and c,d) y direction: a,c) absorption cross sections and (b,d) snapshots of di�erent

resonance modes illustrated by the real part of the vertical magnetic �eld Hz. The black arrows

indicate the direction of the electric current.

Figure Appendix III.5: Comparison of the near-�eld enhancement of a cluster in a periodic

arrangement (left) with a lattice parameter of 500 nm compared to an isolated cluster (right);

excited at 728 nm using a light source with an intensity normalized by area. In periodic

arrangement the �eld enhancement within the gaps is much more pronounced (red areas).
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Figure Appendix III.6: Extinction spectra of a superlattice with a period of 600 nm at di�erent

elongation states using a) unpolarized light (this is without using a linear polarizer), b) light

polarized along the contraction axis c) along the elongation axis. Corresponding extinction

maps for d) unpolarized light, e) light polarized along the contraction axis, f) light polarized

along the elongation axis.

Figure Appendix III.7: Simulated extinction spectra of a superlattice with an initial periodicity

of 500 nm, which is deformed bidirectionally by 5%, 10% and 15% giving lattice parameters of

525 nm, 550 nm, and 600 nm, respectively.
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Figure Appendix III.8: a) Two-step stretching process: First, the sample is stretched (in x-

direction) to a rectangular lattice, without contraction in y-direction, by using a 2D stretching

device. Then, the sample is stretched in y-direction to form a square lattice. Extinction

spectra of a 500 nm superlattice b) stretched to a rectangular lattice without contraction and

c) stretched from a rectangular lattice to a square lattice.
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Figure Appendix III.9: Extinction properties of superlattice with a period of 500 nm a) with

and b) without an additional layer of PDMS (as superstrate) cast on top of the sample to

provide a homogenous refractive index environment. c) Evolution of the lattice plasmon peaks

under stretching with and without the PDMS superstrate. d) Comparison of extinction spectra

between a sample with and without PDMS superstrate at 8% elongation. The secondary peak

at around 650 nm could be attributed to plasmonic contributions of higher order.
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Figure Appendix III.10: a) Change in surface area upon asymmetric (blue) and symmetric

stretching (red) of a material with a Poisson's ratio of 0.5, estimated by Equation C.3 and C.4,

respectively; b,c) illustration of the e�ect of elongation on a schematic substrate surface with

an exemplary elongation of 50% (colored area) versus 0% (black dashed line).

The change of surface area A at elongation ∆L/Lin reference to the area in unstretched state

A0 can be geometrically estimated. In the case of asymmetric deformation (Aasym/A0), this

is for uniaxial strain, Poisson's ratio needs to be considered:

Aasym(∆L/L)/A0 = (1 + ∆L/L)(1−∆L/L) (C.3)

In case of a symmetrical deformation (Asym/A0) it is assumed that the substrate deforms equally

both vertically and horizontally.

Asym(∆L/L)/A0 = (1 + ∆L/L)2 (C.4)
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Figure Appendix III.11: Reference sample of disorganized NPs: a) e-SEM image and b) optical

properties for di�erent elongation states. The extinction spectra remain almost una�ected by

the stretching, which indicates the absence of any lattice e�ect, as expected.
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Figure Appendix III.12: SERS signal of the sample of disorganized NPs at 633 and 785 nm

excitation: a) Schematic of the disorganized sample symmetrically stretched under 785 nm

excitation; b) SERS spectra and c) signal intensity at 1330 cm−1 corresponding to the NO2

signal of NTP at di�erent elongation states under 785 nm excitation. d) Schematic of the

disorganized sample symmetrically stretched under 633 nm excitation; e) SERS spectra and f)

signal intensity at 1330 cm−1 corresponding to the NO2 signal of NTP at di�erent elongation

states under 633 nm excitation.
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Appendix D

Real-time SERS sensing by polymer coat-

ing of plasmonic substrates and removal

through thermoplasmonic e�ects
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Figure Appendix III.1: SEM images of PLGA coatings made from dissolved PLGA in a)

acetone, b) ethyl acetate. SERS spectra, at a low laser �uence of 0.08 mJ/m2, of PLGA coated

superlattices made from dissolved PLGA in c) acetone, d) ethyl acetate. Signal is observed

with the superlattices made from PLGA dissolved in acetone due to the uncomplete coverage

of the superlattice by spin coating.
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Figure Appendix III.2: Thermal infrared image of a superlattice under a) no laser irradiation,

b) 785 nm laser irradiation at an irradiance of 0.32 mW/µm2

Figure Appendix III.3: SEM images of an unorganized sample made by drying a 200µL droplet

of nanoparticle solution.
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Figure Appendix III.4: SERS control experiment of the micro�uidic �ow measurement using a

superlattice without PLGA layer. SERS intensity of the characteristic mode of thiabendazole

at 1014 cm−1 in red and 4-MBA at 1080 cm−1 in blue, as a function of the introduction cycles

(n) by the syringe pump, for a plasmonic superlattice coated without the PLGA sheathing

layer. The black arrows on top of each graph represent the introduction of a di�erent analyte

solution (W, T or M) in the micro�uidic channel at the indicated introduction cycle.
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